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Abstract Since their initial discovery, 30 years ago,

antimicrobial peptides (AMPs) have been intensely inves-

tigated as a possible solution to the increasing problem of

drug-resistant bacteria. The interaction of antimicrobial

peptides with the cellular membrane of bacteria is the key

step of their mechanism of action. Fluorescence spectros-

copy can provide several structural details on peptide–

membrane systems, such as partition free energy, aggre-

gation state, peptide position and orientation in the bilayer,

and the effects of the peptides on the membrane order.

However, these ‘‘low-resolution’’ structural data are hardly

sufficient to define the structural requirements for the pore

formation process. Molecular dynamics simulations, on the

other hand, provide atomic-level information on the

structure and dynamics of the peptide–membrane system,

but they need to be validated experimentally. In this review

we summarize the information that can be obtained by both

approaches, highlighting their versatility and complemen-

tarity, suggesting that their synergistic application could

lead to a new level of insight into the mechanism of

membrane destabilization by AMPs.
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Abbreviations

AA All-atoms

AMP Antimicrobial peptide

ANTS Disodium 8-amino-1,3,6-

naphthalenetrisulfonate

BSA Bovine serum albumin

C6-NBD-PC 1-Palmitoyl-2-{6-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]hexanoyl}-

sn-glycero-3-phosphocholine

CG Coarse-grained

Dansyl 5-(Dimethylamino)naphthalene-1-sulfonyl

DDQ Depth-dependent quenching

DPA Dipicolinic acid

DPH 1,6-Diphenyl-1,3,5-hexatriene

DPX p-Xylene-bis(N-pyridinium bromide)

FCS Fluorescence correlation spectroscopy

FRAP Fluorescence recovery after

photobleaching

FRET Förster resonance energy transfer

GUV Giant unilamellar vesicle

KBFI Potassium-binding benzofuran

isophthalate

Laurdan 6-Dodecanoyl-N,N-dimethyl-2-

naphthylamine

LUV Large unilamellar vesicle

MD Molecular dynamics

NBD 7-Nitro-2-1,3-benzoxadiazol-4-yl

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PMF Potential of mean force

SBFI Sodium-binding benzofuran isophthalate

SUV Small unilamellar vesicle

Trp Tryptophan

Tyr Tyrosine
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Introduction

Antimicrobial peptides (AMPs) constitute an important

component of the innate defense of all organisms [1]. They

have multiple functions, including antiseptic, chemotactic,

and immunomodulatory roles [2], but their main activity is

bactericidal, and it is mediated by their interaction with the

cellular membrane of pathogens and perturbation of its

permeability [3]. When AMPs were first isolated, it was

immediately evident that they induce rapid lysis of bacte-

rial cells, even though the possibility that this was a

secondary effect could not be ruled out [4]. However, it

was soon observed that synthetic enantiomers of the natural

peptides usually exhibit the same antimicrobial activity as

the parent molecules [5], and membrane perturbation was

demonstrated also in model bilayers composed of phos-

pholipids only [6]. Therefore, no chiral interaction with

other biomacromolecules is involved in the mechanism of

action of most AMPs, and their ability to induce membrane

leakage can be explained simply on the basis of their

physical interaction with the phospholipid bilayer. Indeed,

recently, Melo and co-workers [7] showed that membrane

leakage takes place in bacteria and in artificial vesicles at

the same membrane-bound peptide to lipid ratio. Although

the correlation between results found in bacteria and in

model membranes is not general, all these findings point to

the fact that peptide–membrane interaction is a key factor

in the mechanism of action of AMPs.

As a consequence of their target, development of bac-

terial resistance to AMPs is much less likely than for

traditional antibiotics [8]. For this reason, these peptides

are promising lead compounds for the development of a

new class of antibiotic drugs [9], to address the growing

problem of pathogenic organisms that have multiple

resistance to traditional antimicrobial agents.

However, peptides present several limitations to their

direct clinical application, such as high production costs

and susceptibility to proteolytic degradation [9]. A detailed

understanding of the molecular details of the membrane

permeabilization process would allow the rational design

of new molecules with the same mechanism of action, but

with improved activity, selectivity, and bioavailability.

However, even after many years, a molecular understand-

ing of the mechanism of membrane perturbation by AMPs

is still lacking [10, 11].

One of the first models proposed for the membrane

permeabilization process was the formation of ‘‘barrel-

stave’’ channels [12, 13]. According to this mechanism,

peptides aggregate in a transbilayer orientation, with their

apolar residues pointing towards the hydrophobic core of

the membrane, and their hydrophilic faces lining a water-

filled pore, reminiscent of a membrane protein ion channel.

After more than 30 years, a barrel-stave channel has been

demonstrated conclusively essentially only for the peptai-

bol alamethicin. The Shai, Matsuzaki, and Huang model

[14–16] involves the accumulation of AMPs on the mem-

brane surface. When a threshold peptide/lipid ratio is

reached, the strain caused by peptide insertion in the head

groups region of the membrane is released by the formation

of defects, which cause leakage. Within this general

framework, different variations of the model exist: Huang

and co-workers [16], on the basis of neutron scattering and

other biophysical data, proposed the existence of pores

with a well-defined toroidal structure, in which the mem-

brane bends back onto itself in a doughnut shape, with the

peptides interspersed between phospholipid heads (‘‘toroi-

dal pore’’ model). More recently, Marrink and co-workers

[17, 18] proposed a more disordered pore structure,

essentially similar to a peptide-induced defect, based on the

results of molecular dynamics simulations (‘‘disordered

toroidal pore’’ model). Bechinger and Lohner [3, 19] pro-

posed that the action of the amphiphilic AMPs is

essentially similar to that of detergents (‘‘detergent’’

model). Our group [20] and Wimley [10] pointed out that

some local disorder can be caused by peptides with an

imperfect amphiphilic arrangement of their side-chains, by

inserting some charged groups in the hydrophobic core of

the membrane, thus drawing some lipid polar heads and

water molecules inside the bilayer (‘‘interfacial activity’’

model). Other hypotheses have been put forward, including

the ‘‘sinking raft’’ model [21], in which several peptides

form an aggregate, which can diffuse through the mem-

brane, or the ‘‘leaky slit’’ model [22], in which the peptides

are oriented perpendicularly to the membrane, but, rather

than forming a circular pore, they aggregate side by side to

form an amphipathic ribbon. The hydrophobic face of the

ribbon is oriented towards the hydrocarbon chains of the

bilayer, while toxicity is caused by the hydrophilic face, as

this side of the ribbon cannot seal with the opposing con-

tacting bilayer by hydrophobic interactions. As a

consequence, lipids are forced to adopt a highly positive

curvature, causing the membrane to bend onto itself.

Another possible mechanism of membrane destabilization

was recently proposed by Epand [23]: cationic AMPs could

cause clustering of anionic lipids and domain formation.

Phase boundaries between domains could lead to mem-

brane leakage (‘‘lipid clustering’’ model), or the perturbed

lateral structure of the membrane could disrupt essential

processes in the bacterial cell, such as the function of

membrane proteins or specific protein–protein interactions

(‘‘sand in a gearbox’’ model) [24].

This plethora of models stresses the complexity of the

problem. In some cases, different mechanisms have been

proposed to apply for the same peptide, depending on the

specific techniques and experimental conditions used to

investigate them [25]. The main reason for this lack of
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clarity on the mechanism of membrane destabilization by

AMPs is due mainly to the difficulties involved in the

application of atomic-resolution structural techniques (X-

ray crystallography and NMR spectroscopy) to peptide–

membrane systems. Although significant advances are

being achieved in these areas [13, 26] determination of the

structure of peptides and proteins in membranes is still a

challenge [27], and the experimental conditions needed by

these techniques often deviate from the physiological ones.

For this reason, alternative approaches are particularly

useful in this field.

Fluorescence spectroscopy can be easily applied to

model membrane systems, and even to live cells. It

presents the advantages of extreme sensitivity, minimal

perturbation, and an intrinsic timescale suitable to follow

the dynamic processes that take place in a lipid bilayer.

It can provide a wealth of information on peptide–

membrane interactions, such as the affinity of the peptide

for the membrane phase, its location and orientation in

the bilayer, its aggregation state, and its effects on

membrane structure and integrity. However, these low-

resolution structural data are hardly sufficient for a clear

structural interpretation of the pore formation mecha-

nism. On the other hand, molecular dynamics (MD)

simulations provide atomic-level data on the structure

and dynamics of peptide–membrane systems, but they

require validation by comparisons with experimental

results. Since the first discovery of AMPs, fluorescence

has always been one of the main experimental approa-

ches employed in their characterization, and in recent

years MD simulation of complex peptide–membrane

systems became feasible thanks to the increases in

available computational power. However, only a few

studies [20, 28] realized the potential of a combined

application of these two approaches. In this review we

summarize the main structural information that can be

obtained on AMPs by both methods, with the aim to

highlight their versatility and complementarity, and the

advantages of a synergistic application of these two

techniques in the characterization of the membrane

destabilization process.

Several good reviews have been published over the

years on specific topics regarding the application of fluo-

rescence methods [29–46] and MD simulations [47–54] to

studies of peptide–membrane interactions. The reader is

referred to them, and to the original publications, for

additional details that could not be included here because

of space limitations. For the same reasons, this review

cannot be exhaustive; for instance it does not discuss

fluorescence correlation spectroscopy (FCS) [55, 56],

fluorescence recovery after photobleaching (FRAP) [57],

and fluorescence approaches to study the electrostatic

properties of membranes [44].

A primer on fluorescence and MD methods

Here we wish to give a very brief introduction to the

physical principles and techniques on which the experi-

ments and simulations described in the following sections

are based.

Fluorescence

Molecular fluorescence is the emission of light from a

molecule (fluorophore) which was previously brought to its

excited state by the absorption of a photon [58]. In addition

to light emission, the excited molecule can release its

excess energy by other nonradiative processes, transferring

it to the environment, and these phenomena compete with

fluorescence. Therefore, the intensity of emitted light and

the lifetime of the excited state depend strongly on the

fluorophore’s environment. As a result of interactions

between the probe and the surrounding molecules, the

wavelength of emitted light is also strongly dependent on

the probe’s environment.

The main experimental advantage of fluorescence is its

extreme sensitivity. With today’s instrumentation it is easy

to perform experiments with micro- to nanomolar con-

centrations, and it is possible to measure light emission

even from single molecules. Additionally, the lifetime of

the excited state (typically in the nanosecond range) is

comparable to the timescales of many processes that take

place in membranes, thus allowing the use of fluorescence

methodologies to obtain dynamical information. Some

aspects of this technique which will be encountered in

several applications discussed in the present review will be

briefly introduced in this section.

Excimers

Some fluorophores, and particularly pyrene, have the

property of forming excimers, i.e., transient dimers

between an excited and a ground-state probe [38, 59]. This

phenomenon is useful to study membrane dynamics,

because its probability depends on the likelihood that an

excited fluorophore encounters another probe during the

lifetime of its excited state, which in the case of pyrene is

rather long (in the order of hundreds of nanoseconds). In

experiments with membranes, employing lipid analogues

labeled with pyrene, this probability is determined by the

lateral mobility of the labeled lipids, and by their local

concentration. In the case of pyrene, excimers can be

spectrally discriminated because they emit with a struc-

tureless band centered at around 480 nm, i.e., well

separated from the normal emission, which is centered at

about 380 nm. Therefore, the ratio of the excimer to

monomer emission intensities can be used to sense
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variations in membrane fluidity, and possible domain for-

mation, which increases the local concentration of labeled

lipids as a result of their co-segregation.

Förster resonance energy transfer

In Förster resonance energy transfer (FRET) an excited

fluorophore (donor) transfers its excess energy to another

chromophore (acceptor) [60, 61]. The FRET efficiency E is

defined as the fraction of excited donors that undergo this

process, and can be measured by the decrease in donor’s

emission intensity or lifetime, or by the increase in

acceptor fluorescence. If donor and acceptor are randomly

oriented with respect to each other, E depends on the in-

terprobe distance R according to the following equation:

E ¼ 1

1þ R
R0

� �6
ð1Þ

Here R0 is a parameter called the Förster radius, which

depends on several properties of the probes (particularly

their spectral overlap) and is typically a few nanometers.

For instance, R0 is 2.6 nm for the tryptophan–NBD

(7-nitro-2-1,3-benzoxadiazol-4-yl) donor–acceptor couple

[20]. The hypothesis that donor and acceptor are randomly

oriented might not be strictly correct in the case of

intramolecular transfer or when the donor and acceptor

molecules form a tight, well-defined complex. However,

for most of the applications described here this is not the

case, Eq. 1 is essentially correct, and the FRET efficiency

does not depend on interprobe orientation. Equation 1

implies that the efficiency is practically 1 when R \ R0/2

and it is essentially 0 when R [ 2R0. For this reason, FRET

is a very good tool to measure lipid–lipid or lipid–peptide

proximity, because the interprobe distance R can be

derived from the measurement of E.

Anisotropy

Fluorescence anisotropy allows the characterization of

rotational motions of fluorophores [58, 61]. In these

experiments, the sample is excited with linearly polarized

light, thus selecting preferentially molecules that are ori-

ented with their transition dipole along the direction of

polarization. After excitation, these molecules rotate dif-

fusively and therefore at the time of emission they are more

or less randomly oriented, depending on the rate and

amplitude of their rotational diffusion, compared to the

lifetime of the excited state. The degree of order of the

excited molecules at the time of emission can be deter-

mined by measuring the polarization of the emitted light.

Specifically, anisotropy r is defined as

r ¼
Ik � I?

Ik þ 2I?
ð2Þ

where Ik and I? are the intensities of fluorescence with

polarization parallel or perpendicular, respectively, to the

polarization of the exciting light. This value is maximum

when the probe’s dynamics is restricted and/or slow

(compared to the fluorescence lifetime), and approaches

zero when the fluorophore’s motions are fast and with a

large amplitude.

Labeling

Many of the experiments described in this review require

the AMP to be fluorescent, even though studies of the

peptide-induced effects on the membrane properties do not

suffer from this limitation. Fortunately, several peptides are

intrinsically fluorescent, because they contain a tryptophan

(Trp) or tyrosine (Tyr) residue. The emission spectrum of

Trp is strongly dependent on the environment’s polarity (its

maximum can range from about 310 to 350 nm), and this

property is useful to follow peptide–membrane association

[58]. The emission of Tyr, on the other hand, is much

weaker, and becomes useful only in peptides lacking Trps.

Furthermore, the Tyr spectrum does not shift appreciably

when the polarity of the probe’s environment changes,

being always centered at approximately 305 nm. However,

the intensity and lifetime of Tyr emission are sensitive to

the fluorophore’s surroundings [62].

When the natural peptide does not contain any aromatic

residues, analogues can be synthesized in which these

amino acids are introduced at specific positions, or alter-

natively the peptide can be labeled with extrinsic probes.

Commonly employed fluorophores in membrane studies

are aminonaphthalene or benzoxadiazole derivatives, like

dansyl (5-(dimethylamino)naphthalene-1-sulfonyl) or

NBD, owing to the extreme sensitivity of their emission

spectra to the polarity of the environment [29, 63]. For

microscopic studies, extrinsic labeling is a strict necessity,

because in this case a strongly fluorescent probe, emitting

in the visible range, is needed. Therefore, in these cases,

probes like rhodamine and fluorescein are often preferred.

In all cases in which the natural peptide is modified, it is

important to check that the labels do not perturb its

behavior (e.g., by comparing its membrane-perturbing

activity to that of the natural peptide) [20, 64].

By contrast to peptides and proteins, lipids are not

intrinsically fluorescent, but several membrane probes

such as DPH (1,6-diphenyl-1,3,5-hexatriene), Laurdan

(6-dodecanoyl-N,N-dimethyl-2-naphthylamine) and fluo-

rescent lipid analogues (e.g., labeled with pyrene, NBD, or

rhodamine) are available [38, 39].
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Membrane models

Although fluorescent approaches are very versatile and in

many cases are easily applied to live-cell experiments, in

this review we will focus only on studies performed on

model membranes [65]. Depending on the specific exper-

iment, different model systems can be used. ‘‘small

unilamellar vesicles’’ (SUVs) are liposomes with a size of

less than 50 nm, prepared by sonication. Owing to their

small size, they have the advantage of scattering light less

than other vesicles, but because of their strong curvature

the bilayer is strained [66]. Therefore, a better model sys-

tem is provided by so-called ‘‘large unilamellar vesicles’’

(LUVs), i.e., liposomes with size 50–500 nm, produced by

multiple extrusions through membranes with pores of the

desired radius [65]. For microscopy experiments, on the

other hand, the best model system is provided by ‘‘giant

unilamellar vesicles’’ (GUVs), i.e., liposomes with a size in

the micron range, that can be imaged by conventional

fluorescence microscopy [67]. The best method of prepa-

ration of these liposomes is electroformation, which has

been shown to produce a high yield of monolamellar,

defect-free vesicles [68]. Although this method is best

applied in the absence of salts, protocols for GUVs prep-

aration using natural lipids and/or under physiological

ionic strength conditions have been described [68].

MD

Molecular dynamics (MD) simulations consist in a

numerical integration of the classical equations of motion.

In the most common approach, the all atoms (AA) simu-

lation, a molecular system is defined by the position of all

its atoms. Given a starting conformation and a set of

parameters defining the interaction potential between the

different atoms (force field), the forces acting on each of

them are calculated. From these, accelerations, velocities,

and ultimately the coordinates of the atoms as a function of

time can be derived. The final result is a ‘‘movie’’ of the

motions of the system, providing an atomic-resolution

picture of its structure, dynamics, and function. Obviously,

the reliability of the results depends on the approximations

introduced, on the parameters of the force field used, and

on the time sampled in the simulation. Therefore, an

experimental validation is essential.

Coarse graining

A system formed by a bilayer membrane, the surrounding

water, and one or more peptide molecules typically com-

prises several thousand atoms. The computational power

presently available usually allows the calculation of the

trajectory of such a large system for times of the order of

hundreds of nanoseconds. This is often too short to ensure a

good sampling of the conformational space, particularly

when diffusion through the membrane has to be sampled.

Probably, the most important improvement regarding this

problem was the introduction of so-called coarse-grained

(CG) force fields [69–77]. In the CG-MD simulations,

small groups of neighboring atoms, with similar properties

or belonging to the same chemical group, are treated as a

single particle, thus reducing the number of forces to be

calculated in the simulation, and making longer trajectory

timescales accessible. The CG approximation loses some

details of the simulated system, but it allows a better

sampling of the conformational space. Because the latter

can be the main limitation in simulations of membrane

systems, CG studies often correlate with experimental data

better than AA simulations [78]. However, the critical

point in this approach is the definition of the force field

parameters. In recent years, several approaches were pro-

posed to obtain CG descriptors for biological systems (and

for lipids in particular), based on fitting of data obtained

from AA simulations [72–74] or from thermodynamic

experiments [71, 76]. Nowadays, the available CG force

fields produce simulations in good agreement with the

available experimental evidence, and provide a speedup of

2–3 orders of magnitude in comparison with AA simula-

tions, not only as a result of the obvious reduction in the

number of particles to be considered, but also because the

removal of the fastest degrees of freedom allows the use of

much longer time-steps in the numerical integration of the

equation of motion (typically 40 fs, instead of the usual 2–

4 fs used in AA simulations) [76].

Potential of mean force

In addition to coarse-graining approximations, many other

methods have been proposed to overcome the problems

related to a poor sampling of complex systems, usually

based on the identification of a global coordinate, as in the

case of the potential of mean force (PMF) evaluation. The

PMF, introduced by Kirkwood [79], is defined as:

WðnÞ ¼ �kBT ln qðnÞh i ð3Þ

where n is the global coordinate and qðnÞh i is the average

of the distribution function at n fixed but averaged over all

the other degrees of freedom. WðnÞ defines the free energy

profile with respect to the coordinate n . In principle,

standard MD simulations could be used to evaluate this

function, but processes involving high free energy barriers

require times which are often too long to be efficiently

sampled. In this case, the most used method to generate a

reliable PMF is the umbrella sampling [80], in which the

system is forced to sample regions of the conformational

space that would not otherwise be accessible in the
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simulation time, with conventional sampling. For example,

the reaction coordinate could be the distance between the

peptide and the center of the bilayer. To force the sampling

of conformational states along this coordinate, which

would otherwise be poorly populated, different biased

trajectories, with the peptide constrained at defined dis-

tances from the membrane center, are carried out. After

acquiring these biased ensembles an opportune treatment is

needed to obtain unbiased parameters [81–83]. The final

results of these simulations are the ensemble of confor-

mations spanning the whole insertion pathway and the free

energy profile as a function of distance from the center of

the bilayer. From this, the most stable position of the

peptide inside the membrane can be easily deduced. The

PMF analysis requires a complete sampling and equili-

bration of the system at each of the depths of insertion

studied. This is a demanding requirement, but it can be

tested in several ways [83]. Furthermore, the PMF profile

can be calculated both reducing the peptide–membrane

distance and increasing this parameter. The presence of a

significant hysteresis is indicative of poor sampling [84].

Membrane models

Regardless of the selected approach, usually just a small

slab of bilayer is included in simulations of membrane

systems, ranging from a few hundred lipids for AA simu-

lations to a few thousand for CG simulations. Recently, CG

simulations of whole vesicles became feasible, and allowed

studies on the effect of membrane curvature on the activity

of the maculatin peptide [85]. From a computational point

of view, an attractive alternative to bilayers is represented

by micelles, which are computationally less demanding and

are also often used in NMR experiments [86, 87]. How-

ever, it is debatable whether they represent a good model of

bilayer membranes [50].

Structural parameters

A quantitative analysis of MD trajectories allows the cal-

culation of several structural and thermodynamic

parameters. For instance, in simulations of peptide–mem-

brane systems, it is possible to calculate the membrane

thickness and the degree of order of the lipid chains, to

observe the effects of peptide binding on these quantities.

Bilayer thickness can be evaluated as the distance between

the average z-coordinates of the phospholipid phosphate

groups.

The lipid order parameter is defined as:

SðnÞ ¼ 1=2 3 cos2 hn � 1
� �

ð4Þ

where hn is the angle between the nth segmental vector

linking carbon Cn-1 and Cn?1 in the acyl chain and the

normal to the bilayer, and the brackets denote an ensemble

average. The lipid order parameter is particularly useful for

comparison with experimental data, because it can be

measured by NMR techniques, and estimated by time-

resolved fluorescence anisotropy experiments. From a

computational point of view it can be calculated directly

from AA-MD. Similarly, an order parameter for lipid

chains can also be calculated for CG simulations; in this

case h represents the angle between consecutive beads and,

obviously, only qualitative comparisons with experimental

data are possible.

Water–membrane partition

Fluorescence

The first information that can be obtained through fluo-

rescence spectroscopy experiments is the affinity of the

peptide for membranes. These data are extremely relevant,

because association to membranes is a major determinant

of the overall peptide activity [7, 64]. By comparing

experiments with model membranes of different composi-

tion, useful information on peptide selectivity can also be

obtained, because the lipid mixture is different in bacterial

and eukaryotic cell membranes. In addition, in many of the

experiments described in the following sections (e.g.,

FRET measurements of peptide aggregation, or quenching

experiments) it is essential to know the fraction of mem-

brane-bound peptide, and the conditions that ensure

complete association to the bilayer.

There are many different fluorescence observables that

can be exploited to follow the association process [40, 44,

88]: intensity, wavelength, anisotropy, lifetimes, FRET

efficiency. Each of them reports on a different physical

phenomenon, so that they are complementary, and the best

experimental approach can be selected depending on the

specific system under investigation. Emission intensity

usually is significantly enhanced by membrane binding, as a

result of the more viscous nature of the bilayer (as compared

to the water solution), thus reducing the rate of nonradiative

decays. Peptide association to a bilayer is typically followed

by a significant blue shift of its fluorescence spectrum, as a

result of the lower polarity of the membrane environment.

In addition, attachment to the relatively large lipid vesicles

severely hinders the diffusive motions of the peptide, thus

causing a significant increase in its fluorescence anisotropy.

If the membrane is labeled, its fluorophore can act as an

acceptor for the peptide fluorescence, and in this case the

FRET efficiency will increase after binding. In addition,

even if the peptide is not fluorescent, its membrane asso-

ciation can be detected indirectly by following its effects on

the membrane properties.
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It is important to stress that a quantitative determination

of the partition constant can be obtained only from those

variables that are additive [88, 89]. This means that, if we

have two possible states for our fluorescing molecule, e.g.,

peptide in water (W) and peptide in the membrane (M), the

measured value of the observed variable S will be given by

S ¼ SMfM þ SW 1� fMð Þ ð5Þ

where fi is the molar fraction of molecules in state i, and Si

is the signal measured (under the same experimental con-

ditions) with all molecules in state i. This additivity

property is not general. For instance, the fluorescence

intensity at a fixed wavelength and the average lifetime

(amplitude weighted [44]) are additive, and thus allow a

quantitative determination of the partition constant,

whereas the spectral shift is not, and therefore it only

provides a qualitative assessment of peptide–membrane

association. Anisotropy follows Eq. 5 only in the case in

which the quantum yield in the two states is the same [89].

If the additivity condition is met and if the peptide

populates only two states (monomer in water and in the

membrane) the fraction of membrane-bound peptide can be

calculated by rearranging Eq. 5:

fM ¼ S� SWð Þ= SM � SWð Þ ð6Þ

Usually, the peptide is titrated with increasing

concentrations of vesicles, and the fraction of membrane-

bound peptide is determined for each experimental point.

The best formalism to treat these data is as a partition

between two immiscible phases (water and membrane)

[88]. In this case, it can be shown that the fraction of

membrane-bound peptides depends hyperbolically on the

lipid concentration:

fM ¼
K½L�

1þ K½L� ð7Þ

However, Eq. 7 is based on the hypothesis of an ideal

behavior. Significant deviations are expected as soon as the

peptide concentration in the membrane increases.

Obviously this formalism is also inadequate in all those

cases in which electrostatic interactions are significant, as

is often the case with cationic AMPs and anionic bacterial

membranes. In this case, the Gouy–Chapman model is

more appropriate [90]. Other instances in which Eq. 7 fails

are cases in which the two-states hypothesis breaks down,

as in those cases in which the peptides aggregate.

Equation 7 has a striking property that can be exploited

to test its adequateness in the case under study: it does not

depend on peptide concentration. Therefore, two curves

measured at different peptide concentrations should

overlap. Otherwise, more complex models should be

employed [64, 91]. For instance, in the case of the

peptaibol trichogin GA IV, the observation that binding

curves measured at different peptide concentrations were

not superimposable, and exhibited a sigmoidal behavior,

was the first indication of the presence of peptide

aggregates both in water and in the membrane; these

aggregates were successively demonstrated with other

approaches [64].

MD

The water–membrane partition process can also be studied

by means of MD simulations [92], which can produce an

estimate of the partition free energy difference. Even

though this quantity is easily and reliably measured

experimentally, as described above, a comparison between

the theoretical and experimental data is extremely useful

to validate and refine the simulation parameters. For

instance, the MARTINI force field, which is one of the

main CG force fields for the simulation of membrane

systems, was parameterized by optimizing its ability to

reproduce free energies of partition between polar and

apolar phases [93]. An efficient simulative estimation of

the partition constant is also useful in the in silico rational

design of peptide analogues with improved characteristics.

Furthermore, computational partition studies provide a

structural picture of the membrane insertion process. The

best approach to characterize peptide–membrane associa-

tion is to calculate the PMF, usually by umbrella sampling

methods. As stated in a previous section, this technique

leads to the calculation of the free energy profile along a

global coordinate, which in this case is the distance of the

peptide from the membrane center. It also gives the

opportunity to separate, for each sampled peptide position,

the different energetic contributions (hydrophobic or

electrostatic) of the peptide–lipid interactions, as done in

the case of the peptide voltage sensor toxin 1(VSTx1)

[83]. Therefore, in addition to the partition free energy,

this type of analysis also defines the most stable position

of the peptide inside the membrane, as further discussed in

the next section.

Peptide position in the bilayer

Fluorescence

Another important aspect in the determination of the

mechanism of membrane destabilization by AMPs is their

position inside the membrane. Fluorescence can provide

important information regarding this point. Obviously,

fluorescence reports on the position of the fluorophore,

rather than that of the whole peptide. However, by studying

several analogues in which the fluorescing residue is placed

at different positions along the sequence, the depth of
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insertion and the orientation of the peptide can be deter-

mined [20].

The first, very simple information one can get about

peptide insertion can be obtained by looking at the spectral

shift of the fluorescence caused by membrane association.

This property can be exploited to discriminate between

fluorophores that, after membrane association of the pep-

tide, remain in water, are at the surface of the membrane, or

are inserted in the hydrophobic core of the bilayer, as

exemplified by our studies on PMAP-23 and alamethicin

[20, 94].

Another possibility to obtain more detailed informa-

tion is to measure the effect on the emission intensity of

water-soluble ‘‘quenchers,’’ i.e., molecules which can

cause the nonradiative decay of an excited fluorophore by

collisional encounter. The most prominent examples are

acrylamide and iodide. Because these molecules act by

short-range, contact mechanisms, their efficiency depends

on the accessibility of the fluorophore, and therefore it can

be used to obtain information on its depth in the membrane.

Usually, fluorescence intensity is measured as a function of

the aqueous quencher concentration [Q], and data

are reported in a so-called Stern–Volmer plot [58] of

(F0/F) - 1 versus [Q], where F is the fluorescence inten-

sity measured in the presence of a given quencher

concentration, and F0 is the emission intensity in the

absence of any quencher. In the simplest case of a homo-

geneous sample in which the fluorophore populates a single

depth, a linear relationship is expected [95]:

F0

F
¼ 1þ KSV Q½ � ð8Þ

Here KSV is called the Stern–Volmer constant, and is

given by kqs0 where kq is the bimolecular quenching

constant, which depends (in addition to other parameters)

on the solvent accessibility of the quencher, and s0 is the

fluorophore’s excited state lifetime in the absence of the

water-soluble quencher [58]. For comparison, the same plot

should be measured for a completely water-exposed

fluorophore, such as Trp in water.

More detailed data on the fluorophore’s position in the

bilayer can be obtained by using quenchers that are inserted

in the membrane and located at a specific depth (Fig. 1a).

These can be phospholipids or fatty acids labeled with

bromine atoms or doxyl groups [37]. All these quenchers

act at short range (a few Ångströms) [96]. Therefore, the

quencher whose depth in the bilayer is closer to that of the

fluorophore will cause the maximal quenching (depth-

dependent quenching, or DDQ). Experimentally, the pep-

tide is incubated with liposomes containing lipids labeled

at different positions (and, for reference, to unlabeled

vesicles) and the quenching is compared. In the simplest

possible approach, the probe position is assumed to

correspond to that of the label causing maximal quenching.

Other more sophisticated methods (‘‘parallax’’ or ‘‘distri-

bution’’ analysis) use some form of fitting of the so-called

quenching profile, i.e., a plot of the quenching as a function

of the quencher depth in the bilayer [37].

Water-soluble and membrane-attached quenchers can be

combined in order to determine a fluorophore’s depth in the

bilayer. For instance, Caputo and London [97] showed that

the ratio of acrylamide quenching to that of 10-doxyl-

nonadecane is nearly linearly dependent on the depth of the

fluorophore in a membrane. Finally, it is worth mentioning

that the possibility of performing the same measurements

in GUVs has been demonstrated [98].

These types of quenching measurements are extremely

important to determine the peptide’s mechanism of action.

For instance, these experiments demonstrated that the

peptaibol trichogin GA IV binds at the membrane surface

at low peptide/lipid ratios, and inserts in the bilayer as the

membrane-bound peptide concentration increases [99]. By

contrast, similar measurements demonstrated that the cat-

ionic AMP PMAP-23 always remains on the membrane

surface [20].

Another important aspect of peptides’ interaction with

membranes is whether they are able to cross the bilayer

(translocate) and distribute in both leaflets of the membrane

(or to access the inner aqueous volume of vesicles) [11].

Fluorescence methods can clarify this aspect as well.

Although several approaches utilizing fluorescence have

been used to assess peptide translocation in cells [41], here

we will discuss only approaches that can be applied to

model membranes, without trying to be exhaustive (for a

comprehensive review, see [41]).

The simplest method is obviously direct visualization of

giant vesicles by confocal microscopy [100]. However, this

approach requires peptide labeling with an extrinsic fluo-

rophore, which in principle can significantly perturb the

translocation behavior of the peptide [101]. Furthermore,

GUVs have been demonstrated to give rise to translocation

artifacts in some cases [102].

The best way to determine the amount of peptide

associated to both membrane layers exploits FRET [99]

(Fig. 1b). If a FRET acceptor for peptide fluorescence is

inserted in the membrane, and the Förster radius is less

than the bilayer thickness (about 4 nm), then the FRET

efficiency will be significantly different if the peptide and

acceptor are in the same or in different leaflets. Matsuzaki

et al. [103] and Wimley and White [104] first pioneered

this approach to assess translocation by comparing the

FRET efficiency when peptides were associated to vesicles

labeled in both layers, or in the outer layer only. We

improved this approach by introducing a third type of

vesicles, i.e., liposomes labeled in the inner leaflet only

[99]. A scheme of the expected differences in FRET
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Fig. 1 Schematic depiction of some of the fluorescence assays

described in this review. a DDQ. The depth-dependent quenching

assay allows the determination of the depth of insertion of a

fluorescing peptide (represented as a square) inside the bilayer. DDQ

employs lipids labeled with a quenching group (depicted as a red dot)
at a specific position on the acyl chain. Maximal quenching is

observed when the depth of the quencher and of the fluorophore in the

membrane coincide. Typical quenching data are shown in the plot, as

a function of the distance of the quenching group from the bilayer

center. b Translocation. In order to verify if a peptide (green cylinder)

is able to translocate across the bilayer, three vesicle preparations are

employed: ‘‘double labeled’’ (DL), with fluorescent lipids on both

layers; ‘‘out-labeled’’ (OL), or ‘‘in-labeled’’ (IL), with fluorescent

lipids on the outer or inner layer only, respectively. These lipids can

act as FRET acceptors to the peptide fluorescence. The figure

describes the decrease in peptide fluorescence (F), when interacting

with these three types of liposomes, with respect to a sample

containing unlabeled vesicles (F0), where energy transfer is absent.

Similarly, the increase in lipid fluorescence caused by peptide binding

is represented. The scheme in the lower panel reports the intensity

variations expected for the different vesicle preparations in the

absence and in the presence of peptide translocation. c Lipid flip-flop.

In this assay, BSA is added in the water solution outside vesicles. This

protein is able to extract fluorescent lipids from the membrane,

quenching their emission. Labeled lipids associated to the inner leaflet

become accessible to BSA only after they flip-flop to the outer layer.

d Vesicle fusion. To measure lipid exchange, vesicles labeled with

FRET donors and acceptors are mixed with unlabeled liposomes.

Fusion causes an increase in the average donor–acceptor distance, and

a decrease in FRET efficiency. To measure mixing of the vesicles’

aqueous contents, liposomes entrapping a fluorophore are mixed with

vesicles containing a quencher. Fusion causes the encounter of these

two molecules and a decrease in fluorescence. e Domain formation.

Pyrene-labeled lipids are used in this assay. When they co-localize as

a consequence of domain formation, excimers are formed, causing a

variation in the wavelength of the emitted fluorescence
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efficiency in the presence or in the absence of translocation

is shown in Fig. 1b. This determination of peptide trans-

location is quite robust, because it compares four different

vesicle populations (internally, externally, and symmetri-

cally labeled, plus unlabeled liposomes), and detects both

the decrease in donor (peptide) fluorescence and the

increase in acceptor (labeled lipid) emission due to FRET.

The asymmetry of vesicle labeling is an essential part of

this assay. Because it would be rapidly destroyed by lipid

flip-flop, which is often favored by membrane-active pep-

tides [105], this phenomenon should be characterized in

detail before the assay can be employed (see below for flip-

flop studies).

By using this method, we recently demonstrated that at

concentrations too low to induce pore formation, some

AMPs (like trichogin GA IV) are able to translocate across

the membrane, whereas others are not [28]. This point is

relevant for the peptide’s mechanism of action because

only peptides that do not translocate can build up a dif-

ference in surface tension between the two leaflets of the

bilayer, as required by the carpet mechanism.

A novel approach to detect translocation has been pro-

posed by Keller and co-workers [106], and it does not

suffer from the limitations related to peptide-induced lipid

flip-flop. This assay exploits the reversibility of peptide–

membrane binding: peptide–vesicle dissociation is induced

by diluting the sample, and it is followed by recording

variations in fluorescence spectra. Dissociation in different

liposome preparations are compared: vesicles co-prepared

with the peptide (that therefore is necessarily distributed in

both layers), and vesicles to which the peptide was added

from the outer phase. If the peptide can translocate, in both

cases dilution will ideally lead to the dissociation of the

whole peptide. If, on the other hand, the peptide is unable

to cross the membrane, part of it will remain entrapped

inside the co-prepared vesicles.

MD

The determination of peptide position inside a bilayer is

one of the main goals of MD simulations of peptide–

membrane systems. The classical way to determine the

most stable conformation of an AMP inside the membrane

is to start with the peptide in water, in the presence of

preformed bilayer. Extensive simulation of this system can

lead to the spontaneous association of the peptide to the

membrane and to its eventual insertion in the bilayer [107].

In principle, these simulations should be continued, in an

unbiased way, until the peptide reaches a stable confor-

mation inside the membrane, but usually this process is too

slow to be exhaustively explored. Therefore it is impossible

to exclude that the system is metastably trapped in a local

free energy minimum.

In order to reduce problems related to poor sampling of

the conformational space, constraints can be added to the

simulation to pull the peptide from the water solution to the

center of bilayer. These biased simulations can provide the

PMF profile as a function of peptide distance from the

membrane center. From this, the most stable position of the

peptide inside the membrane is easily deduced. PMF cal-

culations have been successfully applied to determine the

position and conformation of peptides in lipid bilayers [84,

108, 109], providing an atomic-resolution picture of the

membrane-inserted state that is unattainable experimen-

tally. In addition, PMF analyses give a picture of the whole

insertion pathway, including the conformations corre-

sponding to the potential energy barriers to the insertion, or

to local minima in the insertion pathway. These can be

used to design new peptides with different characteristics

[110].

A completely different approach to find the most stable

conformation and position of a peptide in a membrane was

recently proposed. Studies published in the last decade had

shown that a random mixture of water and lipids sponta-

neously self-assembles into a bilayer, usually in less than

100 ns of simulated trajectory [111–114]. The assembly

process proceeds through consecutive steps: in a few

nanoseconds, clusters of lipids are formed; then, in tens of

nanoseconds they assembly in a disordered bilayer, in

which usually one or more water-filled pores are still

present. In this time the lipids can flip-flop and eventually

homogenize their distribution between the two leaflets.

After this step, the pores close and an ordered bilayer is

formed, but several nanoseconds of simulation can be

needed before this takes place. A critical parameter in this

context is the number of water molecules considered dur-

ing the simulations; a higher number of water molecules

can reduce the time of closure for the system. Obviously, a

compromise with the need to reduce the computational

time has to be found, and usually a water/lipid ratio in the

range 40–60 has been used in AA simulations. Further-

more, it has been shown that bilayer defects can be

eliminated with an annealing treatment in which the tem-

perature is cyclically increased and decreased [20, 28].

Recently, this same self-assembling approach was applied

to a random mixture of water and lipids, also including one

or more peptides [17, 115, 116]. In this way the simulation

is not biased by the starting configuration of the system. In

addition, although the penetration of a peptide in a pre-

formed bilayer is slowed down by the relatively viscous

and ordered membrane environment, the system is much

more fluid during the self-assembly process, when a regular

bilayer is not formed yet. This ensures that the peptide can

experiment different environments in a relatively short

time, and, as a consequence, it is more likely to find its

minimal free energy configuration. This approach has been
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applied to several peptides, both at the CG level [85, 93,

115, 117–119], and with AA resolution [17, 20, 28, 116]. In

these studies, both transmembrane and interfacial config-

urations have been observed, with different peptides [28,

116], and, in some cases, the reliability of these predictions

was confirmed by comparison with DDQ experiments

(Fig. 2) [20, 28].

The two approaches (preformed bilayer and self-

assembly) have a key difference with respect to the peptide

effects on lipid distribution. Many AMPs exert their

activity by associating to the surface of the external layer

of the cell membrane, thus creating a difference in the

surface tension of the two leaflets of the bilayer. This

tension is then released by creating a membrane defect, so

that some lipids can translocate from the external to the

internal layer. This is the main driving force of the ‘‘car-

pet’’ model of peptide-induced leakage. This property of

some peptides is easily evidenced by self-assembly simu-

lations, because, in the presence of membrane defects,

lipids can easily translocate from one layer to the other. As

a consequence, when the membrane defect heals, a dif-

ferent number of phospholipids is present in the two

leaflets, with less lipids in the layer where the peptide is

located. This difference can be used to estimate the effect

of the peptide on the surface tension of the membrane [28].

It is interesting to note that peptides that adopt a trans-

membrane orientation, or that do not act according to the

carpet mechanism, do not cause this asymmetric distribu-

tion of lipids. For instance, the cationic, surface-bound

peptide PMAP-23 induced a difference in the number of

lipids between the two leaflets of about 15%, whereas this

difference was negligible in the case of trichogin GA IV

[28]. The redistribution of lipids between the two mem-

brane layers is not easily attainable in a conventional

simulation starting with a preformed bilayer, because lipid

flip-flop in a defect-free membrane is a rare event that is

not usually sampled in the simulation times [120]. This

represents a barrier to peptide insertion inside the mem-

brane, so that peptides usually remain for a long time in an

excessively superficial position in simulations of preformed

bilayers. On the other hand, the accumulated stress in this

type of simulation is usually witnessed by a higher flexi-

bility of lipids in the leaflet where the peptide is located, for

example, in terms of planarity of the polar heads in sim-

ulations of melittin [18]. This stress can favor the

observation of peptide-induced membrane defects (see

below), and it could explain the anomalous amount of

unfolded peptide structure detected, for example, in similar

simulations carried out on the peptide magainin [17]. By

contrast, self-assembly simulations lack this driving force

for membrane permeabilization, and therefore are less

useful for observing the mechanism of pore formation. In

any case, it is important to note that, when a single peptide

is simulated with 100–200 lipids, the peptide to lipid ratio

might be lower than that needed for membrane activity.

Furthermore, the absence of other peptide molecules

impairs the occurrence of peptide–peptide interactions,

often needed to permeabilize the membrane. Therefore,

simulations containing a single AMP are often represen-

tative of an inactive peptide state, irrespective of the

Fig. 2 Different steps along an

AA-MD simulation of

membrane self-assembly in the

presence of the peptide

trichogin GA IV [28]. a Initial

random distribution of lipids,

water, and peptide.

b Spontaneous formation of a

bilayer, still containing a water-

filled defect. c Final defect-free

bilayer. d Experimental DDQ

profile, reported for comparison

of the experimentally

determined peptide position

with that resulting from the

simulation. Lipids are

represented in cyan, with their

phosphate atom reported as a

sphere. The peptide is in

orange, and the water molecules

have their oxygen atoms colored

in red, and their hydrogens in

white
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specific approach employed. However, they can be com-

pared to experimental results obtained under similar

conditions, and provide an atomic-level picture of the

peptide–membrane system under investigation.

Peptide aggregation

Fluorescence

Formation of peptide aggregates has important effects on

the membrane-perturbing activity of the peptides. Aggre-

gation in water screens the hydrophobic portions of the

peptide sequence and competes with association to the

membrane [64, 121]. Aggregation in the membrane may be

part of the pore formation process, as in the case of pep-

tides acting according to the barrel-stave model [28, 122].

Fluorescence spectroscopy is an important tool to qualita-

tively and quantitatively characterize the aggregation

processes.

Usually, formation of aggregates will change the envi-

ronment around the fluorophore, and thus become

detectable by changes in intensity, fluorescence lifetime, or

spectral position with peptide concentration [64, 121, 123].

Quantitative analysis of fluorescence lifetimes is compli-

cated for intrinsic fluorescence by the nonexponential

decay of the Trp fluorophore, even under monomeric

conditions. However, in those cases in which the mono-

meric peptide exhibits a monoexponential decay (as in

peptides labeled with fluorene), the pre-exponential factors

of the different lifetimes observed in the presence of

aggregation provide the relative populations of the differ-

ent species. For instance, for the trichogin GA IV

analogues F10 and F0, with a global analysis of the fluo-

rescence decays, we were able to measure the population of

the four different species formed by these peptides

(monomers and aggregates, both in water and in the

membrane) [64, 121, 123] (Fig. 3). Direct interaction of the

fluorophores in the aggregates is also possible, with the

formation of dimers or excimers, which have different

spectral properties as compared with the monomeric label,

particularly if the fluorophore is pyrene [124]. However,

the most sensitive method to unambiguously detect peptide

aggregation is FRET [42, 99]. In this case, two peptide

samples are labeled with two different fluorophores (that

can act as a FRET donor–acceptor couple), and then mixed

in different proportions; aggregation results in measurable

FRET. In studies of aggregation in membranes, the mea-

sured FRET efficiency should always be compared with the

nonzero values expected for a random distribution of

donors and acceptors in the bilayer [99, 125], as a result of

random encounters between the two probes. However, it

should always be considered that an observed FRET

efficiency higher than that expected for a random distri-

bution could be due to co-localization in membrane

domains rather than to real aggregation [126].

MD

Although fluorescence experiments can demonstrate the

formation of aggregates, they usually cannot determine

their size or architecture. Therefore, computer simulations

of the aggregation process are particularly useful. Simu-

lations of peptide self-association in water are very

common, but usually refer to fragments of amyloid proteins

[127], or to artificial peptides designed to self-assemble in

nanostructures [128], and only in a few cases they concern

aggregation of AMPs [77]. Simulations of AMPs are

mainly focused on the aggregation process inside lipid

bilayers, and we will limit our discussion to these studies.

This problem has been intensely investigated in the last

10 years [107, 129–131], because it is an essential step in

the pore formation process, both in the barrel-stave and in

the toroidal model. Even though this topic is technically

challenging, because of the timescale and system size

involved in the simulation of the formation of functional

aggregates, the picture that comes out from the many

published papers is of substantial agreement between the

simulation and the available experimental results.

Simulating the global process leading to the formation

of aggregates in the membrane, starting from the peptides

Fig. 3 Molar fraction of the different species populated by the

fluorescent trichogin GA IV analogue F10 in the presence of

liposomes (2 mM lipid), as a function of total peptide concentration,

as determined from a global analysis of the fluorescence time-decays

of the fluorene fluorophore. The four species are monomeric peptide

in water (dark blue circles, lifetime 5.6 ns), monomeric peptide in the

membrane (light blue circles, lifetime 7.0 ns), aggregated peptide in

water (dark blue triangles, lifetime 0.87 ns), and aggregated peptide

in the membrane (light blue triangles, lifetime 2.2 ns) [64]
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in water, is very demanding. Two strategies have been

adopted to reduce the computational complexity: (a) pre-

assembled aggregates are simulated to study their stability

and structural and functional features; (b) monomeric

peptides are embedded in the membrane and their sponta-

neous self-assembling process is simulated.

Some of the first attempts to simulate active pores in

bilayers consisted of simulations of preassembled alame-

thicin aggregates [122]. A barrel-stave structure had been

convincingly demonstrated experimentally for this peptide,

and this allowed the manual assembly of putative pores.

The goal of these simulations was therefore to determine

the most stable aggregate size, and the functional proper-

ties of the pores, such as conductance or ion selectivity. For

instance, Tieleman et al. [122] carried out AA simulations

of several tens of nanoseconds on different putative ala-

methicin channel structures, to individuate the most stable

configuration. In this way the authors proposed a structure

in terms of a regular pore comprising six peptides, in

agreement with the conductance levels measured in

experiments with planar bilayers. Even though this

approach has now been applied to other peptides [132, 133]

it always needs to be based on one or more competing

hypotheses of the pore structure, and therefore it is better

suited to molecules supposed to form ordered transmem-

brane barrel-stave pores. Insertion of peptides into a pre-

equilibrated bilayer can take place only after a proper

removal of lipids to make space for the peptides, either

manually or driving them out with a weak repulsive

potential. A different approach has also been proposed in

which the starting structure is obtained by placing the

peptides in a bilayer with increased lipid–lipid spacing.

After inserting the peptides among the lipids, the bilayer is

compressed to reach the physiological density. A web

resource is available with many tools that can be used to

help in the preparation steps [134]. For an exhaustive

review of these methods, see [135].

Simulations of the self-assembling of membrane-inser-

ted peptides ensure an unbiased structure for the aggregates,

but require long simulation times, and are therefore usually

performed with the CG method [136]. Recently, a multi-

scale approach has been proposed, in which different steps

have been simulated at CG or AA resolution to ensure the

optimal compromise between the need to perform an effi-

cient sampling of the conformational space and the need to

simulate the key steps at atomic resolution [136–138].

Generally, CG simulations are used to simulate the diffu-

sion of several peptides in the membrane, leading to the

formation of aggregates. Successively, the simulation is

continued at AA resolution. This approach is promising to

overcome the limitations of the CG approximation, and it

provides an opportunity to directly compare AA and CG

results. For instance, in the simulation of alamethicin–

membrane interaction by Thøgersen et al. [137], water

molecules were able to diffuse trough the channel at the AA

level, but not in the CG simulation. In addition, partial

unfolding of a few peptides was observed in the AA-MD,

whereas the CG approximation favors structural stability.

NMR and X-ray data indicate that this multiscale approach

can lead to correct structures. However, the conversion of

the simulations from CG to AA is a delicate step [139].

The increasing availability of CPU power, and the

development of highly efficient computational methods in

the MD field allowed, in a few cases, researchers to follow

the full process of membrane permeabilization, even at the

AA level, and starting with the peptides in water. Sengupta

et al. [18] simulated the permeabilization of a bilayer by

melittin in several simulations (for a total trajectory length

of more than 2.5 ls) carried out under different conditions

(number of lipids, peptides, ions, etc.). Even though pore

formation is a stochastic process and can take place after

different simulation times [17], it is influenced by the

simulation conditions, like the number of counterions. This

method allows an unbiased determination of the pore

structure, and is also easily applied to peptides that do not

insert in a transmembrane orientation, unlike the other

approaches described above.

In general, the picture of AMPs’ pores resulting from

simulation studies is more disordered than expected, for

peptides acting according to the toroidal pore model

[18, 140], and even for the barrel-stave channels of ala-

methicin [137], regardless of the computational approach

used. The secondary structure of the peptides involved in

pore formation is also a debated issue in the literature. An

interesting comparison, in this context, can be done by

taking data from two simulations carried out under similar

conditions but at different resolution. Marrink and

co-workers [17, 93] reported simulations of pore formation

by the peptide magainin-H2, using both AA and CG force

fields. Although the pore structure was similar in the two

cases, the degree of a-helical secondary structure in the

peptide was different in the two simulations, with the AA

approach underestimating the peptide helicity.

Peptide-induced membrane perturbation

Fluorescence

Permeabilization

One of the most important aspects in the characterization of

AMPs is their membrane-perturbing activity. Fluorescence

methodologies can reveal the pore formation kinetics, the

size of the pores, and the type of membrane leakage

mechanism.

Fluorescence and MD in studies of AMPs 2293

123



The most used method to measure peptide-induced

leakage exploits water-soluble fluorophores that at high

concentrations exhibit a self-quenching effect, such as

carboxyfluorescein, which forms nonfluorescent dimers at

concentrations above about 5 mM [20], or calcein. In a

typical experiment, the probe is entrapped inside liposomes

at a self-quenching concentration, and the free dye is

removed by gel filtration. At this point, any leakage of the

dye from the vesicles causes its dilution in the outer vol-

ume, removal of the self-quenching effect, and a large

increase in the fluorescence signal. The advantage of this

approach is that it allows one to follow the kinetics of the

leakage process. A detailed analysis of these curves can

provide important information on the mechanism of the

pore formation process. We recently proposed a mecha-

nistic model that was able to reproduce the main features of

the observed experimental kinetics, and to provide the

average number of open pores per vesicle [141].

An alternative to the carboxyfluorescein method is to co-

encapsulate a fluorophore and a quencher, such as diso-

dium 8-amino-1,3,6-naphthalenetrisulfonate (ANTS) and

p-xylene-bis(N-pyridinium bromide) (DPX), inside the

vesicles [142]. Alternatively, a luminescent ion with a

chelator, such as the Tb3?/DPA (dipicolinic acid) pair

[143], can be used. Dilution in the volume outside vesicles,

because of peptide-induced leakage, removes the interac-

tion between fluorophore and quencher (or ion and

chelator) and causes a change in the fluorescence signal.

However, this approach adds an additional complication,

because the leakage kinetics of the two entrapped mole-

cules can be different [142].

In order to test the size of the pores, it is possible to

entrap fluorescent molecules of different sizes inside the

vesicles [144]. Typically, dextrans of various molecular

weights are used for this purpose. Fluorescein-labeled

dextrans can undergo self-quenching at appropriate con-

centrations [145], and therefore can be used in the same

way as carboxyfluorescein. Pore sizing with this approach

requires consecutive experiments in each of which a spe-

cific molecular weight dextran is tested. Alternatively,

Ladokhin et al. [144] described a method to co-encapsulate

different dextrans in the same vesicle, and to assay their

leakage in a single experiment, using gel-filtration chro-

matography to separate the released dextrans.

All the molecules described so far are relatively large

(even carboxyfluorescein has a molecular weight of

376 Da), and there have been cases in which a peptide

causes pores so small that they are able to induce the

leakage of ions, thus leading to bacterial death, but not of

these larger fluorophores [146]. In these cases, ion leakage

can be tested by entrapping inside the vesicles a fluoro-

phore that binds specifically a given ion (e.g., SBFI,

sodium-binding benzofuran isophthalate for sodium, and

KBFI, potassium-binding benzofuran isophthalate for

potassium), and changes its spectral properties after asso-

ciation [147]. In these experiments, that specific ion is not

included in the vesicle preparation buffer, but is part of the

buffer in which they are diluted. When the peptide causes

ion permeability, the ion can reach the fluorophore, and

leakage can be detected by the change in the probe’s

fluorescence. Of course this approach is specific for the

leakage of ions only in those cases in which it has been

shown that the fluorophore is not able to leak through the

peptide-induced pores.

In addition to experiments exploiting LUVs, leakage can

also be easily followed in GUVs, in this case by direct

microscopic observation [148]. With GUVs it is very easy

to detect the differential leakage of markers of varying

molecular weights [141, 149], and recently the leakage

kinetics was also studied in detail at the single vesicle level

using these liposomes [150].

An important point about the leakage process is whether

it is ‘‘all or none’’ or ‘‘graded.’’ In the first case, at any

given time, some vesicles are completely full, while others

have released completely all their contents, or have been

destroyed. By contrast, in the second case, partially empty

vesicles are present. This distinction reflects the underlying

molecular mechanism of pore formation. The two mecha-

nisms are discriminated immediately in a GUV experiment,

just by direct observation [20, 141, 151], but in an

ensemble experiment like those performed with LUVs it is

more difficult to differentiate them. A common approach,

used in combination with self-quenching dyes, is to stop

the leakage process after some incubation. This can be

accomplished by adding to the sample a protease that

digests the peptide, or, provided that the peptide-membrane

binding is reversible, an excess of lipid vesicles (thus

reducing the membrane-bound peptide concentration to a

value below the activity threshold). Successively, the

released dye is separated from the vesicles by gel-filtration

chromatography. At this point, the degree of self-quench-

ing of the dye still contained inside liposomes is

determined by measuring the fluorescence intensity before

and after the vesicles are broken with a detergent. If the

quenching was still the same as the original population then

the mechanism is all or none, otherwise it is graded [20].

Vesicle aggregation and fusion

In some cases AMPs also induce aggregation and/or fusion

of vesicles [146, 152, 153]. These phenomena can be

tracked by FRET measurements (Fig. 1d). Aggregation and

fusion can be detected by using two vesicle populations,

one labeled with a FRET donor (e.g., NBD-labeled lipids),

the other with a FRET acceptor (e.g., rhodamine-labeled

lipids). When the two liposome types associate, FRET
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occurs [154]. Alternatively, vesicles labeled with donor

and acceptor are mixed with unlabeled vesicles; in this case

the FRET efficiency is reduced if aggregation/fusion leads

to lipid exchange [155].

To distinguish true vesicle fusion (with mixing of the

liposomes’ aqueous contents) from simple aggregation,

another assay can be performed in which a water-soluble

fluorophore is entrapped in one vesicle population (typi-

cally ANTS, or Tb3?), while other liposomes contain

another molecule which is able to quench (DPX for ANTS)

or enhance (DPA for Tb3?) its emission. If the two vesicle

populations actually fuse, the entrapped molecules can

interact and a change in the fluorescence signal is observed

[143]. Recently, a similar assay has been demonstrated to

work at the single vesicle level [156]. Obviously, the

analysis of this type of experiment is complicated under

conditions which allow peptide-induced leakage of the

dyes.

Lipid flip-flop

In the toroidal pore model, membrane leakage is coupled to

lipid translocation from one leaflet to the other, a phe-

nomenon often referred to as lipid flip-flop [36]. In addition

to the need to elucidate the molecular details of the pore

formation process, lipid flip-flop (or rather its absence)

should also be assessed before performing the peptide

translocation assays that rely on membrane asymmetry (see

above).

Several assays for lipid flip-flop rely on the differential

accessibility to quenchers of lipids in the two membrane

leaflets [157]. However, these approaches might be com-

plicated by the presence of peptide-induced pores that

would allow the quencher to cross the bilayer. Therefore,

they can be used as end-point assays, after stopping pep-

tide-induced leakage by the addition of a protease or of an

excess of unlabeled vesicles [20]. However, in our lab

another approach is usually preferred [99], in which the

ability of bovine serum albumin (BSA) to bind the fluo-

rescent lipid analogue C6-NBD-PC (1-palmitoyl-2-{6-[(7-

nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glyce-

ro-3-phosphocholine) and to quench its fluorescence

intensity is exploited [158] (Fig. 1c). Because BSA is

usually too big to cross the pores, this assay is not affected

by the presence of peptide-induced membrane leakage. In a

typical experiment, vesicles labeled with C6-NBD-PC on

both layers are incubated with an excess of BSA, so that all

external fluorophores are quenched. Then the membrane-

active peptide is added, and if it causes lipid flip-flop,

labeled lipids which translocate to the outer layer are

exposed to BSA and quenched. In this way the flip-flop

kinetics can be followed in real time (Fig. 4). Another

approach involves FRET between NBD and rhodamine-

labeled lipids, which can be initially both on the outer

layer, or alternatively one in the outer layer and the other in

the inner leaflet. In both cases, FRET efficiency will

change if flip-flop takes place [159].

Membrane fluidity and order

In addition to pore formation, many AMPs have been

demonstrated to perturb the membrane order and/or

dynamics [28]. This membrane disruption can lead to

leakage of vesicle contents, but also to malfunction of

membrane proteins, in what has been referred to as the

sand in a gearbox mechanism [24]. This type of effect can

be effectively studied by fluorescence spectroscopy,

because the timescale of the excited states and of the

typical motions in a lipid bilayer overlap [34].

A typical approach to follow membrane order and

dynamics is by measuring the fluorescence anisotropy

(steady-state or time-resolved) of a bilayer-embedded

probe. DPH is one of the most widely used fluorophores in

these experiments [28, 35]. Its strong hydrophobicity

Fig. 4 Kinetics of lipid flip-flop induced by the fluorescent trichogin

GA IV analogue F10, as measured by lipid extraction by BSA

(previously unpublished data). BSA was added to a suspension of C6-

NBD-PC-labeled liposomes (1% molar ratio; total lipid concentration

0.2 mM) at the time indicated by the first arrow, in a large excess (final

protein concentration 0.2 mM), so that all fluorescent lipids on the

external layer were extracted and quenched by the protein. As soon as

this process was completed, F10 was added at different concentrations

(2.0 lL, purple; 4.5 lL, blue; 7.0 lL, green; 16 lL, orange;

25 lL, red), at the time indicated by the second arrow. As this caused

lipid flip-flop, C6-NBD-PC molecules previously located in the

internal layer became exposed to the outer leaflet, could be extracted

by BSA, and a further decrease in fluorescence intensity was observed.

NBD fluorescence was excited at 467 nm and BSA binding was

monitored by measuring NBD fluorescence at 522 nm
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ensures that it partitions strongly in the membrane, and its

elongated shape resembles that of a fully extended acyl

chain. For this reason the probe orients essentially along

the lipid chains, although small populations of other ori-

entations are also present [34]. Furthermore its transition

dipole coincides with the long molecular axis and thus the

probe motions reflect the overall molecular order experi-

enced by phospholipids in the membrane. We recently

applied this approach to show that the AMP Pep-1-K sig-

nificantly perturbs the bilayer order both below and above

the thermotropic phase transition of the membrane [146].

Another approach to sense perturbation in membrane

order exploits the unique environmental sensitivity of the

spectrum of the dimethylamino naphthalene derivative

Laurdan [160]. The emission spectrum of Laurdan reflects

the penetration of water molecules into the hydrophobic

region of the bilayer as a result of any perturbation of

membrane order [160], and it is therefore a probe of

membrane packing. For instance, the Laurdan spectrum

undergoes a shift of about 50 nm when a lipid bilayer goes

from the gel to liquid crystalline phase.

Lateral mobility and domain formation

In addition to the order of the lipid chains along the

membrane normal, the association of AMPs to the lipid

bilayer can lead to the perturbation of the organization of

phospholipids in the plane of the membrane, to the for-

mation of domains, and also to the variation of the lateral

lipid diffusional mobility. Indeed, AMPs are often poly-

cationic and their association to the membrane could lead

to the sequestration of anionic phospholipids and to lateral

separation [23, 24].

If the size of the domains reaches microns, they can be

easily observed by optical microscopy, e.g., in GUVs, by

employing labeled lipids that co-segregate preferentially in

one type of domain [45]. Alternatively, the spectral shifts of

Laurdan have been employed to image the presence of

domains in different thermotropic phases [45], but this is

probably not the type of lateral separation that would be

induced by AMP association. Even more importantly, it is

likely that the size of the domains that would be induced by

AMPs is smaller than the optical resolution, thus making

optical microscopic methods inapplicable. In these cases,

domains can be sensed by following preferential lipid–lipid

interactions. Domain formation will favor these interactions

if the two lipids co-segregate in the same domain, whereas it

will inhibit it if they segregate in different domains.

The simplest approach of this type employs just one

label, i.e., pyrene, taking advantage of its excimers [59]

(Fig. 1e). As described in a previous section, excimer

formation is influenced both by membrane dynamics and

by the local concentration of the labeled lipid, and

therefore it is sensitive to domain formation. However, it is

important to stress that it is difficult to distinguish between

dynamical (i.e., fluidity) and structural (i.e., domain for-

mation) effects with the pyrene experiments alone. DPH

anisotropy measurements can help to solve this point by

verifying if the peptide causes any change in membrane

viscosity. Another approach is based on fluorophore–

quencher pairs. Quenching can be caused by short-range

quenchers, such as doxyl- or bromine-labeled lipids [161],

or by a FRET acceptor [43, 46]. FRET has the advantage

that the theoretical efficiency expected for a random

donor–acceptor distribution, in the absence of domains, can

be calculated. If fluorophore and quencher are attached to

the same type of phospholipid, in the case of peptide-

induced domain formation they are expected to co-segre-

gate, and the quenching efficiency to increase. By contrast,

if the two labels are placed on different lipids that partition

in different domains, quenching will decrease in case of

domain formation.

Similar experiments can also be performed to verify the

lipid selectivity of the peptide. In this case FRET (or

quenching) is measured from a peptide-attached fluoro-

phore to a labeled lipid [162]. Preferential interaction with

that particular lipid will be demonstrated by a quenching

efficiency higher than that expected for a random distri-

bution of acceptors in the plane of the membrane.

MD

MD simulations can provide several important structural

and quantitative details on the peptide effects on the

membrane.

Regarding the leakage process, the structural picture of

the peptide-induced pore that can be obtained from MD

simulations can be used to calculate the pore radius, which

can then be directly compared with the estimate obtained

from liposome-leakage experiments with markers of dif-

ferent sizes. For instance, the program HOLE [163] allows

the calculation of the maximal radius of a spherical probe

that will fit in the channel at a given depth by means of a

Monte Carlo algorithm, and of the ion conductance through

the pore. Furthermore, diffusion of ions or other molecules

through the channel can be observed directly in the simu-

lations [18, 164, 165]. By applying PMF methods it is

possible to determine the free energy profile for the per-

meation process. Generally, the calculated conductance is

in good agreement with the experimental results. In many

cases, eventual preferential binding sites for the diffusing

ions (associated with the channel selectivity) can be iden-

tified [164, 165].

The influence of peptides on lipid flip-flop has been

investigated by calculating the PMF profile for the inser-

tion of different lipids in the hydrophobic core of the
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bilayer [166]. These simulations showed that the presence

of the investigated peptides (WALP23 and KALP23)

favors lipid insertion for phosphatidylethanolamine (PE)

and phosphatidylglycerol (PG), but not for phosphatidyl-

choline (PC).

The order of the lipid chains in the membrane can be

evaluated from MD simulations by calculating the order

parameter (Eq. 4). By comparing simulations of peptide–

membrane systems and of free membranes, the perturbing

effects of AMPs can be assessed. For instance, melittin

produces a decrease in the order parameter of the lipids

close to the peptide [167]. The disorder induced by AMPs

is usually not confined to the hydrophobic region, but also

involves the lipid polar heads. Sengupta et al. [18] in dif-

ferent simulations of melittin in membranes, measured

peptide-induced bilayer perturbation by the standard devi-

ation of the coordinates of the phosphate atoms

perpendicular to the membrane plane. Even before pore

formation, this parameter was influenced by the number of

peptides associated to the bilayer. Finally, peptide insertion

can perturb the thickness of the membrane, and this is

easily visualized in MD simulations. Ulmschneider et al.

[168] plotted the local thickness of the bilayer as a function

of the radial distance from the peptide as a quantitative

estimation of peptide-induced perturbation.

The timescale accessible to CG-MD gives the opportu-

nity to efficiently simulate the process of nanometric

domain formation in the presence of AMPs [169]. Simu-

lations carried out with a mixed bilayer formed by PE and

PG clearly showed that the Ltc1 peptide increases the size

and stability of charged lipid domains. In addition to

electrostatic forces, peptide association can also promote

domain formation through hydrophobic mismatch in

bilayers composed of lipids with different acyl chain

lengths [170].

Conclusions

This quick survey of methods, techniques, and experi-

mental approaches is an attempt to give to the reader an

idea of the potentialities of fluorescence spectroscopy and

MD simulations in the study of the mechanism of action of

AMPs. Indeed both approaches already have a key role in

this field. However, until now they largely remained two

separate worlds. Spectroscopists experimentally obtained a

collection of hints about the behavior of peptides in the

membrane, and from these incomplete sets of data, they

tried to reconstruct a detailed atomic-level picture of the

pore formation process. Wimley and Hristova [11] recently

compared the researchers in this field to the six blind men

in the Indian story, trying to understand what an elephant is

by touching only one part of its body. MD simulations, on

the other hand, nowadays can directly provide a detailed

image of the whole peptide–membrane interaction process.

Indeed, several simulations showing AMPs ‘‘in action’’

appeared in the literature [17, 18, 140]. However, this is far

from the end of the problem, because these simulations are

still affected by sampling limitations, and are always based

on severe approximations of the details of the system.

Therefore, a direct quantitative comparison with experi-

mental data is essential. The different experimental

observables that can be obtained by fluorescence spec-

troscopy experiments can provide a stringent test of the

reliability of the simulation results. MD data, on the other

hand, can contribute to clarify the puzzling or misunder-

stood experimental observations which are often

encountered in this field. Therefore, we think that com-

bined studies synergistically employing fluorescence

spectroscopy experiments and molecular dynamics simu-

lations have eventually come of age. It is easy to predict

that stringent quantitative comparisons between the results

obtained with the two approaches, when applied system-

atically to the same systems, will provide a new level of

insight into the mechanism of action of AMPs.
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139. Rzepiela AJ, Schäfer LV, Goga N, Risselada HJ, De Vries AH,

Marrink SJ (2010) Reconstruction of atomistic details from

coarse-grained structures. J Comput Chem 31:1333–1343

140. Rzepiela AJ, Sengupta D, Goga N, Marrink SJ (2010) Mem-

brane poration by antimicrobial peptides combining atomistic

and coarse-grained descriptions. Faraday Discuss 144:431–443

141. Mazzuca C, Orioni B, Coletta M, Formaggio F, Toniolo C,

Maulucci G, De Spirito M, Pispisa B, Venanzi M, Stella L

(2010) Fluctuations and the rate-limiting step of peptide-induced

membrane leakage. Biophys J 99:1791–1800

142. Ladokhin AS, Wimley WC, White SH (1995) Leakage of

membrane vesicle contents: determination of mechanism using

fluorescence requenching. Biophys J 69:1964–1971

143. Wilschut J, Papahadjopoulos D (1979) Ca2?-induced fusion of

phospholipid vesicles monitored by mixing of aqueous contents.

Nature 281:690–692

144. Ladokhin AS, Selsted ME, White SH (1997) Sizing membrane

pores in lipid vesicles by leakage of co-encapsulated markers:

pore formation by melittin. Biophys J 72:1762–1766
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