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Abstract

Based on very extensive studies on four peptides (alamethicin, melittin, magainin and protegrin), we propose a mechanism to explain the
cooperativity exhibited by the activities of antimicrobial peptides, namely, a non-linear concentration dependence characterized by a threshold and
a rapid rise to saturation as the concentration exceeds the threshold. We first review the structural basis of the mechanism. Experiments showed
that peptide binding to lipid bilayers creates two distinct states depending on the bound-peptide to lipid ratio P/L. For P/L below a threshold P/L*,
all of the peptide molecules are in the S state that has the following characteristics: (1) there are no pores in the membrane, (2) the axes of helical
peptides are oriented parallel to the plane of membrane, and (3) the peptide causes membrane thinning in proportion to P/L. As P/L increases
above P/L*, essentially all of the excessive peptide molecules occupy the I state that has the following characteristics: (1) transmembrane pores are
detected in the membrane, (2) the axes of helical peptides are perpendicular to the plane of membrane, (3) the membrane thickness remains
constant for P/L≥P/L*. The free energy based on these two states agrees with the data quantitatively. The free energy also explains why lipids of
positive curvature (lysoPC) facilitate and lipids of negative curvature (PE) inhibit pore formation.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Threshold peptide concentration; Cooperative concentration dependence; Membrane thinning effect; Neutron in-plane scattering; Oriented circular
dichroism; Two-state model
The interactions of antimicrobial peptides (AMP) with
cells can be very complicated. (One valuable reference for
AMP is the proceedings of the Ciba Foundation Symposium
held in 1994 [1] which, in addition to the presentations,
recorded the discussions by the pioneers of the field on wide
varieties of issues pertaining to AMP research that are usually
excluded from journal articles, for example, the complexities
of antimicrobial activity assays.) Because AMP are strongly
cationic, they can potentially bind to many anionic groups
present on the cell surface. Were it not for the following two
empirical findings, it would be very difficult to discuss the
mechanism of AMP activity: (1) the body of evidence
overwhelmingly suggests that the target site of AMP is the
lipid matrix of cytoplasmic membranes [1,2] and (2) the
bioactivity of AMP correlates with the leakage from lipid
vesicles induced by the same AMP [1–5]. For these AMP, it
is then meaningful to study their interactions with pure lipid
bilayers.
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Both the bio- and leakage activities induced by AMP are
characterized by cooperativity (often described as all-or-none),
namely, a non-linear concentration dependence characterized by
a threshold and a rapid rise to saturation as the concentration
exceeds the threshold [3–6]. It is important to note that this
includes both the bactericidal and hemolytic activities of AMP,
only that in most cases, the lethal concentrations for hemolysis
are two orders of magnitude higher than that for bactericide
[3,4]. This difference is understandable because AMP being
cationic are attracted to the negatively charged lipids on the
outer leaflets of bacterial membranes, whereas such electrostatic
effect is absent for mammalian membranes, whose outer leaflets
are electrically neutral. Indeed a careful analysis by Wieprecht
et al. [7] showed that if the bulk peptide concentrations are
replaced by surface concentrations (i.e., excluding the electro-
static effect), similar binding constants and similar threshold
concentrations were obtained for neutral and negatively charged
membranes. In solution, the AMP thresholds for killing
microbes are in the range of micromolar, whereas the thresholds
for hemolysis are in the range of hundreds of micromolar [3,4].
It is their strongly cooperative activities that make the AMP

mailto:hwhuang@rice.edu
http://dx.doi.org/10.1016/j.bbamem.2006.02.001


2 H.W. Huang / Biochimica et Biophysica Acta xx (2006) xxx–xxx

ARTICLE IN PRESS
effective antibiotics in the micromolar range without harming
the host cells. Therefore, a proposed mechanism for the AMP
activity must explain the origin of the cooperative concentration
dependence.

The mechanism proposed below is based on very extensive
studies on four peptides: alamethicin, melittin, magainin and
protegrin. Although we will show only the data from our own
laboratory, we will point out that our results are consistent with
the data produced independently by other investigators using
entirely different experimental methods and instruments.

The four peptides are among the most commonly studied due
to their availability and relative simplicity. Alamethicin [8] and
melittin [9] were discovered from the fungus Trichoderma
viride and from the bee venom, respectively, in the late 1960s,
and have been commercially available since 1970s. Initially,
they were studied as the molecular models for voltage-gated
channels (see review [10] for alamethicin, and [11] for melittin).
The discoveries of AMP from animals in the 1980s, in particular
magainins in the skin of Xenopus laevis [12], refocused the
research on membrane-active peptides to their antimicrobial
mechanisms [1]. Alamethicin, melittin and magainin are 20 to
26 amino acids long peptides; each forms a helical configura-
tion when bound to lipid bilayers. The large number of studies
on these peptides may have to do with the relative simplicity of
their molecular structures. But it should be stressed that there is
a great deal of similarities between the activity of magainins and
that of cecropins from insects [3,4,12], although the latter are
larger peptides and have more complex structures. This
motivated us to compare helical peptides with non-helical
peptides. Protegrin is an 18 amino acid peptide from the
leukocytes of pigs [13]. Its configuration is a β-hairpin
stabilized by two disulfide bonds. We have performed the
same set of experiments on these four peptides and found that
the results of all four peptides are consistent and similar to one
another (references below). Thus we believe that the molecular
mechanisms of cooperativity are essentially the same for these
four peptides even though the details might differ.
Fig. 1. Neutron in-plane scattering curve of alamethicin pores in DLPC bilayers at P
sample was exposed to H2O vapor for 48 h, the neutron scattering curve was indisting
monomer barrel-stave pores in D2O or H2O. (Right) The sample condition was the sam
with H2O (+) or D2O (○). The solid lines are the theoretical curves of 8-monomer
1. Structural basis for the mechanism

1.1. Detection of pores

Do the peptides induce well-defined pores in membranes or
disintegrate the membranes? To investigate this problem, we
first bind peptides to lipid vesicles in various concentrations.
We then evaporated most of the water, so the lipid vesicles
with bound peptides flattened to become oriented multi-
lamellae on a flat quartz surface. A simpler method for
preparing such samples consists of (1) co-dissolve the lipid
and peptide in an organic solvent, (2) evaporate the solvent in
vacuum, (3) suspend the lipid/peptide mixture in the same
solution as used for the vesicle sample, (4) lyophilize the
suspension, and (5) rehydrate the lyophilized lipid/peptide
mixture by water vapor. We have consistently found that the
samples prepared by the two methods produced the same
experimental results [14–16].

Over the years, we have experimented with a great variety
of lipid compositions, including lipopolysaccharides. We
found that for each peptide the threshold concentration P/L*
varies greatly with lipid compositions from below 1/200 to
∼1/10 (P/L∼1/200 is the detectable limit of our experimental
methods). It is for experimental convenience we chose the
lipid compositions that yield P/L* within the detectable
range.

Peptide-induced pores have too low an electron density
contrast against the lipid background to be detected by X-ray
scattering. However if we replace H2O with D2O, and if a pore
contains a water column across the membrane, one can easily
detect such water columns in a fluid membrane by neutron in-
plane scattering (Fig. 1). The analysis of neutron in-plane
scattering essentially yields the radius of the water column Rw

and the external radius of the pore Rp (one-half of the contact
distance between two pores) [17,18]. It is important to note that
these neutron scattering curves have narrow widths that indicate
a uniform size of pores in each sample [18]. Alamethicin
/L=1/10. (Left) The data (+) were obtained when hydrated with D2O. After the
uishable from the background (○). The solid lines are the theoretical curves of 8-
e as (Left) except that the lipid was DLPCwith fully deuterated chains, hydrated
barrel-stave pores (from [18]).



Fig. 3. (Top) OCD spectra of alamethicin in DPhPC bilayers with P/L varied
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produced pores of Rw≈9 Å, Rp≈20 Å. These dimensions imply
that the wall of the channel is 11 Å in thickness, and this is the
same as the diameter of the alamethicin helix according to the
crystal structures determined by Fox and Richards [19]. Thus,
the alamethicin pores are consistent with the barrel-stave model
[20] composed of eight alamethicin monomers (Fig. 2), in
agreement with single-channel conductance measurements
[21].

The pores formed by melittin [22], magainin [23–25], and
protegrin [24,25] are substantially larger and with a greater size
variation compared with the alamethicin pores. Their typical
sizes are Rw≈15–25 Å with corresponding Rp≈35–42 Å. This
size variation is from sample to sample, sensitive to the peptide,
the lipid composition and sample preparations [23,24]. Like the
case with alamethicin, the scattering curves of melittin,
magainin and protegrin all have narrow widths that indicate a
uniform size of pores in each sample. From the density of the
pores in the membrane measured by neutron scattering and the
peptide to lipid ratio in the sample, we estimated that only 4–7
peptide monomers in each pore [23,24]. These pores are not
consistent with the barrel-stave model. Instead we proposed a
toroidal model (Fig. 2) [23] for these pores, in which the lipid
monolayer continuously bends from the top leaflet to the bottom
leaflet through a toroidal hole, so the pore is lined by both the
lipid headgroups and peptide monomers. The peptides are
embedded among the lipid headgroups as in the case of surface
adsorption, essentially serving as fillers in the headgroup region
of the curved lipid monolayer so as to relieve the bending stress
[23]. A similar pore model was independently proposed by
Matsuzaki's group based on their fluorescence and leakage
experiments [26]. Unlike the barrel-stave model where the
peptide needs to be long enough to span the membrane, the
toroidal model can be induced by smaller peptides because here
the peptides probably play the role of stabilizing the lipid pore
rather than lining the pore.
Fig. 2. Schematics of the barrel-stave model (top) and the toroidal model
(bottom). The dark layers represent the headgroup regions of bilayers. Peptide
monomers are represented by the cylinders (From [22]).

from 1/150 to 1/15. The spectra of P/L=1/150 and 1/15 are the spectra for the
S state and the I state of alamethicin, respectively. All other spectra are each a
linear combination of S and I. (Bottom) OCD of melittin in DOPC bilayers
with P/L varied from 1/150 to 1/10. The high UV absorptance by DOPC
made the spectra below ∼200 nm unacceptably noisy. The spectra I and S of
melittin were established in [22]. All spectra are each a linear combination of
S and I (from [35]).
1.2. Orientation of peptide

We have developed a method of oriented circular dichroism
(OCD) [27,28] to measure the orientation of peptides in
membranes, first for helical peptides [27,28], then for β-sheet
peptides [29] and for cyclic peptides [30]. The merit of this
method is in its speed of measurement; it often takes only
several minutes per sample. This allowed us to measure the
peptide orientation in a wide range of sample conditions that led
us to discover the rotation of peptide orientation as a function of
concentration [31].

Peptide orientation was measured by OCD as a function of
the bound-peptide to lipid molar ratio (P/L) in each case (Fig.
3), using the same sample preparation as for neutron



Fig. 4. Fraction of peptide molecules occupying the I state,ϕ, obtained from Fig.
3 is plotted as a function of peptide concentration P/L: (solid square) alamethicin
in DPhPC and (open circle) melittin in DOPC (from [35]).
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experiment. In all cases, we found that at low concentrations the
peptide orientation indicate surface binding, defined as the S
state. However as the peptide concentration P/L increases, there
is a threshold P/L* above which an increasing fraction of the
peptide monomers change to another orientation, defined as the
I state ([31] for alamethicin, [22] for melittin, [15] for magainin,
[29] for protegrin). In the case of helical peptides, the S state
corresponds to the helical axis oriented parallel to the plane of
the bilayer. When the concentration exceeds P/L*, a fraction of
the peptide monomers change to the I state, corresponding to the
Fig. 5. X-ray diffraction patterns of pure DPhPC and DPhPC containing alamethicin a
P/L (right). The patterns are displaced for clarity. The steps at 2θ ∼4° were due to th
orders in order not to saturate the detector (from [35]).
helical axis oriented perpendicular to the plane of the bilayer
(Fig. 4). The value of the threshold P/L* depends on the peptide
as well as the lipid composition of the bilayer. (The β-sheet
peptide protegrin exhibits a characteristic OCD at low P/L and
another characteristic OCD at high P/L, entirely parallel to the
behaviors of helical peptides [29]. However, the theoretical
interpretation of the OCD in terms of the β-sheet orientation is
not available.)

An important advantage of the OCD method is that the same
identical sample for OCD measurement can be subject to
neutron experiment. We have repeatedly found this important
correlation between OCD and neutron experiments, namely,
when OCD showed that all the peptides were in the S state,
neutron scattering showed no pores present in the membrane; on
the other hand, neutron scattering showed the presence of pores
when OCD showed a detectable fraction of the peptide in the I
state, [18,22]. (Note that one can also reversibly change the
peptide orientation by placing the sample in a humidity chamber
and vary the degree of hydration or the temperature of the
sample [22,29,31]. A sample of fixed P/L can exist in either the
S state or the I state by varying the hydration or temperature,
and the correlation test has been done on both states of the same
sample [18,22].) Thus, we could identify the state of pores as
the I state.

1.3. Membrane thinning effect

The oriented multilayers of peptide–lipid mixtures were
also measured by X-ray diffraction. In the neutron in-plane
t various P/L (left), and of pure DOPC and DOPC containing melittin at various
e use of an X-ray attenuator to reduce the count rates for the first two diffraction
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scattering we oriented the scattering vector parallel to the
plane of the bilayers to study the in-plane structures. Here,
we oriented the X-ray scattering vector perpendicular to the
plane of the bilayers to measure the electron density profile
across the membrane (Fig. 5). The one parameter that can
be measured very precisely by this method is the membrane
thickness or, more specifically, the distance between the two
phosphate groups across the bilayer (Fig. 6). It has been
noted in all such measurements, peptide reduces the
membrane thickness in proportion to P/L ([32] for
alamethicin, [33] for magainin, [34] for protegrin, [35] for
melittin).

More systematic measurements over a wide range of P/L
showed that the membrane thickness decreases linearly with
P/L until it reaches a threshold, thereafter the thickness
remains constant as P/L further increases. Most strikingly,
this threshold is coincidental with the threshold concentra-
tion for the peptide orientation change as measured by OCD
(Fig. 6).

1.3.1. Two-state model
Thus, we have seen three independent measurements all

showing a common threshold concentration P/L*. For peptide
Fig. 6. (Left) Electron density profiles of pure DPhPC and DPhPC containing alame
various P/L (bottom). The profiles are displaced for clarity. The short vertical bars in
DPhPC containing alamethicin (top) and DOPC containing melittin (bottom). In each
(see Fig. 4). PtP decreases linearly with P/L below (P/L)*. Above (P/L)*, the PtP i
concentrations below P/L*, all of the peptide molecules are in
the S state that has the following characteristics: (1) there are no
pores in the membrane, (2) the axes of helical peptides are
oriented parallel to the plane of membrane, and (3) the peptide
causes membrane thinning in proportion to P/L. As the peptide
concentration increases above P/L*, an increasing fraction of
the peptide molecules occupy the I state that has the following
characteristics: (1) transmembrane pores are detected in the
membrane, (2) the axes of helical peptides are perpendicular to
the plane of membrane, (3) the membrane thickness remains
constant for P/L≥P/L*. This two-state model, first reviewed in
[36], is depicted in Fig. 7.

In a vesicle experiment performed by Longo et al. [37], the
membrane area was monitored by micropipette aspiration. Also,
by use of solutes of different size within and outside vesicles,
membrane permeation was detected by the swelling resulting
from unidirectional flux of solute and co-transport of water.
When the vesicle was exposed to melittin at low concentrations,
the vesicle membrane area expanded with no change in the
vesicle volume, consistent with the peptide molecules bound to
the vesicle in the S state. When the vesicle was exposed to
melittin at high concentrations, initially, the vesicle membrane
area expanded with no change in the vesicle volume, but
thicin at various P/L (top), and of pure DOPC and DOPC containing melittin at
dicate the positions of the peaks. (Right) Peak-to-peak distance (PtP) vs. P/L for
panel, the arrow indicates (P/L)*, the onset of S-to-I transition measured by OCD
s constant within experimental errors (from [35]).



Fig. 7. Two-state Model. The black rectangles represent helical peptides viewed either along the helix or sideways. (a) Before peptide binding; (b) peptides are bound to
the lipid bilayer in the S state for P/L< P/L*; (c) for P/L>P/L*, a fraction of peptide molecules form pores (the I state) (from [54]).
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subsequently the vesicle volume increased indicating that pores
were formed in the membrane that allowed permeation of small
solute molecules but not the large ones. This experiment was
entirely consistent with the two-state model described above.

The membrane thinning effect implies that the membrane
area is expanded by peptide binding. Specifically the peptide in
the S state is bound to the interface, embedded between the
headgroups rather than on the top of the headgroups. This was
confirmed by other probing methods, in particular fluorescence
[38] and solid-state NMR [39–42]. When a peptide molecule is
bound to the interface, it creates a gap underneath that is filled
by the surrounding chains. This causes a local thinning or a
dimple (Fig. 8) [33]. The energy of this deformation and the
range of deformation have been calculated [43] by use of an
elasticity theory characterized by an area stretch modulus KA

[44] and a bending rigidity KC [45]. The persistence length of
deformation ξ=(16h2KC/KA)

1/4 (where h is the hydrocarbon
thickness) is 20–40 Å, depending on the values of the elastic
constants. There are several theoretical consequences that are
relevant to the experimental observations here. According to the
theory, two dimple deformations are repulsive to each other
within a distance f2

ffiffiffiffiffi
2n

p
(slightly attractive beyond this

distance) [43]. This means that the peptide molecules in the S
state ought to be monomers and dispersed on the membrane
surface, consistent with the solid-state NMR observations
[41,42]. This is contrary to a rather common speculation that
Fig. 8. A peptide molecule binding to the interface would force a gap in the chain
region (top). For this gap to be filled, the chains must become locally thinner
(bottom) (from [33]).
peptide molecules may aggregate or associate on the membrane
surface as a prelude to pore formations. In fact many
fluorescence energy transfer experiments [46–48] designed to
look for peptide aggregation did not find either aggregation or
association of peptides in the S state.

The key for understanding the mechanism of the peptides is
to note that although an individual peptide molecule binds to the
interface with a negative binding energy −εs due to hydrophobic
interaction, the binding incurs a positive energy of elastic
deformation (the dimple energy F(1)). At low P/L, when the
dimple deformations of individual peptide molecules do not
overlap, the total deformation energy is proportional to (P/L)
F(1). The theory showed that when P/L is sufficiently high, so
that the dimple deformations of individual peptide molecules
substantially overlap, the total deformation energy becomes
proportional to (P/L)2F(1) [43]. Thus the energy level of the S
state contains a positive term that increases with P/L, so that the
energy level of the S state will eventually catch up with the
energy level of pore formation (−εp) when P/L is sufficiently
large. Once P/L reaches this threshold, any more peptide
molecule binding to the membrane will go to the I state and
form pores (because if the peptide goes to the S state, its energy
would become higher than that of the I state). This qualitatively
explains the transition from the S state to the I state as a function
of P/L.

1.3.2. Free energy of the mechanism
The energy calculation becomes simple at sufficiently high

P/L when the dimple deformations by individual peptide
molecules overlap and the membrane thickness becomes
approximately uniform. We express the membrane area increase
by ΔA/A=ApP/ALL where AP is defined as the area increase by
one peptide in the S state and AL is the cross sectional area per
lipid. The conservation of chain volume implies ΔA/A=−Δh/
h where the thickness of the hydrocarbon region h is PtP−10 Å,
or PtP minus twice the length of the glycerol region (from the
phosphate to the first methylene of the hydrocarbon chains); the
latter is very close to 10 Å [49–51]. −Δh/h or ΔA/A is directly
measured by X-ray diffraction (Fig. 6).

It is convenient to consider an equivalent tension σ
associated with the area expansion: σ=KAΔA/A=KA| Δh/h|
[52]. Then the differential free energy change in the S state for a
small change in the number of bound peptide molecules δP is



Fig. 9. Peak-to-peak distance (PtP) of lipid bilayer as a function of peptide concentration P/L. Each panel shows a different peptide/lipid combination. The
corresponding threshold concentration P/L* measured by OCD is indicated in each panel. In each case, PtP decreases linearly with P/L until it reaches a plateau. The
beginning of the plateau is very close to the P/L* measured by OCD. The data are collected from [35,52,54,56].
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δF=−εsδP+σδA. For a finite (rather than infinitesimal) P/L, the
free energy change in the S state normalized to per lipid is:

DF=L ¼ Df ¼ �esðP=LÞþð1=2ÞKAALðDA=AÞ2
¼ �esðP=LÞþð1=2ÞKAðA2

P=ALÞðP=LÞ2 ð1Þ

For P/L>P/L*, a fraction ϕ of the bound peptide molecules,
ϕP≡PI, participates in pore formation. We have to allow for a
possible effect of the pore on the membrane thickness. Thus we
modify ΔA=APP for P/L<P/L* to

DA ¼ APðP � PI ÞþbAPPI ð2Þ

for P/L>P/L*. The parameter β expresses the effect of pore-
participating peptides relative to the effect of surface bound
peptides. For example, if β=1, the pores have the same effect of
thinning as if the pore-participating peptides were on the surface,
and if β=0, the pores have no effect on the membrane thickness.
Then, forP/L>P/L*, the free energy change is given by [35,53,54]:

Df ¼ �esð1�/ÞðP=LÞ � ep/P=L

þð1=2ÞKAðA2
P=ALÞ½ð1� /ÞP=Lþb/P=L�2:

Minimization of Δf with respect to ϕ, i.e., ∂Δf/∂ϕ=0, has two
theoretical consequences or predictions: (1) The membrane
thickness is constant for P/L≥P/L*. Fig. 9 shows a large number
of measurements confirming this prediction. (2) The result of ∂Δf/
Δϕ=0 can be rearranged to:

/ ¼ 1
1�b

1�P=L*
P=L

� �
ð4Þ

where the threshold concentration is given by

P=L* ¼ es�ep
KAðA2

P=ALÞð1�bÞ : ð5Þ

Eq. (4) predicts thatϕ is linear with respect to the reciprocal of P/L.
This is also confirmed by a large number ofmeasurements collected
in Fig. 10.
Fig. 10. The fraction of peptide molecules in the I state is plotted against 1/(P/L). In ea
prediction by Eq. (4). The data are collected from [35,53,54,56].
All the parameters in the free energy Eq. (3) can be measured
by combination of the membrane thinning experiment and the
peptide orientation experiment. Some examples are shown in
Table 1 [54].

1.3.3. The lipid dependence
The most conspicuous lipid dependence is that of charged

lipids versus neutral lipids. As mentioned in the Introduction,
this electrostatic effect mainly affects the initial binding of
peptides to membranes [7]. However, even after the initial
binding is normalized, that is, if the vesicle leakage experiment
is expressed as a function of the bound-peptide to lipid ratio P/
L, there is still noticeable lipid dependence. In two leakage
experiments with magainin [6] and melittin [55], it was found
that addition of PE to the lipid composition of the vesicles
increased the peptide threshold concentration for pore
formation, whereas addition of lysoPC decreased the threshold
concentration. This appears to correlate with the mean positive
curvature of a toroidal pore, namely, lipids of positive
curvature (lysoPC) facilitate and lipids of negative curvature
(PE) inhibit pore formation. Thus, the correlations were taken
as evidence supporting the toroidal model for magainin and
melittin [6,55]. We have investigated these correlations
systematically and found the root of the lipid dependence
lying somewhere else.

We have added lysoPC and PE to both alamethicin and
melittin systems and found that in both cases, lysoPC facilitates
and PE inhibits pore formation (Table 2 [56]). Thus this lipid
dependence is not unique to toroidal pores. The formula for P/
L* (Eq. (5)) allows us to analyze the lipid dependence more
quantitatively. There are three factors: (εs−εp), 1/KA(AP

2/AL) and
1/(1−β) in Eq. (5). In Fig. 11, we plotted the variation of the
threshold P/L* against the variation of the factor 1/KA(AP

2/AL),
and found an approximately one-to-one correlation for both
alamethicin and melittin. In other words, the dominating factor
for the lipid dependence is 1/KA(AP

2/AL). Since the stretch
moduli KA are nearly the same for all lipids [44], the key factor
is (AP

2/AL).
ch case, the data for P/L above P/L* fall into a straight line in agreement with the



Table 1
Experimental parameters of peptide–lipid interaction pertinent to the
mechanism of pore formation [54]

Peptide Melittin Alamethicin

Lipid DPhPC DOPC DiC22:1PC POPC DPhPC DOPC:
PE(2:1)

KA (pN/nm) 240
h (Å) 26.2 26.6 35.1 27.5 26.2 27.7
AL (Å

2) 91 74 69 68 91 71
AP (Å2) 175 246 237 223 193 208
P/L* 1/30 1/99 1/39 1/62 1/58 1/187
β −2.27 −0.95 −0.77 −0.39 0.24 0.24
εs−εp

(kcal/mol)
12.7 5.6 12.8 5.7 1.9 0.9

σ* (pN/nm) 15.4 8.0 20.5 12.7 8.8 3.8

Fig. 11. Correlation between the threshold concentration P/L* and the thinning
effect. Melittin in pure DOPC and alamethicin in pure DPhPC are taken as the
reference (central) point. The percent change of P/L* is plotted against the
percent change of the factor 1/(Ap

2/AL) as a result of adding PE or lysoPC to the
pure PC bilayers. Note that in both cases, the slopes of the data points are close
to 45° or one-to-one correlations (from [56]).
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At first sight, this is puzzling–AP, defined as the area
expansion of the lipid monolayer per peptide binding, seems
to represent the physical cross section of the peptide
molecule, yet it varies greatly with lipid composition (Tables
1, 2). We believe that this is because peptide binding releases
some water molecules from the headgroup region—the water
release reduces the area expansion [54,57]. That explains why
the value of AP is always less than the physical cross section
of the peptide molecule [54,56]. Because of the size
differential between the headgroup and chains cross sections,
there are more water molecules in PE headgroups than in PC
headgroups, and conversely for lysoPC. Peptide binding
releases more water molecules from PE headgroups than it
does from PC headgroups. Accordingly AP decreases with the
addition of PE but increases with the addition of lysoPC.
Since the value of AP measures the effect of a peptide in
expanding the membrane area or thinning the membrane that
drives the membrane toward creating pores, the lipid
dependence of AP largely reflects the lipid dependence of
the peptide activity.

How about the effect of lipid curvature on the energy of pore
formation? This effect is in the factor (εs−εp). As we can see in
Table 2, there is no systematic change in (εs−εp) by the addition
of PE or lysoPC. The argument that the lipid curvature should
affect the energy of toroidal pore assumes that there is a bending
stress in the pore formation. Perhaps the bending stress has
Table 2
Effects of adding PE or LysoPC [56]

Peptide Melittin

Lipid DOPC:
LysoPC (3:1)

DOPC:
LysoPC (8:1)

DOPC DOPC:
DOPE (3:1)

h (Å) 25.7 26 26.6 27.2
AL (Å

2) 67 71.5 74 72
AP (Å2) 324 271 246 196
P/L* 1/164 1/119 1/99 1/70
β −1.02 −1.11 −0.95 −1.57
εs−εp

(kcal/mol)
6.7 6.3 5.6 6.8
already been diminished by the participation of peptides in the
pore.

2. Concluding remark

The mechanism presented above is general. It requires
only the amphipathic property of the peptides that makes the
molecules favorable to bind to the interface of lipid bilayers.
A peptide binding causes a local membrane area expansion
and therefore an equivalent local tension. It is well known
that pore formation occur spontaneously in a pure lipid
vesicle if the latter is under tension [58–60]. It is instructive
to note that the equivalent tension at the threshold
concentration for pore formation σ*=KA(AP/AL)(P/L*) (8.0
pN/nm in DOPC [54]) is in agreement with the rupture
tension of the vesicles made of the same lipid composition
(9.9±2.6 pN/nm for pure DOPC [61]).

We understand that even at extremely low concentrations,
antimicrobial peptides can induce, by fluctuations, transient
pores that allow ion conduction but not leakage of large
molecules [1,62]. (Transient pores would also allow
Alamethicin

DOPC:
DOPE (2:1)

DPhPC:
LysoPC (3:1)

DPhPC DPhPC:
DPhPE (9:1)

DPhPC:
DPhPE (6:1)

27.7 26 26.2 27 26.8
71 78 91 88 89
162 233 193 165 153
1/48 1/194 1/58 1/37 1/31
−1.5 0.14 0.24 0.23 0.26
6.7 1.1 1.9 2.2 2.2
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translocation of peptides between two leaflets [26]). Stable
pores appear only when the peptide concentration exceeds a
threshold. (Pores are stable in the sense that there is a well
defined density of pores as detected by neutron scattering, even
though individual pores probably form and dissociate revers-
ibly.) Qualitatively, the origin of cooperativity can be
understood as follows: there are no stable pores that cause
leakage at peptide concentrations below the threshold. But once
the concentration exceeds the threshold, essentially all of the
excessive peptide molecules form stable pores.
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