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Abstract We study the structural and energetic conse-
quences of (a-helical) amphipathic peptide adsorption
onto a lipid membrane and the subsequent formation of
a transmembrane peptide pore. Initially, each peptide
binds to the membrane surface, with the hydrophobic
face of its cylinder-like body inserted into the hydro-
carbon core. Pore formation results from subsequent
peptide crowding, oligomerization, and eventually
reorientation along the membrane normal. We have
theoretically analyzed three peptide–membrane associa-
tion states: interfacially-adsorbed monomeric and
dimeric peptides, and the multi-peptide transmembrane
pore state. Our molecular-level model for the lipid
bilayer is based on a combination of detailed chain
packing theory and a phenomenological description of
the headgroup region. We show that the membrane
perturbation free energy depends critically on peptide
orientation: in the transmembrane pore state the lipid
perturbation energy, per peptide, is smaller than in the
adsorbed state. This suggests that the gain in confor-
mational freedom of the lipid chains is a central driving
force for pore formation. We also find a weak, lipid-
mediated, gain in membrane perturbation free energy
upon dimerization of interfacially-adsorbed peptides.
Although the results pertain mainly to weakly-charged
peptides, they reveal general properties of the interaction
of amphipathic peptides with lipid membranes.

Introduction

Many naturally occurring a-helical, amphipathic pep-
tides, such as melittin, magainins, dermaseptins, par-
daxins, or alamethicin, are able to perforate lipid
bilayers by forming membrane pores. The level of
activity and selectivity possessed by these membrane-
active peptides is intimately related to the physical
properties of the target membrane. Most notably, no
specific binding site is required; membrane adsorption is
typically driven by hydrophobic interaction with the
hydrocarbon chain region of the membrane and, when
the peptides are charged, by electrostatic attraction to
oppositely-charged lipids. Individual membrane-associ-
ated peptides orient horizontally at the hydrocarbon–
water interface of the target monolayer, embedding their
hydrophobic faces into the hydrocarbon core of the
membrane. Above a sufficiently high concentration of
adsorbed peptides, pore formation sets in by a cooper-
ative process that involves the self-assembly of several
(typically 3–10) peptides. This is accompanied by an
orientational change in the pore-forming peptides, upon
which the long axis of the amphipathic a-helix reorients
normal to the bilayer plane. Rearrangement into a
transmembrane-inserted ring-like aggregate with the
hydrophobic peptide residues pointing towards the lip-
ids chains results in a water-filled pore with subsequent
loss of the membrane’s permeability barrier.

Oren and Shai (Oren and Shai 1998) have classified
amphipathic peptides into two distinct groups according
to the mechanism by which they disintegrate the mem-
brane. Underlying the difference between the two groups
of peptides is their tendency to self-associate in the target
membrane. One group consists of weakly-charged pep-
tides (net charge�1), like alamethicin and pardaxin, for
which binding essays and leakage measurements (of dye
markers from lipid vesicles) indicate that self-association
occurs even at very low peptide concentrations, where
the bound peptide/lipid ratio is less than 1/1000
(Rapaport et al. 1996; Schwarz et al. 1986; Rapaport

A. Zemel Æ A. Ben-Shaul (&)
Department of Physical Chemistry
and the Fritz Haber Research Center,
The Hebrew University, Jerusalem, 91904, Israel
E-mail: abs@fh.huji.ac.il
Tel.: +972-2-6585271
Fax: +972-2-6513742

S. May
Junior Research Group ‘‘Lipid Membranes’’,
Friedrich-Schiller-Universität Jena, Neugasse 25,
Jena, 07743, Germany

Eur Biophys J (2005) 34: 230–242
DOI 10.1007/s00249-004-0445-9



and Shai 1991, 1992). It has been suggested that self-
association occurs prior to pore formation, presumably
on the membrane surface. Notably, only a small fraction
of the interfacially-bound peptides change their orien-
tation into a transmembrane configuration. The hori-
zontal orientation maintained by most membrane-
bound peptides is evidenced by oriented circular
dichroism measurements; the majority of alamethicin
molecules adopt the transmembrane orientation only at
peptide/lipid ratios larger than 1/100 (Huang and Wu
1991). The propensity of these peptides to aggregate on
the membrane surface, even at low peptide/lipid ratios,
suggests that an attractive, presumably lipid-mediated,
force operates between them. Moreover, it is believed
that weakly-charged peptides form rather small and
tightly packed pores, often described as barrel-stave
pores. Theoretical modeling (Zemel et al. 2003) indeed
suggests that electrostatic repulsion between the charged
peptides within the pore is not strong enough to widen
the pore beyond the steric size of the ‘‘barrel-staves’’.

The other group of peptides comprises highly-
charged (usually cationic) peptides (net charge[� 4) such
as melittin, magainin, and cecropin. These peptides do
not self-associate at low peptide concentrations; rather,
they are uniformly spread across the membrane surface,
forming a ‘‘carpet’’ even at high peptide concentrations
(Oren and Shai 1998). The cooperative assembly of
pores occurs only when the concentration of adsorbed
peptides exceeds a certain limiting value, corresponding
to a peptide/lipid ratio larger than 1/100 (Ludtke et al.
1994; Yang et al. 2001; Dempsey et al. 2003; Bechinger
1999). The resulting pore structure has been character-
ized based on both experimental observations (Matsu-
zaki et al. 1998; Ludtke et al. 1996; Yang et al. 2000,
2001) and theoretical calculations (Lin and Baumgaert-
ner et al. 2000; Zemel et al. 2003). The so-called
‘‘toroidal pores’’ comprise a bundle of transmembrane
peptides, interspaced by 1–2 nm segments of a semito-
roidal lipid rim. The formation of an intervening lipid
rim allows the highly-charged peptides to separate while
partially shielding lipid tails from contact with water.

Pore formation involves peptide oligomerization and
thus requires an energetic incentive to overcome the
entropic penalty. For high peptide/lipid concentrations
the lateral pressure exerted by the interfacially adsorbed
‘‘gas’’ of peptides provides a strong driving force to-
wards pore formation (Zuckermann and Heimburg
2001). An alternative and complementary explanation
has been given by Huang and coworkers (Huang et al.
2004; He et al. 1996; Chen et al. 1997). This model
attributes the cooperative process of pore formation to
the relief of internal membrane stress, stored upon the
adsorption of peptides in its interface. Membrane thin-
ning was suggested to be the main indication of lipid
perturbation. X-ray measurements of membrane thick-
ness reveal a linear decrease in membrane thickness
upon increasing the peptide/lipid ratio (He et al. 1996;
Chen et al. 1997). NMR measurements of lipid chain
bond orientational order parameter profiles provide

another indication of membrane thinning. Typically,
these measurements show a net reduction in chain
ordering (Koenig et al. 1999). Above a critical peptide/
lipid ratio, the peptides undergo a collective orienta-
tional change into the peptide pore state, resembling a
membrane phase transition. The existence of water-filled
pores above the critical concentration has been moni-
tored by in-plane neutron scattering experiments (Lud-
tke et al. 1995, 1996), while in turn, X-ray measurements
show that the thickness of the membrane remains un-
changed (He et al. 1996; Chen et al. 1997; Huang et al.
2004). The theoretical model of Huang et al. (2004)
correctly predicts the concentration dependence of pep-
tide orientation and membrane thickness over a wide
range of concentrations, including the behavior near the
transition point.

For low peptide concentrations, pore formation must
be driven by a direct or local membrane-mediated pep-
tide–peptide interaction. Indeed, the kinetics of pore
formation depend upon the existence of intermediate
aggregates, such as transient self-associated dimers and
trimers. Recent kinetic (Takei et al. 1999) and equilib-
rium studies (Dempsey et al. 2003; Hristova et al. 2001)
using cross-linked disulfide-dimerized melittin and
magainin analogs, support the idea that an interfacially
adsorbed, self-associated dimer acts as a precursor or a
meta-stable intermediate in the pore-formation mecha-
nism. The use of a dimerized melittin analog in a kinetic
experiment to measure pore formation rates, has been
shown to reduce the molecularity of the process, indi-
cating that peptide dimerization is a rate limiting step
(Takei et al. 1999). The dimerized magainin analog
shows enhanced membrane permeabilization activity
compared with the corresponding monomer. Pore for-
mation by the dimerized peptide occurs well below the
monomers’ threshold concentration. Significant leakage
of dye markers from lipid vesicles have been measured at
peptide-to-lipid ratios as low as 1/5000. The dependence
on peptide concentration was found to be much weaker,
namely less cooperative, for the dimerized peptide
(Dempsey et al. 2003). It was suggested that membrane
perturbation resulting from the formation of the peptide
dimer is the essential event that triggers the change in
peptide orientation and the formation of a pore (Hrist-
ova et al. 2001).

In the present work, we analyze the energetics of pore
formation, focusing on the role of the lipid bilayer in
peptide assembly and reorientation. To this end, a
molecular-level mean-field theory of chain packing in
lipid membranes is used to calculate free energies of
various bilayer-peptide configurations. To capture the
universal features of pore formation we refrain from
including specific peptide–lipid and peptide–peptide
interactions. Thus a-helical amphipathic peptides are
simply modeled as bulky (cylinder-like) inclusions that
perturb the lipid chain packing in the hydrocarbon core
of the target membrane. The nature of the perturbation
depends on the orientation of the peptides. We will show
that interfacially-adsorbed peptides which adopt a
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horizontal orientation with respect to the membrane
plane perturb the lipid bilayer significantly more severely
than transmembrane peptides that form barrel-stave
pores. Based on this observation, we suggest that the
orientational dependence of the peptide-induced mem-
brane perturbation provides a generic and unspecific
driving force for pore formation. Our model is appli-
cable for weakly-charged peptides in the limit of small
peptide concentrations on the membrane. The propen-
sity of peptides to self-assemble into barrel-stave pores
in such a scenario is yet to be explained satisfactorily.

We also use our model to characterize the first step in
the self-association of peptides on the membrane,
namely peptide–peptide dimerization. In line with our
previous work (Zemel et al. 2004), we predict that a
weak, lipid-mediated, attractive force acts between two
parallel, interfacially-adsorbed peptides. We estimate the
membrane contribution to the dimerization free energy
to be on the order of kBT (kB is the Boltzmann constant
and T is the absolute temperature). We argue that this is
slightly larger than the opposing electrostatic repulsion
for weakly-charged peptides, but too small to drive the
association of highly-charged peptides. Hence, our
analysis suggests that pore formation is primarily regu-
lated on the level of the self-association process where
highly and weakly-charged peptides reveal different
kinetic behaviors.

Theory

We apply our theoretical model to study the structural
and energetic consequences of lipid chain packing in
three different peptide–membrane association states that
are depicted in Fig. 1: interfacially adsorbed monomeric
(well separated) peptides (a), interfacially adsorbed
peptide dimers (b), and aggregated peptides forming a
barrel-stave pore (c). In all cases, the membrane consists
of two (possibly perturbed) monolayers, an inner
monolayer and an outer one. We shall use the symbol A
to denote the (shape and area of the) interface between
the apolar hydrocarbon core and the lipid headgroup
region. The surface area of A is A ¼ N�ai where N is the
number of lipid chains in the membrane and �ai is the
average cross-sectional area per chain, measured at A:
The lipid volume enclosed by A; namely the hydrocar-
bon core, will be denoted by V; and the embedded part
of the peptide by VP:

Free energy per molecule

Peptide adsorption or insertion modifies the packing
characteristics of the lipid molecules as compared to
those of the unperturbed (peptide-free) membrane. The
total membrane perturbation free energy, F, is then a
sum of local contributions, f(r)�f0, where f(r) is the local
free energy per molecule at rðr denoting the position
of its headgroup at AÞ and f0 is the corresponding free

energy in the peptide-free membrane. Our model for
calculating f consists of a detailed, molecular level,
mean-field theory for the conformational statistics of the
lipid tails, combined with phenomenological descrip-
tions of both lipid headgroup interactions and of the
interfacial energy between the apolar hydrocarbon core
and the polar headgroup region. Assuming additivity of
these three contributions, we write for the free energy
per lipid molecule

f ¼ fh þ fi þ fc ð1Þ
The head group and interfacial contributions, fh=B/ah
and fi=c ai, respectively, are modeled in a similar way to
the opposing forces model (Israelachvili 1992); B mea-
sures the strength of headgroup repulsion and c is the
interfacial tension between the hydrocarbon chains and
the polar environment (we shall use c=0.12 kBT/Å

2� 50
dynes/cm in our numerical calculations (Israelachvili
1992)). The magnitudes of the cross-sectional area per

c

b

a

Fig. 1 Schematic illustration of the three membrane-peptide
association states analyzed in the present work. The peptides are
represented as interfacially adsorbed monomeric (a) and self-
associated dimeric (b) cylinders, or as a barrel-stave pore (c) with
the peptides oriented in the transmembrane direction. In the
membrane cross-sections we have schematically depicted some
lipids to illustrate that peptide adsorption, self-association, and
subsequent reorientation involves changes in lipid packing order
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molecule, ah and ai, measured at the headgroup and
hydrocarbon–water reference surfaces, depend on the
molecular packing properties of the lipid molecule.
Explicitly, ai is the local cross-sectional area per lipid,
measured at A; and ah=ai [1+(c1+c2)l+c1 c2 l

2] is the
corresponding cross-sectional area at the headgroup re-
gion, measured in a parallel surface at distance l away
from A (see Fig. 2). Here c1 and c2 are the local principal
curvatures of A (by convention we assign positive cur-
vature to an outwardly bent surface). Although approxi-
mate, our models for fh and fi are known to provide a
useful representation of the energetics and preferred
aggregation behavior of lipid assemblies (Israelachvili
1992). For example, they can be used to predict common
elastic properties of lipid monolayers or bilayers, like the
bending stiffness or spontaneous curvature (Helfrich
1973) as a function of molecular interaction parameters
(May and Ben-Shaul 1999; May 2000).

The presence of membrane-inserted peptides not only
affects the conformational properties of the neighboring
lipid tails but may also affect the shape of the host
membrane, as reflected by the geometry of the interfacial
surface A: Modeling of these subtle effects requires an
accurate model for the lipid tail’s free energy fc. In the
following, we outline the basic features of the molecular-
level chain packing theory that we employ for fc in this
work (for other applications see Ben-Shaul and Gelbart
1994).

Consider a lipid tail that originates at position r on A:
(Because all lipid chains—no matter whether they orig-
inate from the same or from different headgroups—are

treated on the same mean-field level, it is convenient to
assume that each lipid involves only one hydrocarbon
chain. Application of our results to double-tailed lipids
is then straightforward.) Any conformation a of the
chain is adopted with (an as yet unspecified) probability
P(a|r); this probability vanishes for all non-accessible
chain conformations, those that penetrate either into the
aqueous environment or cross the peptide envelope.
Thus, all chains with accessible conformations are con-
tained entirely within V: Note that P(a|r) is a conditional
probability; hence the normalization

P
a P(a|r)=1 for

any given r. Denoting the corresponding internal (trans/
gauche) energy of the chain by �(a), we write for the
conformational free energy fc=fc(r) of the chain

fc ¼
X
a

P ðajrÞ½eðaÞ þ kBT ln PðajrÞ� ð2Þ

where the sum extends over all accessible chain confor-
mations.

Total free energy

The total free energy of the lipid-peptide membrane is
obtained by summing up the free energies of all indi-
vidual lipid chains. Using r(r)=1/ai(r) to denote the
local area density of chains, attached at position r to the
interfacial surface A (of either the external or internal
monolayer) we haveZ
A

d2rrðrÞ ¼ N ð3Þ

where N is the overall number of lipid chains in the
bilayer.

If r and f are known at all positions r along the
surface A of the two monolayers, we can calculate the
free energy of the peptide-containing membrane through

F ¼
Z
A

d2rrðrÞ f ðrÞ þ kBT ln
rðrÞ
�r

� �
ð4Þ

x0

p

lP

rP

z

h∞

ξI

λI

ai

ahl

y

α

Fig. 2 Schematic illustration of a lipid bilayer, containing one,
partially inserted, cylindrical amphipathic peptide with a radius rP
and a polar angle a which defines the insertion depth p of the
peptide. The shape modulation of the membrane is modeled by two
sinusoidal functions; see Eqs. 10 and 11. The xy-plane coincides
with the membrane midplane far from the peptide, where the
thickness of the membrane’s hydrocarbon core relaxes to h¥. The
y-axis is parallel to the long axis of the cylinder-like peptide.
For one lipid we plot the local interfacial cross-sectional area,
aiðmeasured on AÞ and the local headgroup area, ahðmeasured
at distance l away from AÞ
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The second term in Eq. 4 accounts for the demixing free
energy of the lipid head groups, associated with devia-
tions of the local headgroup density, r(r), from the
uniform distribution �r ¼ 1=�ai:

Constraint of uniform chain packing

As in previous work, we minimize F subject to a single
packing constraint expressing the condition of a uni-
form, liquid-like, density of the hydrocarbon core of the
membrane. To formulate the constraint, consider a
chain in conformation a attached at position r to the
interface A and let /(a,r¢,r) denote the number of seg-
ments of this chain residing in the small volume element
d3r¢ at position r¢ within the hydrocarbon core V: (Of
course, if the distance |r�r¢| exceeds the length of a fully
stretched (all-trans) chain then /=0.) Averaging over all
conformations of all lipid chains yields the average
number density of chain segments at any given location
r¢ within the hydrocarbon core

/ðr0Þh i ¼ 1

N

Z
A

d2rrðrÞ
X
a

PðajrÞ/ða; r0; rÞ ¼ �/ ð5Þ

The second equality in Eq. 5 represents the constraint
of uniform chain segment density at any given r¢. In the
liquid-like membrane �/ ¼ 1=Nm where m is the volume
per chain segment in the hydrophobic core. In the
present work, we consider membranes composed of C-
12 chains (lauric acids), COOH–(CH2)10–CH3. Each
methylene group, occupying a volume m�27 Å3, is
counted as one ‘‘chain segment’’, whereas the terminal
methyl group is approximately twice as large and will be
counted as two chain segments. The chain volume is thus
v�13· m=351 Å3.

Free energy minimization

The free energy F must be minimal with respect to both
the chain probabilities, P(a|r), and the area density, r(r),
subject to the constraint of uniform chain packing; see
Eq. 5. The former minimization results in

P ðajrÞ ¼ vða; rÞ
qðrÞ ð6Þ

where v(a,r) is the Boltzmann weighting factor

vða; rÞ ¼ exp � 1

kBT
eðrÞ þ

Z
V

d3rkðrÞ/ða; r0; rÞ
0
@

1
A

2
4

3
5

ð7Þ
The local partition function q(r)=

P
a v(a,r) ensures

the normalization of P(a|r). The function k(r) represents
the set of Lagrangian multipliers that must be deter-
mined so as to satisfy the constraint of uniform chain

packing density everywhere within V (see below).
Minimization with respect to r yields

rðrÞ
�r

¼ qðrÞ
q

exp � 2~BrðrÞ
kBT

� �
ð8Þ

where ~B ¼ B=½1þ ðc1 þ c2Þlþ c1c2l2� and where again
the partition function

q ¼ �r
N

Z
A

d2rqðrÞ exp � 2~BrðrÞ
kBT

� �
ð9Þ

ensures the normalization condition Eq. 3. Equation 9
represents a nonlinear equation for the chain density r
which must be solved numerically for each interfacial
position r on A: At the same time, the Lagrangian
multipliers, k(r), are calculated at each position r within
the hydrocarbon core V by solving the self-consistency
relation that follows by inserting Eq. 6 into the uniform
density constraint Eq. 5; see also (Zemel et al. 2004).

At this point, we note that the minimization with
respect to r not only optimizes the lateral distribution of
the lipid chains within a given monolayer, but also
accounts for optimal exchange (flip-flop) of the lipids
between the two monolayers of a bilayer. Suppressing
flip-flop implies an additional constraint in the minimi-
zation of F; however, this case is not considered here.

Specification of membrane geometry

The formalism presented above can be applied to a
membrane of any given interfacial shape, A; in the
presence or the absence of membrane-inserted peptides.
However, optimization of the membrane shape for a
given peptide arrangement is a difficult task because the
free energy of the lipid chains is non-local and thus does
not allow us to perform a functional minimization.
Moreover, the numerical calculation of F for a complex
membrane shape A is computationally very costly.
Consequently, we introduce a number of geometrical
simplifications which nevertheless preserve the principal
mechanism of peptide-induced pore formation.

Isolated, interfacially-adsorbed peptides

Consider first the non-aggregated state where individual
peptides are interfacially adsorbed onto the outer
monolayer of a flat membrane; see Fig. 1a. (We note
that the flatness of the membrane is an assumption,
appropriate, for example, for bilayers in the lamellar La

phase, or for a membrane on a flat solid support. A
more general—but computationally much more in-
volved—approach would allow the peptides to induce an
overall bending of the membrane; however, the corre-
sponding energy changes are not expected to affect the
conclusions of the present work.) Neglecting atomic
details, the peptides are modeled as cylinders of length lP
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and radius rP, whose mantle subtends the ‘‘hydrophilic’’
angle a and a complementary ‘‘hydrophobic’’ angle
2p�a. In the present study, we shall focus on a repre-
sentative case where a=p. The hydrophobic part of each
peptide is modeled as being inserted into the hydrocar-
bon core of the outer monolayer, with the peptide’s long
axis being parallel to the bilayer midplane. Owing to the
elongated shape of the peptides, the packing properties
of the lipids around each individual peptide will pre-
dominantly vary in the direction perpendicular to rather
than along the peptide’s long axis. Variations along the
latter axis arise mainly from perturbations of chain
packing around the peptide ends. We shall neglect these
end effects and treat the packing of the lipid molecules as
invariant along the peptide’s long axis.

Let the z-axis of a Cartesian coordinate system point
normal to the (flat) bilayer midplane, and let the long
axis of the peptide be parallel to the y-direction. The
interfacial shape of the membrane, A; will then only
vary along the x-direction; see Fig. 2. Hence, we can
characterize the shape of the outer and inner monolayers
by the two functions zE(x) and zI(x), respectively. We
assume that these functions can be expressed paramet-
rically in the form

zEðxÞ ¼ nE
2

cos
pðx� rPÞ

kE
þ 1

� �
þ h1

2
ð10Þ

for 0<|x�rP|<kE and zE(x)=h¥/2 for |x�rP|>kE and,
similarly,

zIðxÞ ¼ nI
2

cos
px
kI

þ 1

� �
� h1

2
ð11Þ

for 0<|x|<kI and zE(x)=�h¥/2 for |x|>kI; where the
membrane response is symmetric with respect to the
peptide long axis (x=0). Using this profile, the hydro-
carbon volume, V; and the interfacial lipid area, A, are
readily calculated by appropriate integration. For the
case a=p the embedded peptide volume is VP ¼
pr2P lP=2: The condition V ¼ Nm determines the range of
integration, which is chosen to be much larger than the
lipid perturbation length.

We emphasize that the sinusoidal shape modulation
in Eqs. 10 and 11, though approximate, provides a
convenient description of the two local monolayer per-
turbations; characterized by the amplitudes nE and nI
and the wavelengths kE and kI. This is because the
combination of nE and nI captures four qualitatively
different responses of the membrane, namely: outward
bending (nE>0 and nI>0), inward bending (nE<0 and
nI<0), local compression (nE<0 and nI>0), and local
stretching (nE>0 and nI<0). The actual membrane
shape is determined by the minimum of the free energy F
(see Eq. 4) with respect to nE, nI, kE, and kI. At this
point, we already note that in our numerical calculation
(discussed below) we have always found the four un-
knowns to adjust in such a way that the average cross-
sectional area per lipid, �ai; remained constant and equal
to the corresponding value for an unperturbed, peptide-

free bilayer; �ai ¼ a0: This result reflects the fact that
changes in interfacial area involve considerably larger
energy changes than those associated with chain pack-
ing.

Interfacially-adsorbed peptide dimer

The second state we aim to model is that of an interfa-
cially-adsorbed peptide dimer; see Fig. 1b. The geo-
metrical specification we invoke for the dimer is
analogous to that of a single peptide. That is, we rep-
resent the peptide dimer by two parallel cylinders, each
of radius rP, length lP, and ‘‘hydrophilic’’ angle a. The
two cylinders reside at close contact and both immerse
their hydrophobic parts into the bilayer’s chain region.
All approximations that we use for the single, isolated,
cylinder are used analogously for the dimerized pair of
cylinders. In particular, we neglect variations of chain
packing characteristics along the y-axis, thus neglecting
end effects (which for the dimerized peptide state is a
more severe approximation than for an isolated cylin-
der). Also, we again use Eqs. 10 and 11 (yet, with the
replacement rP fi 2rP and a different set of optimized
constants nE, nI, kE, and kI) to describe the membrane
shape A: The interfacial area and the hydrocarbon
volume are calculated analogously, as in the case of
monomers, only the embedded dimer volume is twice as
large, so VP ¼ pr2PlP:

Pore-forming state

The third state is the pore-forming arrangement shown
in Fig. 1c. When assembled into a barrel-stave pore, the
peptides are in a transmembrane orientation, forming a
ring-like aggregate with their hydrophobic faces in
contact with the hydrocarbon core of the host mem-
brane. To calculate the lipid perturbation energy asso-
ciated with such a pore, we assume that the hydrophobic
faces of the transmembrane peptides prescribe a circular
wall, impermeable to lipid chains (see Fig. 3). The lipid
perturbation free energy in this state is primarily
entropic, reflecting the loss of conformational freedom
of chains bordering the wall. It should be stressed that
our circular wall model for the peptide pore is only
appropriate for barrel-stave like pores where, in addi-
tion, electrostatic effects are minor. It should also be
noted that because the radius of peptide pores is typi-
cally considerably larger than the lipid (cross-sectional)
dimension, the wall can be safely treated as planar (see
the later discussion of the wall approximation). More-
over, the precise topology (and area) of the interface
between the peptides and the membrane depends,
generally, on the polar angle of the peptide and on
the number of peptides, and is frequently affected by
the presence of a proline-induced kink in the peptide
backbone; as discussed, for example, for melittin by
Smith et al. (1994) and for alamethicin by Bak et al.
(2001). For the particular case where a proline kink
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exists, the contact area per peptide (and hence its energy)
depends on the number of peptides in the aggregate.
Interestingly, this finding has been used to explain the
dependence of alamethicin pore size distribution on the
elastic properties of the lipid host (Cantor 2002; Dan
and Safran 1998). The present model neglects the
topological details of the aggregate’s interfacial contact
and treats it as a smooth wall of height lP and length 2 rP
per peptide (see Fig. 3). The height lP of the wall gen-
erally need not coincide with the thickness h¥ of the
membrane’s hydrocarbon core. The cases lP>h¥ and
lP<h¥ are referred to as positive and negative hydro-
phobic mismatch, respectively. The presence and degree
of hydrophobic mismatch are known to influence the
interfacially adsorbed-to-transmembrane transition of
peptides in membranes (Ren et al.1999; Sansom 1993).
However, for simplicity, in the present work we model
peptides whose length matches the (flat) hydrophobic
core thickness, setting lP=h¥, and neglecting issues
related to hydrophobic mismatch.

Results and discussion

The calculations presented in this section are for lipid
bilayers composed of C�12 (Lauric) chains. Our choice
of the headgroup repulsion strength, B=20kBTÅ

2, en-
sures a0=29.4 Å2, the equilibrium cross-sectional area
per chain in a flat, unperturbed (peptide-free) mem-
brane. This corresponds to a thickness h¥= 2 v/a0=22
Å of the unperturbed hydrocarbon core, consistent with
experimental studies on dilauroylphosphatidylcholine
(DLPC) bilayers (Balgavý at al. 2001). Note that the
equilibrium value of a0 reflects the balance between three
competing interactions—attractive at the interfacial re-
gion and repulsive within both the headgroup and tail

regions. Consequently, increasing repulsion between
headgroups (increasing B) leads to larger values for a0.

For a flat bilayer, the magnitude of l does not affect
a0. However, l affects the propensity of a lipid mono-
layer to bend, as expressed by the magnitude of the
spontaneous curvature c0. Qualitatively, larger l shifts c0
to more positive values. We use l=1 Å to represent ra-
ther small lipid headgroups (Fattal et al. 1995), and in
the section ‘‘Influence of spontaneous curvature’’ discuss
the consequences of increasing l.

The peptides modeled in this study have the dimen-
sions: rP=6 Å and lP=h¥=22 Å. In the present work,
we shall focus on one representative case of the peptide
polar angle: a=p, implying a peptide penetration depth
of �rP=6 Å into the hydrophobic core of the membrane
(Hristova et al. 1999). Such peptides have shown to
cause the largest lipid chain perturbations (Zemel et al.
2004).

Reference state

We shall use DF to denote the free energy of the per-
turbed membrane, per peptide, relative to the reference
state of the flat, unperturbed bilayer (with equilibrium
thickness h¥ everywhere). The corresponding free energy
of the reference membrane (for the same number of
lipids as in the perturbed system) is denoted by F0, so
that the membrane perturbation free energy, per pep-
tide, is

DF ¼ F � F0 ð12Þ
We emphasize that DF stands for the (generally po-

sitive) lipid contribution to the binding free energy and
lacks the solvation free energy of an isolated peptide
which provides the main driving force for its insertion
into the membrane. This additional contribution to DF is
a constant which we set equal to zero. This contribution
depends of course on the type of peptide and membrane.
Here, however, we consider the membrane-inserted
peptide to have the same insertion depth, namely rP (and
hence the same solvation free energy) for all membrane–
peptide association states. Direct interactions between
peptides are not included in DF. The peptide–peptide
electrostatic interaction will be evaluated separately and
compared with DF.

Membrane structure

Figure 4 presents the structural and energetic conse-
quences of the different membrane–peptide association
states shown in Fig.1. Panel (a) shows the energetically
optimal membrane structure and the corresponding
average conformations of various lipid chains, calcu-
lated using the chain packing theory, for two peptides
that are inserted individually into the outer monolayer.
Each peptide has its hydrophobic part, of angular size
a=p, embedded in the hydrocarbon core. The inter-

lP

~2rP nP

2rP

Fig. 3 Schematic illustration of the model for a barrel stave pore.
The interfacial area between the peptide-aggregate and the
hydrocarbon core is proportional to the number of peptides in
the aggregate, nP, is approximately given by 2 rP lP nP. The
approximation made by replacing the cylinder-like pore geometry
by a planar wall is discussed in the section ‘‘Discussion of the wall
approximation’’
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peptide distance is large enough to exclude membrane-
mediated peptide–peptide interactions. Panels (b) and
(c) of Fig. 4 show a peptide dimer adsorbed at the
membrane interface. Panel (b) displays the energetically
optimal membrane configuration, and panel (c) shows
an alternative, outwardly-bent, membrane configura-
tion. Finally, panel (d) provides the comparison with a
membrane pore. The free energies associated with the
various configurations are depicted in the figure and
discussed in the next section.

The most evident structural consequence of interfa-
cially-bound peptides is a local thinning of the bilayer in
the vicinity of the peptides. Thinning of the bilayer,
which is much more pronounced in the case of dimers, is
intimately related to the creation of a ‘‘void’’ underneath
the peptide cylinder, which must be filled by lipid chains.
Lipid chains from both monolayers participate in filling
these voids—those in the outer monolayer by tilting and
splaying, and those in the inner monolayer by stretching
(Zemel et al. 2004). One possible way of relieving the
stretching deformation stress is to bend the inner
monolayer toward the peptide, causing local membrane

thinning. In the case of a dimer, the displacement of lipid
chains from the void region is larger and hence it induces
a much stronger deformation. A similar conclusion was
obtained from an X-ray diffraction study of phospho-
choline lipid multilayers, in which the structure of the
membrane bound by melittin monomers was compared
with that containing its dimeric analogs (Hristova et al.
2001).

Our calculations show that the bending deformation
of the inner monolayer toward the outer monolayer is
energetically preferable over bending of the outer
monolayer toward the inner one (see Fig. 4 panels (a)
and (b) and the discussion of Fig. 6 below). Conse-
quently, the membrane thinning deformation is asym-
metric. For example, in the case of a monomer, in the
membrane’s minimal energy configuration—panel
(a)—the inner monolayer is substantially bent toward
the peptide (nI � 3 Å) whereas the outer monolayer
maintains its flat state (nE � 0). In the case of a dimer,
this asymmetry is even more pronounced. To explain
this observation, we note that monolayer bending gen-
erally involves both splay and tilt deformations of the
lipid chains in that monolayer (Helfrich 1973). The
presence of an adsorbed peptide forces the lipid chains in
the outer monolayer to tilt and splay even in a flat
monolayer (to fill the ‘‘void’’ underneath the peptide). A
bending deformation of the outer monolayer towards
the inner one would further increase the splay defor-
mation, with a corresponding quadratic increase in the
perturbation free energy (Hamm and Kozlov 2000).
Hence, bending of the (previously unsplayed) inner
monolayer is energetically less costly than bending of the
outer monolayer. Similar considerations apply to the
monomeric and dimeric peptide states; the inward
bending of the inner monolayer being more pronounced
for the dimeric state.

The perturbations induced by either monomeric or
dimeric peptides decay within a lateral distance of
20�40Å; for the monomer, the optimal wavelength of
the internal layer is kI=20Å (panel a) and for the dimer
kI=25Å (panel b). Indeed, it is expected that the decay
length is comparable to the length of the lipid chains
themselves. The lateral structure of a peptide-containing
lipid bilayer was recently probed experimentally, using
the technique of grazing incidence X-ray diffraction
(Münster et al. 2000, 2002). The short-range order of
lipid chains in multilamellar bilayers of 1,2-dimyristoyl-
sn-glycero-3-phosphatidylcholine (DMPC) was found to
be strongly reduced by interfacially-adsorbed magainin
2 molecules, and to decay within 62Å. The reduced order
of chains in the peptide’s vicinity reflects the local thin-
ning of the membrane. The larger decay length obtained
in this study could reflect the influence of lipid chain
correlations, which are disregarded in our analysis.

Similar conclusions derive from NMR measurements
of lipid chain bond orientational order parameters. The
orientational order parameter of the C–H bond of car-
bon atom n along the chain is given by
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Fig. 4 Cross-sectional membrane structures and the associated
perturbation free energies per peptide, DF, for various peptide-
membrane association states: isolated peptides in the energetically
optimal membrane configuration (a), peptide dimer in the
energetically optimal state (b), upward bending of the membrane
in the dimerized state (c), and the transmembrane pore state of the
peptides (d). The interfacially-adsorbed peptides are modeled as
rigid cylinders, whereas the pore state is represented by a straight
wall. The interfacial surfaces A of the membranes are shown by
solid lines. To illustrate the changes in chain packing, we also
depict the average conformation of various lipid chains (with the
averaged segment positions of the given chain connected by solid
lines)
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Sn ¼ 1

2
3 cos2hn � 1
� � ð13Þ

where hn is the angle between the Cn–H bond and the
membrane normal, and the angular brackets indicate
averaging over all chain conformations. In a peptide-free
membrane, all lipid chains are equivalent, and their or-
der parameter profiles are equal. In the perturbed
membrane, the order parameter profiles depend on the
chain origin, x. Since the experimentally-measured order
parameter profiles involve averaging over all lipid
chains, we adopt a similar averaging for calculating the
Sn values; that is, the averaging involves all conforma-
tions of all lipids in both monolayers. Note that a ran-
dom distribution of bond orientations leads to Sn=0,
whereas for a fully stretched (all-trans) chain oriented
along the membrane normal Sn=�1/2, for all n. Figure
5 compares �Sn for the three cases depicted in panels
(a), (b) and (d) of Fig. 4; in other words �Sn for a
membrane with adsorbed peptide monomer (bold solid
curve), dimer (dashed curve) and a transmembrane
peptide (dotted curve), respectively. For comparison, we
also plot two additional profiles: one for the unper-
turbed, peptide-free, flat bilayer (solid curve), and the
other for a peptide-free membrane having the same
shape deformation as is in the case of the adsorbed
monomer (dotted–dashed curve) (see Fig. 4 panel (a)).
The lower panel in Fig. 5 displays the peptide-induced
change in the C–H bond order parameter, measured
relative to the unperturbed membrane,

DSn ¼ Sn � S0n ð14Þ

where Sn
0 is the Cn–H bond order parameter profile of

the peptide-free membrane.
The results we find for the unperturbed bilayer are in

good agreement with NMR measurements of DLPC
membranes (Douliez et al. 1995).

Qualitatively, local thinning leads to reduced chain
order. To distinguish this effect from the more complex
effect resulting from peptide adsorption we plot the
profile obtained for a peptide-free membrane undergo-
ing local thinning (dotted–dashed curve). Characteristi-
cally, all lipid segments become less ordered, but those in
the middle are more affected. Compared to the latter
effect, a monomer, and even more pronounced, a dimer,
increases the order of chain segments. This effect is due
to stretching of chains, mainly from the internal layer, to
reach the region underneath the peptide. Nevertheless,
when compared to the unperturbed membrane, the
chains are more disordered. Qualitatively, the same
behavior—including a peptide-induced thinning of the
chain region of roughly 2Å—has been observed experi-
mentally by Koenig et al. (1999), based on deuterium
order parameter profiles for membrane-bound amphi-
pathic peptide fragments of the envelope protein of
human immunodeficiency virus Type I (HIV-1). Com-
parable results have also been obtained in a recent
molecular-dynamics simulation of two antimicrobial
peptides in the presence of a lipid bilayer (Shepherd et al.
2003). Membrane thickness and chain order parameters
are seen to decrease as the peptide penetrates into the
membrane. The order parameter profiles plotted for
the last 10 ns (where the peptide already penetrates the
hydrophobic core of the membrane) are in good quali-
tative and quantitative agreement with our chain pack-
ing calculations.

In marked contrast to the effect of adsorbed peptides,
transmembrane peptides do not induce any significant
change in Sn (as long as no hydrophobic mismatch ex-
ists). In fact, a careful inspection of Fig. 5 (lower panel)
reveals a slight ordering of the chains. This is a typical
consequence of the ‘‘ordering effect’’ of the peptide wall
(Fattal and Ben-Shaul 1993).

A more detailed structural and energetical analysis is
presented in Fig. 6, summarizing all calculations per-
formed with optimized choices of the parameters kE and
kI, for both the monomeric and dimeric states. Each
contour marks changes of 0.4 kB T per inclusion
(monomer or dimer), demonstrating the free energy
scale within which shape modulations occur. For clarity,
the nE, nI plane is divided into sections, accounting for
the qualitatively different shape modulations as outlined
in the ‘‘Theory’’ section. Generally, we observe two
possible types of membrane modulations. The global
free energy minimum is adopted at vanishing perturba-
tion amplitude of the outer layer (nE=0) and for positive
value of the inner layer (nI>0), ranging between 1 and 5
Å in the case of a monomer and between 4 and 10 Å for
the dimer. The type of modulation that is close in free
energy to the global minimum can either be classified as
local ‘‘compression’’, where the inner layer is locally
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Fig. 5 C–H Bond orientational order parameter profiles (upper
panel) and their difference compared with that of the unperturbed
membrane (lower panel), for five cases of interest. The bold solid,
dashed, and dotted curves are for the monomer, dimer and
transmembrane cases shown in Fig. 4, panels (a), (b) and (d),
respectively. These curves are compared in the text with those of
the unperturbed, peptide-free, flat membrane (solid curve); and
with that of a peptide-free bilayer deformed in the same way as
shown in panel (a) of Fig. 4 for the monomer (dotted–dashed)
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pushed toward the peptide whereas the outer layer bends
in the opposite direction (nI>0 and nE<0), or as local
‘‘outward bending’’ where both layers shift outwardly in
the same direction. In most cases, especially for the di-
mer, this modulation mode involves local compression
(or thinning) of the bilayer; nI>nE. Illustrations of the
two most favorable modulation modes are depicted for
the dimeric case in panels (b) and (c) of Fig. 4. Com-
paring the steepness of the two contour plots, we find
that the dimer, to a greater extent than the monomer,
rigidifies the membrane with respect to shape modula-
tions.

To the best of our knowledge, no experimental or
theoretical evidence exists which describes the asym-
metric response of the bilayer. However, asymmetry is
expected for a non-symmetric distribution of peptides
within the two layers. The structural consequences listed
above should hold as long as the peptides penetrate only
a little into the membrane. For deeper penetrations the
asymmetric response is likely to be different. This point
is under current investigation.

Free energies of peptide–membrane complexes

We now discuss the free energies of the three membrane
states depicted schematically in Fig. 1, whose detailed
calculation is displayed in Fig. 4. At the energetically
optimal membrane configuration, the lipid perturbation
free energy associated with adsorbing a monomeric
peptide at the membrane interface is DF=8.0kBT, panel
(a). The corresponding free energy of a dimeric peptide
is shown in panels (b) and (c). In the minimal free energy
configuration—panel (b)—the perturbation free energy
is DF=7.0 kBT per peptide, somewhat lower than for the
monomeric state. This indicates a small but notable free

energy gain due to the lipid membrane, favoring (ener-
getically) peptide dimerization. Panel (c) also displays
the dimeric peptide state, but for a somewhat outwardly-
bent membrane configuration; the corresponding per-
turbation free energy per peptide, DF=7.7 kBT, is only
marginally larger than the optimal one, suggesting large
thermal fluctuations of the peptide–membrane complex.
Finally, for the transmembrane, pore-forming, peptide
orientation—panel (d)—the corresponding membrane
perturbation free energy per peptide is DF=3.6 kBT,
substantially lower than for any of the interfacially-ad-
sorbed peptide states (monomeric or dimeric).

From Fig. 4, the surrounding lipid medium provides
a strong driving force toward helix reorientation
(insertion) and a weaker tendency for interfacially-ad-
sorbed peptides to self-assemble. The free energy gain
upon peptide reorientation is about 4 kBT per peptide
but only 1 kBT for interfacial dimerization. Because
amphipathic peptides are typically charged, we expect an
additional repulsive interaction to oppose the peptides’
tendency to self-assemble. This additional repulsion will
depend on the overall net charge of the peptides.

Consider first the dimerization, shown in panels (a)
and (b) of Fig. 4. Using Poisson-Boltzmann theory, we
calculated the change in electrostatic energy, DFel, upon
dimerization of two peptide-cylinders for two represen-
tative cases: weakly-charged peptides, with net charge 1
(for example alamethicin), and highly-charged peptides,
with net charge 4 (for instance magainin). We ignore the
possible role of lipid headgroup charges (such as partial
screening effects that arise from oppositely-charged lipid
headgroups) and assume a physiological salt concen-
tration of 0.1 M. Treating the overall charge as uni-
formly distributed over the hydrophilic face of the
peptide, we obtain DFel=0.2kBT and DFel=1.7kBT for
the weakly and highly-charged peptides, respectively.
(For a detailed account of a similar electrostatic calcu-
lation, see Zemel et al. (2003)). We thus conclude that
weakly-charged adsorbed peptides are likely to experi-
ence a net attraction, whereas highly-charged peptides
repel each other. It should also be remembered that
peptide association is unfavorable on entropic grounds.
These differences could be relevant for pore formation,
namely if interfacial self-association occurs as an inter-
mediate step, as experiments indeed suggest (Takei et al.
1999; Dempsey et al. 2003; Hristova et al. 2001).

In most cases, pore formation requires the aggrega-
tion of more than two amphipathic peptides; dimeriza-
tion is only the first essential step. However, the role of
the membrane in the process follows from a generic
tendency of the lipid chains to minimize their contact
area with the surface of the peptides. Consider, for
example, the dimeric state shown in Fig. 4b; introducing
a third (previously monomeric) peptide in-between the
two peptides results in the liberation of two of its contact
surfaces with the membrane, and thus lowers DF. A
similar tendency would drive the insertion of an addi-
tional peptide into a pre-existing transmembrane (and
pore-forming) aggregate—at even larger gain of free
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energy. The following questions then arise: how many
peptides are required, and along which path does the
orientational change from a membrane-inserted to a
transmembrane state proceed? Clearly answers to these
questions are not currently available.

Electrostatic interactions play a major role in deter-
mining the structure and energetics of transmembrane
pores, especially the relative stability of barrel-stave
versus toroidal pores. Based on Poisson-Boltzmann
theory, it was argued that only weakly-charged peptides
should assemble into barrel-stave pores, whereas highly-
charged peptides are predicted to form toroidal pores (to
which our wall-like pore model is not applicable) (Zemel
et al. 2003). The electrostatic free energy associated with
reorientation of a singly charged peptide into a barrel-
stave pore is DFel�1.5kBT, considerably weaker than the
lipid perturbation driving–force DF��4kBT.

We thus conclude that, at least for weakly-charged
peptides, electrostatic interactions are likely to be neg-
ligible in comparison to the structural membrane (lipid
chain) perturbation effects. The latter provide the main
driving force for the cooperative transition of several
interfacially-adsorbed (and possibly pre-aggregated)
peptides into a transmembrane pore. This is the central
conclusion of the present work.

Influence of spontaneous curvature

Finally, we consider the role of l (Fig. 2), the distance
between the hydrocarbon–water interface and the plane
within which headgroup repulsion is most pronounced.
This parameter, along with the headgroup repulsion
strength B, is directly related to the spontaneous cur-
vature of the lipids (May and Ben-Shaul 1999, May
2000). With larger values of l, corresponding to a larger
positive spontaneous curvature, the membrane turns
more resistive to acquire the negative curvature needed
in the internal layer; the ‘‘outward bending’’ mode is
restricted and the perturbation free energy increases.
Hence, increasing the proportion of lipids with negative
spontaneous curvature in a lipid mixture is expected to
stabilize the adsorbed state, and might hinder pore for-
mation, as was suggested experimentally (Heller et al.
1997; Matsuzaki et al. 1995).

A simple model for the energetics of pore formation

The energetics of pore formation can be rationalized in
terms of a simple analytical ‘‘director’’ model, which has
recently been shown to be in good qualitative agreement
with detailed chain packing calculations (May and Ben-
Shaul 2000). In this model, the hydrocarbon chain is
represented by a rigid fluctuating vector, oriented along
the main chain axis (which, for convenience, may be
identified with the end-to-end vector). The ‘‘director,’’
which originates at the lipid headgroup, is allowed to
adopt all orientations within the hydrocarbon core with

equal probability; however, it cannot penetrate through
walls, like the surface of an amphipathic peptide which
can roughly be modeled as a monolayer-spanning rigid
wall. Assuming statistical independence of all directors,
the presence of a wall results in orientational (chain
conformational) free energy penalty of

DF ¼ ð1� ln 2ÞkBT h1
2a0

ð15Þ

per monolayer (May and Ben-Shaul 2000). Here, L is the
length of the wall, h¥ (in our system 22 Å) is the thick-
ness of the hydrophobic bilayer region, and a0 (� 30 Å2)
is the cross-sectional area per hydrocarbon chain.

First consider the pore state shown in Fig. 4d. Using
Eq. 15 for a single bilayer-spanning wall of length
L=2·2·rP (the additional factor of 2 accounts for the
two monolayers that contribute to a bilayer) we find a
perturbation free energy of DF=2.7kBT. The difference
from the value 3.6 kBT found using the chain packing
theory (Fig. 4d) can be explained by additional elastic
interactions that are not accounted for by the director
model (May 2002). Consider now the interfacially-ad-
sorbed monomeric state shown in Fig. 4a. The appro-
priate wall length (accounting for the two membrane-
interacting faces of the peptide) is L=2lP=44 Å, for
which we obtain DF=5.0 kBT. The difference from the
value, DF=8.0 kBT, found by the chain-packing calcu-
lations (see panel (a) of Fig. 4), can again be explained
by additional elastic deformations of the two lipid
monolayers, particularly the inner one which is subject
to a considerable bending deformation.

The director model predicts a free energy gain of
DF=2.5kBT per peptide for the aggregation of two
peptides. However, at the same time the elastic defor-
mation of the inner monolayer is also increased, which
partially compensates the gain in free energy and ex-
plains the relatively small value (DF=1.0kBT) found
using the chain-packing calculations (see panel (b) of
Fig. 4).

Discussion of the wall approximation

In this work, we have approximated the (geometrically
rather complex) transmembrane pore state using simply
a straight wall. The energetic penalty for the lipids in the
vicinity of the wall results mainly from restrictions in
conformational freedom of the hydrocarbon chains. One
may argue that a cylinder-like inclusion (instead of a flat
wall), with the cylinder radius R�20 Å corresponding to
that of a barrel-stave pore, would be a more appropriate
model for calculating DF. Indeed, using a curved wall
(with radius of curvature 1/R) will affect DF. Again, the
director model provides a convenient tool to estimate
the corresponding difference; a chain-packing calcula-
tion is expected to make similar predictions. Based on
the director model, the calculation (see Fig. 8 of Kessel
et al. 2001) results in a decrease of DF for a cylinder of
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radius R�20 Å and a director length of h¥/2=11 Å of
about 20 %. (Application to Fig. 4d results in 2.9kBT
instead of 3.6kBT.) This decrease is a result of the
additional gain in conformational freedom if a lipid fa-
ces a cylinder-like wall instead of a flat wall. Yet, the
magnitude of this decrease is certainly negligibly small
compared to the large energetic differences found in
Fig. 4 for pore formation.

Concluding remarks

In this work, we have studied the perturbation of lipid
organization upon the adsorption of amphipathic pep-
tides onto a membrane surface and the subsequent for-
mation of a peptide-decorated aqueous pore. We have
analyzed in considerable detail the possible dimerization
of interfacially-adsorbed peptides within the membrane
plane, since dimers are believed to serve as precursors in
the formation of membrane pores. Our calculations
suggest that dimerization of two well-separated peptides
indeed results in lower lipid perturbation free energy,
reflecting the smaller ‘‘contact area’’ between the pep-
tides’ surface and the surrounding lipids. For strongly-
charged peptides, this tendency for peptide association
may be counterbalanced by strong electrostatic repul-
sions. Weakly-charged peptides, on the other hand, may
indeed associate at the membrane plane and eventually
undergo a cooperative orientational transition to form a
barrel-stave pore. Our calculations suggest that this
latter transition is strongly favored by the lower lipid
perturbation free energy in the pore state. It must be
remembered however that the orientational transition
from the adsorbed (‘‘horizontal’’) to inserted (pore,
‘‘vertical’’) state may involve a substantial activation-
free energy barrier, which we have not attempted to
calculate here.
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