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ABSTRACT: Antimicrobial peptides are known to form pores in cell membranes. We study this process in
model bilayers of various lipid compositions. We use two of the best-studied peptides, alamethicin and
melittin, to represent peptides making two types of pores, that is, barrel-stave pores and toroidal pores. In
both cases, the key control variable is the concentration of the bound peptides in the lipid bilayers (expressed
in the peptide-lipid molar ratio,P/L). The method of oriented circular dichroism (OCD) was used to
monitor the peptide orientation in bilayers as a function ofP/L. The same samples were scanned by
X-ray diffraction to measure the bilayer thickness. In all cases, the bilayer thickness decreases linearly
with P/L and then levels off afterP/L exceeds a lipid-dependent critical value, (P/L)*. OCD spectra showed
that the helical peptides are oriented parallel to the bilayers as long asP/L < (P/L)*, but asP/L increases
over (P/L)*, an increasing fraction of peptides changed orientation to become perpendicular to the bilayer.
We analyzed the data by assuming an internal membrane tension associated with the membrane thinning.
The free energy containing this tension term leads to a relation explaining theP/L-dependence observed
in the OCD and X-ray diffraction measurements. We extracted the experimental parameters from this
thermodynamic relation. We believe that they are the quantities that characterize the peptide-lipid
interactions related to the mechanism of pore formation. We discuss the meaning of these parameters and
compare their values for different lipids and for the two different types of pores. These experimental
parameters are useful for further molecular analysis and are excellent targets for molecular dynamic
simulation studies.

Membrane active peptides, including antimicrobials and
toxins, are known to induce transmembrane pores. The first
peptide discovered to do so is alamethicin (1, 2). At first,
alamethicin was thought to induce pores (which were
detected by ion conduction) only by a transmembrane electric
potential (see review in ref3). However, numerous experi-
ments (4-8) indicated that alamethicin could insert into
bilayers in the absence of an external field (see review in
ref 9). Although it was believed that alamethicin insertion
would create pores, a direct correlation with ion conduction
was difficult to establish. Later, with the combination of
oriented circular dichroism (10, 11) and neutron diffraction
(12, 13), we showed the direct correlation between ala-
methicin insertion (without voltage) and transmembrane
pores. Two other extensively studied peptides, bee venom
toxin melittin (14) and frog peptide magainin (15), also
exhibited similar behaviors. Pores were evidently formed by
both melittin (16-18) and magainin (19, 20) because they
caused leakage of fluorescent dyes from lipid vesicles. In
the last 15 years, a great variety of antimicrobial peptides
have been shown to induce transmembrane pores in bacterial

cells as well as in lipid vesicles (see reviews in refs21 and
22-24). Understanding the mechanism of pore formation
induced by peptides will provide insights into the functions
of antimicrobial peptides, which are essential components
of the innate immune system, and facilitate the development
of new anti-infective therapeutics. Pore formation is also
potentially useful for gene and drug deliveries (24).

To understand how peptides induce pore formation,
consider the simpler case of pores in pure lipid bilayers,
which have been extensively studied both experimentally and
theoretically (25-31). In pure lipid bilayers, pores are always
produced under tension. The initiation of a pore is a dynamic
process that is difficult to analyze, because it often involves
nucleation defects (28, 30, 32). However, once a pore is
formed, its essential mechanics is well understood. A pore
in a pure lipid bilayer is governed by the energyER, which
is defined as the energy difference between a bilayer with a
circular pore of radiusR and a bilayer without a pore (25,
26):

The first term represents the free energy cost of creating the
rim or the edge of the pore;γ is the line tension, or the energy
cost per unit length of the edge. The second term represents
the (negative) work done by the membrane tensionσ to create
a pore of areaπR2. The driving force for pore opening is
the membrane tension, while that for closure is the line
tension. For givenγ and σ, ER is maximum atR ) γ/σ.
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Thus a pore in a pure lipid bilayer is unstable: a pore of
radius smaller thanγ/σ tends to close, whereas a pore of
radius larger thanγ/σ tends to expand indefinitely. This
general behavior of pores in pure lipid bilayers suggests that
the pore-inducing peptides must (1) create a stress in the
membrane equivalent to a membrane tension to open pores
and (2) also stabilize the pores once produced.

In previous publications (33, 34), we have presented
experimental evidence and thermodynamic arguments for the
tension effect. Here we will provide a qualitative argument
for the stability of the peptide-induced pores. The main
purpose of this paper is to present experimental parameters
of lipid-peptide interactions that underline the cause and
the effect of the peptide-induced tension. We will discuss
the meaning of these parameters and show that the interac-
tions depend on the size of lipid headgroup and the chain
cross section. We will also show how the interactions are
different between toroidal pores and barrel-stave pores (35).
These experimental parameters provide excellent targets for
molecular dynamics simulations.

Among the known antimicrobials, only alamethicin and
its analogues have been shown to form barrel-stave pores.
Melittin, magainin, protegrin, and perhaps most cationic
antimicrobial peptides form toroidal pores (35). In this paper,
alamethicin and melittin are used to study these two types
of pores. Alamethicin and melittin are the most studied
peptides and hence have the most complete experimental
data, including that of single crystals.

MATERIALS AND METHODS

Materials.1,2-Diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC),1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and
1,2-dierucoyl-sn-glycero-3-phosphocholine (DiC22:1PC) were
purchased from Avanti Polar Lipids (Alabaster, AL). Ala-
methicin and melittin were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO). Sigma alamethicin is a
mixture of components, principally alamethicin I (85% by
high-performance liquid chromatography) and alamethicin
II (12%), which differ by one amino acid (36). The same
material has been used in all previous studies (9, 11, 33, 34,
37, 38). Two grades of melittin were used, the sequencing
grade (product no. M-1407) and the grade of purity 93%
HPLC (product no. M-2272). Both gave the same results in
this study. Yang et al. (35) also found no difference between
Sigma melittin and pure synthetic melittin in this type of
study as long as there was no added Ca2+ in the sample.
Poly(ethylene glycol) (PEG20000) was purchased from Merk
Co. (Hohenfrunn, Germany). All materials were used as
delivered.

Sample Preparation.Two experimental methods were used
in this study. One was oriented circular dichroism (OCD;
10, 11) for the measurement of peptide orientation in lipid

bilayers. Another was lamellar X-ray diffraction (LXD) for
the measurement of membrane thickness. The samples used
in both methods were in the form of oriented multilayers, a
stack of parallel lipid bilayers on a solid substrate. The
preparation of such oriented samples followed the method
described in the previous study (33). Briefly, lipid and
peptide of chosen peptide-to-lipid molar ratio (P/L) were
codissolved in a solvent of 1:1 (v/v) methanol and chloro-
form. The lipid concentration was about 1 mg per 20µL of
solvent. The solution of appropriate amount was spread onto
a cleaned quartz surface,10µL or less of solution (depending
on theP/L) onto a 14-mm diameter area for OCD or 100
µL of solution onto a 20-mm square area for LXD. When
the solvent dried, the sample was vacuumed to remove the
remaining solvent residues and then slowly hydrated with
water vapor until it appeared transparent. A good sample
was visually smooth and showed at least 5 orders of Bragg
diffraction by LXD.

OCD Measurement.The procedure of OCD measurement
has been described in Chen et al. (33). All sample temper-
atures were set at 30°C. A water solution of poly(ethylene
glycol) (PEG20000) was inside a sealed sample chamber to
control the relative humidity, which in turn set the degree
of hydration of the sample. The concentration of PEG
solution used in this study was 4.75 g of PEG20000 in 10.00
g of water, which gave a vapor pressure equivalent to 98%
relative humidity (RH) at 30°C. The hydration equilibrium
of the sample was ensured by an agreement of at least three
OCD spectra measured over a period of 6 h. OCD was
measured with a Jasco J-810 spectropolarimeter with light
incident normal to the sample surface (11). The background
OCD spectra of pure lipid bilayers (i.e., without peptides)
were measured separately and were removed from the spectra
of the corresponding samples containing peptides.

The reason we chose 98% RH (rather than 100% RH) for
this experiment was that for both OCD and LXD measure-
ments, the sample substrate was oriented vertically. At levels
of humidity higher than 98% RH, the membranes deposited
on one substrate would flow. This is not to say that it is
impossible to make measurements at 100% RH. An oriented
membrane sample could be covered with another substrate
to prevent the sample flow, as we have done previously for
OCD (11, 33) and for LXD (37, 39). However, it would take
a long equilibrating time to change the hydration level of a
covered (i.e., two-substrate) sample, and hydration changes
are necessary in an X-ray experiment for the purpose of phase
determination. Our previous experiments mentioned above
have shown that the dependence of the peptide transition on
hydration is gradual. There is no qualitative difference
between the orientation transitions measured at 98% RH and
at 100% RH (33).

The OCD studies of four peptide/lipid systems, Ala/
(DOPC/PE 2:1), Mel/DPhPC, Mel/DiC22:1PC, and Mel/
POPC, are reported here. The results of two other systems,
Ala/DPhPC and Mel/DOPC, were reported previously (33,
34)

LXD Measurement.The sample chamber for LXD was
the same as that used in our previous studies (40, 41), except
that the relative humidity was controlled by a series of PEG
solutions enclosed inside the chamber. This was to ensure
that the hydration levels of the samples were the same in
the OCD and LXD measurements. The temperature was set

1 Abbreviations: DPhPC, 1,2-diphytanoyl-sn-glycero-3-phospho-
choline; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine; DiC22:1PC, 1,2-dierucoyl-sn-glycero-3-
phosphocholine; Ala, alamethicin; Mel, melittin;P/L, the molar ratio
of the bound peptide to lipid; (P/L)*, the threshold (or critical) peptide
concentration for pore formation; OCD, oriented circular dichroism;
LXD, lamellar X-ray diffraction.
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at 30°C, the same temperature for OCD measurements. In
addition to the measurement at 98% RH, a series of
measurement were made at lower levels of humidity for the
purpose of phase determination. Precise RH reading for these
lower levels of humidity was not necessary because the
swelling method for phase determination uses the lamellar
repeat spacing as the variable.

LXD was measured with Cu KR radiation generated at
30 kV/30 mA byθ-2θ scan fromθ ) 0.5-7.5° with a step
size ∆θ ) 0.01° at 1 s per step. The equilibrium of the
sample at each humidity setting was ensured by an agreement
of at least three consecutive diffraction patterns the average
of which was subsequently analyzed. Only samples that
produced at least five discernible diffraction peaks were
accepted. Each peptide-lipid combination was measured
with at least two separately prepared samples. Each sample
was measured twice at least 10 h apart to check the
reproducibility.

The procedure for data reduction was described in many
of our papers (37, 39-42). Briefly, the procedure started
with background removal and absorption and diffraction
volume corrections. Then the integrated peak intensities were
corrected for the polarization and the Lorentz factors. The
magnitude of the diffraction amplitude was the square root
of the integrated intensity. The phases were determined by
the swelling method (43). With their phases determined, the
diffraction amplitudes were Fourier transformed to obtain

the transbilayer electron density profiles. The profiles were
not normalized to the absolute scale, but they gave the correct
peak-to-peak distances, since the latter are independent of
normalization (37).

LXD measurements of two peptide/lipid systems, Mel/
DiC22:1PC and Mel/POPC, are reported here. Four other
systems, Ala/DPhPC, Ala/(DOPC/PE 2:1), Mel/DPhPC, and
Mel/DOPC, were published previously (33, 34).

RESULTS

Fraction of Peptide Molecules Oriented Normal to the
Bilayer as a Function of P/L.The OCD spectra of ala-
methicin and melittin have been extensively discussed in
previous publications (33, 34). We used the same method
here to analyze the new results. Figure 1 shows the raw data
of OCD measurements for Ala/(DOPC/PE 2:1), Mel/DPhPC,
Mel/DiC22:1PC, and Mel/POPC systems, each for a series
of P/L. Lipids with unsaturated bonds exhibited high UV
absorption at wavelengths below 200 nm, which made the
OCD spectra in that region extremely noisy, and therefore,
they are not shown in Figure 1.

Alamethicin and melittin both form helices when bound
to lipid bilayers. Each has been found to be oriented either
parallel or perpendicular to the plane of the bilayer, depend-
ing on the sample condition. In previous experiments, we
have carefully obtained the mutually normalized OCD spectra

FIGURE 1: OCD spectra of alamethicin in the DOPC/DOPE 2:1 mixture bilayers, melittin in DPhPC bilayers, melittin in DiC22:1PC
bilayers, and melittin in POPC bilayers at 30°C and 98% RH. Appropriate lipid background, that is, the OCD of the same amount of lipid,
was removed from each spectrum. The CD amplitudes are in an arbitrary unit. The I and S spectra of alamethicin and melittin were
reproduced from data of refs33 and34, respectively. They are the spectra of the helical peptide oriented perpendicular and parallel to the
bilayer, respectively. I and S were relatively normalized to each other. High UV absorption by unsaturated lipids made the spectra below
∼200 nm unacceptably noisy. Nevertheless the somewhat incomplete spectra are adequate for spectra fitting to determine the fraction of
the peptide molecules in the I (or S) state.
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for these two orientations by using one sample at different
temperatures or RHs, and denoted them as I and S spectra,
respectively, for perpendicular and parallel (to the plane of
the bilayer) orientations. These standard spectra were repro-
duced in each panel in Figure 1. Each newly measured OCD
spectrum was fitted, after the lipid background removal, with
a linear combination of I and S,aI + bS, and then replotted
with the original amplitude multiplied by a factor 1/(a + b)
in Figure 1. The fraction of the peptide molecules in the I
state (perpendicular to the bilayer) is denoted asφ ) a/(a +

b). φ is plotted as a function of 1/(P/L) for the four peptide/
lipid systems in Figure 2.

Membrane Thickness as a Function of P/L.Diffraction
patterns of Mel/DiC22:1PC and Mel/POPC systems are
shown in Figure 3 for a series ofP/L at the highest RH
measured. The complete data include two other sets of
diffraction patterns measured at lower RH for the purpose
of phasing. Each pattern has at least 5 Bragg orders. No peak
broadening with order was observed, indicating that the
undulation fluctuations were negligible at hydration levels
below 98% RH (44). After the data reduction (see Materials
and Methods), each sample has three sets of diffraction
amplitudes at three different repeat spacings. For the purpose
of phase determination, the amplitudes were relatively
normalized according to the Blaurock method (43) and
plotted against the scattering momentum,q. Four examples
are shown in Figure 4, where the phases were chosen
according to the swelling principle (45, 46).

With the phases determined, the diffraction amplitudes
were Fourier transformed to the transbilayer electron density
profiles shown in Figure 5. We then plotted the peak-to-
peak (PtP) spacing againstP/L for each sample (Figure 6).
The error bars in Figure 6 represented the ranges of
reproducibility of four measurements, two measurements for
each of two separately prepared samples. The hydrocarbon

FIGURE 2: Fractions of the peptide molecules in the I state (helices
perpendicular to the bilayer),φ, are plotted as a function of the
inverse ofP/L. For each peptide/lipid system,φ is zero at low values
of P/L. However,φ increases linearly with-1/(P/L) asP/L exceeds
a certain threshold value, in agreement with the prediction given
by eq 5. The intercept of the linear fit at the highP/L region with
the baselineφ ) 0 gives the threshold peptide concentration, (P/
L)*. The slope gives the valueâ according to eq 5.

FIGURE 3: X-ray diffraction patterns of melittin/DiC22:1PC and
melittin/POPC systems for a series ofP/L at the highest hydration
level measured. The patterns are displaced for clarity. The steps at
2θ ≈ 4° were the results of using an X-ray attenuator that reduced
the count rates for the first two diffraction peaks to not saturate
the photon counter. Note that each pattern has at least 5 Bragg
orders.

FIGURE 4: Phasing diagrams for the X-ray diffraction of pure
DiC22:1PC and DiC22:1PC containing melittin atP/L ) 1/100 (top)
and of pure POPC and POPC containing melittin atP/L ) 1/100
(bottom). The abscissa is the X-ray momentum transferq ) 4π
sin θ/λ, whereλ is the X-ray wavelength, 1.54 Å. The phases were
chosen according to the swelling method (43, 45, 46).
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thickness,h, of the bilayer was estimated by subtracting twice
the length of the glycerol region (from the phosphate to first
methylene of the hydrocarbon chain), that is,∼10 Å, from
PtP (47-51).

EXPERIMENTAL PARAMETERS

Table 1 was compiled from the OCD and LXD data above.
In addition, we also included the parameters calculated from
the published OCD data for Ala/DPhPC and Mel/DOPC and
the published LXD data for Ala/DPhPC, Ala/(DOPC/PE 2:1),
Mel/DPhPC, and Mel/DOPC (33, 34). The bilayer stretch
moduli,KA’s, were measured by Rawicz et al. (52) for more
than 10 lipids using the vesicle aspiration method. Surpris-
ingly theKA’s are all about 240 pN/nm within experimental
errors. Hence we use this average value for our discussion.
The hydrocarbon thicknessh of each pure lipid bilayer was
calculated from its PtP by subtracting twice the length of
the glycerol region (10 Å) as mentioned in the Results
section. The lipid area cross section,AL, was calculated from
the hydrocarbon volume (48) of each lipid divided by itsh
value.

1. Area Expansion per Peptide, AP. The idea that peptide
binding creates membrane tension was derived from the
observation that every antimicrobial peptide that we inves-
tigated caused membrane thinning. The peptides that we have

investigated include alamethicin (37), magainin (42), pro-
tegrin (53), melittin (34), and many of their analogues. (One
exception isθ-defensin the thinning effect of which is 1 order
of magnitude smaller compared with the aforementioned
peptides (54). Interestingly, its mechanism is also different
(55-57)). We assumed that the membrane thinning is caused
by the peptides stretching the membrane area, which is the
direct result of the peptide molecules being embedded in the
headgroup region (see the cartoon in Figure 7). Other
experiments supporting the peptide embedment in the head-
group region include solid-state NMR (58, 59), Raman (60),
fluorescence (61), differential scanning calorimetry (DSC,
62), and titration calorimetry (63, 64). A membrane area
expansion caused by melittin adsorption has also been
observed by vesicle aspiration (65) at constant vesicle
volume, while no permeation through the membrane oc-
curred. We have argued, on the basis of the theory of
membrane elasticity (66), that the peptide molecules embed-
ded in the headgroup region are dispersed rather than
aggregated. This was indeed supported by evidence from
fluorescence energy transfer (67-69), NMR (58), and
electron paramagnetic resonance (EPR,70) studies. Thus the
fractional increase of the monolayer area due to peptide
binding is ∆A/A ) ∆AL/AL ) (AP/AL)(P/L), whereP/L is
the bound peptide-to-lipid molar ratio,AL the area cross
section per lipid, andAP the area increase caused by one

FIGURE 5: Electron density profiles of melittin/DiC22:1PC systems
for a series ofP/L from 0 to 1/15 (top) and of melittin/POPC
systems for a series ofP/L from 0 to 1/25 (bottom). The profiles
are not normalized and are displaced for clarity. The short vertical
bars indicate the positions of the peaks from which the peak-to-
peak distances, PtP, were measured.

FIGURE 6: Peak-to-peak distance (PtP) versusP/L for melittin in
DiC22:1PC (top) and for melittin in POPC (bottom). The error bars
represent the ranges of reproducibility by four measurements. The
arrows indicate (P/L)* determined by the OCD measurement (see
Figure 2). PtP decreases linearly withP/L below (P/L)* and is
constant above (P/L)* within the experimental errors.
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peptide. In a bilayer, the chains are the elastic region. A
membrane area increase,∆A, causes a thinning of the chain
region, -∆h, by the relation-∆h/h ) ∆A/A. Indeed, we
have found that in all cases the bilayer thickness decreases
linearly with increasingP/L (34, 37, 38, 42, 53) until P/L
reaches a critical value, (P/L)*. Thus the slope of the
membrane thickness versusP/L below (P/L)* (Figure 6)
gives the value ofAP (Table 1).

It is interesting to note that the measured values forAP

are smaller than the cross sections of the peptides. The
lengthwise cross section of the melittin helix has been
measured by crystallography (Terwilliger et al. (71), who
took into account the solvent content) to be approximately
400 Å2, while the monolayer study (72) gave a cross section
of 368 Å2. The lengthwise cross section for the alamethicin
helix is 331 Å2 in crystals (73). Corrected for the 30% solvent
content, the alamethicin cross section is 232 Å2. The smaller
values forAP as compared with the peptide cross section
can be explained if some water molecules are released from
the headgroup region when the peptide is embedded. The
width of a peptide helix is about 10 Å (35). Thus each
alamethicin binding causes release of 8-13 water molecules.
In contrast, each melittin binding causes release of 45-70
water molecules. In the following, binding in the headgroup
region on the bilayer surface is sometimes referred to as
“surface binding” for short, in contrast to binding to the rim
of a pore (see cartoons in Figure 7).

2. Threshold (or Critical) Peptide Concentration for Pore
Formation, P/L*.The concentration dependence of peptide
orientation in lipid bilayers was first discovered in the
alamethicin/DPhPC system (9). Since then every peptide has
shown threshold concentrations (P/L)* where the peptide
starts to change orientation in bilayers asP/L further
increases, including theâ-sheet peptide protegrin (74).
Significantly, neutron diffraction detected transmembrane
pores only in the regionP/L > (P/L)*; no pores were detected
for P/L < (P/L)* (12, 13, 35, 75). Thus we have correlated
the threshold concentration for peptide orientation change

with the threshold concentration for pore formation. Fur-
thermore, we have found that the (P/L)* determined by OCD
is coincident with the threshold peptide concentration where
the bilayer thickness starts to level off as a function ofP/L
(34 and Figure 6). The values for (P/L)* in Table 1 were
determined from the plotφ versus 1/(P/L) where the
threshold for peptide orientation change is clearly defined
(33; see Figure 2). The fact that (P/L)* varies greatly with
the lipid composition of the bilayer may be closely related
to the varying efficacy of the peptides against different cell
types.

The lipids for this study were chosen for having the critical
peptide concentrationP/L* within the measurable range of
OCD and X-ray. The sensitivities of OCD measurement for
peptide orientation change and diffraction measurement for
membrane thickness change are both limited toP/L larger
than 1/200. For example, lipids with unbranched, saturated
chains have undetectably low (P/L)*. Both alamethicin and
melittin are inserted perpendicularly in dimyristoyl phos-
phatidylcholine (DMPC) bilayers for all peptide concentra-
tions measurable, as long as the bilayers are in the fluid
phase; hence DMPC is not included in this study. We were
tempted to find a relation between (P/L)* and the headgroup
size relative to the lipid cross section area. For example,
DPhPC has the largest cross sectionAL among the PC lipids,
and it also has the highest (P/L)* for both melittin and
alamethicin. If we introduceAH as the cross section of the
lipid headgroup, one might qualitatively interpret this result
as due to DPhPC having the largest (AL - AH) or the smallest
AH/AL ratio. In a previous study (38), we have shown that in
DPhPC/DPhPE mixture bilayers, the (P/L)* increased lin-
early with the PE content, and we explained the result in
terms of the averageAH/AL ratio. In the present study, (P/
L)* of alamethicin in DOPC is below 1/200. That is why
we chose DOPC/DOPE 2:1 mixture to raise the (P/L)* to
the measurable range of 1/187.

However, this simplistic reasoning breaks down in the case
of melittin/DOPC. The lipid cross sectionAL of DOPC is
between that of POPC or DiC22:1PC and that of DPhPC.
Therefore one would expect a (P/L)* between 1/30 (for
DPhPC) and 1/60 (estimated for POPC or DiC22:1PC), but
instead the (P/L)* for DOPC is 1/99. This tells us that there
are other nonobvious factors about lipids that significantly
affect the peptide-lipid interactions.

One noticeable difference between alamethicin and most
other charged antimicrobial peptides (including melittin) is
that the threshold value (P/L)* for alamethicin is rather
sensitive to the degree of hydration for lipids. For example,

Table 1: Experimental Parameters of Peptide-Lipid Interactions Pertinent to the Mechanism of Pore Formation

peptide: melittin alamethicin

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

KA (pN/nm) 240 240 240 240 240 240
h (Å) 26.2 26.6 35.1 27.5 26.2 27.7
AL (Å2) 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
â -2.27 -0.95 -0.77 -0.39 0.24 0.24
δε (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
σ*Ap (kcal/mol) 3.9 2.8 7.0 4.1 2.4 1.1
σ*âAp(kcal/mol) -8.9 -2.7 -5.4 -1.6 0.6 0.3

FIGURE 7: Cartoon of peptide-lipid interactions. The black
rectangles represent helical peptides viewed either along the helix
or from the side: (a) before binding; (b) binding atP/L < (P/L)*;
(c) binding atP/L > (P/L)*.
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in alamethicin/DPhPC, (P/L)* ) 1/58 at 98% RH, whereas
(P/L)* ) 1/118 at full hydration (33). For highly charged
antimicrobial peptides, (P/L)* is not sensitive to the level of
hydration.

3. Tension for Pore Formation,σ*. Membrane area
expansion (∆A) and membrane tension (σ) are related byσ
) KA∆A/A. Thus the area expansion induced by peptide
embedment creates a stress equivalent to a membrane tension.
We shall call this an internal membrane tension because it
does not exert a force at the membrane boundary. However,
its value should be similar to the external tension required
to stretch the membrane area by the same fraction of∆A/A.
Since pores did not appear untilP/L reached (P/L)*, we
consider the tension atP/L ) (P/L)* the tension required
for pore formation,σ* ) KA(∆A/A)max ) KA(AP/AL)((P/L)*)
(Table 1). These values are to be compared with the rupture
tensions for single vesicles. Olbrich et al. (76) used micro-
pipet aspiration to test the mechanical strength of lipid
vesicles. For lipids of 18-carbon chains with one to fourcis-
double bonds, the tensions for vesicle rupture were measured
to be in the range from 3 to 10 pN/nm (76). It is reasonable
to assume that the vesicle rupture started with the formation
of a pore. Our values for the tension of pore formation,σ*,
range from 4 to 21 pN/nm (Table 1). DOPC was measured
in both experiments: the rupture tension is 9.9( 2.6 pN/
nm in agreement with ourσ* ) 8.0 pN/nm.σ* for other
lipids are also in the same range of values as those for the
rupture tensions. We take this as a strong indication that
peptide-induced pores are caused by an internal membrane
tension. In agreement with this interpretation is the observa-
tion that the lipid vesicle with bound peptides requires a
smaller external tension to reach the point of rupture (65).
It is as if the tension for rupture is the same for pure lipid
vesicles and for vesicles with bound peptides, except for the
latter the tension for rupture is the sum of the peptide-induced
internal tension and the external tension.

(4) The Effect of Pores on Membrane Thickness,â.
Consider the free energy change when a peptide binds to a
lipid bilayer from solution. Before the bound peptide-to-lipid
ratioP/L exceeds the threshold (P/L)*, all peptides are bound
in the headgroup region on the membrane surface, which
has the effect of increasing the membrane area. Therefore
the differential free energy change can be written asδF )
-εs δP + σ δA, whereεs is the binding energy. For a finite
(rather than infinitesimal)P/L, the free energy change
normalized to per lipid is

For P/L above the threshold, a fraction 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∆A ) APP for P/L <
(P/L)* to

for P/L > (P/L)*. The parameterâ expresses the effect of a
peptide in the pore relative to the effect of a peptide bound
on the surface. For example, ifâ ) 1, the pores have the
same effect of thinning as if the pore-participating peptides

were on the surface, and ifâ ) 0, the pores have no effect
on the membrane thickness. Then, forP/L > (P/L)*, the free
energy change is given by (33, 34)

-εp is the pore energy per peptide. Minimization of∆f with
respect toφ, that is,∂∆f/∂φ ) 0, led to an equation relating
the fraction of peptides participating in the pores toP/L (33):

where the threshold concentration is given by

The parameterâ is obtained from the slope ofφ versus
1/(P/L) (Figure 2). Since the binding energy-εs is neces-
sarily lower than the pore energy-εp (which is why there
are no pores at lowP/L) or εs > εp, eq 6 implies thatâ < 1.
Interestingly,â can be either positive or negative. Whenâ
is positive, as in the case of alamethicin, the pore formation
tends to thin the membrane, although its effect is not as
strong as when the peptide is bound on the surface. Since
alamethicin forms barrel-stave pores (35), the thinning effect
could be due to a hydrophobic mismatch between the
hydrophobic region of the alamethicin helix and the hydro-
carbon region of the lipid bilayer (49, 50, 77, 78). Presumably
the hydrophobic length of the alamethicin helix is shorter
than the hydrocarbon thickness of the lipid bilayers (theh
value in Table 1). Unfortunately it has not been possible to
define the hydrophobic length from examining the amino
acid composition of alamethicin helix. This difficulty is
illustrated by the example of gramicidin. It is well-known
that the gramicidin channel is made of hydrophobic amino
acids and has a molecular length of 26 Å (39). But the
experiments of membrane thickness effects indicated that its
hydrophobic length is only 22 Å (49, 50, 77, 79).

In the case of melittin,â is negative. This implies that the
pore formation has an effect of thickening, rather than
thinning, the bilayer. This might be caused by the bending
energy stored in a toroidal pore. The spontaneous curvature
of a lipid monolayer consisting of bulky chains is negative,
as is the case for all the lipids used in this study. At the rim
of a toroidal pore, the principal curvature along the direction
normal to the plane of the bilayer is positive. Thus the natural
tendency of the negative spontaneous curvature might tend
to thicken the bilayer at the edge of the pore. Indeed the
lipid with the bulkiest chains, DPhPC, appears to have the
most negativeâ.

A negativeâ has the consequence of preventing the peptide
molecules from all participating in pore formation, orφ f
1, as can be seen mathematically from eq 5. This is contrary
to the case of positiveâ (alamethicin), where all the peptides
form pores at very high concentrations (Figure 2). We can
understand this disparity by examining how the peptides bind
to the bilayer atP/L > (P/L)*. We have shown that atP/L
> (P/L)* the binding process takes place at constant∆A (eq
3), as demanded by minimization of free energy. Take the

∆F/L ) ∆f ) -εs(P/L) + 1/2KAAL(∆A/A)2 )

-εs(P/L) + 1/2KA(AP
2/AL)(P/L)2 (2)

∆A ) AP(P - PI) + âAPPI (3)

∆f ) -εs(1 - φ)(P/L) - εpφP/L +
1/2KA(AP

2/AL)[(1 - φ)P/L + âφP/L]2 (4)

φ ) 1
1 - â(1 -

(P/L)*
P/L ) (5)

P/L* )
εs - εp

KA(AP
2/AL)(1 - â)

(6)
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example of melittin binding to DOPC bilayer for whichâ
≈ -1. For every peptide molecule binding to a pore, another
peptide molecule must bind to the membrane surface to keep
∆A ) AP(P - PI) + âAPPI constant. Consequently there will
always be peptides bound to the membrane surface at any
P/L. In contrast, take the example of alamethicin binding to
DPhPC for which we haveâ ≈ 1/4. For every three peptide
molecules binding to pores, one peptide molecule must
transfer from the membrane surface to pores to keep∆A )
AP(P - PI) + âAPPI constant. Thus eventually all alamethicin
molecules will participate in pore formation at a high enough
peptide concentration.

5. Binding Energyεs and Pore Energyεp. The free energy
change when a peptide molecule binds to the surface from
solution is-εs + σAP, whereas the free energy change when
a peptide molecule binds to form a pore (atP/L > (P/L)*)
is -εp + σ*âAP. These two free energy changes are equal
at P/L ) (P/L)*:

In fact eq 7 is another way of deriving eq 6. Both sides of
eq 7 have to be negative, otherwise the peptides will not
bind to lipid bilayers from solution. The magnitudes ofσ*AP

and âσ*AP are in the range from-9 to 7 kcal/mol. The
negative values ofâσ*AP represent the tension energies
reduced by pore formation (normalized to per peptide).

The binding energy-εs is directly measurable, particularly
by titration calorimetry (63, 64). Its apparent value depends
on the charge of the lipid, pH of the solution, and other
factors. Careful analyses can differentiate these factors from
the intrinsic partition coefficient of hydrophobic interaction,
which is independent of electrostatic effects (63, 64, 80, 81).
For example, the binding energies corresponding to the in-
trinsic (hydrophobic) partition of both melittin and magainin
to the neutral lipid POPC are about-7.0 kcal/mol (63, 64,
80, 81). If the typical binding energy for melittin to neutral
lipids were-7.0 kcal/mol, the left-hand side of eq 7,-εs +
σ*AP, would indeed satisfy the condition of being zero or
negative for all the lipids that we have studied.

The pore energy-εp has not been directly measured so
far. However its magnitude relative to the binding energy
δε ) εs - εp can be deduced from our measurement
according to eq 6 (or equivalently eq 7). The results for six
peptide/lipid combinations are shown in Table 1. From-εs

andδε, the value of the pore energy-εp can be determined.
It is noteworthy to point out thatδε for alamethicin or barrel-
stave pores is much smaller than that for melittin or toroidal
pores. Again if-εs were constant for melittin to neural lipids,
the values ofδε then reflect how the pore energy depends
on the characters of lipids. DOPC and POPC have similarh
and AL, they also have similarδε. Compared with DOPC
and POPC, DPhPC has a similarh but a largeAL, whereas
DiC22:1PC has a largeh but a similarAL. The latter two
lipids end up having a similarly largerδε. These numbers
should be useful for further analyses by molecular models.

The detailed analysis for the pore energy is very complex
(30, 31). Nevertheless we can qualitatively understand why
pores induced by peptides are stable. Note that in the pore
energyER ) γ2πR - σπR2 the tensionσ is proportional to
∆A ) AP[P - (1 - â)PI] (eq 3) where (1- â) > 0. Thus
transferring a peptide from surface binding to pore binding

reduces the tension. Assuming that the line density of peptide
on the rim of pore is constant (this is true for detergents at
high detergent concentrations; see refs30 and31), then the
numberPI is proportional toR. Therefore the tension has
the following R-dependenceσ ) σo - RR (with a positive
constantR). We see that membrane tensionσ tends to enlarge
R (lowering the energyER), but an enlargedR will reduce
σ. This feedback mechanism is what makes the pore radius
stable. The completeR-dependence of the pore energy has
the formER ) c1R - c2R2 + c3R3 (all coefficientsci > 0),
which makes a stable pore possible (Figure 8). A more
realistic analysis of pore energy is beyond the scope of this
paper. It will be discussed elsewhere.

CONCLUDING REMARK: CELL TYPE
SELECTIVITIES OF ANTIMICROBIAL PEPTIDES

This paper presents our attempt to describe in terms of
quantitative parameters the peptide-lipid interactions related
to the mechanism of pore formation. Experiments have
shown that the threshold peptide concentration for pore
formation varies with peptide and also with the lipid
composition. These variations with peptides and with lipids
could be a reason for the different minimum inhibitory
concentrations (MIC) exhibited by different antimicrobial
peptides in the same bactericidal assays, and for the different
MIC exhibited by the same peptide against different patho-
gens (21). By the quantitative parameters, we hope to take
the pore forming activities of the peptides one step closer to
a molecular description of the process. These parameters
should be useful for further molecular analyses and for
molecular dynamic simulation studies.

One important problem for antimicrobial peptides is to
understand the basis for the cell type selectivities of the
peptides. A key distinction between bacterial membranes and
the membranes of eukaryotic cells is the presence of
negatively charged lipid headgroups in the outermost leaflet
of the former but not in the latter. Most antimicrobial peptides
are highly cationic. The electrostatic attraction of the peptides
to the bacterial surfaces makes the density of bound peptides
(P/L) in bacterial membranes much higher than that in animal
cell membranes (63), if both membranes are presented to
the same solution of peptides. Since the pore formation takes
place only ifP/L exceeds a threshold value (P/L)*, the effect
of the charge alone seems to explain why these peptides are
effective antibiotics and at the same time noncytolytic to the
host cells.

However, detailed analyses found that different peptides
preferentially killed different pathogens and exhibited varying
degrees of hemolytic activities (82, 83). This cannot be
explained by the effect of electrostatic attraction. We should
also keep in mind a caveat when we compare the results
between experiments with model membranes on one hand

-εs + σ*AP ) -εp + σ*âAP (7)

FIGURE 8: A schematic curve for (left)ER ) γ2πR - σπR2, where
no pore is stable, and (right)ER ) c1R - c2R2 + c3R3 (all
coefficientsci > 0), where a stable pore is possible.
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and activity assays on cells on the other. In experiments with
model membranes, the peptide concentrationP/L tends to
be uniform over the entire membrane, but in activity assays
on cells, a high local peptide concentration on the cell
membrane can determine the fate of the cell. The recent
discovery of high-affinity binding ofθ-defensins to glyco-
proteins and glycolipids (57) points to a possibility of local
accumulation of peptides on the membrane surface. Anti-
microbial peptides clearly work by high concentration. Thus
they target those membranes that accumulate them, either
by charge or by docking sites. However the details must also
depend on the lipid dependence suggested by the examples
observed here. A systematic analysis of peptides and lipids
and elucidation of the molecular compositions of cell
membranes are required to solve the riddle of cell type
selectivity.
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