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Mechanism of Alamethicin Insertion into Lipid Bilayers

Ke He, Steve J. Ludtke, William T. Heller, and Huey W. Huang
Physics Department, Rice University, Houston, Texas 77005-1892 USA

ABSTRACT Alamethicin adsorbs on the membrane surface at low peptide concentrations. However, above a critical
peptide-to-lipid ratio (P/L), a fraction of the peptide molecules insert in the membrane. This critical ratio is lipid dependent.
For diphytanoyl phosphatidylcholine it is about 1/40. At even higher concentrations P/L 2 1/15, all of the alamethicin inserts
into the membrane and forms well-defined pores as detected by neutron in-plane scattering. A previous x-ray diffraction
measurement showed that alamethicin adsorbed on the surface has the effect of thinning the bilayer in proportion to the
peptide concentration. A theoretical study showed that the energy cost of membrane thinning can indeed lead to peptide
insertion. This paper extends the previous studies to the high-concentration region P/L > 1/40. X-ray diffraction shows that
the bilayer thickness increases with the peptide concentration for P/L > 1/23 as the insertion approaches 100%. The
thickness change with the percentage of insertion is consistent with the assumption that the hydrocarbon region of the bilayer
matches the hydrophobic region of the inserted peptide. The elastic energy of a lipid bilayer including both adsorption and
insertion of peptide is discussed. The Gibbs free energy is calculated as a function of P/L and the percentage of insertion
in a simplified one-dimensional model. The model exhibits an insertion phase transition in qualitative agreement with the data.
We conclude that the membrane deformation energy is the major driving force for the alamethicin insertion transition.

INTRODUCTION

Alamethicin is a 20-amino acid, antibiotic peptide produced
by the fungus Trichoderma viride (Meyer and Reusser,
1967; Pandey et al., 1977). Recent experiments have clari-
fied the mode of alamethicin's cytolytic action. One impor-
tant feature of its antibacterial activity is that there are
minimum alamethicin concentrations that are required to
inhibit growth (or cause cellulolysis) of various organisms.
These concentrations are at least two orders of magnitude
greater than the concentration required to induce voltage-
dependent conductivity in lipid bilayers (Jen et al., 1987).
Indeed, the channeling activities of alamethicin observed in
the conductivity measurements are transient fluctuation
phenomena occurring when the great majority of the peptide
is adsorbed on the bilayer surface (Latorre and Alvarez,
1981; Mak and Webb, 1995; and references cited therein).
However, there is a lipid-dependent critical concentration
above which a finite fraction of alamethicin is inserted into
the bilayer. And above an even higher concentration, the
great majority of the alamethicin molecules are all inserted
(Huang and Wu, 1991). Neutron in-plane scattering of the
inserted phase showed that alamethicin forms large, well-
defined pores in membranes (He et al., 1995, 1996). This
result supports our hypothesis that the insertion transition is
the molecular mechanism of alamethicin's cytolytic activity
(Ludtke et al., 1994). In previous papers we discussed what
causes the onset of the insertion transition. X-ray diffraction
studies (Wu et al., 1995) showed that adsorption of alam-
ethicin on the membrane surface causes membrane thin-
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ning. The energy cost of membrane thinning raises the free
energy of the surface state to exceed that of the inserted
state at high concentrations (Huang, 1995). In this paper we
discuss what causes all of the peptide to become inserted.
We will show the result of x-ray lamellar diffraction in the
coexistence phase and the insertion phase. We will also
discuss the energetics of the insertion transition based on
observed changes in the membrane thickness.
When alamethicin is associated with a lipid bilayer, its

circular dichroism (CD) spectrum is dominated by a helical
signal (Vogel, 1987; Olah and Huang, 1988). Furthermore,
this spectrum has an orientational dependence characteristic
of a pure helix (Wu et al., 1990). Thus it is easy to use CD
to detect the orientation of alamethicin molecules in an
oriented sample. Alamethicin associated with diphytanoyl
phosphatidylcholine (DPhPC) bilayers at various peptide
lipid molar ratios (P/L) was examined by this method
(Huang and Wu, 1991; Wu et al., 1995) for its helical
orientation. Fig. 1 shows the helical orientation at different
PAL (Huang et al., 1995). The orientation also depends on
the degree of hydration. Here we will discuss only the
concentration dependence at full hydration, for this is most
relevant to the physiological condition. The hydration de-
pendence will be discussed in future publications.

In the previous x-ray study we found that for peptide
concentrations P/L = 1/47 and below, the bilayer thickness
decreases linearly with the peptide concentration. This re-
sult was interpreted as evidence that the peptide is adsorbed
within the headgroup region of the bilayer. The adsorption
expands the bilayer laterally and hence reduces its thick-
ness. From the thickness reduction one can calculate the
areal expansion per peptide, and the value indeed corre-
sponds to the area of an adsorbed alamethicin (Wu et al.,
1995). The energetics of membrane thinning was then dis-
cussed in terms of an elasticity theory of lipid bilayers, with
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FIGURE 1 Phase diagram of alamethicin ori-
entation in DPhPC bilayers. The orientation was
determined by OCD. The helical orientation par-
allel to the plane of the bilayers represents the
surface state. The helical orientation normal to
the plane of the bilayers represents the inserted
state. Partially inserted states are determined by
spectral decomposition. The symbols represent
percentages of insertion.
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two major conclusions (Huang, 1995): 1) The adsorbed
monomers repel each other if the interpeptide distance is
less than an interaction distance (about 40 A). Therefore the
peptide is dispersed on the bilayer surface as monomers. At
low concentrations the energy of adsorption (per peptide) is
independent of the concentration. 2) However, if the con-

centrations are such that the average interpeptide distance is
less than the interaction distance, the total free energy of
membrane deformation increases with the square of the
peptide concentration. This explains the instability of the sur-

face state at high peptide concentrations and hence the onset of
insertion transition, but it does not explain why all of the
peptides become inserted at even higher concentrations.

INSERTION TRANSITION IS NOT A
MICELLIZATION EFFECT

Neutron in-plane scattering shows that alamethicin in the
inserted state aggregates to form discrete pores, each con-

sisting of about 11 monomers (He et al., 1995, 1996).
Because aggregation and phase transition are both cooper-

ative phenomena, one might ask if the insertion transition is
simply a manifestation of the cooperativity embodied in the
aggregation process. We show here that this is not the case.

Aggregation is the same as micellization, the result of a

kinetic equilibrium between the monomeric state and oli-
gomeric states (e.g., Blankschtein et al., 1986). Although
there is a so-called critical micellization concentration
(CMC), it is not a phase transition. This is best illustrated
with a two-state model (Blankschtein et al., 1986). Let C1 be
the concentration of the surface monomers, Cn the concen-

tration of the pores, each made of n monomers, and C the
total peptide concentration. Then the chemical equilibrium
between the monomers and the pores implies

Cn = C'e-3(jLn-ni) (1)

where pi and An are the chemical potential of the monomers
and the pores, respectively, and 13 = (kB-l) . Defining
Cc = exp{9[4(n- ntl)/(n - 1)]}, we can express C = C1

+ nCn as

C C, Cn,C nl
n

Cc Cc Cc Cc tccJ (2)

As determined by neutron in-plane scattering, the size of
alamethicin pores in DPhPC bilayers is n = 11. Clearly, for
C << Cc we find C C1. All of the added peptide appears

in the monomeric state. But for C >> Cc the pore term
dominates. In fact, Cl needs to exceed C0 by only a very

small amount in order that almost all of C-Cc be accommo-

dated entirely in the pore state. Thus as soon as C exceeds
Cc, practically all of the added peptide will be inserted in the
pore state with very little change in the monomer concen-

tration. Cc is called the CMC.
However, this picture does not describe our phase dia-

gram (Fig. 1). If the peptide insertion transition were a

micellization phenomenon, the CMC would be about P/L =
1/40. Then at PAL = 1/15 one would expect about 5/8 of the
peptide to be inserted and 3/8 to remain on the surface.
Instead, experiment showed that at P/L = 1/15 all of the
peptide is inserted. Thus the insertion transition is a phase
transition rather than a micellization effect.

EXPERIMENT

Oriented circular dichroism

The materials used in this experiment are the same as in the
previous experiment (Wu et al., 1995). 1,2-Diphytanoyl-3-
phosphatidylcholine (DPhPC) in CHCL3 was purchased
from Avanti Polar Lipids (Alabaster, AL). Alamethicin was

purchased from Sigma Chemical Co. (St. Louis, MO). Ori-
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Mechanism of Alamethicin Insertion

ented multilayers of peptide-lipid mixtures were prepared
on the surface of a quartz slide. The technique for preparing
an oriented sample on one substrate has been described
previously (Ludtke et al., 1994). The open-faced sample
allows a rapid change of sample hydration. Oriented circular
dichroism (OCD) was measured with light incident normal
to the substrate in a Jasco J-500A spectropolarimeter (Wu et
al., 1990). In the coexistence (i.e., partially inserted) region,
the spectrum was fit by a linear superposition of the inserted
spectrum and the surface spectrum (Wu et al., 1990). The fit
coefficients were used to calculate the percentage of insertion.

X-ray diffraction

Materials and methods were unchanged from the previous
experiment (Wu et al., 1995), with the exception of an

improved humidity control. Oriented smectic liquid crystals
of DPhPC bilayers containing alamethicin at P/L = 1/30,
1/23, 1/20, and 1/15 were prepared between a quartz slide
and a SiO2 coated Be plate. Diffraction patterns were mea-

sured by w-20 scan from the Be side. The x-ray sample was

housed in a temperature-humidity chamber equipped with a

water source. The temperatures of the sample and the water
source were each controlled by a Peltier thermoelectric
module (Melcor, Trenton, NJ), which functioned as a

heater/cooler. High (low) humidities were achieved by rais-
ing (lowering) the water temperature slightly above (below)
that of the sample (-5°C < AT < 2°C). The temperatures
were electronically monitored and feedback controlled. All

measurements were performed at the sample temperature,
25°C. Each sample was scanned through a wet-dry-wet
cycle.

Fig. 2 shows the diffraction patterns of DPhPC bilayers
containing high concentrations of alamethicin. Three ranges

of repeat distance (D) are shown: the wet region (D > 49
A), the middle region (49 A > D > 46 A), and the dry
region (46 A > D). We follow the procedure of data
reduction described in Wu et al. (1995). A representative
phasing diagram (scattering amplitude versus momentum
transfer) is shown in Fig. 3. As noted in the low concentra-
tion experiment (Wu et al., 1995), the lipid apparently
underwent a lyotropic phase transition upon dehydration.
The phasing diagram shows a discontinuous change through
the middle region (arrows in Fig. 3). In the case of P/L =

1/20 and 1/15, the diffraction intensity was greatly reduced
in the middle region, as if the samples became disordered.
However, above and below this region the intensities were

equally strong. The loss and the recovery of diffraction
power occurred during dehydration and recurred during
hydration. After the phase determination, the relative scat-
tering amplitudes were Fourier-transformed to obtain the
scattering density profile. We define the peak-to-peak dis-
tance in the profile as the bilayer thickness t (Wu et al.,
1995; Ludtke et al., 1995).
A very serious concern of membrane diffraction experi-

ments is that sample disorders might have influenced the
diffraction intensity. Disorders are either of static or dy-
namic origins. Static disorder is the result of defects in the
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FIGURE 2 Diffraction patterns of DPhPC bilayers containing high concentrations of alamethicin. At P/L = 1/30, 1/23, 1/20, and 1/15, alamethicin is
either partially inserted or completely inserted. A typical pattern for each P/L is shown in three regions of repeat spacing D. D > 49 A (right) is the wet

region just below the full hydration. In this region, the samples exhibited oily streak defects under polarized microscopy, indicating the La phase (Asher
and Pershan, 1979; Huang and Olah, 1987). The lipids underwent a lyotropic phase transition upon dehydration in the middle region, 49 A > D > 46 A
(middle). The lipids were in a gel phase in the dry region, D < 46 A (left).
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FIGURE 3 A representative phasing diagram,
scattering amplitude versus momentum transfer
q. Circles are the wet region. The black dots are
the middle and dry regions. If the bilayer struc-
ture is unchanged or changing slightly and con-
tinuously during dehydration, the scattering am-
plitudes would fall into a smooth curve. A
discontinuous kink (arrows) indicates a phase
transition.
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membrane alignment. They can be minimized by standard
procedures (Asher and Pershan, 1979; Huang and Olah,
1987). These procedures were applied to our samples before
the x-ray experiment. Dynamic disorder is the result of
thermal fluctuations. Its effect on diffraction has been the-
oretically calculated and experimentally demonstrated
(Caille, 1972; Nallet et al., 1993; Zhang et al., 1994; Lei et
al., 1995). Most importantly, thermal fluctuations are
greatly reduced if the multilayers are dehydrated to less than
-98% relative humidities (Wu et al., 1995; Nagle et al.,
1996). These are our experimental conditions. Once fluctu-
ations are small, another property of lipid bilayers makes the
peak-to-peak distance relatively insensitive to the effect of

fluctuation. We show this property in Appendix I (i.e.,
because the scattering density profile is approximately sym-
metrical near the peak, fluctuations have a diminished effect
on t). This was demonstrated previously with real data by
Nagle et al. (1996). Thus we had reasons to expect our
measurement to be relatively free of the artifact of sample
disorders.

Fig. 4 shows the peak-to-peak distance t versus the la-
mellar repeat distance D. We note that the data points in the
dry region, D < 47 A, fall into a universal line. In fact, the
data from the low concentration experiment, for P/L = 1/47
and for P/L = 0 (Wu et al., 1995), also overlap this uni-
versal line in the dry region. This indicates that in the dry

36

FIGURE 4 Peak-to-peak distance t versus lamellar re-
peat distance D for four different peptide concentrations.
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region the lipid is in a well-defined gel phase, independent
of the peptide concentration. (The peptide is probably not
incorporated into the bilayer, not even in the headgroup
region. OCD indicated that in this region the peptide is
oriented parallel to the plane of the bilayer.) For the problem
under consideration, the most important conclusion from
the data of the dry region is that our results are free of the
possible effect of sample disorders. Otherwise the effect of
defects should vary from sample to sample and the data
from different peptide concentrations would not overlap
with each other in the dry region. Therefore the decrease in
the number of discernible Bragg peaks in the wet region,
from 6-7 at low peptide concentrations (P/L ' 1/47) to 4
at high peptide concentrations (P/L ' 1/30), must be the
result of changes in the bilayer structure (the form factor)
rather than due to higher degrees of disorder in high peptide
concentrations.

In the wet region the peak-to-peak distance is indepen-
dent ofD spacing, and each peptide concentration produces
a distinct average bilayer thickness. This was also true in
another peptide-lipid system (magainin in palmitoyl-oleoyl-
phosphatidylcholine/serine mixture; Ludtke et al. 1995),
that is, the bilayer thickness approaches a constant value as

the water content approaches full hydration. Thus we may

use the bilayer thickness measured at relative humidities
slightly less than 100% to infer its value at full hydration.
This finding is supported by Nagle et al. (1996), who
showed that the bilayer structure of dipalmitoyl-phosphati-
dylcholine is unchanged from full hydration to 98% relative
humidity. We plot the average bilayer thickness in the wet
region versus P/L, including the low concentration data
from the previous experiment, in Fig. 5. Fig. 6 shows the
corresponding percentage of insertion versus P/L, also near

full hydration. We see that as long as alamethicin is ad-
sorbed on the surface, the bilayer thickness decreases in
proportion to the peptide concentration. However, once the

FIGURE 5 Bilayer thickness in the wet region
versus PAL. The points represent the average values
and the error bars represent the standard deviations
of the data shown in Fig. 4. The low concentration
data (P/L ' 1/47) are from Wu et al. (1995).
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insertion occurs, the pattern of thickness change is different.
At least it is clear that as the percentage of insertion ap-

proaches 100%, the membrane thickness increases with the
peptide concentration. We assume that this is because the
hydrocarbon region of the bilayer matches the hydrophobic
region of the inserted peptide. Therefore the membrane
thickness is fixed by the inserted peptide at the contact
point. Thus alamethicin adsorption on the surface causes

membrane thinning, but alamethicin insertion causes the
membrane thickness to approach a fixed value. In the next
section we will show that these two mechanisms can cause

the peptide insertion transition.

THEORY

To discuss the energetics of membrane thinning, we use a

continuum theory that at the molecular scale can be re-

garded as a mean field theory (e.g., Huang, 1963). A mean

field theory gives a qualitative description of averaged
molecular properties. Our goal here is to understand if the
peptide insertion transition is driven by the membrane de-
formation energy. We start with a bilayer deformation en-

ergy, per unit area of the unperturbed system, given by
(Huang, 1995)

f = aB ( Y [AD(x, y)]2

(3)

+ 2 [AM(x, y)-C0(x y)]2.

The unperturbed bilayer is assumed to lie on the xy plane.
D(x,y) is the deviation of the bilayer thickness from the
equilibrium thickness 2a at the coordinate (x, y). M(x, y) is
the displacement of the midplane of the bilayer from its
equilibrium position. A is the Laplacian a2/8x2 + a2/ay2. B
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FIGURE 6 Percentage of insertion versus P/L near

full hydration from Fig. 1. The dashed line is a guide for
the eye.

0

04-

._

c)

60 F

40 F

20

0JU

is the compressibility modulus of the bilayer. Kc is
Helfrich's bending rigidity for a bilayer (Helfrich, 1973).
CQ(x, y) is the local spontaneous curvature induced by
peptide adsorption. Only the change of the bilayer thickness
(the D mode) will concern us here. The free energy of
thickness deformation consists of only the first two terms,
the compressibility term and the splay term. Minimization
of the free energy gives the differential equation

x4D(x, y) + A'D(x, y) = 0, (4)

where A = (aK,12B)'14 is the length scale of thickness
deformation. With appropriate boundary conditions, the so-

lution of Eq. 4 represents the profile of bilayer thickness
change due to interactions with peptides. For peptide mono-
mers adsorbed on the membrane surface, their effect on the
membrane is expanding the area of the headgroup region.
As a result, the hydrocarbon chain region also expands
laterally and its thickness decreases, owing to the volume
conservation. A simple way to relate peptide adsorption to
thickness change is as follows. Imagine the adsorption of a

peptide monomer of cross section r in the headgroup re-

gion, forcing a gap in the monolayer (see Fig. 7 of Ludtke
et al., 1995). The volume of the gap in the chain region is
Fa. To fill this gap the bilayer must become thinner locally.
The decrease in the bilayer volume due to the thinning is
fD(x,y) dx dy. Therefore, if Ns is the total number of peptide
monomers adsorbed on the membrane surface, we have

NMFa = D(x, y) dx dy.

1/150 1/80 1/47 1/30
P/L

1/23 1/20 1/15

hydrocarbon thickness matches the hydrophobic region of
the inserted peptide. So the thickness change at the bound-
ary of an inserted peptide is a fixed value DI. The derivation
of D, dD/dr, at the peptide-lipid boundary for both cases is
assumed to be zero for simplicity (Huang, 1995). In prin-
ciple these conditions completely define the mathematical
problem of thickness deformation. The total thickness de-
formation energy is given by F = ff dx dy.
The Gibbs free energy of membrane peptide interactions

consists of three parts,

G = F + Eb- TS. (6)

Eb is the binding energy, T the temperature, and S the
mixing entropy. Let the total number of peptide monomers

be Np and the fraction of the peptide inserted be 4, so Ns =

(1 -O)Np monomers are adsorbed on the surface and 4PNp
monomers form channels. Let n be the number of monomers
comprising each channel, so that there are N, = Npn
channels. Let - Es be the binding energy of an adsorbed
monomer and - Ec the binding energy of one channel. Then
we have Eb = -ESNS - E,Nc = NP[(s- Ec/n) - Es]. The
mixing entropy is estimated by considering the monomers

and the channels as distinct chemical species (Blankschtein
et al., 1986),

S = -kB[Niln (N, +N ) + Nsln (N )

+ Ncln N, )"

(7)

(5)

We will call the quantity A = (I/a)fD(x, y) dx dy the area

expansion. We let the thickness change at the monomer-

lipid boundary be D,. DS is then determined by Eq. 5. On the
other hand, if the peptide is inserted, we assume that the

where N1 is the number of lipid molecules and kB is the
Boltzmann constant.
The idea is to calculate the Gibbs free energy G (Eq. 6)

as a function of P/L and 0. We expect the free energy
describing an insertion phase transition to have the follow-

0 /

I

.L I

A,-~ ~~ -A I
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0.8

FIGURE 7 4 dependence of (F + Eb)/NP for vari-
ous values of llr0. The scale of the energy is not
normalized. The function is plotted between 0 and 1.
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ing property. For small values of P/L, the minimum of G
occurs at 4 = 0, but for P/L above a threshold value the
minimum occurs at 4 > 0, and eventually at sufficiently
high P/L the minimum occurs at 4 = 1. However, a rigor-
ous proof of a phase transition is one of the most difficult
tasks in statistical mechanics (e.g., Griffiths, 1972). A qual-
itative understanding can often be gained by considering the
mathematical problem in lower dimensionalities (e.g.,
Huang, 1963). A one-dimensional calculation of F is carried
out in Appendix II. The main results are the equation for Ds
(Eq. All 7), the equation for the average bilayer thickness
change At (Eq. AII 8), and the thickness deformation energy
F as a function of P/L and 4) (Eq. AII 10).
The model contains the following parameters: splay

(bending) constant Kc, the length scale of thickness defor-
mation A (or, equivalently, 1//2q), half-bilayer thickness a,
the number of monomers comprising a channel n, the mis-
match between the hydrophobic regions of bilayer and
inserted peptide DI, the cross section of an adsorbed mono-
mer F, and the cross section of a lipid molecule w. We shall
use the two-dimensional value of A = 13 A or q = 5.4 x
10-2 A-1 based on the experimental values of Kc, B, and a
(Chiruvolu et al., 1994; Hladky and Gruen, 1982; Huang,
1995). a = 15 A for the half-bilayer thickness (Wu et al.,
1995). n = 10 (as an approximation of 11; He et al., 1995,
1996). In the limit of high peptide concentrations, z -> 0,
4'(2z) -> z, and 4) -* 1, we have from Eq. AII 8, At -' DI.
Thus, from Fig. 5, we estimate DI = 2 A. In the limit of low
concentrations, z -*oo, qi(2z) -> 1, and 4 -> 0, we obtain
from Eqs. All 7 and All 8

At(arP)
/\ w-W, (8)

20 40 60 80 100
Percent of insertion p ( % )

equal to -105 A. By fitting the relation in Eq. 8 to this
slope, we get the ratio V/w = 7. The only remaining free
parameters are Kc and w for the one-dimensional model.

8
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m
I.I4
0.
z

m
w
+
0L
'-- 2

0
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We make use of the low concentration data in Fig. 5 where
the thickness t decreases linearly with P/L with a slope

FIGURE 8 Normalized Gibbs free energy versus for various values of
hlro. The entropic term is shown for P/L = 1/100 and 1/5; its dependence
is insignificant compared with the energy terms.
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FIGURE 9 Percentage of insertion versus llr0 cal-
culated from the one-dimensional model.
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Let r = (wN1/Np)/(1 - 4 + 4)n) = rJ(1- 4 + 4ln). ro
represents the average distance between two neighboring
peptide molecules, if they were all monomers on the mem-
brane surface. Ilro is proportional to the peptide-to-lipid
ratio PAL. To see if the free energy has the expected prop-
erty, we plot (F + Eb)/NP as a function of 4 for various
values of 1/ro in Fig. 7. Note that EJNP (as a function of 4)
is a straight line with a constant slope equal to Es - Egn.
Provided the slope is within a certain positive range, the
minimum of (F + Eb)/NP is 4 = 0 for small values of 1/ro
(low concentrations); above a threshold value of /lro, the
minimum shifts to 4 > 0 and increases toward 1 as 1/r0
increases (concentration increases). To compare the relative
contributions of the energetics term versus the entropic term

FIGURE 10 Bilayer thickness change versus llr0
calculated from the one-dimensional model.
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in Eq. 6, we need to know the order of magnitude of the
deformation energy. In the two-dimensional model, where
all parameters are known by independent measurements, the
thickness deformation energy due to the adsorption of one
alamethicin monomer was calculated to be 1.9kBT (Huang,
1995).
Thus we let the value of FINp in the limit of 1/Iro -- 0 and

4) 0 be equal to 1.9kBT-this fixes the value of Kc for the
one-dimensional model. The Gibbs free energy GINp is
plotted for various values of 1/ro in Fig. 8. In this figure
- E,,fn was given a value of 3.3kBT, so that the threshold

value of Ilro for the free energy minimum to occur at 4 >
0 is 1/ro = 1/40. This is the critical concentration for
insertion, 1/r*. Changing the value of Es - Ecln will change

0 0.01 0.02 0.03

1/ro
0.04 0.05 0.06
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the value of l/r0*. The entropic contributions were not
included in the plotted GINp because they are insignificant
compared with the energetics terms (see Fig. 8). The min-
ima of GINp give the equilibrium value of percentage in-
sertion as a function of Ilro (Fig. 9). The corresponding
value of the average bilayer thickness change versus 1/r' is
given in Fig 10.

For such a crude model we certainly do not expect a
quantitative agreement with the experimental data. The
most important result of the model is that it exhibits an
insertion phase transition. The mechanism of this transition
is unlike the more familiar statistical models of order-
disorder transitions, e.g., the Ising model (Huang, 1963).
The latter is a transition between the (coupling) energy-
dominated, low-temperature state and the entropy-domi-
nated, high-temperature state. In contrast, the insertion tran-
sition as shown by the model is entirely driven by the
energetics terms; entropy is irrelevant. The model's percent-
age of insertion shows the general trend of the data (Fig. 6),
particularly a discontinuity from (A = 0 to 4 > 0 at the
transition point. However, whereas the data are already
100% inserted at P/L 1/15, the model shows only -70%
insertion at this point. The model's bilayer thickness also
shows the correct general trend of the data (Fig. 5), but the
details deviate from the experiment. The model predicts a
minimum at the transition point, certainly not seen in the
data. The rate of thickness increase in high concentrations is
too small, because the percentage of insertion in the model
falls behind the data. It appears that above the transition
point there is not strong enough cooperativity for insertion
in the model. This could be the artifact of reduced dimen-
sionality, or the lack of a channel-channel interaction term
in the free energy G. Nonetheless, the general agreement
between the model and the data seems to indicate that the
membrane deformation energy is the major driving force for
the insertion transition.

APPENDIX 1: EFFECT OF FLUCTUATION ON THE
PEAK-TO-PEAK DISTANCE

Suppose that the true scattering amplitude Ah of the Bragg order h is
modified by a Debye-Waller-type factor expf-(E/2)(2wih/D)2], where E is
a constant indicating the strength of damping. (This functional form for the
fluctuation correction is a good approximation if the coherence domain for
diffraction is large (He, 1996).) Then the scattering density profile p is

E A E[eI27Th21 27Th)
p = Y. Ahexpo-t Ciosw h.

h i1

At the maximum of the profile we have

(ap\ apd

~az Z=p aP E exp

h-l

[- E(2(Dh)2] sin (2DhZP) = 0,

(Al 1)

where we let the position of the maximum be zp. Making use of the relation
aphaE =-/2a2p/dz2, it is easy to show that the fluctuation correction for the
peak-to-peak distance t is given by

5t = 2,z =(a= P/a),6. (Al 3)

If the peak is symmetrical (a3p/aZ3 = 0), fluctuations do not affect the
peak-to-peak distance.

APPENDIX II: ONE-DIMENSIONAL MODEL

Imagine a one-dimensional membrane decorated by a series of peptide
monomers (adsorbed on the surface) and channels (inserted). In this model
the peptide adsorptions on both sides of the membrane have exactly the
same effect. The interaction between two adsorbed monomers is indepen-
dent of whether they are on the same side or on opposite sides. So we may
imagine that all surface monomers are adsorbed on one side of the bilayer.
The bilayer thickness profile between two peptide objects (monomers or
channels) is completely determined by the boundary conditions imposed by
these two objects and is independent of all other peptides. If one boundary
object is a monomer and the other a channel, and the distance between
them is r, the thickness profile between them is given by (x = 0 is the
midpoint)

D(x) = C1sinh (qx) sin (qx) + C2sinh (qx) cos (qx)

+ C3cosh (qx) sin (qx) + C4cosh (qx) cos (qx),
(All 1)

with the constants

(DS + DI) cosh z sin z- sinh z cos z
C, = 2 sinh z cosh z + sin zcos z

(DS- DI) sinh z sin z + cosh z cos z
C2 = 2 sinh z cos z- sin zcos z

(All 2)
(DS + DI) sinh z sin z - cosh z cos z

C3 = 2 sinh z cosh z - sin zcos z

(DS-DI) cosh z sin z + sinh z cos z

C4= 2 sinh z cosh z + sin zcos z '

where q = l/V2A and z = qrI2. If both objects are monomers, change D,
to Ds, and vice versa if both are channels. As explained in the text, D, is a
fixed value. D, is determined as follows.

The area expansion between a channel and an adsorbed monomer is

Ji r/2

AS, = - D dx =
a-J

_r/2

(DS + DI) cosh (2z) - cos (2z)
aq sinh (2z) + sin (2z) -

(All 3)

The area expansion between two channels Al, is obtained by replacing D,
by D1. Similarly, A,s between two monomers is obtained by replacing D1 by
D,.

As a mean field theory, we will assume that the peptide objects are
equally spaced on the membrane, but the monomers and channels are
otherwise randomly distributed. Let wN, (N, is the total number of lipid

(Al 2) molecules) be the length of the one-dimensional membrane. Then the
average interpeptide distance is r = wN/(N. + N:) = w/[(P/L)(1 - 1 +
qlb/n)], where PAL = NJIN1 is the peptide-lipid ratio. For a given P/L and 4,
we will calculate the area expansion due to the adsorbed monomers
(denoted as A,) and equate it to N,F this relation will determine D,. The
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total area expansion AT is partly due to the channels (denoted as A2): Al =
AT - A2. AT iS given by

AT = M + N~(Ns2AS + 2NSNASI + N2AII)

(All 4)

=-[-DI + (1-tO)Ds]q2z),aq _fln

where

cosh (z) - cos (z)
+'(Z) - sinh (z) + sin (z)* (All 5)

If all of the surface monomers were removed, the area expansion by the
channels alone is given by

A bNp 2DI i~2z,), (All 6)2 n aq

where z1 = qr1/2 and r1 = wNI/Nc = wI[(P/L)(O/n)] is the mean distance
between neighboring channels. Thus NsF = A1 becomes

1 4)F 4'(~2zI)]
D D _o I - I, (AII 7)qi(2z) (1 - 4.)n[ 42z)j

where Do = aqf/2.
We define the average bilayer thickness change as

f D(x) dx [(Oln) DI + (1 - O)Ds] qi(2z) (All 8)
ffdx = (4)/n) +(I1- )) z

To calculate the deformation energy between a monomer and a

channel, we substitute Eqs. AII 1 and AII 2 into Eq. 3 and integrate
from -r12 to r/2:

fr/2 Kcq3 [ ~ 2cosh (2z) - cos (2z)
Fs,= J fdx= 4 [(DS+ DLI)2 sinh (2z) + sin (2z)

-r/2

--D 2cosh (2z) + cos (2z)1
+ (DS- D I)2 inh (2z) - sin (2z) (AII 9)

For the energy between two monomers FSS D, is replaced by D., and vice
versa for the energy between two channels F11. The total thickness defor-
mation energy is

F Ns + Nc (NSFSS + 2NSNFsI + NjFi)

=1-_ + (4)/n) [(1-_0)2Fss + Fs2+ 21Fi)g
(AlI 10)
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