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X-Ray Diffraction Study of Lipid Bilayer Membranes Interacting with
Amphiphilic Helical Peptides: Diphytanoyl Phosphatidylcholine
with Alamethicin at Low Concentrations

Yili Wu, Ke He, Steve J. Ludtke, and Huey W. Huang
Physics Department, Rice University, Houston, Texas 77251-1892 USA

ABSTRACT A variety of amphiphilic helical peptides have been shown to exhibit a transition from adsorbing parallel to a membrane
surface at low concentrations to inserting perpendicularly into the membrane at high concentrations. Furthermore, this transition has
been correlated to the peptides' cytolytic activities. X-ray lamellar diffraction of diphytanoyl phosphatidylcholine-alamethicin mixtures
revealed the changes of the bilayer structure with alamethicin concentration. In particular, the bilayer thickness decreases with in-
creasing peptide concentration in proportion to the peptide-lipid molar ratio from as low as 1:150 to 1:47; the latter is near the threshold
of the critical concentration for insertion. From the decreases of the bilayer thickness, one can calculate the cross sectional expansions
of the lipid chains. For all of the peptide concentrations studied, the area expansion of the chain region for each adsorbed peptide is
a constant 280 ± 20 A2, which is approximately the cross sectional area of an adsorbed alamethicin. This implies that the peptide is
adsorbed at the interface of the hydrocarbon region, separating the lipid headgroups laterally. Interestingly, the chain disorder caused
by a peptide adsorption tends to spread over a large area, as much as 100 A in diameter. The theoretical basis of the long range nature
of bilayer deformation is discussed.

INTRODUCTION

It is energetically favorable for amphiphilic helical peptides
to adsorb on a membrane surface. If their lengths are about
30-40 A, it may also be favorable for them to penetrate and
traverse the hydrocarbon region of a lipid bilayer in some
form of aggregate. For this reason, it is a common practice
to identify such peptide segments as membrane-active (Kai-
ser and K6zdy, 1987; Segrest et al., 1990). In nature,
membrane-active peptides appear either as a part of a com-
plex protein or in free form. Perhaps the best known example
of the former is the fusion peptides of viral fusion proteins
(White, 1992). However, how the fusion peptides actually
interact with a membrane is not known. Small, amphiphilic
helix-forming peptides are produced by fungi as well as ani-
mals. Examples are: alamethicin, suzukacillin, and tricho-
toxin from fungi (Latorre and Alvarez, 1981); magainins
(Zasloff, 1987), bombinin, and bambinin-like peptides (Gib-
son et al., 1991) from amphibians; melittins from bees
(Habermann, 1972); cecropins from moths (Steiner et al.,
1981); and cecropin P1 from pigs (Lee et al., 1989). These
peptides are characterized by their tendency to form am-
phiphilic helices when associated with a membrane. Their
primary functions are to rupture the membranes, which
causes cytolysis. (In very low concentrations, they also form
discrete ion channels and affect the cellular potentials, but
whether that is the intended function is not known.) Indeed,
all of them are known as antibiotics or antimicrobials, except
for melittin, which is a hemolytic toxin. Because of their
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structural simplicity, they are ideal for the study of peptide-
membrane interactions.

These peptides and their synthetic analogs have been
shown to have common characteristics as well as differences
in their interactions with lipid bilayer membranes (Huang
and Wu, 1991; Ludtke et al., 1994). The common charac-
teristics are that the peptides associate with a membrane in
two ways. At low concentrations, the majority of them ad-
sorbs parallel to the membrane surface; occasionally, by ther-
mal fluctuations, some insert into the bilayer and form ion
channels. At high concentrations, they insert perpendicularly
in the bilayer. The transition between these two states occurs
over a small range of concentration, indicating that it is a
cooperative phenomenon, like a phase transition. In cells,
such a peptide insertion transition would cause cytolysis, and
that is the biological function of those peptides produced in
the host defense systems of animals (Ludtke et al., 1994). The
differences between different peptides include varying de-
grees of affinity toward a lipid bilayer and different critical
concentrations for the insertion transition.
To understand the structural basis of the peptide-lipid in-

teractions, we performed x-ray lamellar diffraction of lipid
bilayers containing peptides at various concentrations. In
most cases, the electron-density contrast between the peptide
and lipid molecules and the weight fraction of the peptide
relative to the lipid are both small, so that we cannot detect
the peptide molecules directly. (The exceptional cases are the
in-plane scattering at high concentrations of peptide where
the helix packing produces a distinct scattering peak (pub-
lication in preparation).) What we have observed are the
changes of the bilayer structure with the peptide concentra-
tion. In this first of a series of studies, we report the result
on diphytanoyl phosphatidylcholine (DPhPC) interacting
with alamethicin below the critical concentration for inser-
tion. Alamethicin begins to insert into the DPhPC bilayer at
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a peptide/lipid molar ratio (PIL) -1:40 and is completely
inserted at 1:15 (see Results and Discussion for differences
with previously published results in Huang and Wu, 1991).
The property of the membrane changes drastically when the
peptide is inserted. Therefore, a separate report on the high
concentration measurement is appropriate.
We found that when the peptides are adsorbed on the mem-

brane surface, the lipid chains become disordered and the
bilayer thickness decreases. The decrease of the bilayer
thickness is proportional to the peptide concentration from
PIL as low as 1:150 to 1:47, near the threshold of the critical
concentration for insertion. Because the chain volume is ap-
proximately constant, the chain cross section must increase
correspondingly, and from this one can calculate the area
occupied by the adsorbed peptides. These results reveal a
very simple way that alamethicin interacts with a DPhPC
bilayer at low concentrations that leads to peptide insertion
at high concentrations.

MATERIALS AND METHODS

Samples

1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine in CHC13 was purchased
from Avanti Polar Lipids (Alabaster, AL). Alamethicin was purchased from
Sigma Chemical Co. (St. Louis, MO). Alamethicin was shown to be a mix-
ture of components, principally alamethicins I (85% by HPLC) and alam-
ethicin II (12%), which differ by one amino acid (Pandey et al., 1977). Both
lipid and peptide were used without further purification. The sample prepa-
ration procedure followed that of Huang and Wu (1991). In brief, ala-
methicin and lipid at the desired peptide/lipid molar ratio (PIL) were first
co-dissolved in chloroform/methanol. The solvent was removed by a slow
nitrogen purge followed by drying under vacuum (10 ,gm) for at least 4 h.
Distilled water was added to the peptide/lipid film. The mixture was ho-
mogenized with a tissue grinder and/or a sonicator so as to break up large
aggregates. The lipid/peptide dispersion was lyophilized. The lyophilized
powder was then hydrated with water vapor. A small amount from each
sample batch was then sandwiched between two fused silica plates for ori-
ented circular dichroism (OCD) measurement, or between one glass plate
and one polished Be plate (Olah et al., 1991) for x-ray measurement. The
thicknesses of the OCD samples are -1 ,zm, and those of the x-ray samples
are -10 ,um. Each sample was aligned homeotropically (lipid bilayers par-
allel to the substrate surfaces), and the alignment was examined by polarized
microscopy as described in Huang and Olah (1987). All measurements were
done at room temperature (25 ± 1°C).

Hydration of the samples

The water content of a multilayer sample was controlled by letting the
sample come to equilibrium with air of a definite relative humidity. Two
methods of humidity control were used in this experiment: a series of hu-
midity chambers containing saturated solutions of various salts (O'Brien,
1948; Huang and Wu, 1991), and an air flow system with part of the air
bubbling through a water tank. The second method was necessary because
the first method allows only discrete values of relative humidity. Our goal
was to vary the lamellar spacing D (i.e., the repeat distance) of the mul-
tilayers continuously. D can be measured from the positions of the Bragg
peaks to at least three significant figures. Also, any significant inhomoge-
neity in the sample (in the degree of hydration or molecular distribution) will
show up in the broadening of the diffraction peaks or even the appearance
of double-peak patterns. Quantifying the correlation between the humidity
and the lamellar spacing was difficult, particularly near 100% relative hu-
midity, because of the lack of active temperature control.

OCD

Circular dichroism (CD) spectra were measured on a spectropolarimeter
(JASCO J-500A, Japan). A small amount of alamethicin-lipid mixture was

taken from each sample batch to prepare a vesicle suspension. Vesicular CD
was measured following the procedure described in Wu et al. (1990). All
samples showed the same vesicular CD representing the secondary
structure of a helices (Chang et al., 1978; Wu et al., 1990). To determine
the orientation of the helices with respect to the plane of the bilayer,
we used the method of OCD described in Wu et al. (1990). This method
makes use of the Moffitt theory (Moffitt, 1956) that the peptide's ex-
citon band at 208 nm is polarized parallel to the helical axis (Olah and
Huang, 1988). Thus, a normal incident CD of a multilayer sample
shows, for helices parallel to the membranes, a 208-nm amplitude
slightly larger than the corresponding vesicular CD, whereas the band
disappears if the helices are perpendicular to the membranes (Wu et al.,
1990). This simple method allowed us to examine the peptide orien-
tation in a matter of minutes using a standard CD spectropolarimeter.

X-ray diffraction

Because our samples are virtually single-domain (smectic liquid) crystals,
we used the w-20 scanning method to measure their diffraction patterns. This
method provides a well defined diffraction geometry and, therefore, a pre-
cise reduction procedure for data analysis (Olah et al., 1991; Huang et al.,
1991). The measurements were performed on a Huber 4-circle diffractom-
eter with a line-focused (10 mm vertical X 1 mm horizontal) Cu K. (A =

1.54 A) source operating at 40 kV and 15-30 mA; the current was adjusted
to keep the intensity of the first Bragg peak from exceeding the maximum
count rate of the detector (-4 X 104 s-1). At a 60 take-off angle (the projected
source dimension 10 X 0.1 mm2), the incident beam was collimated by a
horizontal soller slit and two vertical slits on the front and the rear sides of
the soller slit. The horizontal and vertical divergence of the incident beam
were 0.230 and 0.40, respectively. The diffracted beam first passed through
a vertical slit and then was discriminated by a bent graphite monochromator
before entering a scintillation detector that was biased to discriminate
against higher harmonics. A diffracted beam monochromator has the ad-
vantage over an incident beam monochromator in that the Compton scat-
tering and the fluorescence from the sample are screened; consequently, the
background signal is greatly reduced.

It is important to position and orient the multilayer sample correctly.
After the incident beam was centered at 0 = 00, the sample was mounted
on the goniometer head with the planes of the multilayers in the x-y plane
(where x denotes the direction of the incident beam 0 = 00, and y the
vertical). The absorption profiles of the Be plate and the glass plate are
distinguishable. The z-position of the sample was adjusted so that the in-
terface of glass and Be was at 0 = 00. The zero point of co was at this point
roughly determined by a co scan with 0 fixed at 00. The fine adjustment
co-zero was done as follows.

The alignment of the lipid multilayers was first examined qualitatively
from the glass side by using a reflection-polarized microscope (Huang and
Olah, 1987). It was then examined by an c-0 two-dimensional scan around
a Bragg peak. Because the two substrate surfaces usually are not exactly
parallel to each other, the w-0 two-dimensional scan usually shows two
peaks, implying that there are two domains of smectic multilayers, one
associated with each substrate surface. Usually one peak is much more
pronounced than the other. We chose the dominant peak as the diffraction
plane. At the center of the dominant peak, to was set equal to 0/2. The mosaic
spread, defined as FWHM of the peak on the Ct axis, was typically 0.2-0.30.

The (0-20 scan was repeated approximately every 1 h from X = 00 to 10°,
with the step size Aw = 0.02°, covering 10 Bragg orders. The sample was
considered to be in equilibrium when five consecutive diffraction patterns
remained unchanged within a few percent. The five scans were then av-
eraged to create one diffraction pattern for analysis. Usually it took about
10 h for a sample to come to equilibrium for each D. Some typical scans
of pure DPhPC are shown in Fig. 1.

All diffraction patterns included in this study (to be discussed in Fig. 6
below) consist of six or seven (mostly seven) discernible Bragg peaks (e.g.,
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FIGURE 1 Typical diffraction patterns of pure DPhPC multilayers in wet
(bottom, D = 48.3 A) and dry (top, D = 44.4 A) conditions. The middle
diffraction pattern shows equilibrium coexistence of two phases ( D = 45.4
and 47.1 A). The inset shows the in-plane scattering (He et al., 1993) of the
chain packing, the so-called wide-angle bands: DPhPC has a diffuse band
at -9°. The band is independent of the hydration condition (A, wet; B, dry,
one on the top of the other) and independent of the presence of alamethicin
(not shown). In comparison, dilauroyl phosphatidylcholine (DLPC), at the
same temperature (25 ± 1°C), has a better defined band at -10° in wet
condition (C) representing the L. phase; the band progressively sharpens
(D-F) as the multilayers were dried and changed to the gel phase (data taken
from He et al., 1993).

Fig. 1, top). The exceptions are pure DPhPC in the wet conditions where
eight, or sometimes nine, peaks are discernible (e.g., Fig. 1, bottom). The
quality of the diffraction patterns will be discussed below.

The procedure for data reduction has been described previously (Olah et
al., 1991; Huang et al., 1991). After background subtraction, the diffraction
intensity is corrected first for absorption and diffraction volume. These
corrections (particularly for the first few Bragg orders) are sensitive to the
beam geometry, so they were calculated by constructing a ray diagram. At
each 6, the incident beam was divided into 300 sub-rays. The absorption and
diffraction volume of each sub-ray was calculated separately. The rest of the
data reduction is not very sensitive to small variations of 0, so the intensity
was integrated for each Bragg peak after the absorption and diffraction
volume corrections. The integrated intensity was then corrected for the po-

larization and the Lorentz factors. Thus, we obtained the relative magnitude
of the scattering amplitude F(q) = F(2 nrh/D) for the diffraction pat-
tern of lamellar spacing D, Bragg order h, where q is the magnitude of the
x-ray momentum transfer 4irsin 6/A.
We note that there was one more possible correction to be considered.

If the incident x-ray beam has an angular divergence and the sample is
mosaic, the vertical size of the Bragg reflections will increase with order.
In the vertical direction, the slit width may be smaller than the width of the
Bragg reflection; therefore, a correction factor has to be introduced that
accounts for the increasing loss in intensity with order (Saxena and Schoen-
born, 1977). This correction factor for our experiment turned out to be

negligible, less than 0.1% for the eighth order. In other words, our vertical
opening was sufficiently wide that the detector practically intercepted the
whole Bragg reflection for every order.

The phases of the scattering amplitudes were determined by the well
known swelling method (e.g., Blaurock, 1971; Torbet and Wilkins, 1976;
Olah et al., 1991). For each diffraction pattern, an overall factor was mul-
tiplied to all scattering amplitudes to satisfy Blaurock's scaling relation
(Blaurock, 1971):

2irh 2 D
YaF(-) =-

D D0,

where Do is a constant (an arbitrarily chosen value of D) for the swelling
series. The scaled amplitudes are then plotted in q space, and the phases are
chosen so that a smooth curve would connect all the data points: we call this
a phasing diagram (some subtle points were discussed in Torbet and Wilkins
(1976) and Olah et al. (1991)). Examples of phasing diagram are shown in
Figs. 2 and 3. If a phase transition takes place during dehydration, the data
may separate into two distinct sets. For example, in Fig. 2 the data points
for D = 49-47 A form one set and D = 45-43 A form another set. The data
points in each set can be connected by a smooth curve (see Discussion).

With the phases determined, the relative scattering amplitudes are
Fourier-transformed to obtain the scattering density profile psc. This profile
is related to the true electron density p by p = cp. + b, with constants b
and c. The presence of b is because the zero-order scattering amplitude is
not measurable. These two constants can be determined if we know the
composition of the sample, the molecular areas of the components normal
to the bilayer, and the value ofp at one point. We will use the electron density
of the methyl group, 0.17 electrons/Ak (Nagle and Wilkinson, 1978) as the
value of p at the center of the bilayer, po. Other input is as follows.

1) The number of electrons per molecule of DPhPC is 470.

2) The volume of DPhPC in the La phase is 1588 A3. This is estimated by
VDPhPC = VDLPC + 8VCH + 8VCH, where the volume of 1,2-dilauroyl-sn-
glycero-3-phosphatidylcholine (DLPC) is 992 A3 (Knoll, 1981), the volume
of CH is 20.5 A' (Tardieu et al., 1973), and the volume of CH3 is 54 A3

(Nagle and Wilkinson, 1978). The volume of H20 is 29.9 A3.

3) The smallest lamellar spacing during the swelling experiment of DPhPC
was Dmin 43 A at relative humidity about 50%. Previously, in an ex-

periment with DLPC, we found by a gravitometric method that at 50%
relative humidity DLPC contained 8% water by weight or three H20 mol-
ecules per lipid (Olah, 1990). We assume that DPhPC also has three H20
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FIGURE 2 Phasing diagram for pure DPhPC. The data points clearly
separate into two distinct sets (D > 47 A (0) and D < 45.2 A (A)). Each
set can be connected by a smooth curve. This is clear evidence for a phase
transition. Between the two sets, there is a gap in the D spacing. The mul-
tilayers of those D values were unstable, often separated into two coexistent
phases (see Fig. 1, middle).
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FIGURE 3 Phasing diagram for the alamethicin-DPhPC mixture at PIL
= 1:47. The data points still separate into two distinct sets, indicating a phase
transition (arrows show the points of discontinuity). Unlike pure DPhPC,
which has a gap in the D spacing between the two phases, there are stable
transitional states between the two phases here.

molecules associated with it under a similar condition. The cross section of
DPhPC molecule is then approximately a- = 2(1588 + 3X29.9)A3/43 A =
76 A2. In comparison, the cross section of DLPC is estimated to be 52 A2
(Olah et al., 1991) and DPPC is estimated to be 62 A2 (Nagle, 1993).

4) Consider a unit cell of cross section af consisting of two tail-to-tail DPhPC
molecules and associated water, with a total length D. The total number of
electrons in this unit cell is

ne = 2x(# of e in DPhPC) + 6x(# of e in H2O) +(V (#of e in H20).
VH20

which gives the total number of electrons per unit cross section of the bilayer

e = 13.3 + 0.33(D - Dmin).a-

The constants b and c are obtained from the two conditions

pdz = ne tand p(z=0)=p,
D

where z is the coordinate normal to the plane of the bilayer. The sensitivity of
our results to the choice of b and c will be discussed below.

For the samples containing a low concentration of alamethicin, PIL ' 1:47,
we added a fraction of alamethicin (electron number 1056) to the unit cell.
The corrections to ne are <2%.

RESULTS AND DISCUSSION

Bilayer thickness t versus lamellar spacing D

Figs. 4 and 5 show the normalized electron density profiles
of pure DPhPC and DPhPC containing alamethicin. We de-
fine the bilayer thickness by the peak-to-peak distance of the
profile, t, which corresponds to the phosphate-to-phosphate
distance in the bilayer. This is a well defined length from the
diffraction data, because the peak-to-peak distance is inde-
pendent of the normalization for the electron density profile,
or the choices of b and c. (The peak positions are defined by
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FIGURE 4 Normalized electron density profiles of pure DPhPC in the
wet (D = 47.7-48.5 A) and dry (D = 44.0-44.6 A) phases. The width of
the profile is D. The peak-to-peak distance is defined as the bilayer thickness
t. t vs. D is shown in Fig. 6.

dp(z)/dz = 0, which is equivalent to dp.(z)/dz = 0.) In Fig.
6 we show t vs. D for the samples of pure DPhPC, PIL =
1:150, 1:80, and 1:47.

Water content and quality of diffraction pattern

We have found that phospholipids are more sensitive to hu-
midity than most ordinary hygrometers, particularly near
100% relative humidity. For example, the D spacing of lipid
multilayers can change as much as 1 A from a slight change
of humidity unmeasurable by commercial hygrometers. A
change of the water content, if it takes place rapidly, may also
affect the alignment of multilayers. The recovery time for a
misaligned multilayer sample varies depending on the
sample condition. In the preliminary stage of our experiment,
the humidity was sometimes varied by too large a step. The
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FIGURE 5 Normalized electron density profiles of the bilayers for PIL =
0 (D = 47.8 A), PIL = 1:150 (D = 47.6 A), PIL = 1:80 (D = 48.3 A),
and PIL = 1:47 (D = 48.2 A). As the peptide concentration increases, the
peak-to-peak distance decreases and the shoulders of the central trough
progressively broaden, indicating an increasing degree of chain disorder.
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FIGURE 6 Bilayer thickness t vs. lamellar spacing D for pure DPhPC
(PIL = 0), and for PIL = 1:150, 1:80, and 1:47. The points of highest D
values were obtained at relative humidities between 95 and 100%. The
points of lowest D values for PIL = 0 and 1:47 were obtained at relative
humidities between 50 and 60%.

result was often a deterioration in the quality of the diffrac-
tion pattern, typically a substantial decrease in the overall
diffraction intensities, broadening of the peaks, and loss of
high Bragg orders. For example, the results of our prelimi-
nary experiments with PIL = 1:100 and 1:120 (not shown)
were more scattered on the t vs. D diagram compared with
the data shown in Fig. 6. This sudden deterioration of dif-
fraction pattern with humidity change would not occur if the
step of the humidity change were sufficiently small.

All samples (with or without alamethicin) with D > 47 A
exhibited apparent fluidity (the two substrates were fairly
easily moved against each other). The presence of smectic
defects seen under a polarized microscope showed that they
were in the liquid crystalline state (Powers and Pershan,
1977; Asher and Pershan, 1979; Huang and Olah, 1987). At
smallerD values (<46 A), the samples appeared cloudy under
the microscope, and it became difficult to move the two sub-
strates against each other. As we will show below, a phase
transition occurred between the wet (D > 47 A) and the dry
(D < 46 A) conditions. For D < 44 A, the rate of dehydration
(as measured by the change inD) becomes exceedingly slow;
therefore, we did not attempt to find the lowest possible D.
The data shown in Fig. 6 were reproduced during the
dehydration-hydration cycle, using at least two separate
specimens.
The quality of the diffraction pattern, as measured by the

number of discernible Bragg peaks, the widths of the peaks,
and the overall diffraction intensities, is about the same for
all of the data points presented in Fig. 6, although in general
the overall intensities are somewhat higher in the dry region
than in the wet region. The only exceptions are pure DPhPC
in the wet region, where the eighth order and sometimes the
ninth order are discernible. All of these features and the data
in Fig. 6 have been reproduced independently by using mul-
tilayer samples on one substrate (i.e., without the Be plate)
measured on a separate x-ray diffractometer, and essentially

the same characteristics were exhibited by another amphiphi-
lic helical peptide magainin (publication in preparation).

For D values greater than the values shown in Fig. 6, the
quality of diffraction pattern slowly deteriorated with in-
creasing D. (For D > -53 A, depending on the peptide con-
centration, the samples flowed on the vertical slide; there-
fore, they could not be measured.) We believe that the
deterioration of the diffraction quality is due to the long range
thermal undulations of the membranes, which become sig-
nificant with increasing amount of water between bilayers
(Caille, 1972; Nallet et al., 1993; Zhang et al., 1994). In the
L<, phase, the apparent thickness t appears to increase slightly
with decreasing D. The decrease of t forD < -47.5 A is due
to a phase transition to be discussed below. Because the ef-
fect of thermal undulations may be larger at larger D, we will
use the maximum values of t in the L, phase for our quan-
titative analysis.

Because the quality of diffraction does affect the electron
density profile and the parameters calculated from it, we
stress the point that the data presented in Fig. 6 all have a
comparable resolution. The fact that pure DPhPC in the wet
region has one or two additional orders most likely is an
intrinsic property of its bilayer form factor. There is no rea-
son to believe that wet DPhPC is more ordered or has less
thermal undulations than dry DPhPC. Also, the quality of
diffraction did not change with peptide concentration, at least
up to PIL = 1:47; if the difference between pure DPhPC and
PIL = 1:150 were due to a change of resolution, one would
expect the resolution to decrease progressively with the pep-
tide concentration. As a rough measure of the effect of dif-
fraction resolution on the electron density profile, a diffrac-
tion pattern of pure DPhPC containing nine orders was
reanalyzed by excluding various numbers of high order
peaks (Fig. 7). We see that the changes caused by ex-
cluding the eighth and ninth orders are small compared
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FIGURE 7 The effect of excluding high orders in a diffraction pattern.
The diffraction pattern of pure DPhPC at D = 48.3 A (shown in Fig. 1) has
nine discernible Bragg orders. The electron density profiles of the first 5,
6, 7, and 8 orders are compared with the profile of 9 orders. Part of the
7-order and 8-order profiles cannot be distinguished from the 9-order pro-
file. Note that appreciable broadening of the central trough (as compared
with Fig. 5) does not occur until 4 orders are excluded.
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with the changes produced either by dehydration (Fig. 4)
or by alamethicin (Fig. 5). This demonstrates that the
effect of any possible resolution differences between our
diffraction patterns of different peptide concentrations is
insignificant compared with the systematic changes by
alamethicin shown in Figs. 5 and 6.

Finally, comparison of Fig. 6 with previous reports on the
change of bilayer thickness with hydration should be made
with caution. The earlier studies on this problem (e.g., Luz-
zati, 1968; Small, 1967; Lis et al., 1981) used a different
method (Luzzati, 1968) to calculate the bilayer thickness (see
McIntosh and Simon, 1986). Also, many of those examples
were lipids in the gel phase where the hydrocarbon chains are
tilted relative to the bilayer normal (e.g., DPPC in room tem-
perature; Torbet and Wilkins, 1976). Within the L<: phase (D
> 47 A), we agree with McIntosh and Simon (1986) that the
bilayer thickness is nearly unchanged with hydration.

Pure DPhPC

Diphytanoyl (3,7,11,15-tetramethylhexadecanoic) phos-
phatidylcholine is used often as a model membrane in the
electrophysiological measurements, because it has long
chains (16:0) while still in the liquid crystalline (L.)
phase in room temperature (Redwood et al., 1971). Most
straight-chain lipids exhibit an order-disorder phase tran-
sition from a low temperature gel phase with close-
packed, parallel chains in the all-trans state to a high
temperature La phase where chains are no longer parallel,
but include kinks and other similar conformations involv-
ing trans-gauche conformers. No La-to-gel phase tran-
sition was detected by differential thermal analyses for
DPhPC in water over the temperature range from +120
to -120°C (Lindsey et al., 1979). This was attributed to
the presence of methyl groups at regular intervals along
the acyl chain, which causes the trans and one of the
gauche rotamers to be nearly energetically equivalent
and, moreover, the steric requirements of the methyl
branches clearly prevent efficient lateral packing of the
acyl chains.

It is rather surprising, therefore, that we detected a phase
transition when DPhPC was dehydrated. The diffraction pat-
tern in the middle of Fig. 1 shows double peaks in every
Bragg order. The most common cause for such a pattern is
inhomogeneity in the sample, i.e., two domains in different
hydration states. In that case, one set of the peaks normally
would disappear when the sample came to equilibrium. How-
ever, the double-peak pattern of pure DPhPC remained un-
changed for days, indicating that two phases coexisted in
equilibrium, which is an indication of a phase transition.
Perhaps the clearest evidence for a phase transition is the
phasing diagram Fig. 2. The data clearly split into two sets,
one for each phase. There are no stable multilayers with D
between -45.2 and -47 A (Fig. 6). The wide-angle band
near 90 is weak compared with those of straight-chains lipids
like DLPC at -10° (He et al., 1993; Fig. 1, inset). Unlike
DLPC, whose wide-angle band becomes sharp upon dehy-

dration (Fig. 1, inset), DPhPC has the same weak, diffuse
band in the entire range of D, with and without alamethicin.
The structural difference between the wet and dry phases of
DPhPC is not known at this time.

1:150 < PIL < 1:47

We have reported previously (Huang and Wu, 1991) the
OCD studies of alamethicin's insertion transition in a number
of lipids. Alamethicin tends to insert perpendicularly into the
bilayer at high concentrations and in high hydrations. If the
system is dehydrated, the inserted peptide will move out of
the bilayer and adsorb on the bilayer surface. On the other
hand, below a critical concentration alamethicin adsorbs on
the surface in all hydration conditions. This critical concen-
tration depends on the lipid composition of the bilayer
(Huang and Wu, 1991). Because we do not yet understand
the principle of this lipid dependence, we were surprised to
find that the critical concentration of alamethicin in DPhPC
shifted from PIL - 1:120 in the previous experiment (Huang
and Wu, 1991) to PIL - 1:40 in the current experiment. The
cause of this change appeared to be a difference in the purity
of Avanti's DPhPC, because the source of alamethicin re-
mained the same (technical information from Sigma). The
recent DPhPC from Avanti were made with chemically syn-
thesized phytol. The purity of the final product is >99% in
diacyl compounds and 97-98% phytanoyl (W. Shaw and S.
Burgess, Avanti, personal communication). The DPhPC of
the previous experiment (also from Avanti) was made with
phytol isolated from pumpkin seeds; its purity was not clear.
The new critical concentration for insertion, PIL - 1:40,

was reproduced consistently by many different sample
preparation procedures. All samples for the x-ray experiment
were examined first by OCD. At PIL = 1: 150, 1:120, 1: 100,
1:80, and 1:47, alamethicin was oriented parallel to the plane
of the membrane in all hydration conditions. The results of
the lamellar diffraction are shown in Figs. 5 and 6. We see
in Fig. 6 that the gap in theD spacing ofpure DPhPC is closed
up in the case of PIL = 1:47, but the discontinuity in the
phasing diagram due to the phase transition is still discernible
(Fig. 3).

Interaction of DPhPC bilayers with alamethicin at
low concentrations

The most striking feature of Fig. 6 is the systematic decrease
of the bilayer thickness (in the La, phase) with increasing
peptide concentration. The electron density profiles (Fig. 5)
show that the chain disorder increases (the central trough
broadens) progressively with the peptide concentration. We
interpret this with a simple physical picture. In a planar bi-
layer, the polar region and the hydrocarbon chain region of
the lipid must maintain the same cross sectional area. In our
case, the polar region consists of the phosphorylcholine
groups and associated water molecules. All previous studies
indicate that in pure lipid bilayers the phosphate and choline
groups are, at same level, nearly parallel to the bilayer plane
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(Worcester and Franks, 1976; Buldt et al., 1979). Suppose
now that some peptide molecules are inserted in the polar
region without displacing the water molecules out of the
region or tilting the lipid headgroups out of the plane. Then
the added cross sectional area in the polar region due to the
adsorbed peptides must be matched by a corresponding areal
increase in the chain region. In general, the cross sectional
area of a lipid is larger if its chains are more disordered.
Because the volume of the chains is constant, to the first
order, during an order-disorder transition (e.g., the volume
change at the gel-to-La phase transition is 4% for DPPC;
Nagle and Wilkinson, 1978), the increase in the cross section
is simply related to the decrease in the thickness of the chain
region.
We now reverse the process and use the decrease in the bilayer

thickness to calculate the chain-area expansion per lipid: AA =
(do - d) (Agdo), where AO is the cross section of a DPhPC in the
pure lipid bilayer and do is the corresponding thickness of the
chain region; d is the thickness of the chain region when the
peptide to lipid molar ratio is PIL (Fig. 8). d is estimated from
the bilayer thickness t by t/2 = d + 4.0 A, where the distance
from the phosphate to the chain region is estimated to be about
4.0 A. (estimated from a minimum free energy molecular model.
It should be stressed that a change of this distance by a few A
would not change the main conclusion below.) do is obtained
from t0 in Fig. 6 to be 15.1 A. AO was estimated previously to be
76 A2 (see Materials and Methods).
The quantity AS = AA(L/P) is then the expanded area for

each adsorbed peptide molecule. Defining the t values (38.2,
37.5, 36.7, and 36.0 A) as the maxima of the curves fitted to
the data in Fig. 6 for PIL = 0, 1:150, 1:80, and 1:47 and,
similarly (37.2 and 37.0 A) to the data of PIL = 1:120 and
1:100 (not shown), we found that AS is a constant -280 ±

A *)
.A+-

".' Ao+ AA
--

--
--

d

1f

20 A2. (If AS is a constant, (do - d) is proportional to PIL;
this is shown in Fig. 9 with our estimated maximum error
bars.) This value is close to the estimated lengthwise cross
section of alamethicin. From the unit cell of alamethicin crys-
tal (space group P21, a = 33.33, b = 29.62, c = 23.20 A, 13
= 120.40, Z = 6; Fox and Richards, 1982), we estimate the
lengthwise cross section of alamethicin to be -350 A2 (if the
molecule is a right circular cylinder, the diameter of the cir-
cular cross section is 11 A and the cross section through the
axis is 370 A2; if it is a square cylinder, the sides of the square
are 10 A and the area of the long side is 330 A2). Thus, the
most reasonable conclusion is that alamethicin resides within
the polar region (which is - 10 A thick based on space-filling
models), adsorbs at the interface of the chain region, and
separates the lipid headgroups laterally to create an addi-
tional area of about 280 A2 in the polar region. The discrep-
ancy of 70 A2 between the 280 and the 350 A2 implies one
or a combination of the following three possibilities. 1) Each
peptide adsorption displaces about seven water molecules
from the polar region. 2) If a phosphorylcholine headgroup
is tilted from the parallel to the perpendicular orientation
relative to the plane of bilayer, an area of about 25 A2 will
be created. Thus, three tilted headgroups could account for
the 70 A2 discrepancy. 3) The crystals of alamethicin con-
tained 30% solvent, similar to that found for small globular
proteins grown from aqueous solvents (Fox and Richards,
1982). If we exclude the solvent from the volume of alam-
ethicin, the estimated cross section for alamethicin would
decrease by 20%, making it -280 A2. In that case, there is
no significant discrepancy between the expanded area and
the peptide cross section. In all cases, it appears that alam-
ethicin is inserted in the polar region with minimal distur-
bance to the headgroups and their associated water mol-
ecules.
What is amazing is that the entire bilayer is compressed

by such a low concentration of peptide. Consider the sample

1.2

- 0.8

. 0.6
-o

0.4

0.2
AA= Ao (do- d) /do

FIGURE 8 A lipid molecule in a planar bilayer. The polar region con-
sisting of the phosphorylcholine headgroup (shaded dark) and its associated
water (shaded light) has the same cross sectional area as the chain region
(filled rectangle). The volume of the chains is constant, to the first order,
during an order-disorder transition. Therefore, the decrease in the thickness
of the chain region (do - d) is proportional to the increase in the cross
sectional area AA.

1/150 1/120 1/100 1/80
P/L

FIGURE 9 The decrease in the thickness of the chain region (do - d) =

(to - t)/2 is proportional to the peptide concentration PIL. The error bars
represent our estimated maximum errors: 10% in PIL allowing variations in
the impurity of peptide and lipid from different sample lots; ±0.1 A in (do
- d) representing the statistical errors of curve fittings to the data points in
Fig. 6. The straight line is a line of constant proportion.
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of PIL = 1:150. If the peptide molecules are distributed uni-
formly on the membrane surface, the distance between two
peptide molecules is -120 A. Because the entire bilayer is
compressed (Fig. 5), it implies that each (or most) of all 150
lipids is shortened and contributes to the creation of the ad-
ditional area for one peptide. This is contrary to a model in
which the bilayer perturbation by a peptide is assumed to be
local. In the latter case, one would expect that the overall
bilayer thickness remains essentially the same as the pure
lipid, when the peptide concentration is as low as 1:150.
Thus, a lipid bilayer tends to spread a deformation over a
large area, as much as 100 A in diameter, rather than dimple
locally. This long range nature of bilayer deformation is due
to a splay term in the elastic free energy (Huang, 1986). (The
splay term is similar to the bending energy, proportional to
the square of the curvature of the interface (Helfrich, 1973).
We use the liquid-crystal terminology because splay seems
more suitable to describe the deformation of a bilayer with
a finite thickness, where we treat the two hydrophilic-
hydrophobic interfaces separately. Helfrich's term usually
describes the bending of the bilayer as a mathematical sur-
face, i.e., without thickness.) Many membrane theories as-
sume that a bilayer deformation decays exponentially in dis-
tance along the plane of the bilayer, essentially ignoring the
splay term (e.g., the theories reviewed in Abney and Owicki,
1985; Sperotto and Mouritsen, 1991). Qualitatively, the in-
clusion of the splay term in the free energy makes the bilayer
deformation profile basin-like (Fig. 10 A), because the pro-
file has a concave-convex inflection that extends the range
of deformation. Without the splay term, the deformation pro-
file essentially follows an exponential curve (Fig. 10 B).

Thus, the physical picture of the peptide-membrane in-
teraction at low concentrations is as follows. A majority of
the peptide molecules are adsorbed at the interfacial region
of the bilayer with the helical axes parallel to the plane of the
interface. The adsorbing peptide pushes the lipid headgroups
laterally to create the space. The relatively uniform bilayer

A ...................................................B.................

FIGURE 10 Schematic profile of a monolayer interface (the
hydrophobic-hydrophilic interface) when an amphiphilic peptide (circle) is
adsorbed. The single dotted line is the unperturbed interface; the double
dotted lines represent the median plane of the bilayer. The opposite mono-
layer is assumed to be unperturbed. (A) Schematic deformation profile cal-
culated from a free energy including the splay term (the exact mathematical
form is given in Huang, 1986). (B) Schematic deformation profile calculated
from a free energy without the splay term -the deformation decays ex-
ponentially.

compression observed at low peptide concentrations is con-
sistent with a dispersed (rather than an aggregated) distri-
bution of the adsorbed molecules. Probably a very small frac-
tion of the peptide molecules are inserted, in equilibrium
partition, in the bilayer. This fraction may increase if there
is a transmembrane electric potential because helical pep-
tides possess a dipole (Wada, 1976; Huang and Wu, 1991).
Presumably, the inserted peptide molecules form ion chan-
nels as detected in conduction measurements (e.g., Latorre
and Alvarez, 1981; Opsahl and Webb, 1994). As the peptide
concentration increases, the thickness of the chain region
decreases in proportion. Because the bilayer deformation
free energy increases quadratically with the thickness com-
pression (Huang, 1986), it increases quadratically with the
peptide concentration. The critical concentration for inser-
tion is reached when the energy of adsorption per peptide,
which includes the energy of binding to the interface and the
energy of membrane deformation, becomes equal to the en-
ergy of insertion (publication in preparation).
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