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ALAMETHICIN-INDUCED CHANGES IN LIPID BILAYER MORPHOLOGY 
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We have found that alamethicin, in the absence of an electric field, modifies both the hydrophilic surface and 
hydrophobic core of lipid bilayers. As shown by freeze-fracture and X-ray diffraction experiments with 
multiwalled vesicles, alamethicin increases the fluid space between bUayers by as much as 50 nm, and at the 
same time perturbs the hydrocarbon regions of the bilayers. For suspensions of gel-state lipid treated with 
alamethicin, uniformly spaced rows of partides cover the fracture faces and corresponding linear arrays of 
stain-collecting depressions cover the hydrophilic surfaces. In the liquid-crystalline state, alamethicin induces 
an irregular granular texture on the fracture faces. 

Introduction 

The polypeptide antibiotic alamethicin has been 
shown to induce voltage-dependent conductance 
in black lipid membranes. Molecular models [1-4], 
based on electrophysiological studies [1-8], have 
been proposed for the formation of the alamethi- 
cin conducting channels. It has generally been 
postulated that, in the absence of an applied elec- 
trical field, alamethicin resides at the membrane 
surface and channel formation involves the voltage 
-dependent insertion of alamethicin molecules into 
the hydrocarbon region of bilayers. After removal 
of the electric field, alamethicin molecules are 
thought to return to the membrane surface. These 
molecular models differ on whether the voltage- 
dependent insertion involves preformed oligomers 
[1,2] of alamethicin molecules or monomers [3] 
which diffuse laterally in the bilayer to form 

* Present address: Jerry Lewis Neuromuscular Research 
Center, UCLA School of Medicine, Los Angeles, CA 90024, 
U.S.A. 

Abbreviations: PC, phosphatidylcholine; DPPC, dipalmitoyl- 
phosphatidylcholine. 

0005-2736/82/0000-0000/$02.75 © 1982 Elsevier Biomedical Press 

oligomeric conducting channels. For high aqueous 
concentrations of alamethicin, Eisenberg et al. [6] 
have observed voltage dependent conductance in 
planar bilayers in the absence of an applied field. 

The interaction of alamethicin and phospholi- 
pids has also been studied by a number of physical 
techniques. Chapman et al. [9] found that 
alamethicin readily penetrated lipid monolayers 
and that increasing amounts of alamethicin de- 
creased the intensity of the lamellar X-ray diffrac- 
tion orders obtained from multiwalled lipid 
vesicles. Hauser et al. [10] interpreted their NMR 
data to mean that each alamethicin molecule 'in- 
duces a transition of about 600 lipid molecules 
from the normal multilamellar state to some new 
form of aggregate', thus abolishing multilamellar 
structure. These authors stated that the changes 
caused by alamethicin were primarily due to hy- 
drophobic interactions. However, in a subsequent 
NMR study, Lau and chan [11] concluded that 
alamethicin was surface active, interacting prim- 
arily with the polar lipid head groups. 

Recently, two groups have challenged the idea 
that alamethicin is inserted into the bilayer by 
application of an electric field. Fringeli and 



52 

Fringeli [12] employed infrared attenuated total 
reflection spectroscopy to examine the interaction 
of alamethicin with dipalmitoylphosphatidylcho- 
line (DPPC), below the lipid thermal phase transi- 
tion. Their data indicate that, under these condi- 
tions, in the absence of an electric field, alamethi- 
cin spans the lipid bilayer. Furthermore, using an 
analog consisting of an alamethicin molecule cova- 
lently bound to a phospholipid molecule, Latorre 
and Quay [13] were able to demonstrate voltage- 
dependent conductance similar to that of natural 
alamethicin. They interpreted these results to mean 
that alamethicin gating does not involve the inser- 
tion of alamethicin monomers into the membrane, 
but rather conformational changes of molecules 
already in the bilayers. 

Our present study was undertaken to determine 
the effects of alamethicin on the morphology of 
lipid bilayers in the absence of an electric field. 
We wanted to determine, if, in fact, alamethicin 
alters the lipid bilayer hydrocarbon region, either 
above or below the lipid phase transition tempera- 
ture. We were also interested in morphologically 
characterizing the lipid/alamethicin aggregates 
studied by Hauser et al. [10] and Chapman et al. 
[9]. 

Materials and Methods 

Dipalmitoylphosphatidylcholine (DPPC), di- 
myristoylphosphatidytcholine (DMPC), and di- 
lauroylphosphatidylcholine (DLPC) were used as 
obtained from Calbiochem (La Jolla, CA). 
Cholesterol was obtained from Supelco (Bel- 
lefonte, PA) while alamethicin was the kind gift of 
Dr. Joseph E. Grady, Upjohn Company, Kala- 
mazoo, MI. During the final stages of this work, 
Dr. J.E. Hall of the Physiology Department of the 
University of California at Irvine also kindly sup- 
plied us with Upjohn alamethicin. Triple distilled 
water was used in all experiments. 

Lipid and lipid/alamethicin suspensions were 
formed by the following procedures. For most 
experiments, the lipid/alamethicin specimens were 
dried from chloroform or ethanol solutions by use 
of a rotary evaporator. An appropriate amount of 
water (70% by weight relative to the lipid, unless 
otherwise stated) was added. Similar results were 
obtained when 0.1 M NaC1, adjusted to pH 7.4, 

was used instead of water. For certain experi- 
ments, as noted in the Results section, alamethicin 
was added through the aqueous phase. In these 
cases, a solution of I mg/ml alamethicin in water 
was added to the dry lipid. All mixtures were 
vortexed extensively and allowed to equilibrate at 
temperature above the lipid's phase transition tem- 
perature for several hours. The suspensions were 
then allowed to equilibrate at room temperature 
for at least one hour. All experiments were per- 
formed at 18°C --+ 2°C. 

For freeze-fracture experiments, small samples 
(0.1 #1) were sandwiched between two copper strips 
(giving a sample of 10 #m thickness and about 2.5 
mm in diameter) and frozen in liquid propane at 
- 1 9 0 ° C  using the dropping device developed by 
Costello and Corless [14]. Frozen samples were 
loaded in a specially designed hinged device [15] 
under liquid N 2 and then transferred to the pre- 
cooled stage of a Balzers BA-360 freeze-fracture 
instrument. The samples were fractured at - 150°C 
and at about 10 -7 Torr. Samples were im- 
mediately replicated with platinum-carbon from a 
45 ° angle and carbon from a 90 ° angle. Replicas 
were cleaned in organic solvents such as chloro- 
form/ethanol and picked up on uncoated 400 
mesh electron microscope grids. All freeze-fracture 
micrographs are mounted so that the platinum 
deposition direction is from the bottom. 

Negative staining was performed by depositing 
a diluted specimen on a freshly prepared carbon 
coated electron microscope grid. The grid was then 
washed with a solution of 1% uranyl acetate in 
water, blotted with filter paper, and allowed to dry 
at room temperature. All specimens were ex- 
arnined with a Philips 301 electron microscope 
operated at 80 kV with a 50 #m objective aperture. 

For X-ray diffraction experiments, samples were 
sealed in quartz glass X-ray capillary tubes and 
mounted in an X-ray camera equipped either with 
a point-focus collimator or a mirror-mono- 
chromator system as described previously [16]. X- 
ray diffraction patterns were recorded on three or 
more layers of Kodak No-screen X-ray Film 
packed in a flat-plate film cassette. Specimen-to- 
film distances were between 6 and 10 cm and 
exposure times varied from 2 to 6 h. Densitometer 
traces were recorded on a Joyce-Loebl micro- 
densitometer Model MK III C, the background 
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curve subtracted, and integrated intensities I(h) 
were measured. Electron density profiles, p(x) were 
calculated by use of the formula 

2 ~r hx 
p(x)oc 2 ~ ( h ) ~  COS----~ 

h 

where x is the distance normal to the lamellar 
repeat, d is the repeat period, and q0(h) is the 
phase factor for each order h. ¢p(h) must be + or 
- for these centrosymmetric systems. For control 
DPPC bilayers, the phase factors determined pre- 
viously by Lesslauer et al. [17] were used. For 
DPPC/alamethicin suspensions, the phase factors 
were determined by assuming a bilayer-like profile 
for each lamellar unit. The freeze-fracture images, 
as well as the wide-angle and low-angle diffraction 
data (see Results) are diagnostic of bilayer phases 
[18]. For this relatively low-resolution data, only 
one phase combination produced an electron den- 
sity profile which was consistent with a bilayer 
structure. 

Results 

The incorporation of alamethicin modifies both 
the hydrophobic and hydrophilic regions of the 
gel-state bilayer as determined by freeze-fracture 
and negative stain experiments, respectively. Fig. 1 
shows a comparison of freeze-fracture replicas of 
DPPC in water (Fig. 1A) and of DPPC/alamethi- 
cin (0.05 mole fraction alamethicin) in water (Fig. 
1B). In the control experiment, the DPPC bilayers 
are smooth and several fracture steps of uniform 
width can be seen. The specimen with alamethicin 
(Fig. 1B) also shows fracture steps of relatively 
uniform width. However, the fracture planes are 
no longer smooth, but display a series of rows or 
striations. On close inspection, it can be observed 
that many of these rows are actually lines of 
closely spaced particles. The spacing between ad- 
jacent rows is usually 6.0 to 7.0 nm, with the 
spacing between particles in each row more vari- 
able, about 5.0 to 7.0 nm. In certain areas, some 
rows stand out as ridges above adjacent rows 
(arrows in inset). Often alternate rows stand out as 
ridges so that the spacing between these prominent 
ridges (arrows in inset) is about 12 to 14 nm. The 
smooth ice between multilameUar regions is 

marked with an asterisk (*). Fig. 2 shows a 
DPPC/alamethicin specimen with a higher con- 
centration of alamethicin (0.09 mole fraction) 
where adjacent rows are identical, with a fairly 
uniform spacing of about 6.0 nm between rows. In 
this image, there is a mosaic pattern to the speci- 
men as it is composed of several areas with the 
rows in different orientations in adjacent patches. 
The arrowhead points to a boundary between two 
such regions. Occasionally, especially in areas of 
high curvature (arrow) the linearity is lost and one 
can observe a random arrangement of particles 
6 nm in diameter, similar to the intramembrane 
particles found in biological membranes. In smaller 
lipid-peptide complexes (inset), particles are more 
difficult to distinguish and rows of particles are 
rarely observed. 

Fig. 3 shows the appearance of a D P P C /  
alamethicin suspension by negative staining. In 
Fig. 3A a large structure, composed of several 
layers, is observed in the center of the field. The 
surfaces of this structure are covered with a lattice. 
Edge on views of the layers comprising the struc- 
ture are marked by the arrow and show a lameUar 
arrangement, with the distance between lamellae 
being about 7.5 nm. Smaller structures, perhaps 
vesicles, are seen in the lower left corner of the 
field. Because many of these structures are mul- 
tiwalled, the negative stain image is complicated 
by a superposition of many layers. Fig. 3B shows a 
field from the same preparation where it appears 
that single layers are visible (circles). In these 
regions, there are solid rows of stain alternating 
with rows where the stain has accumulated in an 
array of spots. The separation of the solid rows of 
stain is approx. 13 nm, with the linear arrays of 
spots centered between these rows. The distance 
between individual spots is somewhat variable, but 
usually about 6.5 to 7.5 nm. We have observed 
these linear arrays in DPPC suspensions with mole 
fractions of alamethicin between 0.02 and 0.20. 
The punctate nature of the arrays becomes more 
pronounced as the mole fraction of alamethicin is 
increased. 

Some of the DPPC-alamethicin complexes 
which are smaller in size are shown in Fig. 4A and 
several important details should be noticed. First, 
many of these structures do not have the smooth 
edges characteristic of negatively stained vesicles 



:ig
. 

1.
 F

re
ez

e-
fr

ac
tu

re
 i

m
ag

es
 o

f 
(A

) 
D

P
P

C
 a

nd
 (

B
) 

D
P

P
C

/a
la

m
et

h
ic

in
 (

0,
05

 m
ol

e 
fr

ac
ti

on
 a

la
m

et
hi

ci
n)

 s
us

pe
ns

io
ns

 in
 7

0%
 w

at
er

 a
t 

18
°C

. 
S

ev
er

al
 f

ra
ct

ur
e 

st
ep

s 
ar

e 
se

en
 i

n 
~o

th
 r

ep
li

ca
s 

an
d 

th
e 

sm
oo

th
 ic

e 
be

tw
ee

n 
m

ul
ti

la
ye

r 
re

gi
on

s 
is

 m
ar

ke
d 

by
 a

n 
as

te
ri

ck
 (

*)
 i

n 
(B

).
 T

he
 f

ra
ct

ur
e 

fa
ce

s 
ar

e 
sm

oo
th

 i
n 

(A
),

 b
ut

 c
on

ta
in

 r
ow

s 
of

 p
ar

ti
cl

es
 i

n 
(B

).
 I

n 
he

 i
ns

et
, 

ar
ro

w
s 

po
in

t 
to

 a
lt

er
na

te
 r

ow
s 

of
 p

ar
ti

cl
es

 w
hi

ch
 s

ta
nd

 o
ut

 a
s 

ri
dg

es
 a

bo
ve

 a
dj

ac
en

t 
ro

w
s.

 

qg
. 

2.
 

F
re

ez
e-

fr
ac

tu
re

 i
m

ag
e 

of
 a

 
D

P
P

C
/a

la
m

et
h

ic
in

 (
0.

09
 m

ol
e 

fr
ac

ti
on

 a
la

m
et

hi
ci

n)
 s

us
pe

ns
io

n.
 T

he
 f

ra
ct

ur
e 

fa
ce

s 
co

nt
ai

n 
un

if
or

m
ly

 s
pa

ce
d 

ro
w

s 
of

 p
ar

ti
cl

es
. 

T
he

 
xr

ow
he

ad
 p

oi
nt

s 
to

 
a 

bo
un

da
ry

 b
et

w
ee

n 
ad

ja
ce

nt
 

m
os

ai
c 

re
gi

on
s.

 
T

he
 

ar
ro

w
 

in
di

ca
te

s 
a 

re
gi

on
 

of
 

ra
nd

om
ly

 
ar

ra
ng

ed
 

pa
rt

ic
le

s.
 

T
he

 
in

se
t,

 w
hi

ch
 w

as
 

pr
in

te
d 

at
 

L
pp

ro
xi

m
at

el
y 

th
e 

sa
m

e 
m

ag
ni

fi
ca

ti
on

 a
s 

th
e 

m
ai

n 
fi

gu
re

, 
sh

ow
s 

th
e 

ap
pe

ar
an

ce
 o

f 
sm

al
l 

li
pi

d-
pe

pt
id

e 
co

m
pl

ex
es

. 



Fi
g.

 3
. 

Im
ag

es
 o

f 
ne

ga
ti

ve
ly

 s
ta

in
ed

 D
P

P
C

/a
la

m
et

hi
ci

n 
(0

.0
5 

m
ol

e 
fr

ac
ti

on
 a

la
m

et
hi

ci
n)

 s
us

pe
ns

io
ns

. 
A

 l
ar

ge
 m

ul
ti

la
m

el
la

r 
re

gi
on

 i
s 

sh
ow

n 
in

 (
A

),
 a

nd
 t

he
 r

eg
ul

ar
 a

rr
ay

 o
f 

st
ai

n 
ob

se
rv

ed
 in

 t
he

 p
la

ne
 o

f 
th

e 
bi

la
ye

r 
ar

is
es

 f
ro

m
 t

he
 s

up
er

po
si

ti
on

 o
f 

pa
tt

er
ns

 f
ro

m
 s

ev
er

al
 b

il
ay

er
s.

 T
he

 a
rr

ow
 p

oi
nt

s 
to

 a
 r

eg
io

n 
w

he
re

 s
ev

er
al

 l
ay

er
s 

ar
e 

se
en

 e
dg

e-
on

. 
In

 (
B

),
 t

he
re

 a
re

 a
re

as
 (

ci
rc

le
s)

 w
he

re
 t

he
 s

ta
in

in
g 

pa
tt

er
n 

fr
om

 a
 s

in
gl

e 
bi

la
ye

r 
ca

n 
be

 o
bs

er
ve

d.
 I

n 
th

es
e 

re
gi

on
s,

 s
ol

id
 r

ow
s 

of
 s

ta
in

 a
lt

er
na

te
 w

it
h 

ro
w

s 
w

he
re

 t
he

 s
ta

in
 h

as
 

ac
cu

m
ul

at
ed

 i
n 

di
sc

re
te

 s
po

ts
. 

Fi
g.

 4
. 

Im
ag

es
 o

f 
ne

ga
ti

ve
ly

 s
ta

in
ed

 D
P

P
C

/a
la

m
et

hi
ei

n 
(0

.0
5 

m
ol

e 
fr

ac
ti

on
 a

la
m

et
hi

ci
n)

 s
us

pe
ns

io
ns

. 
In

 (
A

) 
ar

ro
w

s 
po

in
t 

to
 g

ap
s 

or
 i

nd
en

ta
ti

on
s 

at
 t

he
 e

dg
e 

of
 s

m
al

l 
li

pi
d 

pe
pt

id
e 

ag
gr

eg
at

es
, 

an
d 

th
e 

ar
ro

w
he

ad
s 

m
ar

k 
th

es
e 

in
de

nt
at

io
ns

 s
ee

n 
in

 s
id

e-
vi

ew
. (

B
) 

J,,
* a

 h
ig

he
r-

m
ag

ni
fi

ca
ti

on
 v

ie
w

 s
ho

w
in

g 
ar

ea
s 

w
he

re
 t

he
 s

ta
in

in
g 

pa
tt

er
n 

is
 l

in
ea

r 
an

d 
sm

al
le

r 
li

pi
d/

pe
pt

id
e 

ag
gr

eg
at

es
 w

he
re

 t
he

 s
ta

in
in

g 
pa

tt
er

n 
is

 l
es

s 
re

gu
la

r.
 T

he
 a

rr
ow

 p
oi

nt
s 

to
 a

 r
eg

io
n 

w
he

re
 t

he
 t

w
o 

fo
rm

s 
ap

pe
ar

 t
o 

m
er

ge
. 



56 

[19,20]. Rather, there are gaps or indentations on 
the edges of these structures (arrows). Occasionally 
the sides of these structures curve upwards form- 
ing a cup where the stain accumulates. In these 
instances a side view can be seen. The arrowheads 
point to regions where the indentations at the edge 
of the structure can be seen in a side view. It 
appears that these are gaps or holes where stain 
can penetrate through the wall of the lipid. The 
smallest of these structures do not have linear 
arrays of stain, but appear to contain randomly 
arranged dots of stain. Thus, there are two ap- 
pearances in the negatively stained D P P C /  
alamethicin suspensions: large, often multiwalled 
structures with linear arrays of stain and small, 
often single-walled structures, with randomly 
arranged dots of stain. Fig. 4B gives a higher 
magnification view of the DPPC/alamethicin ag- 
gregates, In the lower portion of the field is a 
region dearly displaying the alternating solid rows 
of stain and linear punctate arrays of stain. Near 
the top of the field are examples of the smaller 
lipid-peptide complexes. The arrow points to a 
region which shows a possible connection between 
these two forms of the DPPC-alamethicin com- 
plex. At the arrow the linear form is continuous 
with a piece of the more random form. It appears 
that the linear array breaks up as areas of 
lipid/peptide separate from the large structures. 

Addition of alamethicin causes changes in both 
the wide-angle and low-angle X-ray diffraction 
patterns of gel state DPPC (see Fig. 5). The pat- 
tern from a suspension of gel state DPPC, as 
reported previously by others [18,21], consists of 
several orders of a lamellar repeat of 6.4 nm and a 
sharp wide-angle reflection at 0.42 nm, surrounded 
by a diffuse band (arrow). Suspensions of 
DPPC/alamethicin at the same water content rela- 
tive to the lipid, show an increased lamellar repeat 
period of 7.8 nm - 1.5 nm (average of four experi- 
ments) and a symmetric, but more diffuse, wide- 
angle reflection at 0.42 nm. There is also a very 
broad band centered at 0.85 nm which is not 
visible in Fig. 5B. The origin of this band is not 
known. Electron density profiles of multiwalled 
suspensions of DPPC and DPPC/alamethicin are 
shown in Fig. 6. In each profile, the two high 
density peaks represent the lipid head groups and 
the low density trough in the center corresponds to 

Fig. 5. Wide-angle X-ray diffraction patterns of (A) DPPC in 
30f~C water and (B) DPPC/alamethicin (0.17 mole fraction 
alamethicin) in 70% water. The wide-angle pattern from DPPC 
consists of a sharp ring at 0.42 nm surrounded by a diffuse 
band (arrow). This particular double reflection is also present 
in DPPC patterns with higher water contents [27]. For 
DPPC/alamethicin suspensions there is a single broad band in 
the wide-angle region centered at about 0.42 nm. Some low- 
angle lamellar reflections are visible in the center of the pat- 
terns. 

[,U "3  - 2  - I  0 l 2 3 

(nm,) 
Fig. 6. Electron density profiles of (A) DPPC in 70% water and 
(B) DPPC/alarnethicin (0.17 mole fraction alamethicin) in 70% 
water. The hydrophobic center of each bilayer is located at 0 on 
the abscissa. The width of each bilayer (as measured by high 
density head group peak separation) is greater for the 
DPPC/alamethicin suspension. The fluid layers between bi- 
layers (marked by arrows) are also wider for the 
DPPC/alamethicin suspension. 
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the terminal methyl regions of the lipid hydro- 
carbon chains. In the DPPC profile, the medium 
density regions between the head group peak and 
terminal methyl trough correspond to the hydro- 
carbon methylene groups. This region is less dis- 
tinct in the DPPC/alamethicin profile. The 
medium density regions at the outer edges of the 
profiles correspond to half of the fluid layers 
between bilayers. The fluid layers are approx. 1.1 
nm wider when alamethicin is present (arrows). 

Above the lipid phase transition, alamethicin 
modifies the morphology of the lipid bilayer, but 
in a manner different from below the transition. 
Fig. 7A shows a replica from a control experiment 
of a suspension of DLPC. Several clear fracture 
steps are seen, and the fracture faces are relatively 
smooth. In contrast, the fracture faces of a suspen- 
sion of DLPC/alamethicin (Fig. 7B) are covered 
with an irregular grainy pattern. Moreover, the 
fracture steps are now much larger and consider- 
able amounts of smooth ice (*) are seen between 
bilayers). The width between bilayers varies from 
20 nm to 50 nm. 

Fig. 8 shows a similar experiment with another 
liquid-crystalline lipid: a 2 : 1  mixture of 
DMPC/cholesterol. One large, multiwalled vesicle 
from a suspension of DMPC/choles terol /  
alamethicin is shown. In this particular experi- 
ment, the mixing of the components was ap- 
parently not as complete as those shown in Fig. 
7B, and this provides an unusual and revealing 
structure. At the top of the field, the hydrophobic 
surfaces of the vesicle are similar to the control 
bilayer (not shown) as the fractures faces are 
smooth and the fracture steps are quite narrow 
(arrow heads). However, near the bottom of the 
field, the hydrophobic surfaces are grainy and 
there are large ice spaces between the bilayers (*). 
Careful examination reveals that the smooth frac- 
ture faces at the top of this figure are continuous 
with the grainy fracture faces at the bottom. More- 
over, the small, sharp fracture steps at the top are 
continuous with the broad fracture steps (occupied 
by smooth ice) at the bottom. In all areas the ice 
surrounding the vesicle is smooth. Similar results 
to those of Fig. 8 are obtained when aqueous 
solutions of alamethicin (1 mg/ml) are added to 
dry lipid. Again, two distinct fracture surfaces, 
smooth and grainy, are observed in the same sam- 

pie. Invariably, small, sharp fracture steps are 
observed between smooth fracture faces, and broad 
fracture steps occur between grainy fracture faces. 

Negative stain experiments showed no distinct 
differences in the hydrophilic surfaces of lipid and 
lipid/alamethicin suspensions for lipids in the 
liquid-crystalline state. 

For lipid in the liquid-crystalline state, our X-ray 
diffraction results are similar to those of Chapman 
et al. [9]. The diffraction patterns from 
lipid/alamethicin suspensions contain broad bands 
instead of the sharp lamellar reflections obtained 
from large multiwalled vesicles. For the prepara- 
tion shown in fig. 7B (a 5:1 molar ratio suspen- 
sion of DLPC/alamethicin in excess water), the 
diffraction pattern consists of broad bands 
centered at approx. 3.0 rim, 0.85 nm, and 0.45 nm. 

Discussion 

The negative stain, freeze-fracture, and X-ray 
diffraction data show that, in the absence of an 
external electric field, alamethicin modifies both 
the hydrophilic and hydrophobic regions of gel 
state and liquid-crystalline state lipid bilayers. The 
evidence that alamethicin modifies the gel state 
bilayer's hydrophilic surface comes from negative 
stain images (Fig. 3 and 4) and low-angle X-ray 
diffraction patterns (Fig. 5) and electron density 
profiles (Fig. 6). Figs. 3 and 4 clearly show that 
alamethicin induces a linear and punctate negative 
staining pattern on the bilayer surface. The lamel- 
lar X-ray diffraction repeat period from alamethi- 
c in/DPPC suspensions is significantly larger than 
the repeat period from DPPC suspensions and the 
electron density profiles show that the fluid layers 
between bilayers are larger in the presence of 
alamethicin. Thus, at least part of the alamethiein 
molecule must reside at the bilayer surface to 
account for the punctate stain-filled depressions in 
the bilayer and the increased fluid width between 
bilayers. The increased fluid width is probably due 
to alamethicin increasing the repulsive force be- 
tween the surfaces of adjacent bilayers. The freeze- 
fracture images shown in figs. 1 and 2, the wide- 
angle region of the X-ray diffraction patterns 
(Fig. 5), and the electron density profiles (Fig. 6), 
show that alamethicin perturbs the hydrophobic 
core of the bilayer.Freeze-fracture has been shown 
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to expose the geometric center of the bilayer 
[22,23]. In our images, alamethicin converts the 
normally smooth surfaces of DPPC (Fig. 1A) to 
rows of small punctate particles (Figs. 1B and 2). 
The change in shape of the X-ray reflection at 0.42 
nm (Fig. 5) is direct evidence that alamethicin 
modifies hydrocarbon chain packing in the hi- 
layer. The differences in the hydrocarbon regions 
in the profiles of Fig. 6 also indicate that 
alamethicin modifies this region of the bilayer. 
The bilayer width (head group-to-head group sep- 
aration in the profile) is larger in the presence of 
alamethicin, probably due to a decrease in lipid 
hydrocarbon chain tilt [12]. 

For the case of liquid-crystalline lipids, the 
freeze-fracture images of Figs. 7 and 8 show that 
alamethicin modifies both the hydrophilic and hy- 
drophobic regions of the lipid. The smooth hydro- 
phobic faces of control bilayers are converted to 
grainy, rough surfaces by the incorporation of 
alamethicin and the fluid spaces between bilayers 
have swollen to 20 to 50 nm. The X-ray diffraction 
data also indicate that the fluid layers have in- 
creased with the incorporation of alamethicin. In 
control experiments, the DLPC suspensions give 
sharp lamellar reflections with a repeat period of 
5.9 nm, which, based on swelling experiments with 
egg PC [24,25], is consistent with a fluid layer of 
about 1.5 to 2.5 nm. There are no sharp reflections 
for the DLPC/alamethicin suspension, and the 
broad band at about 3 nm is characteristic of the 
continuous transform of a single bilayer [17, 21, 
26, 27]. The continuous transform is obtained when 
the fluid layers are very large and variable in 
thickness, as in a dispersion of membranes [26]. 

The differences in appearance of suspensions of 
gel state lipid alamethicin (Figs. 1-4) and liquid- 
crystalline state lipid alamethicin (Figs. 7, 8) can 
be explained in terms of the properties of the lipid 
matrix. DPPC has three distinct lamellar phases: 
the gel state (Lfl' phase) at temperatures below the 
pretransition temperature of 35°C, the two- 
dimensional 'rippled' phase (Pfl') between the pre- 
transition and main transition, and the liquid- 
crystalline phase (La) above the main transition at 
41°C [18,28]. Both the gel state and liquid- 
crystalline states have smooth fracture faces (Fig. 
1A and Refs. 29, 30) and featureless surfaces by 
negative stain [19,20,31]. However, the Pfl' phase 

has been shown to have a periodic ripple in the 
plane of the membrane at a spacing of between 12 
and 15 nm [28]. This rippled phase can be ob- 
served as a series of striations in the hydrophobic 
surface by freeze-fracture [29-31] and in the hy- 
drophilic surface by negative stain [31]. The linear 
regions of Fig. 4B resemble the rippled phase [31] 
except for the addition of the punctate dots of 
stain between the solid rows of stain. The freeze- 
fracture images (Fig. 2, in particular) resemble 
freeze-fracture images of the rippled phase except 
that often the distance between rows is half that of 
the Pfl' phase and the rows have a punctate ap- 
pearance. The 'mosaic' pattern of the rows in 
Fig. 2 is also very similar to the mosaic patterns 
seen in the Pfl' phase [31]. It thus appears that 
alamethicin induces a phase similar to the Pfl' 
phase (or, in effect, lowers the pretransition tem- 
perature) for DPPC multilayers. The broadening 
of the 0.42 nm X-ray relection is consistent with 
this interpretation [32]. It should be noted that 
there are other examples in the literature [33] 
where the introduction of an extraneous molecule 
into DPPC bilayers broadens the range of the Pfl' 
phase. The alamethicin appears to interact with 
the bilayer at peaks and troughs of the rippled 
phase, areas of high curvature in the bilayer where 
the lipid hydrocarbon chain packing might be 
perturbed. In some manner, the alamethicin in- 
duces periodic punctate depressions along the 
peaks and troughs so that stain accumulates. How- 
ever, as in negative stain images of the Pfl' phase 
[31], more stain accumulates in the troughs than in 
the peaks and thus these troughs tend to be filled 
in with stain. This obscures the periodic punctate 
depressions in the troughs and produces the images 
seen in Figs. 3B and 4B of alternating solid and 
punctate rows of stain. In certain areas of Fig. 3B 
where the staining is very light, a punctate nature 
can also been seen in the usually solid rows of 
stain. The freeze-fracture process is also sensitive 
to the lipid alamethicin interaction and rows of 
small punctate particles are observed. Staining, of 
course, is not used in the freeze-fracture method so 
that there is no asymmetry in the peaks and troughs 
due to accumulation of stain. Thus, the distance 
between rows of particles in freeze-fracture experi- 
ments is often one-half of the distance between 
solid rows of stain in negative stain images. Occa- 
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sionally in the freeze-fracture replicas alternate 
rows of  particles are elevated (see arrows, Fig. 1 B). 
This is also evidently due to the peak and trough 
nature of the rippled phase. In  the liquid-crystalline 
phase, there is no  periodic lipid template, and 
alamethicin produces a r andom grainy pat tern on 
the hydrophobic  surface (Figs. 7B and 8). In  cer- 
tain specimens, particularly when cholesterol is 
present, the grainy pat tern is located in patches in 
the plane of the bilayer (Fig. 8). This effect could 
be enhanced by the presence of  cholesterol, as 
Cherry  et al. [34] have noted that cholesterol in- 
duces a lateral segregation of  proteins in the case 
of  bac ter iorhodops in /phosphol ip id  vesicles. 

It is difficult to relate unequivocally these mor-  
phological results with electrophysiological data. 
Our  experiments were performed using multi- 
walled vesicles with a higher content  of  alamethi- 
cin than is generally incorporated into planar  black 
lipid membranes.  Moreover,  we were constrained 
to examine the lipid-alamethicin complexes in the 
absence of  an applied electric field. However,  it is 
significant that Eisenberg et al. [6] found conduc-  
tance increases in the absence of  an applied field 
when using high concentrat ions (10 # g / m l )  of  
alamethicin in the aqueous phase. Thus, the images 
of  Figs. 7 and 8 may represent morphological  
changes associated with alamethicin-induced volt- 
age increases. 

In conclusion, our  data clearly show that 
alamethicin, even in the absence of  an electric 
field, can substantially modify  the hydrophobic  
core of vesicular bilayers. The 'new form'  of lipid- 
peptide aggregates inferred by Chapman  et al. [9] 
and Hauser  et al. [10] appears to be a bilayer, but  
a highly modified bilayer. 
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