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How antimicrobial peptides form pores in membranes is of interest
as a fundamental membrane process. However, the underlying
molecular mechanism, which has potential applications in thera-
peutics, nonviral gene transfer, and drug delivery, has been in
dispute. We have resolved this mechanism by observing the
time-dependent process of pore formation in individual giant
unilamellar vesicles (GUVs) exposed to a melittin solution. An
individual GUV first expanded its surface area at constant volume
and then suddenly reversed to expanding its volume at constant
area. The area expansion, the volume expansion, and the point of
reversal all match the results of equilibrium measurements per-
formed on peptide–lipid mixtures. The mechanism includes a
negative feedback that makes peptide-induced pores stable with a
well defined size, contrary to the suggestion that peptides disin-
tegrate the membrane in a detergent-like manner.

antimicrobial peptides � membrane-thinning effect � stable membrane
pore � peptide-induced pore � single-membrane experiment

Many water-soluble amphipathic peptides spontaneously
bind to membranes and form transmembrane pores when

the peptide concentrations exceed certain threshold values. Such
pore-forming activities are of interest for many reasons. It is the
common mode of action used by the ubiquitous antimicrobial
peptides (1). A similar mechanism is used by pore-forming
proteins, such as the apoptosis regulator Bcl-2-associated X
protein (Bax), which activates pore formation in the outer
mitochondria membrane to release the apoptotic factor cyto-
chrome c (2). Understanding the relatively simple process of
pore formation by small peptides is an important step toward
unraveling more complex membranous conformational changes
such as membrane fusion (3). Clarifying the pore-forming mech-
anism will also facilitate its applications, including developing
antimicrobial molecules as human therapeutics (1) or small-
molecule agents for nonviral gene transfer and drug delivery.
The physical effects caused by the binding of pore-forming
peptides to lipid bilayers have been studied by x-ray and neutron
diffraction on peptide–lipid mixtures (4–6). The results showed
that peptide binding caused membrane thinning and pores
appeared only when the thinning reached a critical fraction of
the membrane thickness (4–7). However, the equivalent effects
have not been demonstrated by kinetic experiments. This is
important because pore formation in cell membranes caused by
water-soluble peptides typically occurs as a kinetic process.
Here, we report the observation of the time behavior of giant
unilamellar vesicles (GUVs) exposed to the peptide melittin in
solution. The observed time behavior of individual lipid vesicles,
although complex, exhibits the physical effects seen in equilib-
rium experiments, thereby confirming that the mechanism of
kinetic pore formation in single membranes is the same as that
governing peptide–lipid interactions in the mixtures. It also
implies that the same effect is likely to occur in cell membranes
when the cells are exposed to these peptides. The GUV exper-
iment clearly demonstrates that peptide-induced pores in mem-
branes are stable with a well defined size.

Melittin, a peptide extracted from bee venom (8), and many
antimicrobial peptides that have been studied (1)—e.g., magainin
from the African clawed frog (9) and protegrin from pig leukocytes
(10)—are similar in their antimicrobial activities and in their
interactions with lipid vesicles (6, 11). The structural principle
underlying all of these peptides is the ability of the molecule to
adopt a conformation that segregates the hydrophobic and hydro-
philic residues. Some of the peptides are naturally produced in
amphipathic conformations stabilized by disulfide bonds—e.g.,
protegrin. Some adopt amphipathic conformations (typically
�-helices with amphipathic surfaces) only when bound to lipid
bilayers—e.g., melittin and magainin. As a rule, the pore-forming
peptides possess high binding affinities to the interface of lipid
bilayers. However, binding and pore formation are separate events.
The measured antimicrobial activities typically exhibit a sigmoidal
concentration dependence (12): below a threshold concentration,
there is little activity despite binding; but when the concentration
exceeds the threshold, the activity rapidly reaches its maximum. The
peptides’ biological activities correlate with their abilities for caus-
ing content leakage from lipid vesicles (11). This and the fact that
the D-enantiomers and the native L-peptides have identical activ-
ities (13), as well as other supporting evidence (12), strongly suggest
that the target of antimicrobial peptides is the lipid matrix of cell
membranes, rather than protein receptors. However, it is difficult
to extract information for the molecular mechanism from activity
experiments. The mechanism for pore formation remains contro-
versial despite a large body of research. For example, a frequently
cited proposition suggested that peptides disintegrate the mem-
brane in a detergent-like action (14).

To gain insight into the action of peptides on a single
membrane, we observed the time-dependent response of indi-
vidual GUVs exposed to melittin solutions. We recorded and
measured how each of �70 GUVs responded to different
concentrations of melittin, using the micropipette aspiration
method (15). Two lipids of different chain lengths, 1,2-dierucoyl-
sn-glycero-3-phosphocholine (di22:1PC) and 1,2-dieicosenoyl-
sn-glycero-3-phosphocholine (di20:1PC), which produced stable
GUVs, were chosen for this experiment. GUVs of each lipid
produced a pattern of responses. To interpret the GUV results,
we investigated the material properties of di20:1PC and
di22:1PC bilayers containing melittin. From x-ray diffraction and
oriented circular dichroism of the peptide–lipid mixtures, we
measured the systematic change of bilayer properties as a
function of melittin concentration. Such experiments with many
other peptide–lipid combinations have been reported before (5,
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7). We repeated the experiment here for these two lipids with
melittin because the quantitative differences between different
peptide–lipid combinations are important for a convincing
interpretation of the GUV results.

Results
Membrane-Thinning Effect of Melittin. X-ray diffraction showed
that the peptide–lipid mixtures formed homogeneous multiple
bilayers. The electron-density profiles of the bilayers for a series
of melittin and di20:1PC mixtures at different peptide–lipid
molar ratios P/Ls are shown in Fig. 1A Inset. The profiles allow
a precise measurement of the phosphate peak-to-phosphate
peak distance (PtP) as a measure of the bilayer thickness. Fig. 1 A
shows that the bilayer thickness linearly decreases with P/L and
then levels off. Fig. 1B shows the results for di22:1PC for
comparison [from Lee et al. (5)].

Peptide Orientation Changes with Concentration. We also measured
the circular dichroism of the peptides in the same samples used for
x-ray experiment, with the multilayers oriented normal to the
incident light (oriented circular dichroism) as shown in Fig. 2.
Oriented circular dichroism (16) is sensitive to the peptide’s helical
orientation. It can be used to measure the fraction of helical
peptides oriented parallel or perpendicular to the bilayers. We
found that for melittin/di20:1PC mixtures, if the P/L ratios are below
a critical value P/L* � 1/70, 100% of melittin helices were oriented

parallel to the plane of bilayers, but for P/L � P/L* an increasing
fraction of melittin helices became perpendicular to the bilayers
(Fig. 2A). Very importantly, we found the value of P/L* coinci-
dental with the onset of the bilayer thinning plateau (Fig. 1A). Thus,
both x-ray and CD measurements found the same threshold P/L*.
This systematic behavior of peptide–lipid mixtures has been found
for melittin in other lipid compositions, including di22:1PC (Fig.
2B), and also for other antimicrobial peptides including magainin
and protegrin (5).

Multilamella of peptide–lipid mixtures were previously stud-
ied by neutron diffraction. Neutrons can detect the presence of
water columns across the membrane, by H2O–D2O exchange, if
the membrane contained transmembrane pores. It was found
repeatedly that the diffraction pattern included water columns of
a well defined diameter (4.4 nm in the case of melittin) in the
lipid bilayers when P/L � P/L*, whereas no water columns were
detected for P/L � P/L* (4, 6). Clearly there are two distinct
states of peptide in lipid bilayers as a function of P/L. At P/Ls
below P/L*, melittin helices are all oriented parallel to the plane
of bilayers—they do not form pores but cause membrane
thinning in proportion to P/L. This implies that the melittin
helices lie on the interface of the bilayer with their hydrophobic
surfaces in contact with hydrocarbon chains while their polar
surfaces face the lipid’s polar headgroups. The inclusion of
amphipathic peptides at the interface of the bilayer stretches the
membrane area that forces the interior of the bilayer—i.e., the

Fig. 1. Membrane-thinning effect by melittin. (A) di20:1PC bilayers containing melittin at the peptide–lipid molar ratios P/L � 0, 1/200, 1/150, 1/100, 1/75, 1/50,
1/35, and 1/25 measured by x-ray diffraction. (B) di22:1PC bilayers containing melittin at P/L � 0, 1/200, 1/100, 1/75, 1/50, 1/30, 1/25, 1/20, 1/17, and 1/15 measured
by x-ray diffraction [reproduced with permission from ref. 5 (Copyright 2004, American Chemical Society)]. (Insets) Electron-density profiles, from top to bottom
(displaced for clarity) in the ascending order of P/L. The positions of the phosphate peaks are indicated. The peak-to-peak distance (PtP) is the measure of the
bilayer thickness, shown as a function of P/L in the main panels. The error bars represent the variations by four independent measurements. The dotted arrows
show the threshold concentrations for the peptide orientation change measured by OCD in Fig. 2, which approximately coincide with the onset positions of the
thickness plateau in both cases.

Fig. 2. Helical orientation of melittin in lipid bilayers. (A and B) Oriented circular dichroism (OCD) (Insets) of melittin embedded in di20:1PC bilayers at P/L �
1/10, 1/15, 1/25, 1/35, 1/50, 1/75, 1/100, and 1/150 (A; from top to bottom) and di22:1PC bilayers at P/L � 1/10, 1/15, 1/20, 1/25, 1/30, 1/40, 1/50, 1/75, and 1/100
[B; reproduced with permission from ref. 5 (Copyright 2004, American Chemical Society)]. The spectra of melittin completely oriented normal (the I state) and
parallel (the S state) to the bilayers are shown in thick lines. Each intermediate spectrum was fit by a linear combination of S and I to find the fraction of peptide
oriented normal to the bilayers. (The error bars represent the standard deviations of the numerical fits.) These fractions are plotted as a function 1/(P/L) (main
frames). In each graph, the linear fit to the values where the fractions are nonzero intercepts with the baseline to give the threshold P/L* (5).
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hydrocarbon chain region—to become thinner but without
breakage. Hydrocarbons have very small volume compressibility
(17); therefore, the fractional area increase of a lipid bilayer is
closely equal to its fractional thickness decrease. As P/L in-
creases above P/L*, an increasing fraction of melittin helices
become perpendicular to the bilayers, and pores are formed. In
this state, the membrane thickness remains constant at its
minimum value (Fig. 1), implying that the amount of peptide
staying on the interface that has the effect of area-stretching
remains constant at the threshold value P/L*. All excessive
peptides above P/L* are perpendicular to the bilayer and par-
ticipate in pore formation.

Responses of GUVs to Melittin Binding. We now examine how the
peptides interact with a GUV in a kinetic process. Single GUVs
exposed to peptide solutions were observed under microscope
using the micropipette aspiration method (15). We used the
electroformation method (18) to produce GUVs in 100 mM
sucrose solution. An individual GUV was held at a low, constant
tension by micropipette aspiration (15) and transferred to an
isotonic glucose/sucrose solution containing a very low concen-
tration of melittin. The process was recorded by video micro-
graph. Without melittin in the glucose/sucrose solution, the
GUV remained unchanged. However, upon transfer to a solu-
tion with melittin, the GUV immediately underwent a surface-
area expansion, apparently due to its interaction with melittin
molecules. [Such experiments were previously performed by
Longo et al. (19), mainly with fusion peptides and briefly with
melittin.] Fig. 3 shows the recorded images of GUVs in two
different melittin concentrations. A phase condenser was used to
record the phase contrast between the sucrose solution inside the
GUV and the glucose/sucrose solution outside [see supporting
information (SI) Methods]. A small amount of dye lipid on GUV
allowed a precise measurement of the vesicle projection length
LP inside the micropipette and the radius of GUV (see Fig. S1).

We observed �70 successful transfers of individual GUVs
from the vesicle production chamber to the glucose/sucrose
solution chamber containing various concentrations of melittin.
The responses of GUVs are clearly different for melittin con-
centrations below or above 10�7 �M. In the majority of cases for
melittin concentrations below 10�7 �M, the vesicle projection LP
increased with time to a saturated value, but the vesicle contrast
remained unchanged (Fig. S2). This implied an increase of the
vesicle surface area without a volume change, and the area
change �A can be calculated from �LP: �A � 2�RP(1 �
RP/RV)�LP, where RP and RV are, respectively, the radius of the
micropipette and the radius of the GUV (15, 19). To normalize
the area changes for vesicles of different sizes, �LP was con-
verted to the fractional change of vesicle area, �A/A. The
time-dependent �A/A for GUVs exposed to different concen-
trations of melittin is shown in Fig. 4. Although higher melittin
concentrations tended to produce higher final �A/A values, the
same melittin concentration could produce a range of different
�A/A. The final �A/A values for melittin concentrations below
10�7 �M are mostly �0.05.

For melittin concentrations above 10�7 �M, there were two
types of responses. The first type was similar to what was
observed in low melittin concentrations except that the projec-
tion length �LP was longer and it took a longer time to reach a
plateau value corresponding to final �A/A from 0.05 to 0.15 (Fig.
4). The second type initially had an increasing �LP just like the
first type but then suddenly reversed to decreasing LP until the
projection diminished. When LP shortened, the contrast be-
tween the inside and outside of the vesicle also decreased (Fig.
S3). We interpret this as being due to the presence of finite-sized
pores in the membrane that allowed glucose, because it is smaller
than sucrose, to permeate into the vesicle with cotransportation
of water.

Discussion
The kinetic experiment of GUVs can be understood from the
results of equilibrium experiments. The area expansion of GUV
was due to the adsorption of melittin molecules on the interface,
the same effect detected as membrane thinning in equilibrium
experiments. It is well known that melittin forms transient pores
even at extremely low concentrations (20). Transient pores allow
ion conduction driven by electric field but not water transport,
and most importantly allow translocation of the peptide between
two leaflets (11). Therefore, adsorbed melittin molecules always
distributed to both sides of the lipid bilayer, allowing area
expansion of both leaflets as observed. Initially, the vesicle
projection continued to grow because more and more melittin
molecules were adsorbed. If the ratio of the adsorbed peptide to
lipid stayed below P/L*, there was little chance of stable pore
formation. In such cases, the vesicles reached a constant �A/A �
0.05 and remained intact for a long time, as in the majority of
cases of GUVs exposed to melittin below 10�7 �M. The vesicle
contrast did not change for the entire time (Fig. S2), and no
stable pores were formed in the GUVs.

In equilibrium, when the peptide–lipid ratio exceeded the thresh-
old value P/L*, pores were always found in the membrane [by
neutron diffraction (4, 6)]. However, in a kinetic experiment, it is
now well established (21–24), pore formation is probabilistic,
depending on nucleation of defect in the lipid bilayer during the
observation time. If there were no precursor defect in a GUV
during the time of observation, no stable pores would form in the

Fig. 3. Microscope images of GUV exposed to melittin. The typical GUV
radius RV was 20–30 �m. The internal pipette radius RP was 3–5 �m. (A) At
melittin concentration 2.15 � 10�8 �M, the projection in the micropipette
increased to a maximum length and remained constant in time. During the
entire process, the contrast between the inside and outside of the vesicle
remained unchanged (Fig. S2). (B) At melittin concentration 2.15 � 10�6 �M,
the projection first increased and then decreased until the projection dimin-
ished (the final image was faint because of photobleaching; data not shown)
(also see Movie S1 ). The vesicle contrast relative to the solution was un-
changed during the projection increase but decreased during the decrease of
the projection length (Fig. S3).

Lee et al. PNAS � April 1, 2008 � vol. 105 � no. 13 � 5089

BI
O

PH
YS

IC
S

http://www.pnas.org/cgi/content/vol0/issue2008/images/data/0710625105/DCSupplemental/SM1
http://www.pnas.org/cgi/content/vol0/issue2008/images/data/0710625105/DCSupplemental/SM1
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SM1
http://www.pnas.org/cgi/content/full/0710625105/DCSupplemental/Supplemental_PDF#nameddest=SF4


GUV even if exposed to a high concentration of melittin. We have
observed such cases where the area expansion of a GUV, because
of a large amount of melittin adsorption, reached high values of
�A/A from 0.05 to 0.15. Again, the vesicle contrast remained
unchanged in such cases. However, if nucleation of defect occurs in
a GUV when the ratio of the adsorbed peptide to lipid exceeds
P/L*, the probability of pore formation is high. Unlike transient
pores, the pores formed at a peptide concentration above P/L* are
stable. They also have a well defined radius (4, 6) that allows
permeation of small molecules like glucose more than for large
molecules like sucrose. The volume of the vesicle increased in the
presence of pores because of the influx of glucose with cotrans-
portation of water due to osmosis, as evidenced by the decrease in
the vesicle contrast (Fig. S3). We know from the equilibrium
experiment that the membrane thickness remains constant once the
pores are formed. Thus, the GUV with pores maintained a constant
membrane area. The decrease in the projection length �LP was due
to the volume increase at constant area: �V � ��RP(RV � RP)�LP.
The onset of pore formation is marked by the point the vesicle
projection began to decrease.

It is instructive to compare our results with tension-induced
pore formation in GUVs without peptide. Experiments showed
that pores do not form in a tensionless vesicle, but in a tense
vesicle a pore may spontaneously appear (21–25). Such a pore is
short-lived: it either closes or expands and ruptures the vesicle
in a time scale of milliseconds or less (21–25). From these
experiments, we came to understand that pore formation in a
GUV is a kinetic process initiated by nucleation of precursor
defect, rather than by thermal activation (21–25). When the
tension was applied to a GUV by the micropipette aspiration
method, the projection in the pipette increased with time until
rupture (22). No decrease of the projection length was observed
in this experiment. The rupture tension was found to distribute

over a range of values depending on the loading rate of tension.
Similarly in our GUV experiment, the value of �A/A for the
onset of pore formation (where LP began to decrease) distributes
over a range (Fig. 4C). The most frequent pore-forming �A/A in
di22:1PC and di20:1PC bilayers are, respectively, 0.08 and 0.06
(Fig. 4C). These values are consistent with the results of tension-
induced rupture experiment (22) where the most frequent
rupture tension � is related to most frequent rupture �A/A, by
the relation � � KA�A/A [KA � 240 mN/m is the stretch modulus
of lipid bilayers (26)], and the rupture �A/A systematically
increased with membrane thickness (22).

The general agreement between the values of pore-forming
�A/A and the rupture �A/A supports a previous conjecture that
the mechanism for peptide-induced pore formation is closely
related to tension-induced rupture of membrane (7). Both
peptide adsorption and external tension have the same effect of
expanding the membrane area, and rupture must start with the
formation of a pore. The energy of a pore in a pure lipid vesicle
is ER

0 � 2�r� � �r2� (r is the radius of the pore and � the line
tension for the edge of the pore). This energy as a function of r
has a maximum, which is why a pore in a pure lipid membrane
is unstable: for r � �/�, the pore closes; for r � �/�, the pore
expands indefinitely until rupture, all within milliseconds or so
in time (21–25). On the contrary, peptide-induced pores are
stable. This is because the peptide-induced tension � is due to the
area expansion (� � KA�A/A) caused by peptide adsorption on
the interface. When � is large enough to induce pore formation,
the pore formation in turn removes some peptide molecules
from the interface to the edges of the pores, because of the high
affinity for amphipathic molecules to bind to the edge [Gibbs’s
adsorption (25)]—this process relaxes the tension � and stabilizes
the pores. The action of peptides includes a mechanism of
negative feedback for pore stabilization. As a result, peptide-

Fig. 4. Fractional area increase of GUV in time at various concentrations of melittin. Only a small number of representatives are shown here. The data for each
run ended when the image became invisible because of photobleaching. (A) GUVs of di22:1PC. The area increase �A was calculated from the increase of the
projection length �LP at constant vesicle volume: �A � 2�RP(1 � RP/RV)�LP. To keep the figure simple, the same relation was used to indicate a decrease in �LP

by a decrease in �A [in fact, a negative �LP is due to volume increase at constant area (see text)]. The beginning of projection decrease indicates the onset of
pore formation (marked by a star). (B) Same as A for lipid di20:1PC. (C) Histograms for the values of �A/A for the onset of pore formation, (�A/A)*, from all
measurements. The most frequently occurring �A/A values for the onset of pore formation are 0.08 and 0.06 in lipid di22:1PC and lipid di20:1PC, respectively.
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induced pores have a well defined radius. (The mathematical
proof is given in ref. 7.) Thus, external tension and amphipathic
peptides both initiate pore formation by stretching the mem-
brane, but the consequences of pore formation are different. A
tension-induced pore expands and ruptures a GUV in millisec-
onds. Peptide-induced pores do not expand. As shown in the
experiment, a slow glucose influx allowed GUVs with pores to
survive for �1.5 h (see Movie S1 ). This is contrary to the
suggestion that peptides disintegrate membranes (14).

In the past, typical kinetic experiments were performed with
a suspension of vesicles; for example, measuring the total
content leakage from the vesicles when exposed to a peptide
solution (11, 12, 27). Such results are equivalent to taking the
average of all of the GUV responses (some examples are
shown in Fig. 4 A and B) and hence include the effect of poorly
understood physics of defect (21–24). They did not reveal the
molecular mechanism of pore formation. However, when we
observed the responses of GUVs individually, we found that
the pore formation in GUVs exhibits the same effects ob-
served in equilibrium experiments. (i) Binding of amphipathic
peptide to the membrane interface stretches the membrane
area. (ii) When the membrane is stretched beyond a threshold
value of fractional area expansion, pores are formed. The most
frequent pore-forming �A/A values 0.08 and 0.06 in kinetic
experiments correspond to the equilibrium threshold �A/A �
0.094 	 0.006 and 0.062 	 0.007 measured by membrane
thinning and OCD in di22:1PC and di20:1PC, respectively. (iii)
Peptide-induced pores are stable with a well defined size. None
of these could be seen from the average results obtained from
a vesicle suspension.

In conclusion, individual GUV experiments reveal how
melittin interacts with lipid bilayers and forms pores in a single
membrane. The mechanism is predictable from the peptide–
lipid interactions observed from the studies of peptide–lipid
mixtures. This mechanism explains the mode of action oper-
ated by antimicrobial peptides, the ubiquitous innate immune
factors (1), and probably also by pore-forming proteins (2). We
suggest that this knowledge can be used to design small
molecular agents for therapeutics and for nonviral gene trans-
fer or drug delivery. The method of combining the material
study of mixtures and individual GUV experiment is a prom-
ising method for the study of membrane-active molecules,
including drugs and proteins.

Methods
Materials. 1,2-Dierucoyl-sn-glycero-3-phosphocholine (di22:1PC), 1,2-
dieicosenoyl-sn-glycero-3-phosphocholine (di20:1PC), and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(7-nitro-2–1,3-benzoxadiazol-4-yl) (18:1
NBD PE) were purchased from Avanti Polar Lipids. Melittin was purchased
from Sigma–Aldrich. In previous experiments on melittin-lipid interactions
performed by Yang et al. (6), no difference was found between Sigma melittin
and pure synthetic melittin.

X-Ray Diffraction. We prepared homogeneous mixtures of lipid and melittin in
the form of oriented multilayers, a stack of parallel lipid bilayers on a solid
substrate. The preparation of such oriented samples followed the method
described in previous studies (28). The sample was then placed in a tempera-
ture–humidity chamber, in which the water vapor pressure was controlled by
the concentration of polyethylene glycol in a water bath (29). The measure-
ment was made at 30°C, 98% relative humidity. [At higher relative humidity,
the quality of diffraction pattern deteriorates because of undulation fluctu-
ations of the membranes (30).] Diffraction was measured with a laboratory
x-ray diffractometer (31). Only samples that produced at least five discernible
diffraction peaks were accepted (Fig. S4). Each peptide–lipid combination was
measured with at least two separately prepared samples. Each sample was
measured twice separately to check the reproducibility. The procedure for
data reduction was described in many of our previous papers, including the
phase determination (28, 30) (Fig. S5). The diffraction amplitudes were then
converted to the electron-density profiles across the bilayer (Insets of Fig. 1 A
and B). The primary purpose of x-ray diffraction is to measure the phosphate

peak-to-phosphate peak distance across the bilayer (PtP) as a measure of the
bilayer thickness. The diffraction patterns and the electron-density profiles
also verified that the peptide–lipid mixtures formed homogeneous bilayers.

The thickness of the hydrocarbon region h is PtP � 10 Å, or PtP minus twice
the length of the glycerol region (from the phosphate to the first methylene
of the hydrocarbon chains) (5). Because the volume compressibilities of lipids
are very small (32), the fractional decrease of the hydrocarbon thickness is
closely equal to the fractional area increase ��h/h � �A/A. From the mem-
brane thinning data (Fig. 1), we found the threshold �A/A at P/L* for melittin
in di20:1PC, ��h/h � �A/A � 0.062 	 0.007. For melittin in di22:1PC, we found
at the threshold P/L*, ��h/h � �A/A � 0.094 	 0.006.

Oriented Circular Dichroism (OCD). The principle of orientation-dependent CD
and the method of OCD measurement were introduced in ref. 16. The same
samples prepared for x-ray diffraction were put in a CD spectropolarimeter
(Jasco J-810) and measured with the incident light normal to the substrate. The
background OCD spectra of pure lipid bilayers were measured separately and
were removed from the spectra of the corresponding samples containing
peptides.

The OCD spectra for melittin helices completely parallel (the S state) or
completely perpendicular (the I state) to the plane of bilayers were measured
in DMPC bilayers (29). Normalization between spectra is described in details in
previous papers (29, 33). The OCD of melittin in di20:1PC and di22:1PC were
limited to above �200 nm (whereas in DMPC the spectra extend to below 180
nm) because unsaturated hydrocarbons have stronger UV absorbance. Each
melittin OCD was fit to a linear combination of the S spectrum and the I
spectrum to estimate the fraction of melittin helices in the S or the I state.

GUVs Experiment. GUVs were produced in 100 mM sucrose solution by the
electroformation method (18). Then an isotonic glucose solution was added to
the production chamber so that the molar ratio of glucose to sucrose was 3:4
outside the vesicles. (This particular mixture was chosen so that when pores are
formed in GUVs, the influx of glucose into the GUVs was slow enough that the
GUVs could be observed for at least 1.5 h.) The same glucose/sucrose mixture
filled a separate observation chamber with various concentrations of melittin.
For each experiment, one GUV was aspirated at a constant tension (0.1–0.5
dyn/cm) and held steady. Using the microscope stage, the chambers were
translated so that the GUV was transferred into the observation chamber (see
SI Methods).

The purpose of our experiment was to observe the responses of GUVs as a
function of �A/A, not as a function of melittin concentration in the solution.
Note that the melittin concentrations used in this experiment (10�9 to 10�3

�M) were much lower than those used in bioactivity assays or leakage exper-
iments, which are typically in the micromolar range. In a leakage experiment,
the peptide-to-lipid molar ratios of the entire suspension were typically in the
range of 0.005–0.1 (11). A similar range of peptide-to-lipid molar ratios was
used in our experiment. For example, if the GUV radius was 25 �m and the
melittin concentration was 10�6 �M (total volume 560 �l), the peptide-to-lipid
molar ratio was �1/50. When melittin concentrations in the micromolar range
were used, we found in most cases that GUVs ruptured instantly as soon as
they were transferred to the observation chamber.

A change in the surface area of a GUV in terms of �LP and �RV is given by
�A � 2�RP�LP 
 8�RV�RV. A change in the GUV volume is given by �V �
�RP

2�LP 
 4�RV
2�RV. Therefore, if the surface area is changing at constant

volume, one has �A � 2�RP(1 � RP/RV)�LP, whereas if the volume is changing
at constant surface area, one has �V � ��RP(RV � RP)�LP.

The sucrose solution and the glucose solution have different indices of
refraction. The phase contrast between the inside and outside of the vesicle
was used to monitor the possible change of the vesicle content. A phase
condenser was used to record the phase-contrast images. However, the pro-
jection in the micropipette could not be seen clearly by the phase-contrast
image. We had to observe the change of GUV projection by fluorescence
images. So we measured the phase contrast for every run at the beginning and
at the end. For a number of runs, we interrupted the fluorescence image
recording and measured the phase contrast in the middle of the run. We found
that the vesicle contrast did not change as long as the projection had not
decreased. However, if the GUV projection length decreased, the vesicle
contrast always decreased (see examples in Figs. S2 and S3).
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