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ABSTRACT. It is thought that magainin 2, an antimicrobial peptide, acts by binding to lipid membranes.
Recent studies using a suspension of large unilamellar vesicles (LUVS) indicate that magainin 2 causes
gradual leakage from LUVs containing negatively charged lipids. However, the details of the characteristics
of the membrane permeability and the mechanism of pore formation remain unclear. In this report, we
investigated the interaction of magainin 2 with single giant unilamellar vesicles (GUVs) composed of a
dioleoylphosphatidylcholine and dioleoylphosphatidylglycerol mixture (50% DOPG/50% DOPC GUVSs)
containing the fluorescent dye, calcein, by phase contrast, fluorescence microscopy using the single GUV
method. Low concentrations {30 uM) of magainin 2 caused the rapid leakage of calcein from single
GUVs but did not disrupt the liposomes or change the membrane structure, showing directly that magainin
2 forms membrane pores through which calcein leaked. The rapid leakage of calcein from a GUV started
stochastically, and once it began, the complete leakage occurred rapidl@ €. The fraction of completely

leaked GUV P, increased with time and also with an increase in magainin 2 concentration. Shape changes
in these GUVs occurred prior to the pore formation and also at lower concentrations of magainin 2,
which could not induce the pore formation. Their analysis indicates that binding of magainin 2 to the
external monolayer of the GUV increases its membrane area, thereby raising its surface pressure. The
addition of lysophosphatidylcholine into the external monolayer of GUVs increlase@n the basis of

these results, we propose the two-state transition model for the pore formation.

Antimicrobial peptides with bactericidal and fungicidal pore and the mechanism of pore formation are not currently
activity have been found and isolated from a wide variety clear.
of organisms, including amphibians, invertebrates, plants, and Recently, giant liposomes or giant unilamellar vesicles
mammals {, 2). The target of these peptides is thought to (GUVs) of lipid membranes with diameters greater than 10
be the lipid membrane region of the bacterial and fungal xm have been used for investigations of the physical and
biomembranes, but the mechanism of the bactericidal activity biological properties of vesicle membranes such as elasticity
is controversial, and the details of the interaction between and shape change (e.g., réfs-16). The shape of a single
antimicrobial peptides and lipid membranes remain unclear. GUV and its physical properties in water can be measured

Among these antimicrobial peptides, magainin 2, which in real time. Therefore, GUVs have a great advantage over
was at first isolated from the African clawed frd@gnopus smaller liposomes such as LUVs and small unilamellar
laevis (3, 4), has been extensively investigated. Magainin 2 vesicles (SUVS) in investigating the physical properties and
forms ano-helix in the lipid membrane interface parallel to  structural changes of liposomes. So far, almost all studies
the membrane surfac®,(6). Studies with the fluorescent of liposomes have been carried out on a suspension of many
probe, calcein, show that interaction of magainin 2 causessmall liposomes such as LUVs and SUVs using light
leakage from large unilamellar vesicles (LUV<pntain- scattering, fluorescence spectroscopy, electron spin reso-
ing negatively charged lipids7( 8). Extensive investi- nance, and X-ray scattering. In these studies, the average
gations suggest that this occurs through a pore formed byvalues of the physical parameters of liposomes have been
insertion of several magainin 2 molecules into the lipid obtained from large numbers of liposomes, and thereby much
membrane ¢, 10). However, the characteristics of the information has been lost (e.g., refs 8, 10, 17, 18). In
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contrast, studies of single GUVs provide information on the film at 37 °C as follows (5, 21). One hundred microliters
structure and physical properties of single GUVs as a of 1 mM phospholipid mixtures (e.g., DOPG and DOPC) in
function of time and spatial coordinates (the single GUV chloroform was placed in a glass vial (5 mL) and dried under
method) (9). It is expected that the single GUV method a stream of N gas to produce a thin, homogeneous lipid
will provide a great deal of new information on the structure film. The solvent was completely removed by placing the
and function of biomembranes and lipid membranes which bottle containing the dry lipid film in a vacuum desiccator
cannot be obtained by the studies on the suspension of LUVsconnected to a rotary vacuum pump for more than 12 h. Next,
and SUVs 19). For example, the single GUV method has 10uL of water was added into this glass vial, and the mixture
been successfully used to study membrane fusion and vesiclavas incubated at 48C for 10 min (prehydration). The
fission 0, 21). hydrated lipid film was then incubated with 2 mL of buffer

In this report, we investigated the interaction of magainin A (10 MM PIPES, pH 7.0, 150 mM NaCl, and 1 mM EGTA)
2 with lipid membranes using the single GUV method. As containipg 0.1 M sucrose or 2 mL of 1 mM calcein in buffer
described above, all previous experiments on the interaction” containing 0.1 M sucrose for-23 h at 37°C. Untrapped
of magainin 2 with liposomes were carried out using LUVs calcein was removed as described in our previous repgt
and SUVs. In particular, the leakage of internal contents from The GUV suspension was centrifuged at 149@fF 10 min
|ip030mes induced by magainin 2 was measured using aat 20 °C to remove multilamellar vesicles (MLVS) The
suspension of many LUVs, i.e., an ensemble of LUVs3( supernatant was collected and passed through a Sephadex
10). We predicted that we would gain new information on G-75 column with buffer A containing 0.1 M glucose, and
the interaction of magainin 2 with lipid membranes by the the fractions containing GUVs were collected.
single GUV method. For this purpose, we used GUVs of A 10 uL aliquot of the GUV solution (containing 0.1 M
lipid membranes of dioleoylphosphatidylcholine (DOPC) and sucrose solution; internal solution) was diluted into 290
a negatively charged dioleoylphosphatidylglycerol (DOPG) of 0.1 M glucose in buffer A (external solution) and then
mixture (i.e., DOPG/DOPC GUVs). Low concentrations-(3  transferred into a handmade microchamld&x (6). A slide
10 uM) of magainin 2 induced a rapid leakage of a dlasswas coated with 0.1% (w/v) BSA in buffer A containing
fluorescent probe, calcein, from the inside of single DOPG/ 0.1 M glucose. We observed GUVs using an inverted
DOPC GUVs without disruption of liposomes or changes fluorescence phase contrast microscope (IX-70; Olympus,
in their membrane structure. These results indicate that Tokyo, Japan) at 2@t 2 °C. Phase contrast images and
magainin 2 formed a pore (or pores) in the membrane fluorescence images of GUVs were recorded using a CCD
through which calcein leaked. We further analyzed the camera (DXC-108; Sony, Tokyo, Japan) with a video
characteristics of the magainin 2-induced leakage of calceinrecorder 0, 23). The fluorescence intensity inside of GUVs
from single GUVs and compared it with that from the Wwas determined using Image J (version 1.33u; National
suspension of LUVs. Shape changes in these GUVs occurrednstitutes of Health, Bethesda, MD), and the average intensity
prior to the pore formation and also at lower concentrations Per GUV was estimated. As GUVs, we selected vesicles
of magainin 2, which could not induce the pore formation. Whose membranes had a low contrast and a high undulation
The analysis of the magainin 2-induced shape changes showgnotion. Various concentrations of magainin 2 or lyso-PC in
that binding of magainin 2 to the external monolayer of the buffer A containing 0.1 M glucose were introduced slowly
GUV increases its membrane area, inducing an increase inin the vicinity of a GUV through a 2@m diameter glass
its surface pressure. On the basis of these results, we discuslicropipet positioned by a micromanipulator. The details
the character of the pore in the membrane and the mechanisn®f this method are described in our previous repd 16,

of the pore formation by magainin 2. 21, 23).
Formation of LUVs and Interaction of Magainin 2 with
EXPERIMENTAL PROCEDURES DOPG/DOPC LUVsLUVs of DOPG/DOPC were prepared

by the extrusion method using 200 nm pore membra2@s (

Materials and Peptide SynthesBOPC and DOPG were  The appropriate amounts of lipids in chloroform were mixed
purchased from Avanti Polar Lipids Inc. (Alabaster, AL). and dried under a stream ofNas, after which the solvent
Calcein was purchased from Dojindo Laboratory (Kuma- was completely removed by placing the sample in a vacuum
moto, Japan). Bovine serum albumin (BSA) was purchased desjccator connected to a rotary vacuum pump for more than
from Wako Pure Chemical Industry Ltd. (Japan). Peptides 12 h. To prepare MLVs, 1 mL of 70 mM calcein in water
were synthesized by the FastMoc method using a 433A (pH 7.0; adjusted with NaOH) was added to the dry lipid
peptide synthesizer (PE Applied Biosystems, Foster City, fim, and the suspension was vortexed several times for
CA). The sequence of magainin 2 (23-mer) is GIGKFLH-  approximately 30 s at room temperature. Next, the suspension
SAKKFGKAFVGEIMNS, and it has an amide-blocked C  of MLVs was subjected to five cycles of freezing in liquid
terminus. The methods for purification and identification of N, for 2 min, followed by warming to room temperature for
peptides were described in our previous pape8s22). The 20 min (freeze-thawing). The resulting solution was ex-
purified peptides were analyzed by ion spray ionization masstryded through a 200 nm pore membrane using a LF-1
spectrometry using a single quadrupole mass spectrometey jposoFast apparatus (Avestin, Ottawa, Canada) until the
(API 150EX, PE SCIEX; PE Applied Biosystems, Foster sojution became transparent. To remove the untrapped
City, CA). The measured mass of magainin 2 was 2465  cajcein, the LUV suspension was passed through a Sephadex
1 Da, which corresponds to the molecular mass calculatedG-75 column equilibrated in buffer A. A Hitachi F3000
from their amino acid composition. spectrofluorometer was used for fluorescence measurements.

Formation and Microscopic Obseation of GUVsGUVs Fluorescence intensities of samples were measured at room
were prepared in buffer by the natural swelling of a dry lipid temperature. The excitation wavelength was 490 nm, and
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Ficure 1: Leakage of calcein from single 50% DOPG/DOPC GUVs induced plyl7againin 2. (A) Fluorescence images (2) show that

the calcein concentration inside the GUV progressively decreased after the addition of magainin 2. The numbers above each image show

the time after the addition. Also shown are phase contrast images of the GU¥ @) and at 47 s (3). The bar corresponds tadD (B)
Time course of the change of the fluorescence intensity of the GUV shown in (A). A red solid line represents the best fitted curve of eq
7 (keak = 0.49 s'%; t,, = 42 s). (C) Other examples of change in the fluorescence intensity of the GUV with time under the same condition.

the emission wavelength was 520 nm. The excitation and each other and the shape of the GUV did not change (i.e., it
emission band-passes were 1.5 nm. The concentration of totalvas always spherical). This indicates that the leakage of
phospholipids in the samples for fluorescence measurementgalcein did not occur as a result of instability of the
was 42uM, as determined by the Bartlett method. The membrane structure due to large deformation of the associ-
fluorescence intensity of the DOPG/DOPC LUV suspension ated vesicles as has been reported in the interaction of poly-
in the absence of magainin 2 and that in the presence of(ethylene glycol) with vesicles18). Thereby, we can
0.6% (v/v) Triton X-100 were taken as 0% and 100% reasonably consider that calcein leaked from the GUV

leakage, respectively. because of the formation of a pore (or pores) in the mem-
brane by magainin 2. These results, therefore, provide direct
RESULTS AND DISCUSSION evidence for the pore formation in the membrane by

Induction of Calcein Leakage from DOPG/DOPC (50:50 Magainin 2 as proposed by Matsuzaki and colleagues on the
mol %) GUV (50% DOPG/DOPC) by Magainin /e first basis of §tud|es c_)f LL_JVs7( 10). Comparison of the phase
examined the effect of introducing /M magainin 2 (in  contrast images in Figures 1A (1) and 1A (3) also shows
buffer A containing 0.1 M glucose at 2& 2 °C) in the that there was a substantial loss in the contrast of the GUV,
vicinity of a 50% DOPG/DOPC GUV containing 1 mM indicating that, during the leakage of the calcein, sucrose
calcein. The magainin 2 solution was introduced through a @nd glucose passed through the membrane, apparently
micropipet controlled by a micromanipulator. Before the through the same pore that allowed the calcein leakage. When
addition, the GUV had a high contrast in a phase contrast 0ther 50% DOPG/DOPC GUVs were treated withuM
microscopic image [Figure 1A (1)] due to the difference in magainin 2 by the same method described above, there was
concentrations of sucrose and glucose between the insided similar complete leakage of calcein and sucrose in all of
and the outside of the GUV [i.e., 0.1 M sucrose (inside the the GUVs (Figure 1C); at first, the fluorescence intensity
GUV) and 0.1 M glucose (outside the GUV)]. A fluorescence decreased gradually, andtat t; the rapid decrease in the
microscopic image of the same GUV [Figure 1A (2)] shows fluorescence intensity began to occur. Once the fluorescence
that there is a high concentration of calcein inside the GUV intensity started to decrease rapidly, it quickly reached zero
at this time. During the introduction of theiM solution of ~ Within 5.6 = 0.8 s (Figure 1C), which was determined by
magainin 2, there was a gradual reduction in the fluorescencethe duration betweety and the time when the fluorescence
intensity inside the GUV over the first 40 s, after which{42  intensity,I(t), reached 10% df(t;). This result indicates that
47 s) the fluorescence intensity decreased rapidly (Figureonce the leakage of calcein started, all of the calcein mol-
1B). After 47 s, fluorescence was not detected inside the ecules leaked quickly from the GUVs within 56 0.8 s.
GUV, but a phase contrast image of the same GUV [Figure We next investigated the effect of /A magainin 2 in
1A (3)] shows that the GUV was not broken and still existed. the same system. A phase contrast microscopic image prior
We can reasonably consider that the gradual decrease in thgo the addition of magainin 2 [Figure 2A (1)] showed high
fluorescence intensity was due to the photobleaching of contrast, and a fluorescence microscopic image [Figure 2A
calcein, as discussed later. These results clearly show tha{2)] revealed a high concentration of calcein inside the GUV.
the leakage of calcein from the inside to the outside of the During the addition of 4«M magainin 2, the fluorescence
GUV did not occur as a result of the disruption of the GUV, intensity inside the GUV gradually decreased for the first
although this was observed in the interaction of detergents135 s, after which there was a rapid decrease between 135
such as Triton X-100 with GUV(). Figure 1A also shows and 170 s [Figure 2B)]. After 200 s, there was no
that, during the leakage of calcein, GUVs did not associate fluorescence intensity inside the GUV, although the phase
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Ficure 2: Leakage of calcein from single 50% DOPG/DOPC GUVs induced blyl4nagainin 2. (A) Fluorescence images (2) show that

the calcein concentration inside the GUV progressively decreased after the addition of magainin 2. The numbers above each image show
the time after the addition. Also shown are phase contrast images of the GUY @) and at 200 s (3). The bar corresponds ta20

(B) Time course of the change of the fluorescence intensity of the GUV shown in (A). A red solid line represents the best fitted curve of
eq 7 Keak = 0.059 s1; t, = 135 s). (C) Other examples of change in the fluorescence intensity of the GUV with time under the same
condition.

contrast image [Figure 2A (3)] showed that the GUV was We can consider that the binding of magainin 2 to a GUV

not broken. In contrast, in some GUVs under the same reached equilibrium less than approximately 30 s after its
condition, there was only a continual gradual decrease inintroduction through the micropipet, judging from the result

the fluorescence intensity during the addition ofu# of Figure 1C (see The Two-State Transition Model of the

magainin 2 (Figure 2B®)). When we observed single GUVs  Pore Formation Induced by Magainin 2 for details). Thereby,
without the introduction of magainin 2 as a control experi- this result suggests that the pore formation by magainin 2
ment, we observed only this gradual type of decrease in theoccurred stochastically.

fluorescence intensity with the same time dependence. cp,qacteristics of the Leakage of Calcein from DOPG/
Thereby, we can reasonably consider that this gradual yyp~ Uy Induced by Magainin Zhe results of Figures

dﬁgigﬁfeeagﬁ-nthif gggg.icinhcj E‘;egsé%’m\;‘;ast .gq:e et?)f :221 and 2 clearly show that the leakage of calcein from the
P ng n. phas stimag GUV occurred through the pore formed by magainin 2 in

GUV [Figure 2A (3)] shows a large decrease in the contrast the membrane of the GUV and was not mediated by

as in Flg_ure 2A (1), indicating that, during the leakage of disruption of the vesicle structure. Very recently, Ambroggio
the calcein, sucrose and glucose passed through the pore from

which calcein leaked. As the result of the interaction of 7 et &tld reporter(]j thaps —am;;lot!d pe dpt|ded atr;]d ?nt'limcrOb'?lth
uM magainin 2 with the GUVs (Figure 1), these results of ﬁep| €s suc bas maﬁu a ITAI In ucel . ('ad eafl ageG%V €
the effect of 44M magainin 2 clearly show that the leakage uorescerjt probe .(su'c as Alexa maieimi €) from S
of calcein and sucrose from the GUV occurred through the although' its quantitative analysis was not undgrtam; (
pore formed by magainin 2. The rate of the decrease in the25). Their results support our conclusion described above.
phase contrast was rapid compared with that of the decrease Here we analyze the magainin 2-induced leakage of calcein
in the fluorescence intensity, judging from the result that from the GUVs quantitatively. As shown in Figures 1C and
the fluorescence intensity of the GUV was sufficiently high 2C, the onset of leakage from the GUV due to the pore
when the phase contrast between the inside and the outsidéormation was stochastic. In the case of 50% DOPG/DOPC
of the GUV disappeared completely. It indicates that the GUVs, at =7 uM magainin 2, the complete leakage of
leakage of sucrose through the pore was faster than that ofcalcein from the GUV occurred in all the examined GUVs
calcein. within 5 min after the introduction of magainin 2. At lower
When other 50% DOPG/DOPC GUVs were treated with concentrations (35 «M), on the other hand, magainin 2
4 uM magainin 2 by the same method described above, we induced the complete leakage of calcein in only some of the
found a similar rapid complete leakage of calcein from the examined GUVs within 5 min, but in other GUVs no leakage
GUVs within 5 min in 11 of 16 GUVs. Thus, the probability occurred. At very low concentrations<{2 «M), we did not
that a GUV did not contain calcein at 5 min under the same observe the rapid decrease in the fluorescence intensity, and
conditions was 0.69. Figure 2C shows the changes inthereby, no leakage of calcein was induced by magainin 2.
fluorescence intensity of several GUVs under the same These results indicate that, in the estimation of the leakage
conditions as in Figure 2B. After some lag time, the rapid of the internal contents of a single liposome, the probability,
decrease in the fluorescence intensity started stochasticallyPy (t), that a liposome (in this case, a GUV) does not contain
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Ficure 3: (A) Dose-response of magainin 2 for the fraction of completely leaked GR\¢t), among all the 50% DOPG/DOPC GUVs

att = 5 min (O) andt = 1 min (¥) after the addition of magainin 2. (B) Time course of the fraction of intact GB¥ac(t), after the

addition of various concentrations of magainin M) Q «M, (O) 3 uM, (®) 4 uM, (») 5uM, (a) 7 uM, and ©) 10 uM. Red solid lines
represent the best fitted curves of eq 6. (C) The time required to leak 90% calcein molecules from single 50% DOPG/DOPC GUVs in the
presence of various magainin 2 concentrations. It was determined by the duration bigtereéthe time when the fluorescence intensity,

I(t), reached 10% of(ty). (D) Dose-response of magainin 2-induced leakage from a suspension of 50% DOPG/DOPC LUVs at various
times (1, 5, and 10 min) after the addition of magainin 2. (E) Time course of magainin 2-induced leakage of calcein from a suspension of
50% DOPG/DOPC LUVs after the addition of various concentrations of magainilP0 £M, (O) 3 uM, (@) 4 uM, (») 5uM, (A) 7 uM,

and ©) 10 uM. The bars in panels AC indicate the standard deviation.

calcein molecules among all of the examined liposomes the rate of leakage depended on the magainin 2 concentration.
(GUVs) at any given timet, is important. Such kind of  Figure 3D shows the dependence of the fraction of leakage
liposome was produced by the complete leakage of calceinof calcein from 50% DOPG/DOPC LUVs on magainin 2
from the liposome at any time within Thereby, we call concentration at 1, 5, and 10 min after mixing of the LUV
P.(t) the fraction of completely leaked GUV &abr shortly suspension with the magainin 2 solution. These results
the fraction of leaked GUV. Figure 3A shows the dependence resemble those obtained in the leakage experiments using
of P_(t) on the magainin 2 concentratioB. (t) increased as  the LUV suspension reported elsewheig 8, 10); the

the magainin 2 concentration increased; in the case=05 leakage from many LUVs in the suspension increased
min, at and less than 2M, magainin 2 did not induce the gradually with time. In these leakage experiments using an
leakage [i.e.P.(5 min) = 0], andP(5 min) at 3 and 4M ensemble of LUVs, we estimated a fraction of the leaked
were 0.10+ 0.06 and 0.5% 0.11, respectively, and at7 calcein molecules from many vesicles among all of the

uM, P.(5 min) was 1.0. Figure 3B shows that the fraction contents of calcein molecules in all of the vesicles. This is
of intact GUV which calcein did not leak from the GUV the average fraction of leakage from all of the vesicles, and
(shortly the fraction of intact GUV) decreased with time, we define it ad= (t) (%). Itis related tdP,(t) obtained from
indicating thatP,(t) increased with time. Moreover, once the single GUV experiments as follows:

the leakage started, all of the fluorescent probes (i.e., calcein) NP, (o

were quickly lost from the GUVs (e.g., 56 0.8 and 31.5 FL)= e« 100= P.(t) x 100 (2)

+ 4.7 s for 7 and M magainin 2, respectively; Figure N

3C). These results indicatg that the rate-determining step isyhere o is the average number of calcein molecules in a
the step of the pore formation, not the rate of the leakage of single LUV andN, is the number of LUVs in the suspension.

calcein through the pore. Equation 1 shows thaF,(t) is equal to the fraction of
We next compared the characteristics of magainin 2-in- completely leaked LUV among all of the LUV (t).

duced calcein leakage from single GUVs with that from Indeed, the curve oP.(t) as a function of magainin 2

many LUVs. Figure 3E shows the time course of calcein concentration (Figure 3A) is similar to that Bf(t) (Figure

leakage from 50% DOPG/DOPC LUVs induced by various 3D), which supports the validity of eq 1.

concentrations of magainin 2. The amount of leakage from  Until now, it has been thought that the magainin 2-induced

these LUVs occurred gradually over a period of 17 min, and leakage of calcein from an ensemble of LUVs occurs
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gradually from each LUV for 520 min; i.e., ittakes along  determined by isothermal titration calorimet&i7( 29). For

time (5-20 min) to leak all calcein molecules from each example, in the binding of magainin 2 with LUVs of
LUV after the leakage startd@). However, our results using  1-palmitoyl-2-oleoyl-PC (POPC)/1-palmitoyl-2-oleoyl-PG
the single GUV method indicate that the complete leakage (POPG) (3:1 molar ratio)<, was 0.03 (i.e., 30 mmol/mol)
from single GUVs occurred within less than 1 min (Figure at C; = 7 uM in a buffer (10 mM Tris, pH 7.4, 100 mM
3C) and thatP, (t) increased with time. Therefore, we can NaCl) at 45°C, and K = 110 M! (27). In the LUV
reasonably consider that the gradual increase in the leakagesuspension there is a larger area of membranes which
from an ensemble of LUVs with time (Figure 3E) is due to magainin 2 binds to than in the single GUV, and thereby,
the increase oP_(t) and, thereby, due to an increase in the the free (equilibrium) concentration of magainin 2 in the bulk

number of individual LUVs [i.e.N; P_(t)] that had com-
pletely lost their internal contents (i.e., calcein). The relation-
ship between the total amount of leakage of calcein from
the ensemble of LUVs [i.eN; P (t)a] and the amount of
calcein in a single LUV ¢) is similar to that between
macroscopic conductanag,and single channel conductance,
y, of ionic channel proteins2@):

)

where Nchannel IS the number of ionic channels in the
membrane an®openis the probability of the open state (i.e.,
the fraction of open state). Most ionic channels can be in

g= NchannePoperV

solution of the LUV suspension is smaller than that in the
absence of LUVs and decreases with an increase in lipid
concentration as a result of the binding of magainin 2 to the
membrane Z9). As a result, the magainin 2 concentration
in the membrane interface (which is proportional Xg)
decreases with an increase in lipid concentration. Therefore,
the amount of leakage of calcein from the ensemble of LUVs
is determined by the peptide-to-lipid molar ratio, P/L, not
by the peptide concentration in the bulk solutid©) In

our experiments of the effect of magainin 2 on the LUVSs,
values of P/L were in the range from 0.071 (atu®l
magainin 2) to 0.27 (at 1@M). On the other hand, for the
single GUVs, the concentration of magainin 2 in the bulk

one of two states, open or closed; therefore, the open channel | ition is constant, the same as that of the magainin 2

probability can be determined by the single channel record-

ing. Becausey is constant, the increase mis due to an

solution introduced by the micropipet. Thereby, the magainin
2 concentration in the membrane interface of the GUV

increase inPopen induced by environmental changes, such jepends only on the magainin 2 concentration in the bulk
as an elevated membrane potential or increased “ga”dsolution, not on P/L. Applying the same method [based on

concentrations26).
The small difference between the curveRpfas a function
of magainin 2 concentration (Figure 3A) and thatFeft)

the Gouy-Chapman theory2@)] as that used for the binding
of magainin 2 to LUVs 27, 29), we tried to obtain values
of X, in the interaction of various concentrations of magainin

(Figure 3D) was observed. For example, the magainin 2 5 ith 5006 DOPG/DOPC GUVs, using the same value of

concentration aP (5 min) = 0.5 was 3.5M for the single
GUVs and that af (5 min) = 50% was 5.8«M for the
ensemble of LUVs. For aM magainin 2, the time a®, =
0.5 (i.e.,t12) was 1.4 min for the single GUVs and that at
FL = 50% (i.e.,tiz) was 8.0 min for the ensemble of LUVs.

K as that for 25% POPG/75% POPC LUVs at45[K =
110 Mt (27)] and the same value @[z = 3.8 (27)]. For
example, in the interaction of ZM magainin 2 with 50%
DOPG/DOPC GUVs (Figure 1), was 0.088 (i.e., 88 mmol/
mol) at C; =7 uM in buffer A at 20°C. This value may

These data suggest apparently that magainin 2 forms the pore.giain an error because the value I§f depends on

in the membrane more effectively in single GUVs than in e mperature, surface charge density, and curvature of the
the ensemble of LUVs. This phenomenon can be explained ,oambrane. As described abowé, (i.e., the P/L in the
as follows. The leakage of calcein from a liposome depends oyiernal monolayer of the GUVs) is an important parameter

on the magainin 2 concentration in the membrane interface po . se it determines the leakage of calcein from a liposome.
(see The Two-State Transition Model of the Pore Formation Ts estimation and the results shown in Figure 1 indicate

Induced by Magainin 2 for details), which is proportional to
the molar ratio of the magainin 2 bound with the membrane
interface per total lipid in the solutiorx,. The value ofX,

is determined by the binding constaHt, and the magainin

that at a high value oK, around 0.088 the calcein leaked
quickly in all of the GUVs. On the basis of the above
discussion, when we compare the results of the single GUVs
and the LUV suspension (Figure 3A,D), we have to keep in

2 concentration immediately above the membrane interface, jing that the free (equilibrium) magainin 2 concentration

Cw, as follows @7):

X, = KCy 3)

On the basis of GouyChapman theory2g), Cy depends
on the free (equilibrium) peptide concentration in the bulk
solution,C;, and also on the electrostatic interaction between
the peptide and the membrane interface as follox@: (

Cu = C; exp(-ze¥/kgT) (4)

where z is the net electric charge of magainin &,the
electronic chargdy, the surface potential of the membrane,
ks the Boltzmann constant, afidthe absolute temperature.
The binding isotherms of magainin 2 to lipid membrane, i.e.,
X, as a function ofZ;, and also the binding constait, were

in the bulk solution for the LUV suspension is smaller than
that for the single GUVs, and thereby, the magainin 2
concentration in the membrane interface of the LUV is
smaller than that of the GUV. This is the main reason for
the apparent result that lower concentrations of magainin 2
induced the pore formation in the membrane in single GUVs
than in the ensemble of LUVs. The precise control of the
peptide concentration in the bulk solution will be an
advantage of the single GUV method, and thereby, we do
not have to consider P/L in the single GUV method.
Shape Change of 50% DOPG/DOPC GUV Induced by
Magainin 2. We performed several experiments to clarify
the mechanism of the pore formation by magainin 2. Analysis
of shape changes of GUVs is a highly sensitive method for
detecting the interaction of substances with lipid membrane
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Ficure 4: Shape changes of 50% DOPG/DOPC GUVs induced by the addition of magainin 2°@t 2Q) A prolate changed into a
dumbbell and then into symmetrical two spheres connected by a narrow neck upon additionMfr@dgainin 2. (B) A cylinder changed

into pearls on a string upon addition of 0.5 magainin 2. (C) A prolate changed into a pear and then into asymmetrical two spheres
connected by a narrow neck upon addition gfNd magainin 2. The numbers above each image in panel€ Andicate the time after the
addition of magainin 2. The bar corresponds toutd.

(15, 16). For this purpose, we use nonspherically shaped closed membrane. It is thought that the “area-difference-
GUVs, because the shape of spherical GUVs cannot beelasticity” model (ADE model), also known as the “general-
changed without the interaction of other GUVs. Generally, ized bilayer-couple” model, effectively explains the shape
when we prepare GUVs of lipid membranes in the liquid- changes of the GUV1, 21, 30, 31). In the ADE model,
crystalline (L) phase using the natural swelling meth@8,(  the area of each monolayer is not fixed to the equilibrium
16), the GUVs have many kinds of shapes such as spherearea, but the monolayer membrane can stretch elastically to
prolate, tube, two spheres connected by a narrow neck, pearlsncrease the membrane’s nonlocal elastic energy. Thus, the
on a string 15, 16). The shape of GUVs is determined by elastic energy of the GUWY,) can be expressed as a sum
the minimization of the elastic energy of the closed mem- of the membrane bending energy and the energy of the
brane, and thereby it depends on several conditions whenrelative monolayer stretching. In the ADE model, the shape
these GUVs are formed (see below for details). In the caseof the GUV is determined by the minimization of the
of GUVs of the charged lipid membrane, the spherical shape membrane elastic energy\V{) for a given area, volume
is the mos_t dominant one, _byt other shapes are also formedv’ and difference AAo(= ASX _ Ag1)] between the area of
R e how maganin 2 nieracs wih he DOPC! the external ) and temal monolayer) n the GV

' Sbilayer membrane under the relaxed (i.e., nonstretched)

of DOPG/DOPC GUVs. Panels A and B of Figure 4 show . ;
. . condition @0, 31). The analysis based on the ADE model
two kinds of shape changes in 50% DOPG/DOPC GUVs shows that, under the condition of the constant volume of

following the introduction of low concentrations<{ x«M) the GUV, the shape changes as follows: Ad% increases

of magainin 2 in the vicinity of the GUV through a 20m ; .
diameter micropipet. In the absence of magainin 2, the GUV (1) a prolatea pear (i.e., asymmetric prolate) or a dumbbell
: ’ (i.e., symmetric prolate)—~ two spheres connected by a

had a prolate shape (Figure 4A, 0 s). After the addition of narrow neck and (2) a cylinder pearls on a string, These

5uM inin 2, th V ch i I sh : -
0.54M maggainin 2, the GUV changed into a dumbbell shape shape changes are the same as those induced by magainin 2

(Figure 4A, 4 s) and then into two spheres connected by a; ; ) .
neck (Figure 4A, 8 s)(= 8). Further addition of magainin "' e 50% DOPG/DOPC GUVs (Figure 4). This analysis

2 did not change the shape (Figure 4A, 220 s). This Shapef[herefore shows that magainin 2 binds to the membrane
change was not observed upon introduction of 0,085 mterface of the extern.al m.onolayc.er of the GUVs from the
magainin 2. Figure 4B shows another type of shape change:0UtSide agueous solution, increasing fiw of the GUVs.
a cylindrical shape of GUV (Figure 4B, 0 s) changed into a At the first step of the binding, magainin 2 binds to the
series of many smaller, spherical vesicles connected by aSurface of the membrane interface as a result of the
narrow tube (so-called “pearls on a string”) (Figure 4B, 10 €lectrostatic attraction between the positive charges of
s) (= 9). Again, this shape change was not observed uponMagainin 2 and the negative charge of DOPG in the
introduction of 0.005«M magainin 2. Figure 4C shows a membrane interface. This may decrease thg area of the
shape change in a 50% DOPG/DOPC GUV induced by the external monolayer as a result of the neutralization of the
addition of a high concentration (@) of magainin 2. A charges on the DOPG molecules. Magainin 2 can then be
prolate (Figure 4C, 0 s) changed into two spheres connectedoartitioned deeply into the membrane interface owing to its
by a neck (Figure 4C, 5 s), after which the phase contrast of high interfacial hydrophobicity 16, 22, 32), inducing an
the spherical vesicles was lost one by one (Figure 4C,-57.5 increase in the steric repulsion between the peptide and the
61 s). This indicates that magainin 2 formed a pore (or pores) hydrophilic segments of lipids in the membrane interface,
in the membrane of the spherical vesicle through which which increases the area of the external monolayer. In our
sucrose and glucose could pass. previous report, we clearly showed that a de novo designed
The results of Figure 4 clearly show that very low peptide (WLFLLKKK) containing a segment with high
concentrations of magainin 2 induced shape changes in thenterfacial hydrophobicity (WLFLL) can bind to the electri-
50% DOPG/DOPC GUVs. What is the mechanism for these cally neutral membrane interface of a DOPC membrane,
shape changes? The shape of GUV of lipid membranes isincreasing the area of the monolayer membraté). (
determined by the minimization of the elastic energy of the Magainin 2 has many Phe and Leu residues, which have high
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Table 1: Rate Constant from the,BState to the P State and Time
Required for the Binding Equilibrium of Magainin 2 in the Presence
of Various Concentrations of Magainin 2

(A) g

rate constant from time required for
magainin 2 Bex State to P state, binding equilibrium of
conc (M) ke (Min—2) magainin 2feq (S)

B) 1ol ' s il s [ 10 1.6 2
e = 7 1.1 7
08t N ] 5 0.76 10
4 0.18 23

o-helix parallel to the membrane surfacg @), and the
second state (P state) is the pore state in the membrane. As
02t 1 a model of the structure of the pore in the membrane formed
by magainin 2, the toroidal (wormhole) pore is generally
: , , considered g, 33). In this model, the membrane surface
2 |9 6 8 bends in a toroidal fashion to create a pore. At present, we
AgaiinZ Conas{Hidt do not know the number of the pores in the membrane
FiGURES: (A) Shape change of a 50% DOPG/DOPC GUV induced formed by magainin 2 in the P state. The rate constant of

by the addition of .M lyso-PC at 20°C. A prolate changed into. ¢ ransition from the B state to the P statd, depends
symmetrical two spheres connected by a narrow neck. The bar !

corresponds to 1um. (B) Effect of lyso-PC in the external ©ON activation energy (energy barrieBr, and is given by
monolayer on the doseesponse of magainin 2 on the fraction of the equation:

completely leaked GUWR, (5 min), in the presenc@®) and absence

(») of 5 uM lyso-PC. The bar indicates the standard deviation. Ko = A exp(—Ex/kgT) (5)

Fraction of leaked GUV
E =
(=21
[ L ]
—t—
——

interfacial hydrophobicity; therefore, after neutralization of \yherekg is the Boltzmann constant aridis the absolute
positive charges of Lys residues, the peptide has a hightemperature. However, individual events of the two-state
interfacial hydrophobicity so that it can partition deeply in  transition occur stochastically, which has been well demon-
the membrane interface. This effect on the area of the strated by the transition between open and closed states of
external monolayer is greater than that of the electric single jonic channels3@) and by the force-induced unfolding
neutralization. Thus, the main reason for changes in the shapegyf proteins 85). To estimate the rate constag we have
of the GUVs is that magainin 2 increases the membrane aregq ghtain the fraction of the & state of GUVs among all of
of the external monolayer of the GUVs by binding to the the examined GUVs. If we assume that the pore formation
membrane interface. occurred by the irreversible two-state transition from the B
Effect of Lysophosphatidylcholine (Lyso-PC) on the Ma- state to the P state, the fraction of the,Btate can be
gainin 2-Induced Leakage of Calcein from DOPG/DOPC getermined by the fraction of intact GUV which calcein did
GUVs.We investigated the effect of the surface pressure in not |eak (shortly the fraction of intact GUV)Piac(t).
the external monolayer of GUVs on the pore formation. To gxperimentally, we obtained the time at which the rapid
increase the surface pressure, we solubilizedi#5yso-PC decrease in the fluorescence intensity of a GUV started
(16:0), which is less than the critical micelle concentration, (Figures 1C and 2C), and we define the state of GUV before
in the SOlution OUtSide the GUVs before the addition Of this time as the B(State_ On the other hand, the P state can
magainin 2. Generally, lyso-PC in the external solution enters pe defined as the state of GUV which calcein is leaking or
into the external monolayer membrane of GUVs, which the state of GUV which calcein was completely leaked (i.e.,
increases the area of the monolayer and its surface pressurgiq not contain any calcein molecules), and thereby, the
(21). In the case of 50% DOPG/DOPC GUVsy# lyso- fraction of the P state can be expressed asPlc(t). Figure
PC (16:0) induced a shape change such as the prolate to tW@pg shows the time course of the fraction of thg Btate
spheres connected by a neck (Figure 5#(12), indicating  (j.e., the fraction of intact GUV) in the presence of various

increases the area of the monolayer and its surface pressure.

Figure 5B shows the dependence Bf(5 min) on the Pintaclt) = eXp[—kp(t — too)] (6)
magainin 2 concentration in the presence and absence of 5
uM lyso-PC. At all concentrations of magainin 2, tRe(t) whereteq is an adjustable parameter. At present, we do not

values were higher in the presence than in the absence oknow the exact time required for the equilibration of the
lyso-PC, suggesting that the increase in the surface pressurenagainin 2 concentration in the vicinity of a GUV and the
in the external monolayer increases the rate of the poretime required for the binding equilibrium of magainin 2 from
formation. aqueous solution to the membrane interface of the GUV.
The Two-State Transition Model of the Pore Formation We can reasonably consider thaf is the time when the
Induced by Magainin 2Ve propose a hypothesis of the two- binding equilibrium of magainin 2 is attained, and thereby
state transition model to describe the pore formation by the state of the GUV becomes theBtate ate; As shown
magainin 2 in the membrane. The first state.(Btate) is in Figure 3B, all of the curves of the time course of the
the binding state of magainin 2 to the external monolayer fraction of the By state were well fitted by a single
membrane of the liposomes, where magainin 2 forms the exponential function defined by eq 6. Table 1 shows values
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of two parameterske andteq. The rate constant increased Kkiaxfor 7 uM magainin 2 [i.e. kead 7 «M)] was 0.46=+ 0.06

with an increase in magainin 2 concentration, &ntbr 10 s L. Similarly, in the case of 4M magainin 2, the rapid

#M magainin 2 (1.6 mint) was about 10 times larger than decrease in the fluorescence intensity was also well fitted

ke of 4 uM magainin 2 (0.18 min). Values ofteq were less by a curve represented by eq 7 (Figure 2B). The average

than 30 s and decreased a little with an increase in magaininvalue ofkieax for 4 M magainin 2 kead4 #M)] was 0.09+

2 concentration. We can consider that the rate of the binding0.04 s, which is smaller tharkeax (7 uM). If we assume

equilibrium is larger at higher concentration of magainin 2 that the lifetime of the P state is longer than the duration

in the solution. This may explain the dependence.pbn which the rapid decrease in the fluorescence intensity

the magainin 2 concentration. These results suggest that theccurred (i.e., 5.6 0.8 and 31.5+ 4.7 s for 7 and 4M

pore formation induced by magainin 2 occurs by the two- magainin 2, respectively), the decrease in the fluorescence

state transition. intensity is due to the leakage of calcein through the pores
From the data in this report, we cannot determine the which were formed at the two-state transition from thg B

mechanism of the two-state transition clearly. However, we state to the P state. We can roughly estimate the membrane

propose a hypothesis of the mechanism for future investiga-permeability of calcein through the pore as follows. The

tion as follows. Figures 3A and 4A,B show that the shape fluorescent probe, calcein, diffuses through the pore from

changes in the GUVs were induced at very low concentra- the inside to the outside of the GUV. Generally, the

tions of magainin 2, which could not induce the pore membrane permeability can be expressed by the flux of a

formation in the membrane. Figure 4C indicates that at high substance], per unit area of membrane [mol/(érs)], which

concentration of magainin 2 the shape change in the GUV is derived by Fick’s law 36):

occurred prior to the pore formation. The kind of these shape .

changes indicates that the area of the external monolayer of J=—P[C"(t) — C*“{(1)] (8)

the GUV increases with an increase in the amount of the

magainin 2 bound to the external monolayer of the GUV. whereP is permeablllty coefficient of the substance in the

This raises the surface pressure of the external monolayefmembrane an@"(t) andC®“(t) are the concentration of the

and increases the stretching of the internal monolayer of thesubstance inside of a GUV and that outside of the GUV at

GUV, destabilizing the B state 21). Hence, as the amount  time t, respectively. Thereby, the rate of leakage of calcein

of the bound magainin 2 in the external monolayer increases,from a GUV can be expressed as follows (here we assume

the free energy of the Bstate increases, causing a decrease C*' = 0 for any time, because the volume of the outside of

in the activation energ§,. As a result, the rate constant of the GUV is very large):

the transition from the B state to the P state increases as

the magainin 2 concentration is raised. This hypothesis of dC"/dt = —4mr’PC"
the mechanism is consistent with several results, such as the in in )
dependence dP_ on the magainin 2 concentration (Figure 0 CU(t) = Cq exp(—4mrPt) )

3A) and the effect of lyso-PC dp_ (Figure 5B). In addition, . ) . ]

lyso-PC and magainin 2 are also known as the substance tgvherer is the radius of the GUV an@," is the concentration

favor the positive curvature of the membrar0)( and of calcein inside the GUV before the leakage. It is reasonable

thereby, these substances may decrease the free energy @ consider that the concentration of calcein inside the GUV

the transition state from the Bstate to the P state and, IS roughly proportional to the fluorescence intensity of the

thereby, decrease the activation energy. At present, we doGUV- From a comparison of eq 7 with eq 9, we can conclude

not know which effect of magainin 2 and lyso-PC is thatP 0 kieak- Using this reIlayonsmp, we can determine the

dominant. As a result of the large structural changes involved ratio of P for 7 uM magainin P(7 uM)] to P for 4 uM

in the transition from the B state to the P state, as well as Magainin P(4 uM)] as follows:

the prior destabilization of the internal monolayer (due to

the large stretching), some magainin 2 molecules and some P(7uM) _ kead74M) _0.46_ 5 (10)

lipids in the external monolayer may reach the internal P(4uM) KgduM) 0.09

monolayer of liposomes. This can reasonably explain the

observed flip-flop of lipids and magainin 2 from the external The membrane permeation of calcein characterized by the

to the internal monolayer7( 33). permeability coefficientP, is determined by the pore formed
In the P state, the fluorescence intensity of the GUY, by magainin 2 in the membrane. If the size of the pore of

decayed almost exponentially with time. Figure 1B shows magainin 2 does not depend on the magainin 2 concentration,

that the time course of the rapid decrease in the fluorescenceeq 10 indicates that the number density of the pore in the

intensity of the GUV in the presence ofuM magainin 2 membrane at ZM magainin 2 is 5 times higher than that at

was well fitted by a curve represented by the equation: 4 uM magainin 2. If not, eq 10 indicates that the size of the

pore at 7uM magainin 2 is larger than that ag# magainin

I(t) = I(ttr) exp[_kleak(t - ttr)] (7) 2

We do not currently know the lifetime of the pore formed
where t; is the time when the rapid decrease in the by magainin 2 in the membrane. We expect that, eventually,
fluorescence intensity began to ocdut;) is the fluorescence  another two-state transition occurs from the P state to the
intensity at ty, and keax is the decay constant of the hbinding state of magainin 2 in the internal monolayer
fluorescence intensity. Here we used an approximation thatmembrane of the liposomes (the, Btate). Matsuzaki and

the amount of the photobleaching during the leakage of colleagues considered that the pore state is the transition state
calcein was negligible for simplicity. The average value of of the translocation of magainin 2 from the Bstate to the
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Bi, state, and thereby, the lifetime of the pore is very small the single GUV method (including the analysis method of
(7, 10). On the other hand, Huang and colleagues suggestedhe data) described here will provide a great deal of new

that the pore state is very stable at high PA1(30), and

information on the mechanism of antibiotic peptides and

thereby, they succeeded in the crystallization of the pores substances with antibiotic activity.

formed by magainin 2 in the membran®, 37). We can

roughly estimate the value of P/L of the interaction of ACKNOWLEDGMENT

magainin 2 with a GUV. As a typical situation in our
experiment, there is one GUV with a radius of @@ in a
cubic region of an agueous solution (side 108). If we
assume the average area of phospholipids in the membrane
of a GUV is 70 & [the molecular area of DOPC is 72.3 A
(38)], we obtain that the lipid concentration in this cubic
region is 6.0uM. When the magainin 2 concentration is in
the range from 3.0 to 10M, the value of P/L is in the range
from 0.5 to 1.7, which is larger than 1/30. Thereby, we can
consider that, under this condition, the pore state is stable.
Therefore, at present, we consider that our data obtained
using the single GUV method suggest the longer lifetime of
the P state of magainin 2 than the duration of the leakage of
calcein. However, we do not have any experimental evidence
for the lifetime of the P state. We are now developing a new
method to estimate the lifetime of the P state using the single
GUV method. If the lifetime of the P state is shorter than 1
s, this suggests that multiple pores are produced one by one
during the leakage process. This may be possible because
the membrane is so destabilized due to a large structural
change of the membrane at the transition from the P state to
the B, state that the activation energlfp, may decrease
greatly, increasing the rate of transition from thg ® the

P statekp, greatly. Additional data and analysis are needed
to determine which of these possibilities is correct.

CONCLUSION

Our investigation of the interaction of magainin 2 with
lipid membranes using the single GUV method directly
shows that magainin 2 forms the pore in the membrane. The
rapid leakage of the fluorescent probe (calcein) from a GUV
started stochastically, and once it began, the complete leakage
occurred rapidly within about 1 min. This result indicates
that the pore formation is the rate-determining step, not the 12.
leakage rate. In contrast, the leakage from a suspension of
many LUVs occurred gradually over a-3@0 min period.
Thereby, the fraction of completely leaked liposome at a
specific time,P(t), is an important parameter to understand
the mechanism of the magainin 2-induced leakage. Experi-
mental results show th& (t) increased with time. Therefore,
we can reasonably consider that the gradual increase in the 15.
leakage from many LUVs with time is due to the increase
in P.(t). Furthermore, as the magainin 2 concentration
increasedpP, (t) increased. On the basis of our results, we 1g.
proposed the two-state transition model for the magainin
2-induced pore formation. The rate constant of the transition
from the By state to the P state was estimated, and it
increased with an increase in magainin 2 concentration. In
summary, using the single GUV method we succeeded in
obtaining new information on the magainin 2-induced pore
formation in the membrane. For further analysis, we have
to improve the experimental methods and data analysis of
the single GUV method. Our results in this report and the
result of Ambroggio et al.2b) indicate that the GUV is a
promising tool for the investigation on the interaction of the
antibiotic peptides with lipid membranes. We believe that
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