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ABSTRACT: Enzymatic digestion of bovine lactoferrin generates
lactoferricin B (Lfcin B), a 25-mer peptide with strong antimicrobial
activity of unknown mechanism. To elucidate the mechanistic basis of
Lfcin B bactericidal activity, we investigated the interaction of Lfcin B
with Escherichia coli and liposomes of lipid membranes. Lfcin B induced the influx of a membrane-impermeant fluorescent probe,
SYTOX green, from the outside of E. coli into its cytoplasm. Lfcin B induced gradual leakage of calcein from large unilamellar
vesicles (LUVs) of dioleoylphosphatidylglycerol (DOPG)/dioleoylphosphatidylcholine (DOPC) membranes. To clarify the
cause of Lfcin B-induced leakage of calcein from the LUVs, we used the single giant unilamellar vesicle (GUV) method to
investigate the interaction of Lfcin B with calcein-containing DOPG/DOPC-GUVs. We observed that a rapid leakage of calcein
from a GUV started stochastically; statistical analysis provided a rate constant for Lfcin B-induced pore formation, kp. On the
other hand, phase-contrast microscopic images revealed that Lfcin B induced a rapid leakage of sucrose from the single GUVs
with concomitant appearance of a spherical GUV of smaller diameter. Because of the very fast leakage, and at the present time
resolution of the experiments (33 ms), we could not follow the evolution of pore nor the process of the structural changes of the
GUV. Here we used the term “local rupture” to express the rapid leakage of sucrose and determined the rate constant of local
rupture, kL. On the basis of the comparison between kp and kL, we concluded that the leakage of calcein from single GUVs
occurred as a result of a local rupture in the GUVs and that smaller pores inducing leakage of calcein were not formed before the
local rupture. The results of the effect of the surface charge density of lipid membranes and that of salt concentration in buffer on
kp clearly show that kp increases with an increase in the extent of electrostatic interactions due to the surface charges. Analysis of
Lfcin B-induced shape changes indicated that the binding of Lfcin B increased the area of the outer monolayer of GUVs. These
results indicate that Lfcin B-induced damage of the plasma membrane of E. coli with its concomitant rapid leakage of internal
contents is a key factor for the bactericidal activity of LfcinB.

Lactoferrin (LF) is a transferrin-like glycoprotein present in
exocrine secretions such as milk.1,2 LF in milk is

hydrolyzed to various peptides by pepsin digestion under
acidic conditions (e.g., in mammal stomach); some of the
resulting peptides exhibit antimicrobial activity.3,4 Depending
on the species of origin, these peptides are designated
lactoferricin B (Lfcin B) (derived from bovine lactoferrin) or
lactoferricin H (Lfcin H) (derived from human lactoferrin).3

Lfcin B and Lfcin H provide a natural defense against a wide
range of Gram-negative and Gram-positive bacteria, yeast, and
filamentous fungi,3,5,6 and have antitumor activity and
immunomodulatory activities.1,7,8 Lfcin B is composed of 25
amino acids, with an amino acid sequence of FKCRRWQWR-
MKKLGAPSITCVRRAF. Thus, Lfcin B is a highly positively
charged peptide, containing five R residues and three K
residues.5 Lfcin B has a disulfide bond, although this bond is
not important for bactericidal activity.5 The three-dimensional
structure of Lfcin B in aqueous solution reveals a somewhat
distorted antiparallel β-sheet; the molecule is amphipathic,
containing a hydrophobic surface (composed of residues F1,
C3, W6, W8, P16, I18, and C20) opposite a hydrophilic surface
containing the charged residues.9 This amphipathic structure is
reminiscent of other antimicrobial peptides (AMPs).10−12

Shorter segments of Lfcin B also have antimicrobial

activity.7,13−15 An all-D amino acid derivative of a nonamer
core peptide of Lfcin B exhibits the same antibacterial activity
as that of natural, all-L Lfcin B.16,17 This observation suggests
that the target of Lfcin B is the lipid membrane region of
bacterial and fungal biomembranes. Notably, although Lfcin H
(with a length of 47 residues3) is almost double the size of Lfcin
B, the human peptide (i.e., Lfcin H) also exhibits an
amphipathic structure by structural analysis.18 The antimicro-
bial activity of Lfcin B is much higher than that of Lfcin H,3 and
therefore the majority of research on Lfcins has employed the
bovine homologue.
To date, most studies on the interactions of AMPs with lipid

membranes have been performed using a suspension of many
large unilamellar vesicle (LUVs) (i.e., the LUV suspension
method).19 Investigation on interaction of lactoferricin with the
lipid membrane using the LUV suspension method has
revealed that lactoferricin induces leakage of K+ and H+.20−22

In these studies, the average values of the physical parameters
of vesicles have been obtained from a large number of vesicles,
and thereby much information has been lost. Recently we have
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developed a novel method, the single giant unilamellar vesicle
(GUV) method. In this method, we observe and measure the
changes in the structure and physical properties of a single
GUV with a diameter of ≥10 μm that are induced by
interactions of compounds such as peptides and proteins with
the lipid membrane as a function of time and spatial
coordinates. The same experiment is repeated many times
using other single GUVs. Then we combine all the independent
experiments and make statistical analysis of the changes in the
physical properties of a single GUV over the results of many
“single GUVs” to obtain rate constants for the elementary
processes underlying the structural changes and functions of
GUVs.19,23 Using this method, we obtained new information
on the interaction of a specific AMP (magainin 2) with
membrane vesicles. Specifically, during the interaction of
magainin 2 with a single GUV encapsulating a fluorescent
probe (calcein), a rapid reduction in the fluorescence intensity
inside the GUV occurred stochastically. These results indicated
that binding of magainin 2 to the GUV induced stochastic pore
formation in the GUV membrane, thereby permitting leakage
of calcein from the GUV. By analyzing the time course of the
fraction of intact (no leakage of fluorescent probe) GUVs
among all examined GUVs, we obtained the rate constant of
the magainin 2-induced pore formation, kp, and also the rate
constants of membrane permeation (or leakage) through the
magainin 2-induced pores, kmp.

24−27 We also investigated the
interaction of an antibacterial substance, (−)-epigallocatechin
gallate (EGCg), with lipid membranes using the single GUV
method. This analysis demonstrated that EGCg induced
bursting of the GUVs, through which calcein leakage occurred
from the GUV.28 Recently, another method using GUVs, i.e.,
the GUV suspension method, was also used for analysis of
influx of fluorescent probes from the outside to the inside of
GUVs.29−31 The comparison of the single GUV method and
the GUV suspension method is described in our previous
perspective and papers.23,27,39 Hence, the single GUV method
and the GUV suspension method can provide a great deal of
new information that would not otherwise be obtainable by the
conventional LUV suspension method.
In the present report, we elucidated the mechanism of the

antimicrobial activity of Lfcin B by investigating the interaction
of this AMP with Escherichia coli and with liposomes composed
of negatively charged dioleoylphosphatidylglycerol (DOPG)
and electrically neutral dioleoylphosphatidylcholine (DOPC)
mixtures. First we investigated the interaction of Lfcin B with E.
coli. The results indicated that Lfcin B induced the influx of a
membrane-impermeant fluorescent probe, SYTOX green, from
the extracellular space into the cytoplasm; these data suggested
that Lfcin B’s bactericidal activity reflects damage to the E. coli
plasma membrane. Second, Lfcin B-induced leakage of calcein
from LUVs and GUVs of 50 mol %DOPG/50 mol %DOPC
(hereafter PG/PC (1/1)) was investigated to permit direct
assessment of membrane damage by Lfcin B. Third, to
elucidate the mechanism of the Lfcin B-induced calcein leakage,
we investigated peptide-induced structural changes in single
GUVs. Fourth, we investigated the effects of electrostatic
interactions on the Lfcin B-induced calcein leakage using
DOPG/DOPC membranes with different DOPG concentra-
tion, i.e., 20 mol %DOPG/80 mol %DOPC (hereafter PG/PC
(1/4)). On the basis of these results, we discuss the mechanism
of the Lfcin B-induced damage to lipid membranes.

■ MATERIALS AND METHODS

Materials. DOPC and DOPG were purchased from Avanti
Polar Lipids Inc. (Alabaster, AL). Calcein was purchased from
Dojindo Laboratory (Kumamoto, Japan). SYTOX green and
Texas-Red Dextran 70000 (TRD-70k) were purchased from
Invitrogen, Inc. (Carlsbad, CA). TRD-70K was used without
further purification. Bovine serum albumin (BSA) was
purchased from Wako Pure Chemical Industry Ltd. (Osaka,
Japan).

Peptide Synthesis and Identification of Peptides. Lfcin
B was synthesized by the FastMoc method using a 433A
peptide synthesizer (PE Applied Biosystems, Foster City, CA).
The sequence of Lfcin B (25-mer) is FKCRRWQWRMKKL-
GAPSTICVRRAF with an amide-blocked C terminus. The
peptide was cleaved from the resin using trifluoroacetic acid,
1,2-ethanedithiol, and Milli-Q water (9.5/0.25/0.25, volume
ratio). Analysis and purification of the peptides were done using
reversed phase HPLC, which were described previously.24−26

The main peak of a HPLC chromatogram of the crude peptides
was the reduced Lfcin B (with two sulfhydryl groups) with a
mass of 3122.70 Da, and to obtain purified peptides we
collected the fraction of main peak, and then lyophilized it. The
lyophilized powder was used as the purified peptide. Only one
peak was observed in a HPLC chromatogram of the purified
peptide, which was the oxidized Lfcin B (i.e., with a disulfide
bond) with a mass of 3120.70 Da. The values of mass of the
peptides correspond to the molecular masses calculated from
the amino acid composition. These results indicate that the
reduced Lfcin B was easily oxidized by air. The mass of peptides
and identification of the reduced and oxidized Lfcin B were
measured using LC−MS analysis as follows.
LC−MS analysis of the sample was performed by a linear ion

trap time-of-flight mass spectrometer (LIT−TOF MS), Nano-
Frontier eLD (Hitachi High-Technologies Corporation)
coupled to a nanoflow HPLC, NanoFrontier nLC (Hitachi
High-Technologies Corporation). Two microliters of the
sample was trapped and desalted with a C18 monolith trap
column (0.05 mm ID × 150 mm long; Hitachi High-
Technologies Corporation) and then loaded onto a MonoCap
C18 Fast-flow column (0.05 mm ID × 150 mm long; GL
Sciences, Inc., Tokyo, Japan) and eluted with a linear gradient
from 5 to 100% (v/v) solvent B in 110 min at a flow rate of 200
nL/min. Solvent A was 2% acetonitrile and 0.1% formic acid,
and solvent B was 98% acetonitrile and 0.1% formic acid. The
eluent was ionized with a nanoelectrospray ionization source
equipped with an uncoated SilicaTip (New Objective, Woburn,
MA) and analyzed with a LIT−TOF MS. The mass spectrum
was obtained in positive ion mode at scan mass range m/z
200−2000 and analyzed by the NanoFrontier eLD Data
Processing software (Hitachi High-Technologies Corporation).
Lfcin B concentrations in buffer were determined by

absorbance using the molar extinction coefficient of Trp at
280 nm (i.e., 5500 M−1 cm−1).

Measurement of Minimum Inhibitory Concentration
(MIC). We measured the MIC of Lfcin B against E. coli (JM-
109) using the standard method.32,33 Briefly, a suspension of E.
coli in Nutrient Broth medium was mixed with various
concentrations of Lfcin B solution in the individual wells of a
96-well plate. The final density of bacteria in the wells was 105

CFU (colony forming unit)/mL, and the final peptide
concentration in the wells ranged from 0.12 to 8.0 μM. After
incubation at 37 °C for 18−20 h, the absorbance at 600 nm
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(Abs (600)) was measured using a microplate reader (Infinite
M200, TECAN, Grödig, Austria). The MIC was defined as the
lowest concentration of peptide at which there was no change
in Abs (600).
Lfcin B-Induced Influx of SYTOX Green into E. coli. A

suspension of E. coli (JM-109) in Nutrient Broth medium was
centrifuged (350g, 10 min), and the pellet was resuspended in
buffer A (10 mM PIPES, pH 7.0, 150 mM NaCl, and 1.0 mM
EGTA). Aliquots of this E. coli suspension were mixed with
SYTOX green in DMSO solution, and then mixed with various
concentrations of Lfcin B solution, yielding mixtures with final
bacterial densities of ∼106 CFU/mL, final SYTOX green
concentrations of 5.0 μM, final Lfcin B concentrations of 0−50
μM, and final DMSO concentrations of 0.25% (v/v) (for the
experiments of Lfcin B concentration dependence shown in
Figure 1A). Immediately after the mixing, we started to

measure the fluorescence intensity of the mixture. In separate
experiments, aliquots of E. coli suspensions at various densities
were mixed with SYTOX green in DMSO solution and then
mixed with a given concentration of Lfcin B solution, yielding
mixtures with final Lfcin B concentrations of 20 μM and final
SYTOX green concentrations of 5.0 μM (for the experiments
of the dependence of E. coli density shown in Figure 1B).
Immediately after the mixing, we started to measure the
fluorescence intensity of the mixture. The time courses of
fluorescence intensities of these suspensions were measured
using a Hitachi F7000 spectrofluorometer (Hitachi, Tokyo,
Japan). Fluorescence intensities of samples were measured at
the excitation wavelength 480 nm, the emission wavelength 550
nm, and the excitation and emission band-pass 1.5 nm. The
temperature of the cell was held at 25 °C with a water bath
circulator (Cool-Bit circulator, ACE-05AN, KELK (old name:
Komatsu), Ltd., Tokyo, Japan). For 100% permeabilization of
E. coli, 1.5 mL of the same suspension of E. coli without Lfcin B
was pelleted by centrifugation (350g, 10 min), and the pellet
was resuspended in 2.0 mL 70% 2-propanol and allowed to
stand at room temperature for 2.0 h. This E. coli suspension was
pelleted by centrifugation (14000g, 20 min, 20 °C) and
resuspended in 2.0 mL of buffer A. The fluorescence intensity
of this suspension under the above conditions was taken as
100% SYTOX influx. The fluorescence intensity of the
suspension in the absence of Lfcin B at t = 0 was taken as
0% SYTOX influx.

Interaction of Lfcin B with PG/PC (1/1)-LUV Suspen-
sion. PG/PC (1/1)-LUVs were prepared by the extrusion
method.24 First we prepared multilamellar vesicles (MLVs) of
PG/PC (1/1) containing calcein solution. For this purpose, 1.0
mL of 70 mM calcein in Milli-Q (pH 7.0; adjusted with
NaOH) was added to dry lipid film of PG/PC (1/1), and the
suspension was vortexed several times for ∼20 s at room
temperature. Next, the MLV suspension was subjected to five
cycles of freezing in liquid N2 for 1.0 min, followed by warming
to room temperature for 25−30 min (freeze−thawing). The
resulting solution was extruded through a 200 nm-pore-size
Nuclepore membrane using LF-1 LiposoFast apparatus
(Avestin, Ottawa, Canada) until the solution became trans-
parent. To remove the untrapped calcein, the LUV suspension
was passed through a Sephadex G-75 column equilibrated in
buffer A. A Hitachi F7000 spectrofluorometer was used for
fluorescence measurement. Fluorescence intensities of samples
were measured at the excitation wavelength 490 nm, the
emission wavelength 520 nm, and the excitation and emission
band-pass 1.5 nm. The temperature of the cell was held at 25
°C with a water bath circulator (Cool-Bit circulator). The
fluorescence intensity of the PG/PC (1/1)-LUV suspension in
the absence of Lfcin B and that in the presence of 0.6% (v/v)
Triton X-100 were taken as 0% and 100% leakage, respectively.
The lipid concentrations in the sample were determined by the
Bartlett method.34

Experiments Using the Single GUV Method. PG/PC-
GUVs were prepared by the natural swelling method.24 Milli-Q
water (20 μL) was added into a dry lipid film in a glass vial
(volume: 5 mL), and the mixture was incubated at ∼45 °C for
∼7 min (prehydration) and then incubated with 1.0 mL of
buffer A containing 0.10 M sucrose for 2−3 h at 37 °C. To
obtain a purified GUV suspension, smaller vesicles and
untrapped fluorescent probes were removed using the
membrane filtering method.35 Briefly, the suspension was
centrifuged (14000g, 20 min, 20 °C); the resulting supernatant
was filtered through a Nuclepore membrane with 10-μm
diameter pores (Whatman, GE Healthcare, UK, Ltd.,
Buckinghamshire, UK) in buffer A containing 0.10 M glucose
for 1.0 h at a flow rate of 1.0 mL/min at room temperature
(20−25 °C); the retained suspension (i.e., that which did not
pass through the filter) was collected and used as the purified
GUV suspension in the following experiments. To prepare
GUVs containing water-soluble fluorescent probe, calcein or
TRD-70k (i.e., fluorescent probe, texas red (TR)-labeled
dextran with average molecular weight of 70k), we used buffer
A supplemented with 1.0 mM calcein or with 10 μM TRD-70k
for the GUV preparation procedure. After purification, the
GUV suspension (∼300 μL) was transferred into a handmade
microchamber, which had been formed on a glass slide by
inserting a U-shaped silicone-rubber spacer between a coverslip
and the glass slide.19 To prevent strong interaction between the
glass surface and GUVs, the inside of the microchamber was
coated with 0.10%(w/v) BSA in buffer A.10 The GUVs were
observed using an inverted fluorescence phase-contrast micro-
scope (IX-70, Olympus, Tokyo, Japan) maintained at 25 ± 1
°C under the control of a stage thermocontrol system
(Thermoplate, Tokai Hit, Shizuoka, Japan).24

Various concentrations of Lfcin B solution in buffer A
containing 0.10 M glucose were continuously added in the
vicinity of a GUV through a ∼ 20-μm-diameter glass micropipet
positioned using a micromanipulator. The distance between the
GUV and the tip of the micropipet was ∼70 μm, and the

Figure 1. Time course of influx of SYTOX green into cytoplasm of E.
coli. (A) Time course of fluorescence intensity of SYTOX green during
the interaction of various concentrations of Lfcin B with E. coli
suspension at 25 °C. Lfcin B concentration is described at the right of
each curve. Bacteria density was 1.0 × 106 CFU/mL. (B) Time course
of fluorescence intensity of SYTOX green during the interaction of 20
μM Lfcin B with suspensions of various density of E. coli at 25 °C.
Final bacterial densities were 1.0 × 105 (●), 1.4 × 105 (○), 1.0 × 106

(□), 1.0 × 107 (▲), 1.5 × 107 (■), and 0.0 CFU/mL (Δ).
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applied pressure, ΔP (= Pin − Pout, where Pin and Pout were the
pressure of the inside and the outside of a micropipet,
respectively) was 30 Pa.19,27 Phase-contrast and fluorescence
images of GUVs were recorded using a high-sensitivity EM-
CCD camera (C9100−12, Hamamatsu Photonics K.K.,
Hamamatsu, Japan) with a hard disk. Three ND filters were
used to decrease the intensity of the incident light, resulting in
conditions where almost no photobleaching of fluorescent
probes in a GUV occurred during the interaction of the Lfcin B
solution with single GUVs. Thus, under these conditions, the
decrease in fluorescence intensity inside a GUV corresponded
to leakage of the fluorescent probes from the inside to the
outside of the GUV. The fluorescence intensity inside the
GUVs was determined using the AquaCosmos software
(Hamamatsu Photonics K.K.), and the average intensity per
GUV was estimated. The details of this method is described in
our previous reports.19,27

To obtain the rate constant of the Lfcin B-induced pore
formation in lipid membranes (kP) for various GUVs, the time
course of fraction of intact GUV was fit by the exponential
decay function using Origin Pro (ver. 8.5, Origin Lab. Corp.,
Northampton, MA, USA). Three independent experiments
were carried out at each Lfcin B concentration to obtain the
rate constant, and for each experiment ∼20 single GUVs were
analyzed to evaluate the rate constant. Mean values and
standard errors of the rate constant among the three
experiments were calculated.
Measurement of Particle Size during the Interaction

of Lfcin B with PG/PC (1/1)-LUV. The size of the LUVs in
buffer A was measured at 25 °C using a dynamic light scattering
(DLS) apparatus (Zetasizer Nano ZS, Malvern Instrument Ltd.,
Worcester, UK).36 PG/PC (1/1)-LUVs were prepared by the
extrusion method using a 100 nm-pore-size nuclepore
membrane.24 Each of the solutions (buffer A, peptide solution,
and the LUV suspension) were filtered through a 0.2 μm-pore-
size filter (DISMIC-25AS, Advantec Toyo Kaisha Ltd., Tokyo,
Japan). The mean particle diameter (Z-average) of the LUVs
was obtained by the cumulant method.

■ RESULTS AND DISCUSSION
MIC of Lfcin B against E. coli. First we investigated the

antimicrobial activity of the Lfcin B prepared in our laboratory.
Using the standard method, we determined the MIC of Lfcin B
against E. coli (JM-109) as 3 ± 1 μM. This value is consistent
with the previously reported value for E. coli (0111) (2 μM).3

Lfcin B-Induced Influx of SYTOX Green into Cyto-
plasm of E. coli. To clarify the target of Lfcin B’s bactericidal
activity against E. coli, we investigated permeabilization of the
plasma membrane of E. coli by measuring the influx of the
membrane-impermeant fluorescent probe, SYTOX green, into
the bacterial cytoplasm.37,38 Notably, the fluorescence of
SYTOX green is elevated upon binding to nucleic acids; thus
increased fluorescence intensity indicates influx of the marker
into the cytoplasm. As shown in Figure 1A, the fluorescence
intensity of SYTOX green increased rapidly with time during
the incubation of SYTOX green with an E. coli suspension; the
increment of the fluorescence intensity also increased with
increasing Lfcin B concentration (from 0 to 50 μM). For a
given Lfcin B concentration, the increment of the fluorescence
intensity rose with decreasing bacterial density; e.g., the
SYTOX influx at 600 s increased 4 fold when the bacterial
density decreased from 1.0 × 106 to 1.0 × 105 CFU/mL
(Figure 1B).

Thus, the results of Figure 1 indicate that during the
interaction of E. coli with Lfcin B its plasma membrane was
rapidly damaged, and as a result SYTOX green permeabilized
through the plasma membrane to enter the inside of E. coli.
This suggests that bactericidality reflects the Lfcin B-induced
damage of E. coli plasma membrane. Figure 1A shows that the
fraction of bacteria with damaged plasma membrane increased
with an increase in Lfcin B concentration in the buffer outside
the bacteria. Figure 1B shows that the fraction of bacteria with
damaged plasma membrane increased with a decrease in the
bacterial density. This can be explained by the decrease in the
effective concentration of Lfcin B in the buffer outside the
bacteria with an increase in bacterial density because binding of
Lfcin B to the membranes of bacteria decreases the Lfcin B
concentration in the buffer. A similar phenomena was observed
when peptides interact with LUVs in a suspension (see the
below section).19

Induction of Calcein Leakage from PG/PC (1/1)-LUVs
by Lfcin B. To examine directly membrane damage by Lfcin B
and to confirm the target of Lfcin B, we investigated the
interaction of Lfcin B with PG/PC (1/1)-LUVs encapsulating a
water-soluble fluorescent probe (calcein) using the standard
LUV suspension method. Figure 2A shows the time course of

the leakage (i.e., the efflux) of calcein from the inside of the
LUVs following exposure to various concentrations of Lfcin B.
The fraction of leakage increased with time over 10 min for 1.0
to 10 μM Lfcin B, and the rate of leakage increased with Lfcin B
concentration. At concentrations of ≤0.50 μM Lfcin B, no
leakage was observed over 10 min. In contrast, the rate of
leakage induced at a higher concentration of Lfcin B (5.0 μM)
increased with a decrease in lipid concentration (i.e., LUV
concentration) (Figure 2B).
These results indicated that Lfcin B induced damage of

membrane structure of the LUVs, thereby causing leakage of
calcein from the inside of the LUVs. However, there can be
many causes for the leakage of water-soluble fluorescent probes,
such as pore formation, membrane fusion, large shape changes,
and vesicle rupture; it can be difficult to identify the cause of
the leakage based on the results of the LUV suspension
method.19 We also noted that the rate of leakage correlated
negatively with increase of lipid concentration. This can be
explained by the decrease in the effective concentration of Lfcin
B in the buffer with an increase in LUV concentration because

Figure 2. Lfcin B-induced leakage of calcein from LUVs. (A) Time
course of Lfcin B-induced leakage of calcein from a suspension of PG/
PC (1/1)-LUVs after addition of various concentrations of Lfcin B at
25 °C. Final Lfcin B concentration is described at the right of each
curve. Lipid concentration was 25 μM. (B) Time course of 5.0 μM
Lfcin B-induced leakage of calcein from suspensions of various
concentrations of PG/PC (1/1)-LUVs at 25 °C. Lipid concentrations
were 1.6 μM (○), 2.5 μM (Δ), 25 μM (▲), and 380 μM (■).
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binding of Lfcin B to the LUV membranes decreases the Lfcin
B concentration in the buffer.19

Induction of Calcein Leakage from PG/PC (1/1)-GUVs
by Lfcin B. To elucidate the process of Lfcin B-induced
leakage of calcein from the LUVs, we investigated the
interaction of Lfcin B with single PG/PC (1/1)-GUVs
containing calcein and 0.10 M sucrose using the single GUV
method.19,23 The interaction was carried out in buffer A
containing 0.10 M glucose at 25 °C. During observation of a
single GUV by phase-contrast fluorescence microscope, the tip
of a micropipet was approached to the GUV at t = 0, and the
Lfcin B solution was continuously added from the micropipet
into the vicinity of the GUV. Figure 3A shows typical

experimental results following the interaction of a single
GUV with 2.0 μM Lfcin B. Prior to Lfcin B addition, a phase-
contrast microscopic image of the GUV indicated a high
contrast in the GUV (Figure 3A-1) due to the difference in the
saccharide concentrations between the inside (0.10 M sucrose)
and the outside (0.10 M glucose) of the GUV. A fluorescence
microscopic image of the same GUV (Figure 3A-2) showed a
high concentration of calcein inside the GUV at this time.

During the addition of the 2.0 μM solution of Lfcin B, the
fluorescence intensity inside the GUV was almost constant over
the first 143 s, following which the fluorescence intensity
decreased suddenly (Figure 3A-2,B). After 146 s the
fluorescence intensity fell to effectively zero; a phase-contrast
image of the same GUV (Figure 3A-3) showed that the
spherical GUV structure remained, albeit with an apparent
decrease in diameter. As discussed in our previous reports,23−25

the rapid decrease in fluorescence intensity occurred as a result
of the leakage of the fluorescent probe through the peptide/
protein-induced pores in the lipid membranes. Thus, the time
at which the fluorescence intensity began to rapidly decrease
corresponded to the time at which a pore was formed in the
membrane. When the same experiments were carried out using
20 single GUVs, we observed a stochastic occurrence of a
similar rapid leakage of calcein from each GUV (Figure 3C).
The concentration of fluorescent probe inside a GUV is

proportional to the fluorescence intensity of the inside of the
GUV. In the time course of fluorescence intensity inside the
GUV (such as Figure 3B,C), the time when the normalized
fluorescence intensity inside the GUV starts to decrease
corresponds to the time of pore formation in the lipid
membrane. In other words, if the normalized fluorescence
intensity inside the GUV is 1.0, no leakage of the fluorescent
probe occurs, and therefore the state of this GUV corresponds
to the intact state. On the other hand, if the normalized
fluorescence intensity is less than 1.0, some leakage of the
fluorescent probe occurs, and therefore the state of this GUV
corresponds to the pore state. As we demonstrated in our
previous papers on peptide-induced pore formation,23−25 the
rate constant of Lfcin B-induced pore formation in lipid
membranes can be obtained by analyzing the time course of the
fraction of intact state of GUVs (i.e., those from which the
fluorescent probe did not leak) among the examined GUVs,
Pintact(t), over time t. Figure 3D (Δ) shows that the value of
Pintact of PG/PC (1/1)-GUVs decreased with time during the
interaction with 2.0 μM Lfcin B. The curve of the time course
of Pintact (Δ) was well fit by a single exponential decay function
defined by eq 1, as follows,

= − −P t k t t( ) exp{ ( )}intact P eq (1)

where kP is the rate constant of the Lfcin B-induced pore
formation and teq is a fitting parameter which denotes the time
required for the binding equilibrium of LfcinB from aqueous
solution to the GUV membrane.23,28 To determine the mean
value for kP, three independent experiments (n = 3) using 20
single GUVs to obtain the time course of Pintact were carried
out, and these curves were also well fit by eq 1 (Figure 3D).
The mean value of kP for 2.0 μM Lfcin B was (6.3 ± 0.5) ×
10−3 s−1 (n = 3). The values of the fitting parameter teq have
larger variation compared with those of kP. The value of teq
includes the time required for attaining equilibrium concen-
tration of LfcinB in the vicinity of a GUV because we started to
add the LfcinB solution from the tip of the micropipet to the
vicinity of a GUV at t = 0. Therefore, the value of teq depends
on the size and the shape of the micropipet tip and the setting
of micropipet inside a microchamber, which have some
variation in each experiment. This is one of the main reasons
for the larger variation of teq.
We also investigated the effect of Lfcin B concentration on

the rate constant of pore formation. At concentrations of ≥1.0
μM Lfcin B, leakage of calcein like that shown in Figure 3C was
observed. We used this assay to determine the rate constant of

Figure 3. Membrane permeation of calcein from single PG/PC (1/1)-
GUVs induced by Lfcin B. (A) Leakage of calcein from single PG/PC
(1/1)-GUVs was induced by 2.0 μM Lfcin B in buffer A at 25 °C.
Fluorescence images (2) show that the calcein concentration inside
the GUV rapidly decreased after the addition of Lfcin B. The numbers
above each image show the time in seconds after the Lfcin B addition
was started. Also shown are phase contrast images of the GUV at time
0 (1) and 149 s (3). The bar corresponds to 20 μm. (B) Time course
of the change in the normalized fluorescence intensity of the GUV
shown in (A). We defined the normalized fluorescence intensity of the
intact GUV before the initiation of the membrane permeation as 1.0.
(C) Other examples of the time course of the change in the
normalized fluorescence intensity of several “single GUVs” under the
same conditions as in (A). (D) Time course of fraction of intact GUV,
Pintact, of PG/PC (1/1)-GUV. (Δ) shows the data including the results
shown in (C). (○) and (▲) show the time course of Pintact, of other
independent experiments. Solid lines represent the best fit curves of eq
1. (E) Lfcin B concentration dependence of the rate constant of pore
formation, kP. Mean values and standard errors are shown.
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pore formation (kP) at concentrations of ≥2.0 μM Lfcin B
(Figure 3E). kP increased with Lfcin B concentration. At 4.5
and 5.0 μM kP values were greater than 2 × 10−2 s−1.
Lfcin B-Induced Structural Change in Single PG/PC (1/

1)-GUVs. To elucidate the decrease in diameter of the GUVs
after its interaction of LfcinB, we investigated the process of the
structural change of single GUVs using the phase contrast
microscopy. Figure 4A shows a typical example of 5.0 μM Lfcin

B-induced transformation of a PG/PC (1/1)-GUV. As shown
in phase-contrast microscopic images in Figure 4A, at 21.13 s
the sucrose solution inside the GUV suddenly started to diffuse
to the outside of the GUV. From 21.13 to 21.16 s, the diameter
of the GUV rapidly decreased; from 21.16 s, the diffusional flow
of sucrose solution could not be observed. At 21.16 s the phase
contrast of the inside of the GUV became small: although the
spherical shape of the GUV was still visible, a large area of
thicker membrane region with higher contrast and several small
high-contrast (black) particles appeared on the membrane of
the GUV. Figure 4B shows a typical example of the 2.0 μM
Lfcin B-induced transformation of a PG/PC (1/1)-GUV.
Similar structural changes were observed in this GUV, including
the rapid leakage of sucrose, but the leakage process started at
77.59 s and completed at 77.65 s within 66 ms.
The results of Figure 4 clearly indicate that LfcinB induced a

transient, rapid leakage of sucrose from the single GUVs and
then smaller spherical GUVs remained. We infer that part of
the GUV membrane was lost and postulate that the large areas
of the thicker, increased-contrast membrane and small high-
contrast (black) particles on the membrane correspond to a

complex of lipid membranes and Lfcin B (see the details in the
Discussion section). Because of the very fast leakage, and at the
present time resolution of the experiments (33 ms), we could
not follow the evolution of pore as we did in other similar
studies.28 Several words have been used to explain such a rapid
leakage of sucrose; large pore formation, local rupture, burst of
membranes, and rupture of membranes. Because of the limited
time-resolution (i.e., 33 ms) in our experimental system, we
could not reveal detailed structural changes of the GUV during
the rapid leakage of sucrose. Therefore, at present stage we
cannot identify the elementary processes and the mechanism of
the rapid leakage. Here we use the word of “local rupture”
tentatively to express the rapid leakage of sucrose and the
survival of spherical structure of GUVs. Previously, this word
(local rupture) was used for the similar phenomena induced by
a peptide, transportan 10.39

Our results suggested that the leakage of calcein from inside
single GUVs occurred as a result of local rupture in the GUV
membranes. To confirm the correlation between the leakage of
calcein and local rupture in GUVs, we calculated the rate
constant of local rupture. For this calculation, we considered
the conversion from the intact state of GUV to the ruptured
state of GUV in which sucrose has been already leaked or is
leaking as a two-state transition. The concentration of sucrose
inside a GUV is proportional to the phase contrast of the inside
of the GUV. In the consecutive phase contrast images (such as
Figure 4A,B) at the time resolution of 33 ms, the time of the
image in which the rapid leakage of sucrose started from a GUV
(e.g., 21.13 s in Figure 4A and 77.59 s in Figure 4B)
corresponds to the time of local rupture. Therefore, the state of
the GUV before the time of local rupture corresponds to the
intact state, and the state of the GUV at and after this time
corresponds to the ruptured state. The rate constant of the two-
state transition from the intact state to the rupture state (i.e.,
the rate constant of local rupture), kL, can be determined from
the fraction of intact state of GUVs (i.e., the fraction of intact
GUVs), designated as Pintact(t). Figure 4C shows the time
course of Pintact(t) in the presence of 2.0 μM Lfcin B. The
fraction of the intact GUV can be expressed using the rate
constant, kL, as follows:

= − −P t k t t( ) exp{ ( )}intact L eq (2)

where teq is an adjustable parameter. This equation is almost the
same as that for the rate constant of the EGCg-induced burst of
a GUV.28 All the curves of the time course of the Pintact(t) were
well fit by eq 2 (Figure 4C). The rate constant kL increased
with increasing Lfcin B concentration: at 2.0 and 5.0 μM Lfcin
B, the kL values were (7.0 ± 0.2) × 10−3 s−1 and (3.6 ± 0.2) ×
10−2 s−1, respectively (n = 3 for each concentration). These
results indicated that the Lfcin B-induced local rupture in the
GUV membrane apparently followed the first-order reaction.
The values of kL and kP against Lfcin B concentrations were the
same within an experimental error (Figure 4D). These results
clearly indicate that the leakage of calcein from the inside to the
outside of single GUVs occurred as a result of local rupture in
the GUV membrane and that the smaller sizes of pores were
not formed before the local rupture. This result supports the
above hypothesis on the two-state transition for the formation
of the local rupture.

Induction of TRD-70k Leakage from PG/PC (1/1)-GUVs
by Lfcin B. In order to examine the size of the Lfcin B-induced
pores in lipid membranes, we investigated the leakage of a
water-soluble fluorescent probe, TRD-70k, using the single

Figure 4. Structural change of single PG/PC (1/1)-GUVs induced by
Lfcin B. Phase contrast images of single GUVs in the interaction of
(A) 5.0 μM and (B) 2.0 μM Lfcin B in buffer A at 25 °C. The numbers
above each image show the time in seconds after the Lfcin B addition
was started. The bar corresponds to 20 μm. (C) Rate constant of Lfcin
B-induced local rupture of PG/PC (1/1)-GUVs. Time course of the
fraction of intact GUVs which was identified by its phase-contrast
microscopic image, Pintact(t), in the presence of 2.0 μM (□) and 5.0
μM (○) Lfcin B. (D) The Lfcin B concentration dependence of the
rate constant of local rupture, kL (□). For comparison, the Lfcin B
concentration dependence of the rate constant of pore formation, kP,
(the same as Figure 3E) was also plotted (●).
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GUV method. The molecular weight distribution of TRD-70k
is 60000−90000 according to the manufacturer, and its
Stokes−Einstein radius, RSE, is 6.4 nm.40 Figure 5A shows the

effect of 5.0 μM Lfcin B on single PG/PC (1/1)-GUVs
preloaded with TRD-70k. Prior to Lfcin B addition, a phase-
contrast microscope image of the GUV showed high contrast
(Figure 5A-1) due to the difference in the saccharide
concentration between the inside (0.1 M sucrose) and the
outside (0.1 M glucose) of the GUV. A fluorescence
microscope image of the same GUV (Figure 5A-2) showed a
high concentration of TRD-70k inside the GUV at this time.
During addition of a 5.0 μM solution of Lfcin B, the
fluorescence intensity inside the GUV remained similar over
the first 77.30 s, but at 77.33 s a rapid decrease in the
fluorescence intensity was observed (Figure 5A-2,B). After
82.89 s, the fluorescence intensity approached zero, although a
phase-contrast image of the same GUV (Figure 5A-3) showed
that the GUV retained its spherical structure, albeit with a
decreased diameter. These data indicate that TRD-70k passed
through Lfcin B-induced pores in the GUV membrane. When
the same experiments were carried out using 20 single GUVs,
similar leakage of TRD-70k from a GUV was observed to occur
in a stochastic fashion. Figure 5C shows that the curve of the
time course of Pintact was well fit by eq 1. The average value of
kP for 5.0 μM Lfcin B was (2.1 ± 0.4) × 10−2 s−1 (n = 3). This
kP value is smaller than that obtained using PG/PC (1/1)-
GUVs containing calcein. On the basis of the results of Figures
4 and 5, we infer that the radius of the Lfcin B-induced pore is
greater than 6.4 nm (i.e., RSE of TRD-70k).
Effects of Electrostatic Interactions on Lfcin B-

Induced Pore Formation in Single PG/PC-GUVs. It has
been reported that the binding constant of Lfcin B with lipid
membranes increases with an increase in contents of negatively
charged lipids such as phosphatidylglycerol,20,21 suggesting that
the electrostatic interactions between Lfcin B and the lipid
membrane play an important role in the binding of Lfcin B. To

control electrostatic interactions of lipid membranes in water,
we can change surface charged density of the membranes or salt
concentrations.41−43 The surface charge density can be
controlled by the concentration of negatively charged lipid
(i.e., PG) in the PG/PC membranes. First, to elucidate the
effects of the surface charge density on the Lfcin B-induced
pore formation, we investigated the interaction of Lfcin B with
single PG/PC (1/4)-GUVs containing calcein. Lfcin B at
concentrations of ≤5.0 μM did not induce calcein leakage.
However, at concentrations of ≥10 μM Lfcin B, leakage of
calcein similar to that seen in Figure 3A,C was observed. Figure
6A shows the time course of Pintact of PG/PC (1/4)-GUVs

interacting with various concentrations of Lfcin B; these data
were well fit by eq 1. For example, the mean value of kP for 20
μM Lfcin B was (5.4 ± 0.3) × 10−3 s−1 (n = 3). As shown in
Figure 6B, at concentrations of ≥15 μM Lfcin B, the rate
constant of pore formation kP was determined and kP increased
with Lfcin B concentration. It is evident that higher
concentrations of Lfcin B were required to induce pore
formation in PG/PC (1/4)-GUVs than in PG/PC (1/1)-
GUVs. This result suggests that the activity of Lfcin B-induced
pore formation increases with the surface charge density of the
membrane. As an alternative explanation, the PG concentration,
rather than the surface charge density, may play a role in Lfcin
B-induced pore formation.

Figure 5. Membrane permeation of TRD-70k from single PG/PC (1/
1)-GUVs induced by Lfcin B. (A) Leakage of TRD-70k from single
PG/PC (1/1)-GUVs induced by 5.0 μM Lfcin B in buffer A at 25 °C.
(A) Fluorescence images (2) show that the TRD-70k concentration
inside the GUV rapidly decreased during the addition of Lfcin B. The
numbers above each image show the time in seconds after Lfcin B
addition was started. Also shown are phase contrast images of the
GUV at time 0 (1) and 85 s (3). The bar corresponds to 20 μm. (B)
Time course of the change in the normalized fluorescence intensity of
the GUV shown in (A). (C) Time course of Pintact of PG/PC (1/1)-
GUV containing TRD-70k in the presence of 5.0 μM Lfcin B in buffer
A at 25 °C. The solid line represents the best fit curve using eq 1.

Figure 6. Effects of electrostatic interactions on Lfcin B-induced pore
formation. (A) Time course of Pintact of PG/PC (1/4)-GUV containing
calcein in buffer A during the interaction of various concentrations of
Lfcin B. (Δ) 40 μM, and (○) 20 μM Lfcin B. Solid lines represent the
best fit curves of eq 1. (B) The Lfcin B concentration dependence of
the rate constant of pore formation, kP in PG/PC (1/4)-GUV (□).
For comparison, the same data for PG/PC (1/1)-GUV was also
plotted (○) (this is the same data as in Figure 3E). Mean values and
standard errors were shown. (C) Time course of Pintact of PG/PC (1/
1)-GUV containing calcein in buffer A without NaCl (10 mM PIPES,
pH 7.0, 1.0 mM EGTA) during the interaction of various
concentrations of Lfcin B. (○) 1.0 μM, and (Δ) 0.5 μM Lfcin B. A
solid line represents the best fit curve of eq 1. (D) The Lfcin B
concentration dependence of the rate constant of pore formation, kP in
PG/PC (1/1)-GUV in buffer A without NaCl (10 mM PIPES, pH 7.0,
1.0 mM EGTA) (□). For comparison, the same data for PG/PC (1/
1)-GUV was also plotted (Δ) (this is the same data as in Figure 3E).
Mean values and standard errors were shown.
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Next, to elucidate the effects of the salt concentration on the
Lfcin B-induced pore formation, we investigated the interaction
of Lfcin B with single PG/PC (1/1)-GUVs in buffer A without
NaCl (10 mM PIPES, pH 7.0, 1.0 mM EGTA). At
concentrations of ≥1.0 μM Lfcin B, leakage of calcein similar
to that seen in Figure 3A,C was observed. Figure 6C shows the
time course of Pintact of PG/PC (1/1)-GUVs interacting with
various concentrations of Lfcin B; these data were well fit by eq
1. As shown in Figure 6D, the mean value of kP for 1.0 μM and
0.5 μM Lfcin B were (2.2 ± 0.3) × 10−2 s−1 (n = 3) and (6.5 ±
1.2) × 10−3 s−1 (n = 3), respectively. It is evident that lower
concentrations of LfcinB induced pore formation in buffer A
without NaCl than that in buffer A containing 150 mM NaCl
(i.e., the kp values in 0 mM NaCl were greater than those in 150
mM NaCl). Electrostatic interactions in buffer increase with a
decrease in salt concentration because shielding of the
membrane surface charge by counterions decreases (i.e., the
Debye length increases),41,43 so Figure 6D indicates that kp
increases with an increase in the extent of electrostatic
interactions.
Both the results of the effect of the surface charge density

and that of salt concentration on kp clearly show that kp
increases with an increase in the extent of electrostatic
interactions due to membrane surface charges. One of main
factors of the binding of Lfcin B with PG/PC membranes is the
electrostatic attraction between the positively charged peptide
and the negatively charged membranes. This electrostatic
interaction increases with an increase in surface charge density
(i.e., the increase of the negatively charged DOPG concen-
tration) or a decrease in salt concentration. Therefore, when
Lfcin B concentration in buffer is the same, its surface
concentration in the membrane increases with an increase in
the electrostatic interaction. It is reported that the surface
concentration of magainin 2 determines the rate constant of
pore formation for the interaction of positively charged
magainin 2 with negatively charged PG/PC membranes.25

Therefore, the results in Figure 6 suggest that the surface
concentration of Lfcin B is one of key factors for pore
formation.
Lfcin B-Induced Shape Changes in Single PG/PC (1/4)-

GUVs. To elucidate how Lfcin B interacts with the PG/PC
membranes, we investigated its effect on the shapes of PG/PC
(1/4)-GUVs upon addition of Lfcin B. It is well-known that
analysis of substance-induced shape changes of GUVs is a
highly sensitive method for detecting the interaction of
substances with lipid membranes.44−48 Generally, there are
various shapes of GUVs such as sphere, prolate, cylinder, and
discocyte. The shapes of GUVs are determined based on some
parameters such as area difference between outer and inner
monolayers and the volume to the area ratio of the GUV when
they are formed. We can select GUVs based on their shape
depending on the purpose of experiments. In this report we
selected spherical GUVs for leakage experiments and prolate
GUVs for shape change experiments. The probability of
formation of prolates in PG/PC (1/1)-GUVs was much
lower than that of PG/PC (1/4)-GUVs. Hence here we
investigated the effects of the interaction of Lfcin B with
membranes on the shape of prolate PG/PC (1/4)-GUVs. In
the absence of Lfcin B, a GUV had a prolate shape (Figure
7(1)). After starting the addition of 0.20 μM Lfcin B, the GUV
changed into a pear-like structure (Figure 7 (2)), subsequently
changed into the shape of two-spheres-connected by a neck
(Figure 7 (3)). We observed this shape change in 7 of 8

examined GUVs. In order to determine the reversibility of this
shape change, the addition of Lfcin B was stopped after the
complete shape change of the GUV, and observation was
continued. Figure 7 (4)−(6) show the time course of the shape
change of the GUV after the addition of Lfcin B was stopped.
First, the two-spheres-connected by a neck changed into a pear
(Figure 7 (5)); the pear then reverted into a prolate shape
(Figure 7 (6)). We can reasonably consider that after the
addition of Lfcin B was stopped, remaining Lfcin B diffused
away from the vicinity of the GUV into the bulk solution,
inducing a decrease in the Lfcin B concentration near the GUV;
the local concentration of peptide in the membrane presumably
then decreased (i.e., Lfcin B molecules in the outer monolayer
of the GUV transferred into the aqueous solution). This result
indicates that the shape change in PG/PC (1/4)-GUV induced
by addition of 0.20 μM Lfcin B was reversible. The threshold
concentration of Lfcin B for the shape change from a prolate to
two spheres connected by a neck (i.e., the Lfcin B
concentration at which the shape change occurred in 50% of
examined GUVs) was 0.15 μM. We observed the reversibility of
the shape change in all the examined GUVs (n = 7).
The results in Figure 7 clearly show that low concentrations

of Lfcin B (well below the threshold concentration of pore
formation of GUV) induced shape changes in PG/PC (1/4)-
GUVs. What is the mechanism for these shape changes? It is
well established that the shape of a GUV is determined by the
minimization of the elastic energy of the closed membrane and
that the “area-difference-elasticity” model (ADE model)
reasonably explains shape changes of GUVs.49,50 In the ADE
model, the area of each monolayer is not fixed to the
equilibrium area, but the monolayer membrane can stretch
elastically to increase the membrane’s nonlocal elastic energy.
Thus, the elastic energy of the GUV (Wel) can be expressed as a
sum of the membrane bending energy and the energy of the
relative monolayer stretching. In the ADE model, the shape of
the GUV is determined by the minimization of the membrane
elastic energy (Wel) for a given area A, volume V, and the
difference (ΔA0(= A0

out − A0
in)) between the area of the outer

(A0
out) and the inner monolayers (A0

in) in the GUV bilayer
membrane under the relaxed (i.e., nonstretched) condition.49,50

An analysis based on the ADE model shows that, under the
condition of constant volume of the GUV, the shape changes as
follows: as ΔA0 increases, prolate → pear → two-spheres-
connected by a narrow neck. These shape changes are the same
as those induced by Lfcin B in the PG/PC (1/4)-GUVs (Figure
7). This analysis therefore indicates that the interaction of Lfcin
B with a GUV increased ΔA0 of the GUVs. We hypothesize
that A0

in of the GUV does not change. Therefore, we can
reasonably consider that the binding of Lfcin B induces an
increase in the area of the outer monolayer, A0

out. Moreover, the

Figure 7. Shape change of a PG/PC (1/4)-GUV induced by the
interaction of Lfcin B and its reversibility. (1)−(3) After the addition
of 0.20 μM Lfcin B, a prolate changed into a pear, and then into a two
spheres connected by a narrow neck. The time after the addition of
Lfcin B through the micropipet is (1) 0 s, (2) 66 s, and (3) 82 s. (4)−
(6) After the addition of Lfcin B was stopped, the shape change was
reversed. The time after stopping the addition of Lfcin B is (4) 125 s,
(5) 151 s, and (6) 208 s. The bar corresponds to 10 μm.
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observed reversibility of the Lfcin B-induced shape change
indicates that the binding of Lfcin B to the membrane interface
is reversible.
Association of PG/PC (1/1)-LUVs by Lfcin B. To examine

the interaction of PG/PC (1/1) membranes with Lfcin B, we
used DLS to determine a time course of the LUV sizes. We
used PG/PC (1/1)-LUVs with diameters of 115 nm (Z-
average) in buffer A. After mixing with various concentrations
of Lfcin B solution (final concentration from 0.50 to 1.0 μM),
the average LUV diameter increased with time (Figure 8). At

13 min after the mixing, the Z-average values of the LUV
suspensions containing 1.0 μM and 0.50 μM LfcinB were 246
and 183 nm, respectively. At concentrations of ≤0.20 μM Lfcin
B, no significant increase in LUV diameter was observed. After
100 fold dilution of these LUV suspensions with the buffer, Z
average values of the suspensions for 1.0 μM and 0.50 μM
LfcinB decreased to 118 nm, which is almost the same as the
initial diameter of the LUVs (115 nm). This result indicates
that LfcinB-induced increase in the size of LUVs are almost
reversible.
We can compare this result with that of Figure 2A because

lipid concentrations in both experiments were similar (i.e., 25
and 38 μM in the experiments shown in Figures 2A and 8,
respectively). Notably, 0.50 μM Lfcin B (i.e., peptide/lipid
ratio, P/L, equals 0.020) did not induce leakage of calcein
(Figure 2A), nonetheless 0.50 μM Lfcin B (i.e., P/L = 0.013)
increased the average LUV diameter (Figure 8). Generally the
increase in the size of LUVs occurs due to associations of LUVs
and membrane fusions of LUVs. It is considered that the first
stage of most membrane fusions is association of LUVs, and the
second step is the fusion between the associated LUVs. In most
cases the association is reversible; i.e., if we decrease the
concentration of substances inducing the association, the LUVs
are separated each other.51 For the second step (i.e., membrane
fusion), another factor or longer time is required. The above
results of the dilution of the samples indicated that the increase
in LUV diameter is due to mostly reversible association of
LUVs and partly fusion of LUVs. This is consistent with the
result of the reversible binding of LfcinB to the GUV
membrane indicated by the experiments of the shape change
of the GUVs. Therefore, the results in Figure 8 indicates that
after the interaction of Lfcin B with LUV membranes, the LUVs
associated each other, and thus the average size of the LUVs
increased with time. The rate of the association increased with
an increase in Lfcin B concentration.

General Discussions. The results of SYTOX green
experiments suggest that the Lfcin B-induced damage of E.
coli plasma membrane to cause membrane permeabilization of
SYTOX green is a main cause of death of E. coli. The
mechanism of the bactericidal activity of Lfcin B is still
controversial. Some researchers have suggested that Lfcin B
enters the bacterial cytoplasm via translocating plasma
membrane, in a manner like that of cell-penetrating peptides,
and then acts on DNA, which is a main cause of Lfcin B’s
bactericidal activity (see the detailed discussion later).3

However, our results of SYTOX green experiments directly
indicate that the Lfcin B-induced damage of the plasma
membrane is more plausible for the mechanism of bactericidal
activity than the above hypothesis. To elucidate the mechanism
of the Lfcin B-induced damage of plasma membrane, it is
indispensable to examine directly membrane damage by Lfcin B
and to confirm the target of Lfcin B. For this purpose, we
investigated the interaction of Lfcin B with the LUVs of pure
lipid membranes. The results showed that Lfcin B induced
leakage of calcein from the inside of the LUVs, indicating
damage of membrane structure of the LUVs. However, there
are many causes for the leakage, and it is difficult to identify its
cause based on the results of the LUV suspension method.19 To
clarify the cause of Lfcin B-induced leakage of calcein from the
LUVs, we used the single GUV method19,23 to investigate the
interaction of Lfcin B with calcein-containing PG/PC-GUVs.
We observed that a rapid leakage of calcein from a GUV started
stochastically; its statistical analysis provided a rate constant for
Lfcin B-induced pore formation, kP. After the leakage, the
spherical GUV structure remained, but its diameter decreased a
little. To elucidate this structural change in the GUVs, we
investigated the process of the structural change of single GUVs
using phase-contrast microscopy. We observed a rapid efflux of
sucrose solution from the inside the GUV, which completed
less than 66 ms. This result revealed that Lfcin B induced local
rupture in the single GUVs, and from the statistical analysis we
obtained the rate constant of local rupture, kL. The values of kL
and kP against Lfcin B concentrations were the same within an
experimental error. On the basis of these results, we concluded
that the leakage of calcein from single GUVs occurred as a
result of local rupture in the GUVs and that smaller pores
inducing leakage of calcein were not formed before local
rupture.
In this report, we used the term “local rupture” to express the

rapid leakage of sucrose. So far several terms have been used to
explain such a rapid leakage of internal contents such as sucrose
and calcein: large pore formation, local rupture, burst of
membranes, and rupture of vesicles.28,39,52−54 However, in
many cases of substance-induced rapid leakage of internal
contents, its elementary processes have not been well revealed
due to the limited time-resolution of the experimental systems,
and its mechanisms are not well understood. One exception is
the external tension-induced rupture of a GUV (after the
rupture, the spherical structure of the GUV completely
disappeared).43,53−60 In this case, a part of elementary processes
have been successfully revealed,53−56 and the classical
theory58−60 can explain reasonably that the rupture occurs
due to the tension-induced pore formation as follows. Thermal
fluctuation in the lateral density of a lipid membrane induces a
pre-pore. If the radius of a pre-pore is less than the critical
radius, ra (= Γ/σ), it closes quickly. However, if the radius
expands and reaches ra, the pre-pore transforms into a pore, and
then the radius of the pore becomes infinity rapidly, and hence

Figure 8. Time course of the average particle diameter (Z-average) in
the LUV suspension. Various concentrations of Lfcin B solution were
mixed with PG/PC (1/1)-LUV suspension at t = 0. Final Lfcin B
concentration is described at the right of each curve. Final lipid
concentration was 38 μM. The size distributions were obtained using
the non-negative least-squares method.
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the rupture of the GUV occurs. It is noted that the tension-
induced rupture of a GUV occurs due to a rapid, large pore
formation in lipid membranes. In the case of LfcinB-induced
pore formation, we could not observe any processes because
the local rupture occurred within 33 ms. Further experiments
are indispensable to reveal its elementary processes and its
mechanism of the Lfcin B-induced local rupture. After that we
can rename this phenomena more adequately.
As shown in Figure 4, during local rupture in a GUV, large

structural changes occurred rapidly in the GUV; the diameter of
the GUV decreased, and a large area of thicker membrane with
higher contrast and several small high-contrast (black) particles
appeared on the GUV membrane. On the other hand, Lfcin B
can induce association of PG/PC membranes due to the
electrostatic attraction between the positively charged Lfcin B
and the negatively charged PG/PC membranes, which was
supported by the results shown in Figure 8. During the local
rupture, association of membranes of the GUV may form
multilayers locally, which may induce formation of a large area
of the thicker membrane region with higher contrast and a
small high-contrast (black) particle at several places on the
GUV membrane. This model can explain the decrease in the
area of the GUV membrane that is indicated by the decrease in
GUV diameter. On the other hand, when we investigated the
interaction of EGCg, one of antibacterial substances, with single
GUVs, we observed similar rapid leakage of calcein and sucrose,
and after the leakage spherical GUVs did not remain; instead
the GUV converted to a small lump.28 In this case we
succeeded in observing the evolution of a large pore in the
GUV membrane (i.e., the instantaneous pore formation and the
following decrease in the radius of the pore). After the
formation of a large pore, the high-contrast (black) particles or
the thick membrane regions appeared on the GUV membrane,
and then during the evolution of the pore with a concomitant
of the conversion of the GUV to a small lump, the amount of
the high-contrast particles increased. The results using the
small-angle X-ray scattering (SAXS) indicated that EGCg
induced strong attraction of two bilayers and close contact of
them at high concentrations of EGCg.28 Therefore, it is clear
that the high-contrast (black) particles are formed due to the
EGCg-induced attraction of two bilayers after the large pore
formation.
To elucidate the mechanism of Lfcin B-induced pore

formation, we investigated the effects of the electrostatic
interactions on the Lfcin B-induced pore formation. The rate
constants of Lfcin B-induced pore formation in PG/PC (1/1)-
GUV were much larger than those in PG/PC (1/4)-GUV. The
initial process of the binding of Lfcin B to the surface of lipid
membranes is controlled by the electrostatic interaction
between highly positively charged Lfcin B and negatively
charged lipid membranes. We can reasonably expect that the
surface concentration of Lfcin B in PG/PC (1/1)-GUV is larger
than that in PG/PC (1/4)-GUV. Thus, the results shown in
Figure 6 indicate that the surface concentration of Lfcin B is
one of the key factors for pore formation; with an increase in
the surface concentration of Lfcin B, the rate constant of Lfcin
B-induced pore formation increases. This tendency has been
proven experimentally in the case of magainin 2.25 On the basis
of the structure of Lfcin B in aqueous solution (as determined
by NMR), Lfcin B forms an amphipathic antiparallel β-sheet;
the face containing amino acids with high interfacial hydro-
phobicity61 (such as F1, W6, W8, L13, and F25) is expected to
interact strongly with the membrane interface if Lfcin B lies in

parallel with the membrane surface.9 Experimental results using
quenching of Trp fluorescence indicate that the Trp residues of
Lfcin B locate at the membrane interface,62 suggesting that
Lfcin B indeed lies in parallel with the membrane surface.63

This strong interaction of Lfcin B with the lipid membrane
interface is postulated to induce an increase in the area of the
outer monolayer of a GUV, which is supported by the results of
Lfcin B-induced shape change (Figure 7). We infer that this
interaction plays an important role in pore formation.
It is important to compare the results of Lfcin B-induced

membrane permeation with those of other AMPs and other
antimicrobial substance-induced membrane permeation. Mag-
ainin 2 initially induced a large, transient pore in lipid
membranes following which the radius of the pore decreased
to a stable smaller size,26 but the diameter of GUVs did not
change significantly after magainin 2-induced pore forma-
tion.25,26 For example, high concentrations of magainin 2
induced a small amount (∼10% of the total amount) of leakage
of TRD-70k only at the initial stage; at the final steady-state, the
radius of the magainin 2-induced pore was smaller than 2.8
nm.26 In contrast, Lfcin B induced complete leakage of TRD-
70k (Figure 5). Therefore, we can conclude that the size of the
Lfcin B-induced pore is larger than that induced by magainin 2.
On the other hand, gomesin, another AMP, induced bursting of
GUVs; the structure of GUVs was not observed after the
bursting occurred.52 The authors of that report used the “carpet
model” to explain the gomesin-induced disruption of the
membrane.64 Similarly, EGCg induced bursting of GUVs; after
such bursting, only a small lump (and not a spherical structure)
was observed.28 With Lfcin B, spherical GUVs (of reduced
diameter) were observed after local rupture, suggesting that the
mode of damage of lipid membranes due to Lfcin B is different
from that of gomesin and EGCg. However, currently we do not
know the mechanism of Lfcin B-mediated local rupture. Thus,
it is difficult to further contrast the differences in membrane
damage caused by these various agents.
As discussed above, some researchers consider that the

interaction of Lfcin B with DNA is a main cause of Lfcin B’s
bactericidal activity.3 Indeed, lactoferrin has been reported to
enter cells and interact with DNA.65,66 However, it is important
to note that even if the main target of an AMP is the plasma
membrane of bacteria, the AMP can pass through the induced
membrane pore to enter a cell only when the size of the AMP-
induced pore is larger than that of the AMP itself. Recently,
entry of AMPs into cells by this mechanism was experimentally
proven for magainin 2.26,27 However, the evidence for the entry
of peptides/proteins into cells and their binding to DNA does
not necessarily indicate that the binding of peptides/proteins to
DNA is the main source of bactericidal activity. Notably, some
researchers consider that the damage of plasma membrane due
to the interaction of Lfcin B with the lipid membrane region is
the primary mechanism of this peptide’s bactericidal
acitivity.20−22 The results in the present report provide direct
experimental evidence to support the latter mechanism. At
present, we do not have detailed experimental data to propose
the mechanism of the Lfcin B-induced local rupture, but
changes in the physical properties of the membrane (such as
tension due to high surface concentration of Lfcin B) may play
a key role in local rupture. The results of Figure 6 indicates that
LfcinB can induce pore formation even if the surface charge
density is lower (i.e., 20 mol % DOPG). As described in the
introduction, one of the places where Lfcin B molecules attack
bacteria is the mammal stomach. The pH of solution in the
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stomach is very low (∼pH 1−3),67 and the pK of PG is ∼pH
3.68 Hence more than half of PG molecules are protonated (i.e.,
the surface charge density of plasma membrane of bacteria
becomes less than a half of that at neutral pH) in the stomach.
Lfcin B does not have negatively charged amino acid residues,
and hence its charge density does not change in the stomach.
Therefore, we can reasonably consider that LfcinB has
antibacterial activity in the stomach.

■ CONCLUSION
In this report, we provide evidence for Lfcin B-induced rapid
damage of the plasma membrane of E. coli. Lfcin B induced
leakage of calcein from LUVs and GUVs composed of PG/PC
membranes, showing direct evidence that Lfcin B caused a
damage of these lipid membranes. Using the single GUV
method, we observed that Lfcin B induced the rapid leakage of
calcein and TRD-70k from single GUVs. After the rapid
leakage, the spherical shape of the GUV remained, although its
diameter decreased a little, and the GUV membrane contained
a large area of thicker membrane region with higher contrast
and several small high-contrast particles. At the time resolution
of 33 ms, the detailed structural changes of the GUV during the
rapid leakage were not revealed. The surface concentration of
Lfcin B and the associated physical changes in the membrane,
such as stretching of membranes, are among the key factors
contributing to pore formation. These results indicate that
Lfcin B-induced rapid damage of the plasma membrane of E.
coli with its concomitant rapid leakage of internal contents is a
key factor for the peptide’s bactericidal activity.
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