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ABSTRACT

Antimicrobial peptide magainin 2 (Mag) forms nanopores in lipid bilayers and induces membrane
permeation of the internal contents from vesicles. The binding of Mag to the membrane interface of a
giant unilamellar vesicle (GUV) increases its fractional area change, d, which is one of the main causes
of Mag-induced nanopore formation. However, the role of its amino acid composition in the Mag-
induced area increase and the following nanopore formation is not well understood. Here, to elucidate
it we examined the role of interfacial hydrophobicity of Mag in its nanopore formation activity by
investigating de novo-designed Mag mutants-induced nanopore formation in GUVs. Aligned amino
acid residues in the o-helix of Mag were replaced to create 3 mutants: F5A-Mag, A9F-Mag, and
F5,12,16A-Mag. These mutants have different interfacial hydrophobicity due to the variation of the
numbers of Phe and Ala because the interfacial hydrophobicity of Phe is higher than that of Ala. The
rate constant of Mag mutant-induced nanopore formation, k,, increased with increasing numbers of Phe
residues at the same peptide concentration. Further, the Mag mutant-induced & increased with
increasing numbers of Phe residues at the same peptide concentration. These results indicate that k, and
Jincrease with increasing interfacial hydrophobicity of Mag mutants. The relationship between k, and
0 in the Mag and its mutants clearly indicates that K, increases with increasing o, irrespective of the
difference in mutants. Based on these results, we can conclude that the interfacial hydrophobicity of

Mag plays an important role in its nanopore formation activity.
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of lipid bilayers, single GUV method



1. Introduction

In the past few decades, the number of multidrug-resistant (MDR) bacteria has increased [1,2],
and thus, it is indispensable to develop new antibiotics. In this context, an emerging class of molecules
called antimicrobial peptides (AMPs) that are produced by virtually all living organisms—mammals,
animals, insects, and plants, have been defending their hosts against a variety of bacteria as well as other
pathogenic microbes for millions of years [3-10]. Therefore, these AMPs have been considered as
potential antibiotics against these MDR-bacteria [6,11,12]. Currently more than 3000 AMPs are known
[13], and the antimicrobial and bactericidal activities of these AMPs are manifested through a variety
of mode of actions [3-10]. Most AMPs induce leakage of internal contents from the cytoplasm of
bacterial cells by damaging to their plasma membrane, which is considered a main cause of their
bactericidal activity [3-10]. The lipid bilayer region of the plasma membrane is the main target of AMPs,
as all D-amino acid AMPs exhibited similar activity to the wild-type (L-amino acid) AMPs [14]. On
the other hand, some AMPs [15,16] have the same activities as cell-penetrating peptides (CPPs) [17-
20], and thus, they can enter bacterial cytosol without inducing significant cytoplasmic leakage. It is
considered that such CPP-type AMPs binds to DNA and/or proteins in the bacterial cytoplasm, which
is considered the main mechanism of their bactericidal activities [21]. To reveal the mechanisms of
action of AMPs and their design principles, their structure-function relationship study should be
performed. Therefore, it is indispensable to develop various mutants of AMPs by changing multiple

physicochemical parameters.

Magainin 2 (Mag) produced by the African clawed frog Xenopuslaevis[22] is one of these AMPs
and has been extensively examined. NMR spectroscopy revealed that Mag forms an o-helix in the
membrane interface and orients parallel with the membrane surface [23,24]. Mag induces leakage of
the internal contents from large unilamellar vesicles (LUVs) and giant unilamellar vesicles (GUVs) [25-
27] following the formation of nanometer-size pores (i.e., nanopores) in the lipid bilayer [26]. It is
considered that positively charged Mag binds to lipid bilayers due to electrostatic interactions and

hydrophobic interaction [28,29]. With an increase in surface charge density, the apparent binding



constant of Mag to negatively charged GUVs increases, which enhance the rate constant of Mag-

induced nanopore formation, ks, in these lipid bilayers [30].

Recently, we have found that Mag locates in the outer leaflet of GUVs just before nanopore
formation and the binding of Mag to the outer leaflet of a GUV increases the area of the lipid bilayer of
the GUV, or the fractional area change of the GUV membrane, 6 [31]. This, in combination with the
relationship between k, and Mag concentration in the membrane interface (surface concentration), one
can reasonably conclude that k; increases with increasing 4, i.e., the stretching of lipid bilayer activates
Mag-induced nanopore formation [31,32]. At present, the mechanism of the Mag binding-induced area
increase of the lipid bilayer is unknown. We have a following hypothesis on this mechanism. First, Mag
binds with the lipid bilayer as a result of electrostatic attraction between the positively charged Mag
and the negatively charged lipid membrane, which may decrease the area of the membrane due to the
neutralization of the surface charges. Then, Mag is inserted deeply into the membrane interface because
of the interfacial hydrophobicity of the hydrophobic side of the amphipathic o-helix. This last step
increases the membrane area because of steric repulsion between the lipid headgroup and the rod-like
structure of the o-helix. It is well recognized that the membrane interface of lipid bilayers in the liquid-
crystalline phase is composed of hydrophilic segments and hydrocarbon chains of lipids and water
[33,34] due to large thermal motions of lipids and lipid bilayers such as undulation and protrusion [35].
Thus, some amino acid residues favor in partitioning into the membrane interface. This tendency is
characterized by the interfacial hydrophobicity of amino acids, which is defined as the transfer free
energy of amino acid residue from bilayer interface to water, AGy [36]. Among 20 amino acid residues,
Trp and Phe residues have the highest interfacial hydrophobicity. Thus, we can reasonably infer that an
important factor in the insertion of peptides into the membrane interface is the interfacial
hydrophobicity of their amino acid residues [37]. Mag (GIGKFLHSAKKFGKAFVGEIMNS-NH,) has
three Phe residues; thus, it can be predicted that Phe residues play an important role in the insertion of

Mayg into the membrane interface.



To reveal one of the design principles of Mag, we examined in this report the role of interfacial
hydrophobicity of Mag in induced area increase of lipid bilayers and the following nanopore formation.
For this purpose, we designed and synthesized several Mag mutants with different numbers of Phe
residues by replacing Ala with Phe or Phe with Ala. Three Phe residues (F5, F12, F16) and an Ala
residue (A9) are aligned along the hydrophobic side of the amphipathic o-helix. To maintain the
secondary structure of Mag, we replaced the amino acid residues in this line to create 3 mutants: F5A-
Mag, A9F-Mag, and F5,12,16A-Mag. The interfacial hydrophobicity of Phe (AG, = 4.7 kJ/mol) is
higher than that of Ala (AG, =—0.7 kJ/mol). Thus, replacement of an Ala residue with a Phe residue of
a peptide increases the interfacial hydrophobicity of the peptide by 5.4 kJ/mol. Accordingly, the
interfacial hydrophobicity of A9F-Mag is higher than that of wild-type Mag by 5.4 kJ/mol. Oppositely,
the interfacial hydrophobicity of F5A-Mag and F5,12,16A-Mag is lower than that of Mag by 5.4 kJ/mol
and 16 kJ/mol, respectively. Thus, the order of interfacial hydrophobicity (from highest to lowest) is
A9F-Mag > Mag > F5A-Mag > F5,12,16A-Mag. We investigated the Mag mutants-induced nanopore
formation using the single GUV method [30,32]. We also examined the area change of GUV
membranes induced by Mag mutants using two-micropipette method [31]. Based on these results, we
discuss the role of interfacial hydrophobicity of Mag in area increase of lipid bilayers and nanopore

formation.

2. Materials and Methods

2.1. Chemicals and peptides

Dioleoylphosphatidylglycerol (DOPG) and dioleoylphosphatidylcholine (DOPC) were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Bovine serum albumin was purchased from Wako
Pure Chemical Industry Ltd. (Osaka, Japan). Mag and its mutants (A9F-Mag, F5A-Mag, and
F5,12,16A-Mag) were synthesized by the FastMoc method using a 433A peptide synthesizer (PE
Applied Biosystems, Foster City, CA, USA), subsequently purified using reverse-phase high-

performance liquid chromatography (HPLC) [26]. These peptides were also synthesized using an



Initiator+Alstra (Biotage, Uppsala, Sweden) [38]. Mass spectra of A9F-Mag, F5A-Mag, and
F5,12,16A-Mag were acquired by LC—MS analysis using the linear ion trap time-of-flight mass
spectrometer (LIT-TOF MS), NanoFrontier eLD (Hitachi High-Tech Corporation, Tokyo, Japan)
coupled to a nanoflow HPLC, NanoFrontier nLC (Hitachi High-Tech Corporation, Tokyo, Japan) as
previously described [39]. The measured masses of A9F-magainin, F5SA-Mag, and F5,12,16A-Mag
were 2540.4 £ 0.1, 2388.4 £ 0.1, and 2236.2 + 0.1 Da, respectively, which correspond to the molecular

masses calculated from the monoisotopic mass of all the atoms in these molecules.

Peptides were analyzed and purified by reverse-phase HPLC (LC-10AD and SPD-10A, Shimazu,
Kyoto, Japan) using a C18 analytical column (4.6 X 250 mm, 5 um) (Nakarai, Kyoto, Japan) and a C18
semi-preparative column (10 x 250 mm, 10 pum) (Nakarai), respectively. Solvent A (0.1 %
trifluoroacetic acid in Milli-Q) and solvent B (0.1 % trifluoroacetic acid in 90% acetonitrile and 10%
Milli-Q mixture) were used. For analysis of peptides, the initial solvent B (90% acetonitrile and 10%
water) concentration in the mixture was 20% and the solvent B concentration increased linearly from

20% at 0 min to 50% at 60 min with a gradient of 0.5% solvent B/min.

2.2. GUYV preparation and purification

GUVs comprising DOPG and DOPC (4/6; molar ratio) (i.e., DOPG/DOPC (4/6)-GUVs) were
prepared by the natural swelling method [26,40]. Briefly, after prehydration of a dry DOPG/DOPC
membrane, 1 mL of buffer A (10 mM PIPES, pH 7.0, 150 mM NaCl, and 1 mM EGTA) containing
0.10 M sucrose was added on the prehydrated membrane and then incubated for 2 h at 37 °C. We

purified the GUVs using the standard membrane filtering method [40].

2.3. Mag mutant-induced nanopore formation in single GUVs

The single GUV method [30-32] was used to determine the rate constant of Mag mutant-induced

nanopore formation. Briefly, the interaction of Mag mutant solution with single DOPG/DOPC (4/6)-



GUVs containing a water-soluble fluorescent probe, calcein, was observed in a hand-made
microchamber whose glass surfaces were pre-coated with BSA under a fluorescent microscope (1X-70,
Olympus, Tokyo, Japan) at 25 + 1 °C (controlled using a stage thermocontrol system (Thermoplate,
Tokai Hit, Shizuoka, Japan)). During the interaction of Mag mutants, GUV images were recorded using
an EM-CCD camera (C9100-12, Hamamatsu Photonics K.K., Hamamatsu, Japan). To prevent the
photobleaching of calcein, the incident light intensity was decreased by ND filters. The fluorescence
intensity of each GUV lumen (I) was determined using an AquaCosmos (Hamamatsu Photonics K.K.).
To induce the interaction of Mag mutants with single GUVs, Mag mutant solution in buffer A
containing 0.10 M glucose were continuously added to the neighborhood of a GUV through a 20-um-
diameter micropipette located at the distance of 70 um from the target GUV by applying a positive
pressure of 30 Pa. Mag concentrations in the vicinity of a target GUV were 78% of those in the

micropipette [31].

2.4. Mag mutant-induced area change of a GUV

We used a two-micropipette method to estimate the Mag mutant-induced area change of a GUV
[31]. Under a DIC microscope (IX-71, Olympus), a single GUV was held in a chamber at the tip of
micropipette with 10-um-diameter for a few minutes by applying a slight aspiration pressure AP (to
induce a membrane tension, ¢; of 0.50 mN/m in the GUV). o can be controlled by AP using a following

equation.

APd,,

= 21— dp/Dy) M

g

where dn, is the micropipette internal diameter and Dv is the diameter of the spherical part of the GUV
outside the micropipette. Then, a Mag mutant solution was continuously added to the neighborhood of
the GUV from another micropipette with 20-um-diameter located at the distance of 40 um from the
target GUV by applying a positive pressure of 30 Pa. Mag mutant concentrations in the vicinity of the

target GUV were 58% of those in the micropipette [31].



The fractional change in the area of a GUV membrane () induced by the interaction of Mag
mutants with the GUV is determined by the change in the projection length (AL) of a part of the GUV
inside the micropipette. By assuming constant volume of a GUV, ) is determined by AL as follows

[41]:

5= ALdy(1 —d,/D,)

2
DVO

(2)

where Dy and Dyo are the diameter of the spherical part of the GUV outside the micropipette at

equilibrium after and before the interaction with Mag mutant, respectively.

3. Results and Discussions
3. 1. Interfacial hydrophobicity of Mag mutants

In the reverse-phase HPLC, peptides are injected in a solvent containing high concentration of
water and thus they are adsorbed in the hydrophobic surface of the resin, and then as the concentration
of solvent B (hydrophobic solvent; here 90% acetonitrile/10% water was used) increases, the peptides
are unbound from the resin to be eluted. Thus, the elution time of peptides or the corresponding solvent
B concentration provides information of the hydrophobicity of the peptide. Figure 1 shows the elution
pattern of the reverse phase-HPLC for purified Mag mutants. A9F-Mag was eluted at 43.5% solvent B,
which was higher than that where Mag was eluted (40.5%), indicating that A9F-Mag is more
hydrophobic than Mag. In contrast, FSA-Mag and F5,12,16A-Mag were eluted at 37.5% and 31.5%
solvent B, respectively, which were lower than that where Mag was eluted (40.5%). This result indicates
that F5A-Mag and F5,12,16A-Mag are more hydrophilic than Mag. Therefore, the order of the
hydrophobicity of peptides (from highest to lowest) was A9F-Mag > Mag > F5A-Mag > F5,12,16A-
Mag, which is the same order of the interfacial hydrophobicity of these Mag mutants described in the
Introduction. Therefore, this result supports the above estimation of the interfacial hydrophobicity of

these Mag mutants.



3.2. Mag mutants-induced nanopore formation in single GUVs

First, we examined the interaction of F5A-Mag with single DOPG/DOPC (4/6)-GUVs in PIPES
buffer containing 0.10 M glucose at 25°C using the single GUV method. The GUVs contained a water-
soluble fluorescent probe calcein in their lumen. Figure 2A shows a typical result for the interaction of
62 uM F5A-Mag with a single GUV. The phase-contrast microscopic image of a GUV before the
interaction with F5A-Mag shows its high contrast (Fig. 2A (1)), attributed to the difference in refractive
index 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 (Fig. 2A (II)) showed high fluorescence intensity (1) of the GUV
lumen due to a high calcein concentration there. In the interaction of the GUV with the peptide, |
remained almost constant over the first 218 s, and then gradually decreased (Fig. 2A (II)). Figure 2B
shows the time course of normalized |, defined as the ratio of 1(t)/1(0)), where I(t) and I(0) are | at time
t after starting the interaction and | before the interaction, respectively. After 360 s, I(t) decreased to
less than 20% of 1(0); however, a phase-contrast image of the same GUV (Fig. 2A (III)) showed a
spherical GUV with a similar diameter. As discussed previously [26,30], the decrease in I(t) is due to
calcein leakage from the GUV lumen to the outside, indicating that FSA-Mag induced nanopores in the
GUV membrane. Thus, the starting time of the decrease in I(t) corresponds to the onset of nanopore
formation in the lipid bilayer. After the same experiments were repeated using 20 single GUVs, we
found that the calcein leakage from a GUV was initiated stochastically, indicating that nanopore
formation occurred stochastically. To estimate the rate constant of nanopore formation at its initial stage,
we obtained the time course of the fraction of intact GUV with no leakage of calcein among all
examined GUVs, Pinac(t). If we consider a two-state transition from the intact state to the initial

nanopore state, a following theoretical equation of Pinwc is obtained [30,32],

Pintact(t) = exp{_kr(t - teq)} 3)

where kp is the rate constant of the two-state transition, i.e., the rate constant of peptide-induced

nanopore formation at its initial stage, and t., is a fitting parameter. Figure 2C shows that the time course



of Pintact for the interaction of 62 uM F5A-Mag was fit by Eq. 3, yielding a k, value of 2.4 x 107 s
Three independent experiments (N = 3) were carried out to obtain a mean value + standard deviations
(SDs) for kp, (2.3 £0.2) x 107 s7!. The kp increased with an increase in FSA-Mag concentration (Fig.

2D). The values of ke for FSA-Mag were smaller than those of Mag at similar concentrations.

Second, we investigated A9F-Mag-induced calcein leakage from single GUVs. Figure 3A shows
a typical result for the interaction of 10 uM A9F-Mag with a single GUV. Almost constant | was
observed over the first 174 s of the interaction, then I(t) decreased gradually, and at 360 s, I(t) was
almost zero (Fig. 3B). The time course of the decrease in Pinact Was fit by a single exponential curve of
Eq. 3 (Fig. 3C), yielding a k, value of 4.5 x 107 s™'. The mean = SD value of ke for 10 uM A9F-Mag
was (4.7 £ 0.4) x 107 s™' (N = 3). The kp increased with increasing A9F-Mag concentration, and the

values of ke for A9F-Mag were larger than those of Mag at similar concentrations (Fig. 3D).

Third, we investigated F5,12,16A-Mag-induced calcein leakage from single GUVs. F5,12,16A-

Mag did not induce calcein leakage from the GUVs up to 62 uM, indicating no nanopore formation.

In summary, the results as a whole indicate that the rate constant of Mag mutants-induced nanopore
formation, K, increases with increasing number of Phe residues at the same peptide concentration (Figs.
2D and 3D). Thus, the order of k, of the Mag mutants at the same peptide concentration is A9F-Mag >
Mag > F5A-Mag > F5,12,16A-Mag. This result indicates that k; increases with increasing interfacial

hydrophobicity of Mag mutants.

3.3. Mag mutants-induced area change of lipid bilayers

To reveal the mechanism of the effect of Mag mutation on nanopore formation, we examined the
change in GUV area induced by Mag mutants using the two-micropipettes method [31]. First, we
investigated the F5A-Mag-induced area change of a GUV. An F5A-Mag solution was continuously
added to the vicinity of a single GUV held at the tip of micropipette A from micropipette B. After

starting the interaction of FSA-Mag with the GUV, the fractional area change of the GUV, ¢, increased
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with time, and then reached an equilibrium value in less than 30 s (Fig. 4A). Figure 4B (®) shows that
the value of Jat the equilibrium state increased with increasing FSA-Mag concentration in the buffer,
and the values of o for F5A-Mag were smaller than those for Mag (red e) at similar concentrations.
Next, we investigated the effects of A9F-Mag binding to the membrane of a GUV on its area using the
same method as described above. The ¢ increased with time, and then reached an equilibrium value in
less than 30 s. The values of ¢ for A9F-Mag (blue A) were larger than those for Mag at similar

concentrations (Fig. 4B).

In summary, the order of the Mag mutant-induced dat the same peptide concentration is AYF-Mag
> Mag > F5A-Mag > F5,12,16A-Mag. This result indicates that o increases with increasing interfacial

hydrophobicity of Mag mutants.

3.4. Correlation between the rate constant of Mag mutants-induced nanopore formation and

fractional area change

Figure 5 shows the relationship between the rate constant of nanopore formation, K,, and the
fractional area change, ¢, induced by the three Mag mutants and Mag. The result shown in Fig. 5
demonstrates that k, increases with increasing J. This result is similar to the previous result, in which

the rate constant of Mag-induced nanopore formation increases with increasing J[31].

Based on this result, it can be reasonably explained that k, increases with increasing interfacial
hydrophobicity of Mag (AGy). The increase in AG raises the binding constant of Mag to the GUV
membrane interface, resulting in an increase in the Mag surface concentration, X. The insertion of amino
acid residues such as Phe of Mag into the membrane interface can induce the repulsion between the
headgroup of lipids and Mag, which increases the area of the lipid bilayer. The value of d may depend
on not only X but also the degree of insertion of Mag into the membrane interface, which depends on
the interfacial hydrophobicity of Mag. Thus, Jincreases with increasing the interfacial hydrophobicity

of Mag. As described previously [31,32], the rate constant of Mag-induced nanopore formation in lipid

11



bilayers (ky) increases with an increase in dinduced by the binding of Mag to the outer leaflet interface.
The result of Fig. 5 supports that this mechanism is held for Mag mutants. Therefore, k; increases with

increasing interfacial hydrophobicity of Mag mutants.

4. Conclusions

In this report, to elucidate the role of the interfacial hydrophobicity of Mag in nanopore formation,
we designed several Mag mutants with different numbers of Phe residues. The rate constant of Mag
mutant-induced nanopore formation, K, in single GUVs and the fractional area change of the GUVs
induced by Mag mutants, o, increased with increasing number of Phe residues at the same peptide
concentration, indicating that k, and O increase with increasing interfacial hydrophobicity of Mag
mutants. These experimental results clearly indicate that the deep insertion of Mag into the membrane
interface due to its interfacial hydrophobicity induces the increase in area of the GUV lipid bilayer.
Based on these results, we concluded that as the interfacial hydrophobicity of Mag mutants increases,
dincreases, and thus, k; increases. This result provides a new design principle of AMPs, i.e., a clue of
amino acid composition of Mag and other AMPs for their nanopore formation activity, and thus, is

useful to design new AMPs.
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Figure Legends

Figure 1. Reversed-phase HPLC chromatograms of Mag mutants. Solvent B (90% acetonitrile and 10%
water) concentration in the mixture (broken line) was increased linearly from 20% at 0 min with a
gradient of 0.5% solvent B/min. A9F-Mag (blue curve, A9F), Mag (red curve, WT (wild type)), F5A-
Mag (black curve, F5A) and F5,12,16A-Mag (green curve, F5,12,16A). The absorbance of peptide

solution at 215 nm is represented by arbitrary voltage.

Figure 2. F5A-Mag-induced nanopore formation in lipid bilayers. (A) Interaction of 62 uM F5A-Mag
with a GUV containing calcein. (I) (II) phase contrast images of the GUV, and (II) its fluorescence
microscopic images due to calcein. The numbers above each image show the time after an FSA-Mag
solution was added to the neighborhood of the GUV. Bar, 30 um. (B) Time course of normalized lumen
intensity (1) shown in panel A. (C) Time course of Piyuc in the interaction of 62 uM F5A-Mag. A red
line is the best fit curve of Eq. 3. (D) Dependence of kp on peptide concentration. F5A-Mag (e) and

Mag (red ). The mean values and SDs of k, (N =3) are shown.

Figure 3. A9F-Mag-induced nanopore formation in lipid bilayers. (A) Interaction of 10 uM A9F-Mag
with a GUV containing calcein. (I) (III) phase contrast images of the GUV, and (II) its fluorescence
microscopic images due to calcein. The numbers above each image show the time after an A9F-Mag
solution was added to the neighborhood of the GUV. Bar, 30 um. (B) Time course of n normalized |
shown in panel A. (C) Time course of Pinwc in the interaction of 10 uM A9F-Mag. A red line is the best
fit curve of Eq. 3. (D) Dependence of kp on peptide concentration. A9F-Mag (blue A) and Mag (red e).

The mean values and SDs of k, (N =3) are shown.
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Figure 4. Mag mutants-induced area change of GUVs. (A) Time course of change in the fractional
change in area, o, of single GUVs interacting with FSA-Mag solution. The peptide concentration is
denoted at the right side of each curve. (B) Dependence of dat the equilibrium state on the mutant Mag

concentration. A9F-Mag (blue A), Mag (red @), FSA-Mag (e) and F5,12,16A-Mag (green m).

Figure 5. The relationship between the rate constant of Mag mutants-induced nanopore formation, Kp,

and the fractional area change, 0. A9F-Mag (blue @), Mag (red ®), and FSA-Mag (e).
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Figure 1. Reversed-phase HPLC chromatograms of Mag mutants. Solvent B (90% acetonitrile and 10%
water) concentration in the mixture (broken line) was increased linearly from 20% at 0 min with a
gradient of 0.5% solvent B/min. A9F-Mag (blue curve, A9F), Mag (red curve, WT (wild type)), F5A-
Mag (black curve, F5A) and F5,12,16A-Mag (green curve, F5,12,16A). The absorbance of peptide
solution at 215 nm is represented by arbitrary voltage.
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Figure 2. F5A-Mag-induced nanopore formation in lipid bilayers. (A) Interaction of 62 uM F5A-Mag
with a GUV containing calcein. (I) (II) phase contrast images of the GUV, and (II) its fluorescence
microscopic images due to calcein. The numbers above each image show the time after an F5SA-Mag
solution was added to the neighborhood of the GUV. Bar, 30 um. (B) Time course of normalized lumen
intensity (1) shown in panel A. (C) Time course of Pinuc in the interaction of 62 uM F5A-Mag. A red
line is the best fit curve of Eq. 3. (D) Dependence of ke on peptide concentration. F5A-Mag (e) and
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Mag (red ®). The mean values and SDs of k, (N =3) are shown.
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Figure 3
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Figure 3. A9F-Mag-induced nanopore formation in lipid bilayers. (A) Interaction of 10 uM A9F-Mag
with a GUV containing calcein. (I) (II) phase contrast images of the GUV, and (II) its fluorescence
microscopic images due to calcein. The numbers above each image show the time after an A9F-Mag
solution was added to the neighborhood of the GUV. Bar, 30 um. (B) Time course of n normalized |
shown in panel A. (C) Time course of Py in the interaction of 10 uM A9F-Mag. A red line is the best
fit curve of Eq. 3. (D) Dependence of kp on peptide concentration. A9F-Mag (blue A) and Mag (red e).
The mean values and SDs of k, (N =3) are shown.
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Figure 4. Mag mutants-induced area change of GUVs. (A) Time course of change in the fractional
change in area, o, of single GUVs interacting with FSA-Mag solution. The peptide concentration is
denoted at the right side of each curve. (B) Dependence of dat the equilibrium state on the mutant Mag
concentration. A9F-Mag (blue A), Mag (red @), FSA-Mag (e) and F5,12,16A-Mag (green m).

22



Figure 5

T T T T T
0.01 | —
~ ot
I\"i §
= o %3
®
0001 bt~ 1 .

0.01 0.02  0.03 0.04  0.05
Fractional Area Change, &

Figure 5. The relationship between the rate constant of Mag mutants-induced nanopore formation, ki,
and the fractional area change, 0. A9F-Mag (blue @), Mag (red ®), and FSA-Mag (e).
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