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Membrane disruption by an antimicrobial peptide, protegrin-1 (PG-1), was investigated by measuring the *H solid-state
nuclear magnetic resonance (SSNMR) spectra of 1-palmitoyl-ds;-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC
d31) in the mixture of PG-1 and POPC_ds; lipids deposited on thin cover-glass plates. The experimental line shapes
of anisotropic "H SSNMR spectra measured at various peptide-to-lipid (P/L) ratios were simulated reasonably by assum-
ing the mosaic spread of bilayers containing pore structures or the coexistence of the mosaic spread of bilayers and a
fast-tumbling isotropic phase. Within a few days of incubation in the hydration chamber, the pores were formed by the
peptide in the POPC_ds; and POPC_ds1/cholesterol membranes. However, the formation of the pores was not clear in
the POPC_d5/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) membrane. Over a hundred days after
hydration, a rapidly rotating isotropic phase increased in the POPC_d5; and the POPC_d5,/cholesterol membranes with
the higher P/L ratios, but no isotropic phase appeared in the POPC_d3/POPG membrane. Cholesterol added in the POPC
bilayer acted as a stabilizer of the pore structure and suppressed the formation of a fast-tumbling isotropic phase.
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Introduction

Antimicrobial peptides (AMPs) are one of the innate immune
systems in mammals, amphibians, and insects and are used to
kill a broad range of pathogens such as viruses, bacteria, and
fungi.l'6 Their broad activities are strongly related to the fact
that except for a small group of AMPs that act via a receptor-
mediated disruption mechanism, most AMPs act on membranes
via a nonreceptor-mediated disruption mechanism.” The AMP
interaction with a membrane depends on the membrane pro-
perties, such as a surface charge density,® membrane rigidity at
a hydration level,” and the AMP properties, such as a peptide
conformation at the membrane-binding state'’ and peptide
charge density.11 However, the common characteristics of the
peptide-lipid interaction are 2 interactions of an electrostatic in-
teraction between highly charged residues of the peptide and a
surface charge in the polar head group of the lipid, and a hydro-
phobic interaction between the hydrophobic side of the peptide
and the alkyl chain of the lipid.>

While AMPs kill microbes by disrupting the cell membranes,
the detailed mechanisms for the membrane disruption are di-
verse for the different types of AMPs." The most plausible me-
chanisms proposed for the membrane disruption include a for-
mation of micelles, a carpet model, a membrane thinning model,
a barrel-stave model, and a toroidal pore model. P When
peptides bind onto the lipid membrane, the binding site in the
membrane and the conformation of the peptide depend, in
general, on the peptide concentration, surface charge density,
and membrane ingredients such as cholesterol. For example,
some AMPs have 2 states depending on the peptide concentra-
tion. At a low peptide-to-lipid (P/L) ratio, the peptide is in the
“S” state in which the peptide binds on the membrane surface
with a f-sheet orientation parallel to the plane of the bilayers,
and above a threshold value, the peptide is in the “I” state in

which the peptide inserts into the bilayer and is in the orientation
perpendicular to the plane of the bilayers. ' Rhesus theta defen-
sin-1 (RTD-1), a #-defensin discovered in granulocytes of the
rhesus monkey,'” causes the formation of lipid cylinders in the
POPC/POPG membranes, whereas protegrin-1 (PG-1) breaks
the POPC/POPG membrane into small vesicles.'® Alamethicin,
a 20-amino acid peptide that has been isolated from the fungus
Trichoderma viride,” and magainin, an a-helical structured 23-
residue peptide found on the skin of the African clawed frog
Xenopus laevis,” ! only thinned the membrane without disrup-
tion of the bilayer at specific P/L ratios.” A short polycationic
HIV-derived cell-penetrating peptide TAT induces presumably
inverted micelles assembled into bundles in the zwitterionic
dimyristoylphosphatidylcholine (DMPC), but not in the anionic
dimyristoylphosphatidylglycerol (DMPG) bilalyers.23 Pandinin
2, a pore-forming peptide isolated from the crude venom of the
African scorpion Pandinus imperator,”* lyses membranes only
under acidic conditions and at temperatures below the liquid
crystal-gel phase transition of the lipid bilayers after incubation
for 2 days in the magnet.” Gramicidin S appears to be located in
a more polar environment of the bilayer surface when chole-
sterol is present because of the attenuating effect of cholesterol
on the interactions of Gramicidin S with phospholipids bil-
ayers.26 As this brief survey shows, there are many different me-
chanisms involved in as many cases. Therefore, more investiga-
tions will be required for the deeper understanding of antimi-
crobial actions.

Protegrin-1 (MW =2154 Da) is an 18-residue AMP found in
porcine leukocytes.”’ It shows a broad range of antimicrobial
activity in that it can kill Gram-negative bacteria, Gram-positive
bacteria, and fungi and also displays modest antiviral activity
against the HIV-1 virus. PG-1, which has 2 disulfide bonds
among the 4 Cys residues, forms an antiparallel S-strand in solu-
tion (length: 30 A, cross section: ~8 A).** Studies carried out by
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aneuron diffraction, nuclear magnetic resonance (NMR), etc.,
have reported that PG-1 causes largely static disorder in the
various lipid membranes by forming a pore structure or a local
thinned structure, which depends on the lipid types, addition
of anionic lipids, and peptide concentrations.”*>* The total in-
teraction of PG-1 with POPC is the outcome of both the elec-
trostatic and van der Waals’ interactions, whereas the total inter-
action of PG-1 with POPC/POPG derives dominantly from the
contribution of the electrostatic interaction. The local thinning
of the lipid bilayer mediated by the PG-1 monomer is enhanced
in the POPC/POPG membrane.” The bound structure and the
dimerization of PG-1 on the membrane surface have been also
investigated using various spectroscopic techniques.y"38

Solid-state NMR spectroscopy is widely used to study the
structure of small insoluble peptides by measuring multinuclear
spectra.g’33’34’39 In particular, *'P and quadrupolar ’H SSNMR
spectra of peptide-lipid supramolecular assemblies provide
the orientational distribution of the membrane lipids in the pre-
sence of AMPs and dynamic characters of lipids.40 The simu-
lated SSNMR spectra, using an appropriate geometric model
for the membrane disruption, have given abundant information
on the disrupted feature of the lipid-peptide assemblies.***

To understand the membrane disruption by PG-1, *H SSNMR
experiments were performed with the mixture of PG-1 and
POPC _d5; lipids deposited on thin cover-glass plates. The time
change of the "H SSNMR spectra was measured in the presence
of PG-1 at the P/L ratios of 1/80, 1/50, and 1/20. The effects of
an anionic lipid, POPG, and cholesterol on membrane bilayer
were also investigated.

Experimental

Materials. 1-Palmitoyl-ds;-2-oleoyl-sn-glycero-3-phospha-
tidylcholine (POPC_d5;) and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylglycerol (POPG) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA). PG-1 (RGGRLCYC-
RRRFCVCVGR) was purchased from GL Biochem (Shanghi,
China) and used without any further purification. Trichloro-
ethanol (TFE), chloroform, cholesterol, and sodium phosphate
dibasic were purchased from Aldrich Chemicals (Milwaukee,
WI, USA). Thin cover-glass plates of ~80 pum thickness cut into
rectangles of 10 x 10 mm in width were purchased from Marien-
feld Laboratory Glassware (Bad Mergentheim, Germany).

NMR sample preparation. Mechanically aligned lipid mem-
branes were prepared on thin cover-glass plates to produce a
multi-bilayered membrane mimic system by following the stan-
dard procedure developed by Hallock et al.*' PG-1 was dissolv-
ed in TFE and mixed with chloroform solutions containing the
appropriate lipids. The P/L molar ratios were adjusted as 1/80,
1/50, and 1/20. For the POPG-containing membrane, the mix-
ture of POPC_d5; and POPG with a molar ratio of 3:1 was used.
The mixture of POPC_d3, and cholesterol with a molar ratio of
1:1 was used for the cholesterol-containing membrane. The ho-
mogeneously mixed solutions were deposited onto each cover-
glass plate at a surface concentration of 0.01 - 0.04 mg/mmz,
dried for 4 hours in air, and then vacuum-dried overnight to re-
move residual organic solvents thoroughly. The dried samples
were directly hydrated by dropping 2 pL of water”” and placed
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for 2 days in a chamber containing a saturated sodium phosphate
dibasic solution, which provides 95% relative humidity. About
10 or 15 thin cover-glass plates with the hydrated sample were
stacked, wrapped in Parafilm, and sealed in a polyethylene
bag to prevent them from drying during the NMR measure-
ments. After a few days of incubation in a refrigerator at 5 °C for
the stabilization of the sample, the samples were inserted into a
rectangular NMR probe coil and their static ’H SSNMR spectra
were measured. The samples after the first NMR measurement
were stored in the refrigerator at 5 °C for hundreds of days until
the next NMR measurements.

Solid-state “H nuclear magnetic resonance spectroscopy. The
SSNMR experiments were carried out on a Bruker Avance 11
300 MHz spectrometer operating at the resonance frequencies
0f 300.12 MHz for 'H and at 46.07 MHz for “H. A static H-X
double resonance probe with a flat rectangular coil with the
dimensions of 18 % 10 x 5 mm was used for measuring the static
H NMR spectrum. "H SSNMR spectra were acquired using a
quadrupolar echo sequence with an echo delay time of 30 ps and
arecycle delay of 0.5 s. The typical “H 90° pulse length was 5.0
us. The spectral width for H spectra was 100 kHz. H spectra
were typically averaged over 12,000 scans. All experiments
were carried out at 20 °C.

Theoretical Considerations

The °H SSNMR spectrum is an ideal tool for investigating
the distribution of lipids forming biomembranes.*>* The aniso-
tropic SSNMR line shape of H quadrupolar coupling interac-
tion depends on the orientation of anisotropic quadrupolar cou-
pling tensor of H spin in the lipid molecule with respect to the
external magnetic field By. In our sample, which was mechani-
cally aligned on the thin cover-glass plate, the orientation of lipid
molecule was determined by both the orientation of the glass
plate normal direction with respect to By field and the relative
orientation (angular distribution) of the motionally averaged
principal axis of lipid molecule with respect to the glass plate
normal.

To simulate the observed “H SSNMR line shapes of POPC _
ds1 lipids distributed on the curved membrane surfaces, the
SSNMR line shape factors were calculated by using simple
algebraic calculations. The SSNMR line shape factor is directly
proportional to infinitesimal surface area at a certain orientation
angle (Q2) of the molecular axis frame of the lipid POPC_d},
with respect to the glass plate normal and also gives the signal
intensity of ’H SSNMR spectrum at the anisotropic SSNMR
frequency when the lipid molecule is at the orientation angle,
Q. The overall SSNMR line shape was determined by integrat-
ing the intensity values over the whole range of the SSNMR
frequencies. The detailed processes determining the SSNMR
line shape factors and the lateral diffusion effects for the pore
distribution and the thinned distribution in the thinned mem-
brane bilayer were reported in the previous paper.34

The POPC_ds; lipid molecule used in our experiment has
15 types of deuterons in its aliphatic part and, therefore, shows
the spectrum summed over 15 ’H SSNMR anisotropic line
shapes, where each *H spectral line shape depends on the angular
distribution of lipids on the thin glass plate. Fig. 1 shows the
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Figure 1. Simulated *H SSNMR spectra of POPC_d}, in various lipid
distributions. (A) Well-aligned bilayer, (B) mosaic spread of bilayers
by a Gaussian function with the standard deviation of 25°, (C) liposome,
(D) randomly fast rotating micelle, (E) toroidal pore, and (F) Gaussian
spread of bilayers containing toroidal pores with the standard deviation
of 25°.

simulated "H SSNMR spectra that can be measured in some typi-
cal distributions of POPC_d3; molecules. Here, the 15 quadru-
polar coupling constants (QCC) values (data not shown) were
used, which fit the experimental H SSNMR spectrum to the
best of simulation.*** When only the lipids were deposited onto
the thin cover-glass plates and well hydrated in the chamber,
the lipids were well aligned to the direction of glass plate normal.
Then, the "H SSNMR spectrum with 30 sharp peaks as shown
in Fig. 1A will be obtained. However, when the lipid bilayer
normal axes are not well aligned and are spread by the mosaic
distribution,** then the "H SSNMR spectrum will be like Fig.
1B when simulated with a Gaussian angular distribution func-
tion having the standard deviation of 25°. As the standard devia-
tion of a Gaussian distribution increases, the central portion of
the *H spectrum that has a higher intensity converges into the
line shape that is similar but not the same as that of the spectrum
of the randomly distributed lipids, as shown in Fig. 1C. For the
spherical distribution of lipids, such as a liposome shown in
Fig. 1C, the "H SSNMR spectrum shows the characteristic line
shape that has higher intensity around the center of the spectrum
and small shoulders at the edge. However, if the lipid aggregates
such as liposomes or micelles rotate randomly with a fast rota-
tion frequency, the ’H SSNMR line shape will collapse into a
single sharp peak at 0 kHz as shown in Fig. 1D.

Some AMPs, including PG-1, have been known to make
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pores in the bilayer membranes made out of POPC lipids. Rama-
moorthy et al. proposed the toroidal pore with a circular shape
on the membrane surface.*' In this case, the "H NMR spectrum
of POPC_dj3; will be simulated as shown in Fig. 1E. Like bila-
yers spreading their orientation by a Gaussian angle distribution
with the various standard deviations, the bilayers with pores also
may spread with a larger standard deviation. For one of these
cases, the "H SSNMR spectrum is given in Fig 1F. Here, all the
simulated spectra were obtained by using the Matlab program
coded by the author. From these features, one can easily confirm
the formation of toroidal pores and the Gaussian spreads of the
bilayers containing the pore structures in the presence of PG-1.

Results and Discussion

Phase changes of POPC bilayers. POPC, having a choline
group as the head group and 2 aliphatic hydrocarbons as the
tail group, is one of the main lipids constituting biomembranes.
When PG-1 acts on the POPC bilayer, a pore structure is well
known to be induced by PG-1 dimers.*® The induced pore struc-
ture was investigated by analyzing the *'P and "H SSNMR spec-
tra of the mixture of peptides and lipids deposited on a thin glass-
plate. In a general procedure, the lipid bilayer distorted by AMPs
is hydrated by being placed in a refrigerator for 2 or 3 days be-
fore taking NMR measurements. 2 or 3 days of incubation is
considered to be sufficient time for the lipid-peptide mixture to
attain an equilibrated state, which may be a well-aligned lipid
bilayer containing the pores. However, a few days of incubation
was not found to be enough, as shown in Fig. 2. The spectrum
(Fig. 2B) with a P/L ratio of 1/80 at 100 days later after hydrating
shows similar spectrum as Fig. 1A, which means relatively well-
aligned bilayer state. However, the spectrum (Fig. 2A) taken
within a few days (7 days) shows significant distortion of the
aligned bilayers.

This distortion was not among the mosaic spread of bilayers,
isotropic phase, and toroidal pore, such as those in the simulated
spectra seen in Fig. 1. The spectra cannot be fitted well only with
a Gaussian spread of bilayers having the wide ranges of standard
deviation, which was previously reported.” The distorted line
shape in Fig. 2A resembles the spectrum of Fig. 1F to a great
extent, which can be obtained from a Gaussian distribution of
lipid bilayers containing the toroidal pores; the line shape in
Fig. 2B resembles the spectrum of Fig. 1 A. First, the spectrum of
Fig. 2D was simulated by assuming that some portions of the
total lipids participate in the formation of pores in the lipid
bilayer and the bilayer are well aligned. The best spectrum
(Fig. 2D) was simulated by adjusting the portion of the total
lipids participating in the pore structures. Second, the experi-
mental spectrum (Fig. 2A) at the initial state was simulated as
shown in Fig. 2C with the same portion of pore lipids as used
in the simulation of the spectrum of Fig. 2D while adjusting the
standard deviation of a Gaussian distribution of the bilayers.
The simulated spectra of the sample with the P/L ratio of 1/80
at 100 days after hydrating the sample resulted in 30% of the
total lipids being in the pore structures and 70% of the total lipids
being in the bilayer structure. When the spectrum was simulated
to fit the experimental spectrum (Fig. 2A) at an initial state of
the sample with 30% of the pore lipids, a standard deviation of
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Figure 2. Experimental (A and B, E and F) and simulated (C and D, G and H) "H SSNMR spectra of POPC_ds; in the POPC membrane distorted
by PG-1. P/L ratios are 1/80 (A-D) and 1/50 (E-H). Spectra of A and E were measured within a few days after sampling, and spectra of B and

F were measured 100 days later.

25° was obtained for the best simulation (Fig. 2C), which means
that the mixture of peptides and lipids did not reach the equili-
brated phase within a few days of incubation at 5 °C in a refri-
gerator when the sample was prepared by this procedure. In
contrast to the pure lipid bilayers, when the pores were formed
by PG-1 in the bilayers, the bilayers may be more distorted off
the well-aligned phase and will align more much slowly to the
direction of the glass plate surface normal.

Some change was also found in the ’H SSNMR spectra (Fig.
2E and F) of the sample with the P/L ratio of 1/50. At first mea-
surement, the "H NMR spectrum (Fig. 2E) showed that 30% of
the total lipids participate in the formation of pores same as 1/80
sample and the standard deviation of a Gaussian spread is 25°.
However, the QCC values changed a little from those of the 1/80
sample and had an additional isotropic phase of about 5% of
which the peptide-lipid assembly tumbled very fast. In this P/L
ratio, the lipid bilayers were not well aligned even after 100 days
unlike the spectrum in Fig. 1B.

At the initial states of the 2 samples with the P/L ratios of 1/80
and 1/50, there was no significant difference in both the portion
of pore structures and the standard deviations of Gaussian
spreads, except for a small portion of isotropic phase in the
1/50 sample. However, the *H SSNMR spectra of the 1/20
sample showed dramatic changes in the initial and the final
states, as shown in Fig. 3. At the initial state, the spectrum (Fig.
3A) of the 1/20 sample showed a feature of the mixture of an
isotropic phase and a Gaussian spread of bilayers containing
pores with large standard deviations. The best simulation (Fig.
2D) for the experimental spectrum was when 10% of the lipids
was in an isotropic phase, 30% in the pore structures, and 60% in
the bilayers. The standard deviation of 90° in a Gaussian spread
function was used for simulating the experimental spectrum.
The isotropic phase of 10%, which is higher than 5% of the
1/50 sample, is considered to be the reason for the significant
mosaic spread of the bilayers. It is likely that the isotropic phase
in the middle of the bilayers inhibits the alignment of bilayers
because of its spherical shape, which is also the probable reason
of the bad alignment of bilayers in the 1/50 sample even 100 days
later. As the time length increases, the isotropic phase increases
and shows a sharper “HNMR peak at 0 ppm, which means that
the rotational motion of the lipids in the isotropic phase is more
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Figure 3. Experimental and simulated *H SSNMR spectra of POPC _
ds membrane distorted by PG-1 with the P/L ratio of 1/20. (A-C) Ex-
periment and (D-F) simulation. Spectra were measured (A) within a
few days after sampling, (B) 100 days after sampling, and (C) 200 days
after sampling. The spectra were simulated with (D) 10% of the iso-
tropic phase and 30% of the pore phase with a standard deviation of
90°, (E) 100% of the isotropic phase and its lateral diffusion coefficient
of Dig=10""> m%/s and (F) 100% of an isotropic phase and its lateral
diffusion coefficient of Dig = 10"* m%/s.

rapid and therefore translates to a smaller size of a peptide-lipid
assembly. Finally, all the lipids resulted in an isotropic phase
after a long time of 100 days. By assuming the peptide-lipid
assembly as a micelle with a diameter of 40 A, the lateral diffu-
sion coefficients of Dig = 10> m*/s and Dig = 10" m’/s were
obtained.

Phase changes of POPC/POPG bilayers. To understand the
effect of an anionic lipid, a POPC/POPG lipid system with the
ratio of 3:1 was prepared with the same procedure as that used
in the POPC bilayers. The H SSNMR spectra were measured
within a few days and at 100 days after starting the sample hydra-
tion. The NMR spectra in Fig. 4 show little effect of the peptide
concentration on the membrane distortion. Unlike the POPC
bilayer, when the experimental spectra (Figs. 4A, 4E, and 4I)
were simulated with the mixture model composed of an iso-
tropic phase and the mosaic spread of bilayers, the experimental
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Figure 4. Experimental (A, B, E, F, I, and J) and simulated (C, D, G, H, K, and L) ’H SSNMR spectra of the POPC_d531 in POPC_d31/POPG membrane
disturbed by PG-1. P/L ratios are 1/80 (A-D), 1/50 (E-H), and 1/20 (I-L). Spectra in the top were measured within a few days after sampling and
those in the bottom were measured 100 days later. Simulated spectra were obtained by summing 2 spectra of the aligned bilayers and an isotropic
phase. The percentages of lipids involved in the isotropic phase are 50% (C and G), 60% (K), and 30% (D, H, and L). Dashed lines are given for
eye guides of the anisotropic span of the spectrum.
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Figure 5. Experimental (first and third columns) and simulated (second and fourth columns) *H SSNMR spectra of POPC_ds, in POPC_d/
cholesterol membrane disturbed by PG-1. P/L ratios are 1/80 (A-D), and 1/50 (E-H). Spectra in the top were measured within a few days after

sampling and those in the bottom were measured 100 days later.

spectra were well fitted rather than the mosaic spread model
of pore-containing bilayers used in POPC bilayer case. In the
mosaic spread of the bilayers, the sharp peaks at the edge in the
spectrum are smoothed as shown in the simulated spectra of Fig.
2C. The experimental spectra of Fig. 4 show sharp peaks, which
means the mosaic spread is not significant and that the bilayers
in the samples are relatively well aligned. From the simulated
spectra (Figs. 4D, 4H, and 4L), 30% of the total lipids were
found to be involved in the isotropic phase at equilibrated states
and about 50 - 60% at the initial states.

PG-1, having the positively charged Arg residues at the two
ends of the long axis of the f-sheet, will be expected to bind more
tightly on an anionic lipid-containing membrane and distort
the bilayer more effectively. Mei Hong et al. reported that while
PG-1 causes a largely static disorder in the POPC membrane,
PG-1 breaks the membrane into small vesicles by the formation
of'a peptide dimer or thins the membrane via a monomer in the
POPC/POG membrane.*® As shown by the computer simula-
tions™ and other experimental results,”" the membrane thinn-
ing phenomenon at the initial state with higher P/L ratios in addi-
tion to the formation of the isotropic phase was also detected.
However, 100 days later, the membrane thinning disappeared
along with the decrement of isotropic phase, which means that
the isotropic phase of the lipid-peptide assembly is formed via

membrane thinning by the adsorption of the peptides. The mem-
brane thinning was generally identified by the decrement of
anisotropic frequency span in *H SSNMR spectrum, indicated
by the dashed lines.

Phase changes of POPC/cholesterol bilayers. In general, it
has been known that cholesterol hardens a lipid membrane and
therefore a higher concentration of the membrane-bound AMPs
is required to disrupt the biomembrane. However, the experi-
mental spectra shown in Fig. 5 did not show this trend when the
P/L ratio was over 1/80. The membrane disruptions were similar
to those in POPC membranes and even more disrupted at the
P/L ratios of 1/50 and 1/20. When the experimental spectra were
simulated theoretically with the model of the mosaic spread of
pore-containing bilayers, the lipid portions involved in the pore
structures were 10%, 60%, and 70% for the 1/80, 1/50, and 1/20
samples, respectively. Considering the spectral signal-to-noise
ratio, the simulations are well matched to the experimental spec-
tra as shown in Fig. 5. The degrees of Gaussian spreads were also
the same as those in the POPC cases with the standard deviation
0f 10 - 25°. At the high P/L ratios (1/50 and 1/20), isotropic pha-
ses were shown at the center of the spectrum like those in the
POPC samples, but the percentages were smaller than those
found in the POPC samples. The isotropic phase does not show
sharp peak unlike the POPC samples, which means that the iso-
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Figure 6. Experimental (A-C) and simulated (D-F) “H SSNMR spectra
of POPC_d3i/cholesterol membrane disturbed by PG-1 with the P/L
ratio of 1/20. Spectra were measured (A) within a few days after sampl-
ing, (B) 100 days after sampling, and (C) 200 days after sampling. The
spectra were simulated with (D) 70% of pores, 2% of an isotropic
phase, and 28% of a Gaussian distribution of bilayers with a standard
deviation of 25°, (E) 90% of pores, 5% of an isotropic phase, and 5%
of a Gaussian distribution of bilayers with a standard deviation of 0°,
(F) 80% of pores and 20% of an isotropic phase.

tropic phase was too large to rotate at a fast rate.

As measured in the POPC sample with the P/L ratio of 1/20,
the time evolution of the mixture phase of the sample over 200
days was measured. As shown in Fig. 6, the spectra of the 1/20
sample had a greater percentage of the isotropic phase and a
sharper peak at 0 ppm than that observed in the 1/80 and 1/50
samples. The isotropic phase sharpened with longer incubation
times, which means that the isotropic phase assembly gets small-
er with an increase in the P/L ratio in the peptide-lipid assembly.

The experimental spectra were simulated with the same mo-
del used in the POPC samples. The simulations matched well
with the experimental spectra. The pore, isotropic, and bilayer
portions and their standard deviation of the Gaussian distribu-
tion are given in the caption for Fig. 6. Contrary to the POPC
case that induced a 100% isotropic phase, the cholesterol-con-
taining POPC lipid membrane retained most pore structures
over 200 days later, even though the percentage increased from
2% to 20%.

Conclusion

The mixture phase of PG-1 and lipids was determined by mea-
suring the *H SSNMR spectra of the sample and simulating
the spectra with several reasonable phase models. The POPC
lipid phase disturbed by an antimicrobial peptide, PG-1, changes
slowly with time after hydration at 5 °C. When the vacuum-dried
peptide-lipid mixture was deposited on the thin cover-glass
plate, pores were formed by the antimicrobial action of the pep-
tide in the bilayers. However, the lipid bilayers containing the
pores were not well aligned to the glass plate normal at the initial
state and rather spread their bilayer normal directions by a Gaus-
sian mosaic distribution. After over a hundred days, the bilayers
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with the pores were well aligned. An isotropic phase after a long
incubation in a refrigerator was formed and coexisted with the
bilayers containing the pores.

The peptide concentration effect on the bilayer disruption
was apparent in the POPC and POPC/cholesterol bilayers, but
was not clear in the POPC/POPG. As the P/L ratio increases, an
isotropic phase was formed both in the POPC and POPC/chole-
sterol bilayers. The critical value of the peptide concentration for
the formation of an isotropic phase is higher in the POPC/chole-
sterol bilayer than in the POPC bilayer. The rotational diffusion
rate of the isotropic phase decreased in the POPC/cholesterol
bilayers, which may be caused by the larger size of the chole-
sterol/POPC/peptide assembly.
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