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Dynamic structures of supramolecular lipid assemblies, such as toroidal pores and thinned bilayers induced
in oriented lipid membranes, which are interacting with membrane-acting antimicrobial peptides (AMPs),
magainin-2 and aurein-3.3, were explored by 31P and 2H solid-state NMR (ssNMR) spectroscopy. Various
types of phospholipid systems, such as POPC-d31, POPC-d31/POPG, and POPC-d31/cholesterol, were
investigated to understand the membrane disruption mechanisms of magainin-2 and aurein-3.3 peptides
at various peptide-to-lipid (P:L) ratios. The experimental lineshapes of anisotropic 31P and 2H ssNMR spectra
measured on these peptide–lipid systems were simulated reasonably well by assuming the presence of
supramolecular lipid assemblies, such as toroidal pores and thinned bilayers, in membranes. Furthermore,
the observed decrease in the anisotropic frequency span of either 31P or 2H ssNMR spectra of oriented lipid
bilayers, particularly when anionic POPG lipids are interacting with AMPs at high P:L ratios, can directly be
explained by a thinned membrane surface model with fast lateral diffusive motions of lipids. The spectral
analysis protocol we developed enables extraction of the lateral diffusion coefficients of lipids distributed on
the curved surfaces of pores and thinned bilayers on a few nanometers scale.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Membrane-acting antimicrobial peptides (AMPs), which are
produced by many tissues and cell types in a variety of invertebrate,
plant and animal species, destroy the cell membranes of invaded
microorganisms, such as bacteria, fungi, protozoa, and enveloped
viruses as well as malignant cells and parasites [1–10]. Because D- and
L-amino acid versions of antimicrobial peptides generally show little
selectivity in binding, the antimicrobial action of AMPs appears to
involve direct attacks on the cell membrane rather than accompany-
ing any of the protein-based receptors and transporters on the cell
surface of microbes, resulting in depolarization, permeabilization, and
lysis [11–14]. On the contrary, some receptor-mediated AMP binding
effects were also reported [15,16]. AMPs, which consist of 5–50 amino
acid residues, can be categorized into five major classes: α-helical,
defensin-like (cystein-rich), β-sheet, peptides with an unusual
composition of regular amino acids, and bacterial and fungal peptides
containing modified amino acids [17]. Despite their diverse types of
membrane-induced secondary structures, all AMPs display a similar
motif: an amphiphilic structure, with one surface highly positive
(hence, hydrophilic) and the other hydrophobic.

For AMPs forming membrane-acting secondary structures upon
binding to lipid membranes, two commonly reported modes are the
1 540 231 3255.
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“S-state”, in which the peptide is bound approximately parallel to the
membrane surface, and the “I-state”, inwhich the peptide is inserted in
the membrane approximately parallel to the membrane normal
[18–21]. A surface-bound S-state [22] would be favorable when the
peptide concentration is low because cationic AMPs can bind
electrostatically to the anioinic headgroups of lipid bilayers. If the
peptide concentration reaches a threshold value, a few closely placed
AMP molecules may insert into bilayers after forming an intermole-
cular peptide bundle, leading to a transition from a S-state to an I-state.
Molecules and ions can transport across the cell membranes through
this pore, resulting in the lysis of a cell due to the destruction of an
osmotic pressure gradient existing across the cell membranes. A
transition from a S-state to an I-state has a sigmoidal peptide
concentration dependence, suggesting cooperativeness in the pep-
tide–membrane interactions [23–26]. In addition to these, though, is
the “T-state”, inwhich the peptide inserts into themembrane such that
the helix axis is oriented approximately 120° to themembrane normal.
The “T-state”was initially reported for PGLa [27–30], but has also been
seen for MSI-103 [29] and MAP [31]. Also reported are barrel-stave
model [32], peptide-induced inverted hexagonal phases [33,34], and
detergent-type micelles [35] involving certain lipids and peptides.

In this study, we have investigated the membrane binding
properties of a known AMP, magainin-2 [18,36], and an unknown
AMP, from the aurein family, aurein-3.3 [5,9,37–39]. Both magainin-2,
an α-helical structured 23-residue peptide found on the skin of the
African clawed frog Xenopus laevis, and aurein-3.3, an unknown
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structured 17-residue AMP present in the secretion from the granular
dorsal glands of the Green and Golden Bell Frog Litoria aurea, possess a
broad-spectrum of antimicrobial activity against various types of
bacteria, virus, and fungi. Moreover, magainin-2 and aurein-3.3
receive our particular attention because they possess potential drug
activities against diabetic foot ulcers and cancer cells, respectively.

Reportedly, magainin-2 forms a S-state at a low peptide concen-
tration and makes a transition to an I-state after a critical peptide
concentration in phospholipids bilayers [18,26,40–42]. The behavior
of aurein-3.3 is still unknown. In this manuscript, we have
investigated the membrane-disrupting characteristics of magainin-2
and aurein-3.3 in oriented phospholipid bilayers by investigating 31P
and 2H ssNMR spectra of lipids. Various compositions of oriented lipid
bilayers were studied, including zwitterionic phosphatidylcholine
(PC), anionic phosphatidylglycerol (PG), and cholesterol. We have
evidenced the existence of peptide-induced supramolecular lipid
organizations, such as toroidal pores and thinned membrane bilayers,
that are under the influence of dynamic lateral diffusions of lipids in
cell membrane mimetic media, as exemplified in 31P and 2H ssNMR
spectra. A spectral analysis protocol [43] recently developed was
applied for simulating the spectral characteristics of such AMP-
induced supramolecular lipid assemblies. Our lineshape analysis
protocol provides a means to extract the lateral diffusion coefficients
of lipids located on curved membrane surfaces, such as pores or
thinned bilayers, on a few nanometers scale which may hitherto have
been difficult to characterize.

2. Experimental procedures

2.1. Materials

All phospholipids were purchased from Avanti Polar Lipids
(Alabaster, AL). These include 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphotidylcholine (POPC), 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-
phosphotidylcholine (POPC-d31), and 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphotidylglycerol (POPG). Antimicrobial peptides, magai-
nin-2 (GIGKFLHSAKKFGKAFVGEIMNS; HPLC purity: 98.9%; MW:
2466.90) and aurein-3.3 (GLFDIVKKIAGHIVSSI-CONH2; HPLC purity:
98.3%; MW: 1796.20), were purchased from GL Biochem (Shanghai,
China) and EZBiolab Inc. (Westfield, IN), respectively, and used
without further purification. Trifluoroethanol (TFE), naphthalene,
chloroform and sodium phosphate dibasic were purchased from the
Aldrich Chemicals (Milwaukee, WI). Thin cover-glass plates (∼80 μm
in thickness) cut into rectangles of 10 mm×5 mm in width were
obtained from the Marienfeld Laboratory Glassware (Bad Mer-
gentheim, Germany).

2.2. Preparation of oriented phospholipid bilayers

A known, standard procedure [44,45] was used to prepare
mechanically oriented lipid bilayers between thin cover-glass plates.
Peptides and phospholipids dissolved in TFE and chloroform,
respectively, were mixed to produce peptide-to-lipid (P:L) molar
ratios of 0:100, 1:80, 1:50, and 1:20. The solution was air-dried and
redissolved in a chloroform/TFE (2/1) solution containing a 5-fold
excess amount of naphthalene. The solution was deposited onto thin
cover-glass plates at a surface concentration of 0.01–0.04 mg/mm2,
air-dried, and then vacuum-dried overnight to remove residual
organic solvents and naphthalene. The dried sample was directly
hydrated with 2 μl of water and placed in a chamber containing a
saturated solution of Na2HPO4, which provides about 95% relative
humidity, for 2 days [46,47]. The full hydration condition of the lipids
used in our study was confirmed by Yamaguchi et al. previously by FT-
IR measurements: the amount of water was 50±3wt.% [48]. About 10
or 15 glass plates were stacked together, wrapped with parafilm, and
sealed in a polyethylene bag to prevent dehydration during ssNMR
measurements. When a fully hydrated condition was desired, an
additional 2–4 μl of water was applied to the plates along the sides of
the stack before wrapping [47,49].

2.3. Solid-state 31P and 2H NMR spectroscopy

31P and 2H ssNMR experiments were performed on a Bruker
(Karlsruhe, Germany) Avance II 300 MHz spectrometer operating at
the resonance frequencies of 300.12 MHz for 1H, 121.49 MHz for 31P,
and 46.07 MHz for 2H. A static double-resonance probe, equipping a
rectangular, flat coil with inner dimension of 18×10×5mm, was used
for measuring static 31P and 2H ssNMR spectra of oriented phospho-
lipid bilayers confined between thin cover-glass plates that are
interacting with AMPs. The temperature of the sample compartment
in the NMR probe was maintained at 20 °C by using the BCU-X
temperature control unit. The 31P chemical shift was referenced to 85%
H3PO4 at 0 ppm. The pulse power calibrations of 31P and 2H channels
were carried out by using 85% H3PO4 and D2O solutions, respectively.
The 90°-pulse durations of 31P and 2H pulses incorporated in our NMR
experiments were both 5 μs. 31P spectra were acquired with a single
90° pulse with a 1H decoupling power of 45 kHz and a recycle delay
of 2 s. The 2H spectra were acquired using a quadrupolar echo
sequence, 90° (or 45°)–τecho–90°–detection [50], with an echo delay
time τecho=30 μs, while incorporating a short recycle delay of 0.3 s.
The spectral widths of 31P and 2H ssNMR spectrawere 20 and 100 kHz,
respectively. 31P and 2H spectrawere typically averaged over 2048 and
12000 scans, respectively. 31P 2D exchange spectra were obtained by
using a conventional three pulse sequence, 90°–t1–90°–τm–90°–
detection (t2) [51], with τm=5–200 ms, to examine lateral diffusive
motions of lipids in a slowmotional regime by correlating orientation-
dependent frequencies at two different measurement times, t1 and t2,
that are separated by a mixing period τm.

3. Theoretical considerations

3.1. Calculation of anisotropic 31P and 2H NMR spectra of lipids

Anisotropic 31P and 2H ssNMR spectra can readily be used to
characterize disordered structures of lipids in membrane bilayers
[52–55]. Anisotropic ssNMR lineshapes of 31P chemical shift aniso-
tropy (CSA) and 2H quadrupolar coupling (QC) interactions would
reveal the angular distributions of 31P and 2H sites in lipids, and
therefore, the orientation of lipids with respect to an appliedmagnetic
field. When a two-tailed phospholipid in a bilayer is considered under
a sufficiently hydrated condition, a fast uniaxial rotation of the lipid
within a few nanoseconds around its chain axis, which is collinear to
the direction of the local bilayer normal, forms a motionally averaged,
axially symmetric CSA tensor of the 31P nucleus in the lipid [56]. Fig.1A
explains how a rapid, uniaxial rotation of a phospholipid around its
chain axis, which is collinear to the principal axis component δ22 of
the 31P's CSA, provides motionally averaged CSA tensor elements
δ// (=δ22) and δ (=(δ +δ33)/2) (Fig. 1B). Thus, lipids involved in,
for instance, a liposome provide a narrower 31P NMR CSA powder
pattern, specified by motionally averaged tensor elements, δ// and δ .
Lipids in a uniformly aligned bilayer would provide a single sharp
peak at the δ// position because lipids are aligning uniformly along a
single direction that is parallel to the membrane normal direction.
QC tensor parameters of deuterons located in the hydrophobic acyl
chains of a perdeuterated lipid, such as POPC-d31, also follow the
same motional averaging mechanism as the CSA tensor parameters
in the 31P nucleus of the hydrophilic headgroup, resulting in
motionally averaged, axially symmetric QC tensor parameters.

An observed anisotropic frequency of a site in a lipid in either a 31P
or 2H ssNMR spectrum depends on the spatial position of the site in
the appliedmagnetic field direction B0. The observed anisotropic NMR
frequencies of lipids distributed on a curved membrane surface can



Fig. 1. (A) A fast, uniaxial rotation of a phospholipid in a lipid bilayer around its chain
axis, which is collinear to the intrinsic δ22 component of the 31P CSA of the phosphate
group, makes motionally averaged, uniaxial 31P CSA tensor components: δ//=δ22; δ =
(δ11+δ33)/2. (B) The 31P CSA powder pattern measured on dried powders (top row)
decreases into a motionally averaged, narrower CSA pattern for lipids distributed on a
liposome (middle row) due to the fast uniaxial rotations of lipids. When the bilayer
normal n of a lipid bilayer is collinear to the applied magnetic field, B0, phospholipids
aligned in an oriented lipid bilayer provide a sharp line at the 0° position, which is
identical to the δ// direction (bottom row).
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therefore be determined by a surface integral over an Euler angle set,
Ω(0°, θ, ϕ), as [43]

mλ Xð Þ=
Z

X

mλ 0B
; θi;/i

� �
p Xð ÞdX; ð1Þ

where p(Ω), a probability density function that is directly propor-
tional to an infinitesimal surface area at Ω, is called an anisotropic
NMR lineshape factor. For lipids distributed on a liposome, the ssNMR
lineshape factor, p(Ω), is sinθ. For lipids possessing a cylindrical or
planar distribution, it is 1. The νλ term is an anisotropic ssNMR
frequency measured at the laboratory frame (rotating frame in the
usual sense) provided by

mλ =
1
h
Rλ
2;0T

λ
2;0 λ is CSAorQCð Þ; ð2Þ

where h is the Plank constant and R2,0 and T2,0 are the spatial part and
the spin part of NMR tensor parameters, respectively. The spin part
tensors, T2,0 terms, that commute with the dominant Zeeman
Hamiltonian are

ffiffiffiffiffiffiffiffiffiffi
2= 3

p
Iz for 31P CSA and 3I2z − 2

� �
=

ffiffiffi
6
p

for 2H QC
interactions, respectively. The spatial tensors, R2,0λ terms, defined at
the laboratory frame can be related to the same tensors defined in the
motionally averaged PAS frame by coordinate transformations via a
common reference frame, a frame defined by the glass plate normal
direction [43,47].

3.2. Anisotropic 31P and 2H ssNMR spectral lineshapes of lipids on a
thinned bilayer

According to the so-called “carpet” model [57], cationic AMPs
would bind preferentially to the headgroups of phospholipids before
inserting into membrane bilayers, resulting in thinned membrane
bilayers particularly when peptide concentration is low [20,58]. This
surface-bound mode, known as a S-state, would produce a curved,
thinned dimple in a membrane bilayer. If lipids distributed on a
thinned surface of a membrane bilayer make fast lateral diffusions, the
anisotropic frequency dispersion in either the 31P or 2H spectrum
would produce a motionally averaged sharp line(s) at the center-of-
mass position of the anisotropic linewidth, resulting in a decrease in
the apparent frequency span in the NMR spectrum [43].
To simulate the spectral features of a membrane thinning effect,
we approximated the thinned portion in a lipid bilayer to a dimple
produced by the rotation of a period of the sinusoidal cosine function,
which is defined on the x–z plane, around the z-axis by ϕ, as
demonstrated in Fig. 2A. A portion of a peptide-bound thinned bilayer
provides a curved membrane surface whose bilayer normal direction
deviates from the applied magnetic field B0. A fast uniaxial rotation of
a lipid along its chain axis makes a lipid align orthogonal to the
tangential line drawn on the thinned dimple where a lipid is
positioning. A thinned membrane surface thus obtained would
therefore result in the increase of anisotropies in 31P and 2H spectra.
A NMR lineshape factor governed by this geometry is provided as [43]

a
π
sec θ sin−1 a

πd
tanθ

h i
; ð3Þ

where d and a are the depth and the radius of a dimple, respectively,
and θ is an angle between the alignment axis of a lipid, which is
perpendicular to the tangential line drawn on the curved spot, and the
mechanical alignment direction z-axis. The relative sizes of a and d
are arbitrary, but it has been reported that the thinning depth d on a
cell surface due to AMP binding is in the 1–2 Å range [59]. However, on
the oriented lipid bilayers interacting with an antimicrobial peptide,
MSI-78, well-defined domains of thinned bilayers possessing a thin
depth up to 1.1 nm have been observed in AFM studies [58]. It is
convenient to use the relative ratio, d/a, for lineshape simulations.
The range of angle θ varies from 0 to tan−1 (πd/a). Due to the
presence of a plane of symmetry at x=0.5a, the range of x required
for calculating θ is 0≤x≤0.5a. Fig. 2B demonstrates the dependence
of θ on the ratio d/a. As the relative thinning depth increases, one
observes an increase in the anisotropy of lipids distributed on a
thinned membrane surface.

3.3. Anisotropic 31P and 2H ssNMR spectral lineshapes of lipids forming
toroidal pores

It is widely accepted that insertions ofmembrane-acting AMPs into
membrane bilayers induce toroidal pores in lipid membranes
[45,46,60]. In our previous publication, we had introduced a general
elliptic toroidal pore model to simulate the experimentally measured,
anisotropic 31P and 2H ssNMR spectra of lipids interacting with the
antimicrobial peptide protegrin-1 [43]. Anisotropic frequency dis-
tributions in either a 31P or 2H ssNMR spectrum of lipids located on the
inner surface of an elliptic toroidal pore (Fig. 3A) can be calculated by a
lineshape factor provided by

bdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 cos2θ + b2 sin

2
θ

q a + d − bd sin θffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 cos2θ + b2 sin

2
θ

q
0
B@

1
CA; ð4Þ

where b, a, and d are the monolayer thickness of the lipid bilayer, the
radius of a pore at its narrowest location, and the semiminor (or
semimajor if dNb) distance of the generator ellipse defined on the x–z
plane, respectively. The angle θ is considered between the z-axis
defined in Fig. 3A and a line drawn from the center of the generator
ellipse to the position of a lipid located on the toroidal inner surface
(0°≤θ≤180°). For a lipid distributed on the toroidal inner surface, a
fast uniaxial rotation of the lipid along its chain axis would orient the
chain axis orthogonal to the tangential line drawn on the surface.
Then, a modified angle (θ′), which specifies the orientation of the
chain axis of a lipid with respect to the applied magnetic field
direction B0 (z//B0), can be identified as

θV= tan−1 b2 sin θ = d2 cos θ
� �

: ð5Þ

When d=b, θ is equivalent to θ′ and the ssNMR lineshape factor
defined in Eq. (4) simplifies to b(a+b−b sin θ), which is the case for
a circular toroidal pore model reported by Ramamoorthy et al. [45].



Fig. 2. (A) An AMP-induced, thinned portion of a membrane surface is approximated to a concave dimple formed by the rotation of a period of the cosine curve, defined on the x–z
plane, around the z-axis defined at the center of the dimple, by ϕ. The depth and the radius of thus obtained dimple are defined by d and a, respectively. Lipid molecules would align
orthogonal to the tangential line drawn on the curved surface of the membrane. The extent of membrane thinning is described by a d/a ratio. (B) The θ angle, which specifies the
position and, therefore, the anisotropic frequency of a lipid on a thinned surface, varies in the range of 0° to tan−1(πd/a). Ranges of θ values, depending on the d/a ratios, are shown
in the figure. Expected 31P (C) and 2H (D) anisotropic ssNMR spectral lineshapes of POPC-d31 lipids distributed on a thinned membrane bilayer, specified by b=20 Å, a=24 Å, and
d=4 Å, with Dld=10−11 cm2/s and 10−8 cm2/s. A fast lateral diffusive rate (Dld=10−8 cm2/s) of lipids makes a motionally averaged sharp line(s) (bottom row) at the center-of-
mass position of an anisotropically broadened lineshape with a slow lateral diffusive rate (Dld=10−11 cm2/s) for either a 31P or 2H site (middle row), resulting in an apparently
narrower anisotropic frequency span in the spectrum. 31P and 2H ssNMR spectra from a perfect bilayer are provided as a reference (top row). Tensor parameters shown in Table 1
were used in the simulations. Dashed lines are eye-guides for comparing the sizes of frequency spans.
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3.4. Lateral diffusive dynamics of lipids on the curved surface of
a membrane

Lateral diffusive motions of lipids occurring on the two-dimen-
sional (2D) surface of a cell membranewould play a crucial role for the
transportation of surface molecules, such as nutrients, metabolites,
and drug molecules, over various regions on the cell surface. Upon
binding to AMPs, lipids on cell membranesmay readjust their diffusive
rates due to the favorable, electrostatic peptide–lipid interactions. To
better understand the dynamic nature of AMP-induced membrane
assemblies, such as pores and thinned bilayers, it will be important to
consider the lateral diffusive motions of lipids that may have been
exemplified in the lineshapes of 31P and 2H ssNMR spectra.

A classical diffusion model had been incorporated previously to
describe the lateral diffusions of lipids distributed on the curved
surfaces of pores and thinned bilayers [43]. We assume that lipid
molecules containing 31P or 2H sites migrate from one region to
another on a curved membrane surface with a certain diffusive rate.
The relative position and orientation of either a 31P or 2H site in the ith
lipid on the curved surface of either a pore or thinned bilayer under
the influence of an external magnetic field, B0, can be represented by
an angular point, (θi, ϕi), in a grid coordinate defined on a surface [43].
A position of a lipid, (θi, ϕi), specifies the anisotropic frequency of a
site with respect to the B0 direction. If a lateral diffusive motion is
considered among a discrete set of grids, (nΔθ, mΔϕ), where n and m
are integers, the orientation of either a 31P or 2H site in a lipid will then
be encoded by an anisotropic frequency Ω(θi, ϕi). We assume that a
lipid in a position, (θi, ϕi), migrates into its adjacent lattice points,
(θi±1, ϕi±1), according to

θi;/i F 1
� � !Π

/
i;i F 1

θi;/ið Þ !Π
θ
i;i F 1

θi F 1;/i

� �
; ð6Þ

thus, mimicking the lateral diffusion as a series of successive random
walks. Because oriented lipid bilayers are confined between glass
plates, we can safely ignore random translational or rotational
tumbling motions of lipids or lipid assemblies [51]. The geometry
dependent first-order exchange rate constants Πθ

i;i F 1;Π
/
i;i F 1

� �
can

be related to the diffusion coefficient Dld in the standard diffusion
equation defined as [54,61]:

d
dt

M = Dldj
2 �M = ΠM; ð7Þ

where, M, Dld, π, and ▿2 are the column matrix that reflects the
intensity of magnetization of each anisotropic frequency site in a



Fig. 3. An elliptic toroidal poremodel introduced for describing a lipid pore formed in a flat membrane bilayer. An elliptic ring torus is characterized by the rotation of an elliptic circle,
drawn on the x–z plane and described by geometric parameters r and θ, by ϕ angle about the z-axis, which is separated by the distance a+d from the center of the elliptic circle. Only
the inner surface of the ring torus thus obtained is considered for lipid distributions. The ranges of r, θ, and ϕ are: d≤ r≤a+d; 0≤θ≤π; 0≤ϕ≤2π. Parameters characterizing the
overall geometrical shape of an elliptic pore are a, the radius of a pore at its narrowest location, b, the monolayer thickness of a lipid bilayers (≈20 Å), and d, the elliptic semiminor
(or semimajor if dNb) axis. The influence of a lateral diffusive rate on the anisotropic 31P (B–D) and 2H (E–G) ssNMR spectra of lipids located on the inner surfaces of an elliptic
toroidal pore with a=b and d=0.5b (B, E), b (C, F), and 1.4b (D, G). The range of lateral diffusion coefficients considered is 10−8–10−11 cm2/s. Broadened lineshapes are clearly
visible in the 31P and 2H spectra at DldN10−11 cm2/s. When lipids move rapidly with Dld=10−8 cm2/s, a motionally averaged sharp peak is provided at the center-of-mass position of
the anisotropic powder pattern of each site in either 31P or 2H spectra. Unlike the 31P cases, a coalesced sharp peak was provided only at d=0.5b in the 2H spectra because the center-
of-mass positions of two anisotropic powder patterns of each 2H site do not coincide at other d/a ratios.
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lipid, the lateral diffusion coefficient, the first-order exchange rate
constant, and a coordinate-dependent Laplacian, respectively. A
more detailed description to solve this differential equation on the
curved surface of either an elliptic pore or thinned membrane
bilayer is provided in the previous publication [43]. By assuming
angular increments (Δθ, Δϕ) to separate sites in the lattice, the
rate constants defined along the θ and ϕ variables can be pro-
vided as

Πθ
i;i F 1 =

Dld

h2 θð Þh3 θð Þ
h3 θ F Δθ = 2ð Þ
h2 θ F Δθ = 2ð Þ

1
Δθð Þ2 ; Π/

i;i F 1 =
Dld

h3 θð Þ2
1

Δ/ð Þ2 ;

ð8Þ



Fig. 4. 31P and 2H lineshapes expected from lipid bilayers whose bilayers' normal
directions are spreaded bymosaic distributionwith σ=5–70°. When the average of the
bilayers' normal directions is placed parallel to the applied magnetic field, the rotational
invariance around the magnetic field direction, B0, makes the lineshapes resulting from
the mosaic distribution of bilayers half-Gaussian shapes. The known range, σ=5–15°,
of mosaic spread of oriented phospholipids prepared between glassplates still provides
relatively narrow, asymmetrically broadened lines in 31P and 2H spectra around 0°
position, the average bilayer normal direction. Even under a seriously distorted
distributionwith ca. σ=30°, non-realistically broadened lines in 31P and 2H spectra still
lack peak intensities around the 90° position. When σ exceeds 50°, the distorted
lineshapes for both 31P and 2H spectra resemble a rather the lineshape from a random
lipid distribution.
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where

h2 θð Þ= bdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 cos2θ + b2 sin

2
θ

q ; h3 θð Þ= a + d − h2 θð Þ sin θ ð9Þ

for an elliptic toroidal pore model and

h2 θð Þ= sec θ; h3 θð Þ = a
π
sin−1 a

πd
tan θ

h i
ð10Þ

for a thinned membrane dimple. Then, the time evolution of
anisotropic magnetizations of either 31P or 2H sites in lipids,
distributed on a curved membrane surface, can be calculated by
solving the Bloch–McConnell differential equation [62,63] that
requires setting up a standard tri-diagonal NMR exchange matrix
for molecular diffusions. The model suggested by Kim and Wi [43]
generally considers any arbitrary orientation of the glassplate
normal with respect to the applied magnetic field B0.

Fig. 2C and D shows lineshape variations introduced in the 31P (A)
and 2H (B) solid-state NMR spectra, respectively, of POPC-d31 lipids
forming thinned lipid bilayers with d/a=0 (top row) and d/a=0.167
with Dld=10−10 cm2/s (middle row) and Dld=5×10−7 cm2/s
(bottom row), while assuming d=4 Å, z//B0, and b=20 Å. When
d/a=0, the magnitude of lateral diffusion coefficient Dld is irrelevant
to the lineshape variations. The range of the θ angle with d/a=0.167
is 0°≤θ≤27.7°, andwe arbitrarily considered 100 lipidmolecules over
the range of θ angles. The CSA of 31P, the B0 field strength, the QC
parameters of 2H sites in a palmitoyl chain, and the line broadening
factors considered for the spectral simulations are 32 ppm, 7.05 T, 4–
32 kHz, and 50–200 Hz, respectively. Distorted peaks are visible in
both 31P and 2H ssNMR spectra at d/a≠0when a slow lateral diffusive
rate (Dld=10−10 cm2/s) is considered (middle row). This is because a
single sharp peak (31P) or a pair of sharp peaks (2H) resulting from a
site in a perfectly aligned lipid bilayer (d/a=0; top row) is distorted
and broadened due to the disorder produced in a thinned dimple. If
lipidsmigrate from one region to another by a fast lateral diffusion, ca.,
Dld=5×10−7 cm2/s, a motionally averaged single sharp peak (31P) or
pair of sharp peaks (2H) per sitewill be obtained at the center-of-mass
position of an anisotropic frequency span of a site, resulting in
apparently reduced 31P CSA and 2H QC tensor parameters (bottom
row). Therefore, the magnitudes of the apparent 31P CSA and 2H QC
tensor parameters obtained from the spectra of lipids, distributed on a
thinned surface with a fast lateral diffusion coefficient, decrease as the
d/a ratio increases. In many cases, thinned membrane bilayers would
be formed prior to the formation of pores in lipid membranes (carpet
model). Thus, in actual AMP–lipid interaction systems, lipid pores
formed by the insertion of AMPs in membranes would be located in
membrane bilayers that are already thinned.

Fig. 3 shows 31P (B–D) and 2H (E–G) ssNMR spectral lineshapes
of POPC-d31 lipid bilayers forming toroidal pores of d=0.5b (B, E),
d=b (C, F), and d=1.4b (D, G), with lateral diffusion coefficients
Dld=10−8 cm2/s, 10−9 cm2/s, 10−10 cm2/s, and 10−11 cm2/s. The
peak intensity along the 0° orientation overwhelms the peak intensity
along the 90° orientation in both 31P and 2H spectra when d/bN1 (D
and G), while the opposite trend is the case when d/bb1 (B and E).
The pore radius, a, was fixed to the monolayer thickness, b (=20 Å),
of a lipid bilayer [19,64,65]. It has been reported that about 90 POPC
lipids are involved in a pore induced by magainin-2 [45,66]. In the
simulations however, we arbitrarily used 100 anisotropic orientations
of lipid molecules with the same tensor values and spectral processing
parameters as used for the spectra shown in Fig. 2. It must be noticed
that the line broadening factors (50–200 Hz) used for the spectral
processing cannot explain the extent of peak broadening/coalescent
effects introduced in the simulated 31P and 2H spectra.

A simple line broadening effect is visible when the diffusion
coefficient Dld is slower than 10−10 cm2/s. Most of the detailed fine
structures of 31P and 2H spectra are washed away when Dld is about
10−9 cm2/s. When Dld reaches the 10−8 cm2/s regime, a lateral
diffusion coefficient of pure lipids, we observe motionally averaged
31P and 2H NMR spectra, with shifted center-of-mass positions
depending on the ratio of d/b. The center-of-mass positions of two
anisotropic 2H spectra of lipids on an elliptic pore per each 2H site do
not coincide in general, and the gap between the center-of-mass
positions of two transitions becomeswider as the QC tensor parameter
or the d/b ratio increases (Fig. 3F and G). At d=0.5b, however, all 2H
peaks provide a coinciding center-of-mass position regardless of the
magnitude of QC parameters, resulting in a single sharp peak at the
center with Dld=10−8 cm2/s (Fig. 3E). At this condition, both 31P and
2H anisotropic spectra are somewhat similar to those from lipids that
take a random, a micellar, or a liposomal distribution. However, unlike
those spectra from a random or a spherical distribution, anisotropic
lineshapes of 31P and 2H NMR spectra of lipids distributed on an
elliptic pore with d/b=0.5 that are simulated at z//B0 and z B0

orientations are distinctive [43]. These motionally averaged, spectral
broadening/coalescent effects are evidenced experimentally in 31P
and 2H ssNMR spectra measured on oriented POPC membranes
interacting with the antimicrobial peptide protegrin-1 [43,46].
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It should be noticed that the anisotropic 31P and 2H ssNMR
lineshapes based on a toroidal pore model are completely distinguish-
able from the lineshapes expected from lipid bilayers spreaded
discontinuously by the mosaic distribution [67]. In a fluid mosaic
model, the bulk of the phospholipids are arranged in discontinuous,
fluid bilayers, whose membrane normal directions are scattered
around an average value. As distortions are introduced in a perfect
bilayer, anisotropic disorders will be reflected in frequency positions
away from the 0° position toward the 90° position, which are
Fig. 5. Experimental (A, C, E, G) and simulated (B, D, F, H) 31P (A, B, E, F) and 2H (C, D, G
plates, interacting with magainin-2 (A–D) and aurein-3.3 (E–H) at P:L ratios 0:100, 1:80, 1
direction (z//B0) for NMR measurements. Eye-guides are drawn by dashed lines along t
decrease in the linewidth at different peptide concentrations. Both 31P and 2H ssNMR spec
toroidal poremodel with variable d/b ratios. The observed decreases in the frequency spans o
(Dld=10−8–10−9 cm2/s). The 2H spectra of aurein-3.3 showed elliptic pores with shorter d le
while providing less prominent thinning effects, even at P:L=1:20. The potential portion o
positioned at the leftmost and rightmost in the frequency span,
respectively. This is because only a change in the polar angle, not the
azimuthal angle (only when η=0) and the positional rotation around
the external magnetic field direction B0, contributes to a frequency
shift in a NMR spectrum. As shown in Fig. 4, an asymmetric resonance
line would result from discontinuous bilayers whose membrane
normal directions are taking a Gaussian distribution, with a standard
deviation σ, around an average direction, which is chosen to be
parallel to the applied external magnetic field direction B0. It was
, H) ssNMR spectra of oriented POPC-d31 bilayers prepared between thin cover-glass
:50, and 1:20. The glassplate normal was placed parallel to the applied magnetic field
he 0° orientation of lipids in the spectra of the pure lipid system for monitoring the
tra measured at all P:L ratios conform to the spectral simulations based on an elliptic
f 31P and 2H ssNMR spectra evidence thinnedmembrane bilayers with fast moving lipids
ngths (perhaps due to deeper peptide insertions) than those cases involvingmaginin-2,
f lipids that keeps flat membrane bilayers is not considered in the simulations.
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reported that oriented lipid bilayers prepared between cover-glass
plates have mosaic spreads of σ=5–15° [47,67]. Included in Fig. 4 are
31P and 2H ssNMR lineshapes expected for lipid bilayers havingmosaic
spreads of σ=5–70°. As can be seen in either 31P or 2H spectrum
shown in Fig. 4, even a very broad, asymmetrical lineshape with
σ=30° does not provide anisotropic frequencies near 90°. When the
σ exceeds 40°, those severely distorted lineshapes shown in Fig. 4
approach a rather that of a random distribution.

4. Experimental results

4.1. Interaction of magainin-2 and aurein-3.3 with POPC bilayers

A zwitterioninc type of membrane lipid, POPC, has a hydrophilic
headroup and hydrophobic palmitoyl- and oleyl acyl chains. Zwitter-
ionic lipids are common in membranes of eukaryotic cells and,
therefore, POPE or POPC can be used as a reference for mixed
membrane systems. Using 31P and 2H ssNMR spectroscopy, we studied
oriented POPC-d31 bilayers binding with magainin-2 and aurein-3.3 at
various peptide:lipid (P:L) ratios. Fig. 5 shows experimental (A, C, E,
and G) and simulated (B, D, F, and H) 31P (A, B, E, and F) and 2H (C, D,
G, and H) ssNMR spectra of oriented POPC-d31 bilayers interacting
with magainin-2 (A–D) and aurein-3.3 (E–H), at peptide-to-lipid (P:
L) ratios 0:100, 1:80, 1:50, and 1:20. A stack of glass plates is placed in
the external magnetic field B0 so that the glass plate normal is parallel
to the external magnetic field B0 (z//B0). An ideal lipid bilayer would
provide peaks only along the 0° orientation in the absence of AMPs. An
asymmetrical lineshape in 31P spectrum at P:L=0:100 would
exemplify potentially possible mosaic spreads of lipid bilayers with
σ≈10°. As AMPs perturb membrane structures, we observe distorted
lineshapes spanning over the entire frequency range from 0° to 90°
position in 31P and 2H ssNMR spectra, even at P:L=1:80. Interestingly,
the observed 31P and 2H spectral lineshapes are not able to be
explained by considering a mosaic spread model because a mosaic
distribution model does not generate frequencies spanning over all
Table 1
31P CSA and 2H QC tensor parameters of POPC-d31 and/or POPG lipids in various AMP–lipid

AMP: lipid CSAa 1b,c 2 3 4 5 6

PCe 33 38.3 38.3 38.2 38.1 37.9 36.
MGf:PC=1:80 32 33.6 33.6 33.5 33.4 33.2 32.
MG:PC=1:50 32 33.0 33.0 32.9 32.8 32.7 31.
MG:PC=1:20 32 31.8 31.8 31.7 31.6 31.4 30.
AUg:PC=1:80 32 35.4 35.4 35.3 35.2 35.0 33.
AU:PC=1:50 32 35.4 35.4 35.3 35.2 35.0 33.
AU:PC=1:20 32 34.7 34.7 34.6 34.5 34.3 33.
PC(3)/ PGh(1) 35 36.5 36.5 36.4 36.3 36.1 34.
MG:PC(3)/ PG(1)=1:80 34 32.9 32.9 32.8 32.7 32.5 31.
MG:PC(3)/ PG(1)=1:50 34 31.8 31.8 31.7 31.6 31.4 30.
MG:PC(3)/ PG(1)=1:20 34 27.0 27.0 26.9 26.6 26.5 25.
AU:PC(3)/ PG(1)=1:80 32 37.5 37.5 37.3 37.2 36.6 35.
AU:PC(3)/ PG(1)=1:50 31 36.4 36.4 36.3 36.2 35.5 33.
AU:PC(3)/ PG(1)=1:20 31 31.9 31.9 31.8 31.7 31.1 29.
PC(1)/ Choli(1) 28 67.0 66.5 66.0 65.6 65.0 64.
MG:PC(1)/ Chol(1)=1:80 27 65.1 65.1 65.0 64.8 63.8 62.
MG:PC(1)/ Chol(1)=1:50 27 65.1 65.1 65.0 64.8 63.8 62.
MG:PC(1)/ Chol(1)=1:20 27 57.9 57.9 57.8 57.1 56.8 55.
AU:PC(1)/ Chol(1)=1:80 28 65.1 65.1 65.0 64.8 63.8 62.
AU:PC(1)/ Chol(1)=1:50 28 63.8 63.8 63.7 63.5 62.5 61.
AU:PC(1)/ Chol(1)=1:20 28 56.6 56.6 56.6 56.4 55.5 54.

a Chemical shift anisotropy of 31P in ppm (δcsa=δ//=δ22; η=0; δ =(δ11+δ33)/2).
b Quadrupolar coupling constants (e2qQ/ ) of 2Hs in the palmytoyl chain of POPC-d31 (kH
c Numbers represent the positions of CD2 groups separated from the carbonyl of palmyto
d The terminal CD3 group of palmytoyl chain.
e POPC-d31.
f magainin-2.
g aurein-3.3.
h POPG.
i Cholesterol.
the anisotropic frequency positions, including the frequency around
the 90° position, without providing a significantly broadened line-
shape along the 0° position (see Fig. 4); nor are lineshapes congruent
with a random model either (see Fig. 1B). However, these lineshapes
can be simulated well by a toroidal pore model with variable d values
(see Fig. 3) as shown in Fig. 5. The observed NMR tensor parameters
agree with the known values for phospholipids in liquid crystalline
states [45–47] (δcsa=30 ppm, ηcsa=0 for the 31P CSA, and e2qQ/
ℏ=3.0–36 kHz and ηQC=0 for 2H QC parameters (see Table 1)). The
quadrupolar splittings are characterized by the mobility of the CD2

groups in the acyl chains of lipids. The formation of a lipid pore
imposes anisotropic line broadenings in both 31P and 2H spectra
without modifying tensor parameters that are determined in pure
lipid bilayers [68,69]. 31P CSA and 2H QC tensor parameters associated
with various types of lipid topologies can be extracted either by direct
spectral simulations or signal dePaking [70].

The best-fit simulations in Fig. 5 (B, D, F, and H), incorporating a
pore model over the P:L ratios from 1:80 to 1:20, were provided by
ranges of d values from 1.5b–1.8b to 1.0b–1.2b, respectively, with
a=b. The dimension of a is arbitrary, however, we have used a=b in
our simulations for simplicity, based on the experimental observation
that the range of pore diameters induced in the cell membranes of
Escherichia coli interacting with cecropin is about the monolayer
thickness b of bilayers [71]. The amount of the lateral diffusion
coefficient of lipids cannot be assessed from these 1D spectra because
the influence of lateral diffusive motions of lipids is not exemplified in
the spectra. By comparing to the simulated spectra, however, we can
be assessed that it is slower than 10−11 cm2/s. The observed spin–spin
relaxation time, T2, of 31P in phospholipids is in the 0.5–1.4 ms range
over the peptide concentrations we tested. Although it is not explicitly
included in the simulated spectra, the lineshape of a potentially flat
portion of lipid bilayers, with some degree of mosaic spread, can be
added to the pore lineshape, producing more intense signal intensity
along the 0° position. As the peptide concentration increases, the
observed trend in the spectra, particularly in 2H spectra of the POPC-
compositions.

7 8 9 10 11 12 13 14 15d

6 34.7 34.0 32.0 28.6 26.3 22.3 18.7 14.2 4.2
1 30.4 28.0 26.2 23.2 21.2 18.6 15.5 11.5 3.68
6 29.9 26.6 24.9 21.9 19.9 16.5 14.3 10.4 3.53
4 28.7 25.1 23.5 20.6 18.7 15.8 13.7 10.4 3.39
9 32.0 31.4 29.6 26.4 24.3 20.6 17.3 13.1 3.9
9 32.0 31.4 29.6 26.4 24.3 20.6 17.3 13.1 3.9
2 31.4 30.8 29.0 25.8 23.8 20.1 16.9 12.8 3.8
9 33.0 32.4 30.5 27.2 25.0 21.2 17.8 13.5 4.00
4 29.7 28.3 26.6 23.6 21.6 17.8 16.0 12.2 3.60
4 28.7 26.4 24.8 21.9 20.0 17.0 14.4 10.6 3.48
5 24.2 21.5 20.1 17.6 16.0 13.4 11.5 8.29 2.96
4 34.0 32.8 29.8 27.2 25.0 21.2 17.9 13.5 4.00
9 32.0 31.4 29.6 26.4 24.3 20.6 17.4 13.1 3.88
7 26.4 25.8 24.2 21.4 19.6 16.3 14.3 10.5 3.40
0 62.0 61.0 57.5 57.2 53.8 48.5 41.0 31.0 8.20
8 61.7 59.9 58.1 53.0 48.4 43.4 35.5 26.6 7.20
8 61.7 59.9 58.1 53.0 48.4 43.4 35.5 26.6 7.20
0 54.0 50.6 48.6 47.2 44.9 38.6 31.6 23.6 6.41
8 61.7 59.9 58.1 53.0 48.4 43.4 35.5 26.6 7.20
5 60.5 58.7 56.9 51.9 47.4 42.5 34.8 26.0 7.06
6 53.7 52.1 50.5 46.1 42.1 37.8 30.9 23.1 6.26

z).
yl chain.
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d31/aurein-3.3 system, is the spectral feature of a pore model with
shorter d length. However, the trend in the 31P spectra is not as
prominent as that of the 2H spectra. Aurein-3.3 produces pores with
somewhat shorter d lengths than magainin-2 as can be seen in the
spectra. Based on the best-fit simulation data, the simulated d values
that agree with the features of experimental spectra are 1.8b (P:
L=1:80), 1.7b (P:L=1:50), and 1.5b (P:L=1:20) for magainin-2/
POPC-d31 and 1.2b (P:L=1:80),1.1b (P:L=1:50), and 1.0b (P:L=1:20)
for aurein-3.3/POPC-d31. The tensor parameters of 31P CSA and 2H QC
interactions obtained from the best-fit simulations are provided in
Table 1.

Another feature observed is the decrease in the frequency spans of
both 31P and 2H ssNMR spectra in Fig. 5 as the peptide concentrations
Fig. 6. Experimental (A, C, E, G) and simulated (B, D, F, H) 31P (A, B, E, F) and 2H (C, D, G, H) ss
(molar ratio=3:1) membrane bilayers that are oriented between thin cover-glass plates
presence of anionic POPG lipids provides a significantly prominentmembrane thinning effect
in the 2H spectra of the aurein-3.3 system is less prominent than the case involving magainin
at all P:L ratiosmight indicate a portion of thinnedmembranes with a slower lateral diffusive
bigger d/a ratio that maintains the same lateral diffusive rate.
increase. This phenomenon is more prominent in 2H spectra, which
measure the hydrophobic environment of peptide–lipid complexes.
Although several groups have shown the relationship of the decrease
in peak splitting with the changes in membrane thickness [48,72], no
theoretical model has been provided yet to explain this phenomenon;
however our membrane thinning model considered with a fast lateral
diffusion coefficient of lipids successfully explains this property
(Fig. 2). The magnitudes of apparent 2H QC tensor parameters
observed in Fig. 5 are clearly less than those observed from pure
lipid bilayers, particularly at high P:L ratios. According to the best-fit
simulation data obtained from the membrane thinning model, the
observed decreases in the anisotropic frequency spans of 2H ssNMR
spectra of POPC-d31/magainin-2 and POPC-d31/aurein-3.3 produced
NMR spectra of magainin-2-bound (A–D) and aurein-3.3-bound (E–H) POPC-d31/POPG
(z//B0). Peptide-to-lipid ratios considered are P:L=0:100, 1:80, 1:50, and 1:20. The
in the 2H spectra at high peptide-to-lipid ratios. Themembrane thinning effect observed
-2. The shoulder peak near the 0° orientation in the 31P spectra of the aurein-3.3 system
rate that maintains the same geometrical feature, or a portion of thinned surfaces with a
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d/a=0.1–0.2 and Dld=10−7–10−8 cm2/s. In our experimental
spectra, the relative portions of lipids that are involved in pores and
thinned membranes are unclear.

4.2. Interaction of AMPs with anionic membranes

Anionic lipids, which are abundant in prokaryotic cell membranes,
are crucial for the mode of interaction for cationic AMPs to selectively
bind on the bacterial cell membrane. An electrostatic interaction
between anionic lipids and cationic AMPs plays a central role for
antimicrobial action. We incorporated a lipid system consisting of a
Fig. 7. Experimental (A, C, E, F) and simulated (B, D, F, H) 31P (A, B, E, F) and 2H (C, D, G, H
cholesterol (molar ratio=1:1) membrane bilayers measured at z//B0. Peptide-to-lipid
phenomena are visible in both 31P and 2H spectra. Eye-guides with dashed and dashed-dot lin
spans of peptides with POPC-d31 lipids without cholesterol, respectively. Unlike the 31P spec
significantly, revealing decreased segmental motions of hydrophobic acyl chains. The length
spectral features of 2H spectra of aurein-3.3 system are quite similar to those from magainin
Notice the decrease in the linewidth of 31P spectra at all P:L ratios.
POPC and POPG mixture with a molar ratio of 3:1 to mimic the non-
neutral lipid composition of the bacterial cell membranes in a simple
way. Fig. 6 shows experimental (A, C, E, G) and simulated (B, D, F, H)
31P (A, B, E, F) and 2H (C, D, G, H) ssNMR spectra of POPC-d31(3)/POPG
(1) lipids interacting with magainin-2 (A, B, C, D) and aurein-3.3 (E, F,
G, H), at P:L ratios 0:100, 1:80, 1:50, and 1:20. In these peptide–lipid
systems containing anionic lipids the frequency span of 2H spectra
decreases prominently, as can be identified clearly from the samples
with P:L=1:20, as the peptide concentration increases (Table 1). The
observed 31P CSA tensor parameters, however, are still very similar to
those obtained without anionic POPG lipids as listed in Table 1.
) ssNMR spectra of magainin-2-bound (A–D) and aurein-3.3-bound (E–H) POPC-d31/
ratios considered are P:L=0:100, 1:80, 1:50, and 1:20. Pore forming and thinning
es compare the size of frequency spans at different P:L ratios and indicate the frequency
tra, the frequency spans of 2H spectra of POPC-d31 lipids involving cholesterol increased
d of the simulated pore geometry decreases as the peptide concentration increases. The
-2, except the fact that pores induced in membranes possess somewhat longer d values.



Fig. 8. Helical wheel representations of magainin-2 and aurein-3.3 peptides. Both
peptides demonstrate well-separated hydrophobic and hydrophilic faces. This may
suggest a potential amphipathic helical structure of aurein-3.3 in lipids, as in the case of
magainin-2.
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When a toroidal pore model is incorporated, the anisotropic 31P
and 2H ssNMR spectra of POPC-d31(3)/POPG(1) lipids interacting
with magainin-2 and aurein-3.3 peptides again provide lineshape
characteristics that are consistent with toroidal pores with a≈b
and d=1.6–1.8b. The potential contribution from the flat portions
of lipid bilayers is not explicitly included in the simulated spectra.
Except for the prominent linewidth decrease observed in 2H
spectra, magainin-2 does not provide much difference in the
shape of pores induced in the POPC-d31 lipids, both with and
without the presence of POPG lipids, at all three P:L ratios.
However, a dramatic increase in d values, from 1.0–1.2b to 1.6–
1.8b, is observed in the lipids interacting with aurein-3.3 as the
lipid composition changed from pure POPC-d31 to POPC(3)/POPG
(1). Both peptides, however, show very similar spectral character-
istics in 31P NMR spectra for both POPC and POPC(3)/POPG(1) lipid
systems even at P:L=1:20. The lateral diffusion coefficients incorpo-
rated in the pore lineshape simulations for the experimental 31P and 2H
ssNMR spectra of both peptide systems are Dld≤10−11 cm2/s because
we do not observe any motionally averaged lineshapes. However, the
range of lateral diffusion coefficients required for explaining the
membrane thinning phenomenon is Dld=10−7–10−8 cm2/s as
explained previously.

4.3. Interaction of AMPs with POPC/cholesterol

Cholesterol is an important constituent of eukaryotic cell mem-
branes which is generally absent from bacterial membranes. Choles-
terol is largely hydrophobic, but it has one polar group, a hydroxyl,
making it amphipathic, allowing its insertion into a membrane bilayer
with the hydroxyl group oriented toward the aqueous phase and the
hydrophobic ring system faced to the fatty acid tails of phospholipids.
Cholesterol immobilizes the first few acyl chains of the phospholipids,
making lipid bilayers less deformable and less permeable to small
water soluble molecules including AMPs [73–75].

We prepared 1:1 mixture of POPC-d31 and cholesterol to
investigate the influence of cholesterol in AMP–lipid interactions.
Fig. 7 shows experimental (A, C, E, G), and simulated (B, D, F, H)
31P (A, B, E, F) and 2H (C, D, G, H) ssNMR spectra of POPC-d31/
cholesterol (1:1 molar ratio) interacting with magainin-2 (A, B, C,
D) and aurein-3.3 (E, F, G, H) at P:L ratios of 0:100, 1:80, 1:50,
and 1:20. Dashed–dot lines provided in 31P and 2H spectra (in A,
C, E, and G of Fig. 7) are eye-guides which indicate the frequency
spans of the spectra measured without cholesterol (Fig. 5).
Dashed lines provided in the 2H spectra are eye-guides indicating
decreases of the linewidth as the peptide concentration increases,
which can be attributed to a membrane thinning effect as
explained previously. Based on our simulation, the lineshapes of
both 2H and 31P spectra evidence the presence of induced lipid pores
with dNb in oriented membranes of both sample systems. The pore
parameters obtained from the best-fit simulations are d=1.5b (P:
L=1:80), d=1.2b (P:L=1:50), and d=1.1b (P:L=1:20) for POPC-
d31/cholesterol/magainin-2 and d=1.6b (P:L=1:80), d=1.5b (P:
L=1:50), and d=1.0b (P:L=1:20) for POPC-d31/cholesterol/aurein-
3.3, assuming a=b.

2H spectra from both peptide systems demonstrate dramatic
increases of the QC parameters of all 2H sites (Table 1). This feature
agrees with the fact that cholesterol molecules that are inserted into
membranes freeze the segmental motion of hydrophobic acyl chains
of lipids, resulting in the increase of 2H's QC tensor parameters. The QC
parameters obtained from both sample systems were in the range of
7.2–65 kHz depending on the position of the 2H site in the palmitoyl
chain. However, the CSA parameters of 31P nuclei are in the range of
27–28 ppm, which are actually less than the value observed at the
pure POPC lipid system without cholesterol, indicating that the
presence of cholesterol does not deter the rates of uniaxial rotations of
POPC lipids.
5. Discussion

Maganinin-2, an AMP with 23 amino acid residues, forms an α-
helical structure in lipid membranes [76]. In a helical wheel
representation, it makes an amphipathic helix with well-defined
hydrophobic (red) and hydrophilic (blue) faces, as shown in Fig. 8A.
The secondary structure of the aurein-3.3 peptide in lipid membranes
is still unknown. In a helical wheel representation as shown in Fig. 8B,
however, aurein-3.3 also reveals well-separated hydrophobic and
hydrophilic faces, suggesting that aurein-3.3 would form an α-helical
structure in lipid membranes.

The positively charged residues located on the hydrophilic face of a
helix would be faced-up, allowing favorable electrostatic interactions
with the anionic headgroups of lipids, while the hydrophobic residues
on the opposite side would be faced-down and buried into the
membrane, contacting the hydrophobic tail groups of lipids (Fig. 9A)
[77]. This mode of AMP–lipid interaction would facilitate thinned
membrane bilayers, a common feature when the peptide concentra-
tion is low. After reaching a critical AMP concentration, a few closely
placed AMP molecules would self-assemble into a bundle while
angling and inserting into the membrane to form a toroidal wormhole
(Fig. 9B) [78]. This mechanism explains reasonably well the formation
of a toroidal pore with variable length d with respect to b (Fig. 3),
which is required to explain most of our 31P and 2H ssNMR spectra
measured on lipids interacting with magainin-2 and aurein-3.3. By
forming a deeply inserted bundle in the membrane, cationic AMPs
would find a favorable way to coexist with amphiphilic lipids and
water molecules as shown in Fig. 9C. It allows water molecules inside
of the pore to transport molecules and ions across the membrane. 31P
and 2H ssNMR spectra with variable 0°/90° intensities satisfying a
toroidal pore model with variable length d were frequently observed
at various P:L ratios when β-hairpin shaped, defensin-like (cystein-
rich) AMPs or α-helical structured AMPs were interacting with
oriented phospholipids [43,46]. A toroidal pore model considering
different d lengths (Figs. 3B–G) successfully explains different types of
experimental 31P and 2H ssNMR lineshapes exhibiting variable
intensities between the 0° and 90° positions of lipids [43,46].

The type shown in Fig. 9D could also be a plausible model to
explain the insertion of a bundle of self-assembled AMPs in the
membrane. In this case, peptides hide hydrophobic residues (black)
inside of the bundle, while exhibiting hydrophilic residues (red)
outside, to favor interactions with hydrophilic headgroups of lipids
and water. In this model, lipids located on the inner surface of a pore
would be more flexible for lateral diffusivity than the case shown in
Fig. 9C because peptides are not intermingled with lipid molecules on
the pore wall by penetration. However, this type would be less

http://doi:10.1016/j.bbamem.2008.10.007


Fig. 9.Models suggested for explaining the gradual insertion of peptides and the formation of elliptic toroidal pores with variable d length. AMPs bound on themembrane surface (A)
self-assemble and tilt in order to insert into themembrane (B). AMPs insert deeper into themembrane to form awell-defined pore and accommodatemolecular/ionic transportations
across the membrane through this pore (C). Also plausible is a model assuming a self-assembled peptide bundle, with hydrophobic faces buried inside of the bundle, which can be
inserted into a bilayer to form a pore (D). The outward-facing hydrophilic faces of the peptide bundle make favorable interactions with the hydrophilic headgroups of lipids.
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favorable for an efficient transportation of molecules or ions through
the pore compared to the other type shown in Fig. 9C because the
inside part of the pore that is occupied by AMPs is hydrophobic. For
cationic AMPs to interact with zwitterionic and neutral lipids, such as
POPC or POPC/cholesterol, AMPs would self-assemble into a bundle
more readily even at lower AMP concentration to minimize the
accumulation of overall charge density. In this case, the critical peptide
concentration for the formation of a peptide bundlewill be lower than
the case involving anionic lipids. On the molecular level, cationic
AMPs are readily misciblewith anionic lipids but not with zwitterionic
lipids.

31P and 2H ssNMR spectroscopic techniques are optimal for
diagnosing the structural perturbations in lipid bilayers induced by
membrane-acting peptides. Within our knowledge, without incorpor-
ating a toroidal pore model with variable length in d, it is not possible
to explain the lineshape patterns of 31P and 2H ssNMR spectra we
obtained experimentally, particularly the intensity profiles along the
90° position with respect to the applied magnetic field direction (z//
B0). As can be seen in Fig. 5, the best-fit simulations for the
experimentally observed 31P and 2H ssNMR spectra originating from
magainin-2/POPC-d31 and aurein-3.3/ POPC-d31 systems were pro-
vided by a toroidal pore model with a≈b, dNb, and lateral diffusion
coefficients in the range of ≤10−11 cm2/s—lineshape characteristics
that are motionally averaged by lateral diffusions are not visible. The
observed pore lineshape characteristics are evident even at the lowest
peptide concentration (P:L=1:80) we considered, indicating that the
critical peptide concentration for membrane insertion is very low.
However, as the peptide concentration increases, the d parameter
changes from 1.8b (P:L=1:80) to 1.3b (P:L=1:20) for magainin-2/
POPC-d31, and from 1.2b (P:L=1:80) to 1.0b (P:L=1:20) for aurein-
3.3/POPC-d31. It is not clear why the d parameter of a toroidal pore
shows stronger peptide concentration dependence in 2H spectra. We
hypothesize however that the insertion of a peptide bundle into a lipid
bilayer would result in a more perturbed environment along the
hydrophobic tail parts that exist inside of the bilayer than along the
hydrophilic headgroups that face outward. We observed that pore
lineshapes show time-dependent drift over several days or weeks
depending on the composition of membranes (data not shown).
Ramamoorthy and coworkers reported that pores initially formed can
be converted into micelles or even into inverted hexagonal phases
over time [33–35].
In usual cases, thinnedmembrane bilayers would occur prior to the
formation of pores in anionic lipid membranes when interacting with
cationic AMPs, because the presence of anionic lipids favors an S-
bound state over an inserted I-state. The helical axis of an α-helical
AMP, which takes on a parallel orientation with respect to the surface
of a membrane bilayer at low peptide concentrations [18], would need
to take on a tilted angle orientation to insert into membranes after a
critical concentration has been reached (Fig. 9B). This would explain
how a pore with a shallower peptide insertion ― an elliptic pore with
a longer d value― is more likely to be observedwith the interaction of
a helical AMP with anionic membrane bilayers than with zwitterionic
membrane bilayers.

The linewidths of 31P and 2H spectra had decreased prominently in
lipid bilayers involving anionic lipids that are interacting with AMPs.
The magnitudes of observed coupling parameters of 31P CSA and 2H
QC interactions in the presence of AMP molecules are less than those
from pure lipid bilayers as summarized in Table 1. Although the
linewidth decrease effect is evident both in the 31P CSA and 2H spectra,
a more prominent effect was observed in the 2H spectra, which
contain local structural and dynamic information of hydrophobic alkyl
chains. A synergistic effect between the lateral diffusive motion and
the segmental wobbling motion of the hydrophobic acyl chains would
provide a more prominent linewidth decrease effect. Interestingly, an
increase in the peptide concentration introduced more decreases in
the linewidth of both 31P and 2H ssNMR spectra for both peptide cases
[58], which can readily be simulated based on ourmembrane thinning
modelwith a fast lateraldiffusive rate of lipids (Dld=10−7–10−9 cm2/s)
(Fig. 2). According to our thinning simulation scheme, the observed
linewidth decreases in both 31P and 2H anisotropic spectra provide the
best-fit simulation with d/a=0.2–0.3 and Dld=10−8–10−9 cm2/s. If
we adopt an average thin depth of membranes on the order of 11 Å [58],
the diameter of the thinnedmembrane dimple would be in the range of
36–55 Å.

In general, the lateral diffusive rate of lipids on amembrane surface
is a function of the membrane composition, the concentration of an
obstacle, temperature, and the hydration level. The lateral diffusion
coefficient of lipids in a pure lipid bilayer is 10−7–10−8 cm2/s [79]. In
the presence of membrane-acting peptides, the rate of lateral
diffusions of lipids in membranes would be slowed down due to the
electrostatic, hydrophilic, and/or hydrophobic peptide–lipid interac-
tions. Therefore, membrane surfaces binding with AMPs would have
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significantly lower rates of lateral diffusions. Less obvious is why
lipids involved in the holes of toroidal pores move more slowly
(b10−11 cm2/s) than lipids involved on thinned membrane bilayers
(10−8–10−9 cm2/s) if we incorporate our model to explain the
linewidth decrease effect. We hypothesize that the lateral diffusive
motion of lipids involved in a toroidal pore would be significantly
slower than that of pure bilayers because the lipid motion must
accompany somewhat unfavorable transbilayer motions involving
both up- and down-leaflets (when z//B0, the lateral diffusive
motion around ϕ angle is not observable in NMR), while those
occurring on a thinned membrane surface would still maintain a
reasonably fast diffusive rate because the mechanism involved is
the typical lateral diffusive motion of lipids on a single surface. This
reasoning matches well with the observation by Opella and
coworkers that membrane proteins incorporated in bicelles under-
goes fast axial diffusion (Drot≥105 s−1) on the bicelle surface,
providing narrow line widths along 15N chemical shift (b2 ppm)
and 1H–15N dipolar couplings (∼250 Hz) [80].

The range of transverse relaxation time, T2, measured on POPC,
POPC(3)/POPG(1), and POPC(1)/Chol(1) systems interacting with
magainin-2 and aurein-3.3 at P:L ratio=1:80, 1:50, and 1:20 was 0.6–
1.5 ms, with shorter T2 times as the peptide concentration increases
(data not shown). Because of thesemoderate to short T2 times and the
slow lateral diffusive rates of lipids, we cannot attribute the apparent
line broadening effect in 1D NMR spectra sorely to the lateral diffusive
dynamic motions of lipids. A two-dimensional (2D) exchange
spectroscopic technique had been incorporated to investigate slow
lateral diffusive rates of lipids. For example, Fig. 10 shows 2D 31P
exchange spectra measured on a POPC(3)/POPG(1) system interact-
Fig. 10. 2D 31P exchange NMR spectra of POPC (3)/POPG (1) interacting with aurein-3.3 at P:
the experimental 2D spectra were reproduced reasonably well by incorporating a pore geo
ing with aurein-3.3 at P:L=1:20, with mixing times of 5, 50, and
200 ms. As demonstrated in the Figure, at longer mixing times, 50 and
200 ms, peak intensities of experimental spectra centered along the
diagonal frequency positions in spectra measured with 5 ms mixing
time smeared out to the off-diagonal positions on both sides,
demonstrating exchanges among different nuclear sites generating
different anisotropic frequencies. This might indicate that nuclear
sites possessing different anisotropic frequencies are on the same
curved membrane surface. Major peak intensity patterns on the
experimental spectra with different mixing times were reasonably
well simulated by assuming two-dimensional lateral diffusivemotions
of lipids located on the curved surface of a pore with a=b, d=1.6b,
and Dld=10−11 cm2/s, as shown in Fig. 10D–F. Thus, our postulation
to assume mobile lipids on pore surfaces can be justified. Moreover,
the order of lateral diffusion coefficients extracted from our lineshape
analysis agrees well with other experimental data [81–83].

Even though we consider a potential distribution in the bilayers'
normal directions with respect to the glass plate normal direction
(n//B0) and assume a few degrees (10–15°) of a typical mosaic spread
of lipid bilayers prepared between glass plates [67], which results in
an asymmetrical half-Gaussian peak pattern along the frequency
position of 0° orientation of lipids (e.g., the peak near 30 ppm in a 31P
spectrum), the observed anisotropic frequencies spanning over all the
anisotropic frequency regions, including the frequency positions close
to and along the 90° orientation (−18 ppm in a 31P spectrum), cannot
be explained by this simple mosaic distribution model (see Fig. 4).
Moreover, if anisotropic frequencies spanning over the whole spectral
range are from discontinuous bilayers that are spread by mosaic
distribution, nuclear sites with different anisotropic frequencies
L=1:20, with mixing times of 5 ms (A), 50 ms (B), and 200 ms (C). The main features of
metry model with a=b, d=1.6b, and Dld=10−11 cm2/s.
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would not provide lateral diffusive exchange among different nuclear
sites because they are physically separated.

Several different sizes and shapes of pores and thinned membrane
“dimples” would coexist in membranes, and therefore it is more
plausible to postulate an ensemble average of these lipid assemblies.
So, any AMP-induced lipid pores would be formed in membranes
which are already thinned. This might explain why we observe the
lineshape characteristics of pores and thinned bilayers simultaneously
from the experimental spectra. It is natural to assume that AMPs
produce various sizes of pores; however, a significant portion of AMP
molecules still maintains S-binding states, even at a high peptide
concentration, because not all of the AMP molecules are allowed to
form peptide bundles. Our experimental spectra measured on POPC,
POPC/POPG, and POPC/cholesterol lipids, interacting with magainin-
2 and aurein-3.3, support the coexistence of pores with thinned
membranes. The relative portions of lipids that are involved in pores
and thinned membranes are unclear.

The frequency spans of 31P spectra of POPC/cholesterol lipids
interacting with magainin-2 and aurein-3.3 are comparable to those
observed without cholesterol, indicating that the presence of
cholesterol does not deter the rate of the uniaxial rotation of a lipid
around its chain axis. Actually, the frequency spans of 31P spectra of
POPC under the interaction of cholesterol show even narrower widths
than those spectra without cholesterol at all P:L ratios. This might be
explained by considering the increased disorder in lipid bilayers
owing to the cholesterol insertion. However, the frequency spans
observed in the 2H spectra at all P:L ratios provide dramatic increases
in QC parameters at all 2H sites (from 4.0–36.5 kHz without
cholesterol to 7.2–65.5 kHz with cholesterol), as shown in Fig. 7 and
Table 1. This result satisfies our general expectation that cholesterol
molecules that are inserted into membranes freeze the segmental
wobbling motions of hydrophobic acyl chains of lipids, resulting in the
increase of 2H's QC tensor parameters. This means that the
magnitudes of site-specific QC couplings in a perdeuterated acyl
chain of a phospholipid that is confined in a lipid bilayer are
determined not only by the uniaxial rotation of the lipid around its
chain axis, but also by the segmental wobbling motion of its acyl
chains. As the peptide concentrations increased, the apparent QC
parameters decreased, satisfying our prediction based on the thinning
model while demonstrating a transition from elliptic toroidal pores
with longer d values to those with shorter d values. For both sample
systems, simulations of 2H spectra for all 15 2H sites in the
perdeuterated palmitoyl chain required a lateral diffusion coefficient,
Dld≤10−11 cm2/s, which is similar to the value obtained from POPC
(3)/POPG(1) systems. Based on this observation, we can conclude
that cholesterol molecules inserted into membranes do not signifi-
cantly alter either the rate of either uniaxial rotations or the lateral
diffusive rates of lipids, although it freezes the segmental motions of
hydrophobic acyl chains. Currently, we are investigating the structures
and peptide–peptide associations of AMPs bound on or inserted into
membranes by incorporating isotopically labeled AMPs.

6. Conclusion

The main goal of the present study was to investigate the AMP-
induced structures and dynamics of supramolecular lipid assemblies
induced in oriented bilayers on the molecular level by ssNMR
spectroscopy. Anisotropic 31P and 2H ssNMR spectra measured on
oriented bilayers of POPC-d31, POPC-d31/POPG, and POPC-d31/choles-
terol that are interacting with magainin-2 and aurein-3.3 peptides
evidenced the presence of elliptic toroidal pores and thinned
membrane bilayers in oriented bilayers. When combined with lateral
diffusive dynamics of lipids, these supramolecular lipid assemblies
explain well the spectral characteristics of experimental 31P and 2H
ssNMR spectra measured on the various lipid systems interacting with
magainin-2 and aurein-3.3 at variable P:L ratios. The spectral analysis
protocol [43] introduced provides a convenient means to extract the
lateral diffusion coefficients of lipids involved on the curved surface of
either an AMP-induced pore or a thinned dimple from the lineshape
characteristics of motionally averaged 31P and 2H ssNMR spectra that
may hitherto have been difficult to characterize. We expect that this
protocol would enhance understanding the cell membrane disruptive
mechanisms of various types of membrane-acting AMPs.
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