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ABSTRACT. We have investigated the interaction between a synthetic amphipathic 14-mer peptide and
model membranes by solid-state NMR. The 14-mer peptide is composed of leucines and phenylalanines
modified by the addition of crown ethers and forms a helical amphipathic structure in solution and bound
to lipid membranes. To shed light on its membrane topold#y,2H, 1N solid-state NMR experiments

have been performed on the 14-mer peptide in interaction with mechanically oriented bilayers of
dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC), and dipalmitoylphos-
phatidylcholine (DPPC). Th&'P, 2H, and>N NMR results indicate that the 14-mer peptide remains at

the surface of the DLPC, DMPC, and DPPC bilayers stacked between glass plates and perturbs the lipid
orientation relative to the magnetic field direction. Its membrane topology is similar in DLPC and DMPC
bilayers, whereas the peptide seems to be more deeply inserted in DPPC bilayers, as revealed by the
greater orientational and motional disorder of the DPPC lipid headgroup and acyl éW§#%?} rotational

echo double resonance experiments have also been used to measure the intermolecutadipiipele
interaction between the 14-mer peptide and the phospholipid headgroup of DMPC multilamellar vesicles,
and the results indicate that the 14-mer peptide is in contact with the polar region of the DMPC lipids.
On the basis of these studies, the mechanism of membrane perturbation of the 14-mer peptide is associated
to the induction of a positive curvature strain induced by the peptide lying on the bilayer surface and
seems to be independent of the bilayer hydrophobic thickness.

In recent years, there has been a growing interest inreferred to the paper of Strandberg et &). for a detailed
studying membrane-active peptides since they represent dist of synthetic and natural antimicrobial peptides studied
potential alternative to ineffective antibiotic%)( Most of by solid-state NMR. Besides their antibacterial activity,
the natural occurring antimicrobial peptides are short, some membrane-active peptides like melittin, indolicidin, and
diversified in their amino acid composition, cationic, am- cecropin-like human LL-37 show important cytotoxic prop-
phipathic, and can adopt different structures in interaction erties. As reported by Hancock et al., it is very difficult to
with membranes2, 3). Their membrane activity seems to predict the hemolytic activity of some antibacterial peptides
be modulated both by the structural parameters of the (9), and it is essential for the design of novel synthetic
peptides, such as helicity, charge, hydrophobicity, and the antibacterial agents to better understand the types of interac-
lipidic composition, and by the physical state of the tions involved both in the antibacterial and in the hemolytic
membranes4). As reported by Hancock et al., Jenssen et activities of such agents. However, the ways by which
al., and Marr et al., several variants of cationic antimicrobial membrane-active peptides perturb lipid bilayers are not well
peptides are currently being investigated and present variedunderstood, and many researches have relied on synthetic
successes in clinical test§{7). Even if the development model peptides to shed light on the mode of membrane
of antimicrobial peptides for clinical applications remains perturbation and on the structural features that drive these
challenging, these agents possess advantages that overcommechanismsl(0—12). General modes of action are reported
limitations of conventional antibiotics. in the literature, namely, the barrel-stave, the carpet-like, the
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N MY experiments have been performed on mechanically oriented
[o oj [o o] bilayers composed of DLPC, DMPC, and DPPC. Stéf

0 o 0 o NMR spectroscopy has first been used to obtain information
</o o) </o o) on the quality of the bilayer alignment, on the lipid phase,

and on the conformation of the polar headgroups upon

peptide binding. StatitH NMR spectroscopy has been used

- L0 40 to.investig_ate the acyl chain order in _DMPC .a}nd DPPC
5o N\)J\N N\:)L*N N\:)J\N o oriented 1t5)|layers upon the 14-mer peptide addition. Subse-
S H : H i H quently, N NMR spectroscopy has been performed on
mechanically aligned bilayers to obtain information on the

o f G G ¢

2 14-mer peptide membrane topology. Finally, a rotational echo
FiGURE 1: Monoprotected 14-mer peptide used in the present study. double resonance (REDOR) experiment has been performed
The 5N-labeled leucine residue marked by an asterisk is located to obtain information on the proximity of the 14-mer peptide
in the first heptamer at position 4. with the DMPC headgroups. The results strongly suggest

that the 14-mer peptide lies at the bilayer surface, regardless

toroidal, and the detergent-like models3¢-15). A detailed  of the bilayer thickness, and destabilizes the lipid bilayer
examination of these mechanisms seems to reveal a correlayig the induction of a positive curvature strain.
tion between the peptide membrane topology and the
membrane disturbing effect. MATERIALS AND METHODS

Many research groups have concentrated their efforts on )
the design of synthetic model peptides with varying structural  Materials.DLPC, DMPC, and DPPC were purchased from
parameters such as membrane-anchor extremities, pH/Avanti Polar Lipids (Alabaster, AL) and used without
sensitive side chains, or different hydrophobic lengths. In Purification. Oxime resin was prepared by a standard
order to better understand the type of interactions involved Procedure using polystyrene beads (3200 mesh, 1%
in the hemolytic activity of membrane-active peptides, we DVB; Advanced ChemTech, Louisville, KY)26). Resins
have designed a synthetic helical amphipathic peptide thatWith substitution levels around 0.5 mmol/g of oxime group
is an oligomer of a repeating unit of five leucine residues Were used. Boc-protected amino acids were purchased from
and two synthetic 21-crown-7-phenylalanines appropriately Advanced ChemTech (Louisville, KY). The“N]leucine
positioned so that the hydrophilic crown ethers align on one residue was purchased from Cambridge Isotope Laboratories
side of the hydrophobic helical axis to form a neutral (Andover, MA). All solvents were of reagent grade, spec-
amphipathic 14-mer peptide (Figure 1). Neutral peptides are frograde, or HPLC grade quality purchased commercially
rarely studied because antimicrobial activity is known to and used without any further purification except for DMF
increase with cationic chargé@). However, from a mecha-  (degassed with J, dichloromethane (distilled), and diethyl
nistic perspective, an uncharged peptide with membrane €ther (distilled from s_odlum an_d l_)enzopheno_ne)_. Water_used
disruption activity allows studies mainly of the effect of throughout the studies was distilled and delonlze_d using a
hydrophobic forces, which seem to dominate the hemolytic Barnstead NANOpurll system (Boston, MA) with four
activity of membrane-active peptides, on the interaction with Purification columns. All other reagents were purchased from
lipids without the influence of strong electrostatic forces. The Sigma Aldrich Co. (Milwaukee, WI). Glass cover slides of
14-mer peptide constitutes a very good model to study the 0-13-0.17 mm thickness were purchased from VWR Sci-
interaction between lipids and membrane-active peptidesentific (West Chester, PA) and cut into 10 mm20 mm
since it is short and can be easily chemically modified. ~ réctangles.

Solid-state NMR spectroscopy allows the study of static ~ Peptide Synthesidhe unlabeled ané’N-labeled mono-
samples that are aligned with respect to the magnetic field, protected 14-mer peptides were synthesized and purified
and it then takes advantage of the orientational dependenceccording to published procedure®5). The N-terminal
of anisotropic interactions such as the chemical shift. region of the 14-mer peptide is Boc-protected while the
Alternatively, the use of magic-angle sample spinning (MAS) C-terminal region is deprotected. ThEN]leucine residue
allows the measurement of internuclear distances with has been incorporated into the first heptamer segment at
relatively high accuracyl(7—19). Many examples of solid-  position 4 in the amino acid sequence.
state NMR membrane topology studies of natural antimi-  Sample Preparation. (A) Oriented Bilayers between Glass
crobial peptides are reported in the literature and allow a Plates.The DLPC, DMPC, and DPPC bilayers were prepared
better understanding on their membrane activity. For ex- by dissolving 30 mg of phospholipids in 128L of
ample, results obtained for the antibiotic ionophore alame- chloroform, and the solution was deposited onto 18 thin cover
thicin support the “barrel-stave” model in a transmembrane glasses. The glass plates were allowed to dry in air for 24 h
fashion in both nonconductive and conductive staf}. ( and then stacked and hydrated with deionized water in a
Many members of the magainin family, such as the antimi- closed chamber for at least 24 h atT@ Subsequently, the
crobial peptide PGLa and the analogue MSI-78, show an plates were wrapped in Parafilm before use. This pro-
in-plane orientation that seems to be correlated to their cedure yielded satisfactory alignment of the membrane, as
antibacterial activity 21—23). indicated by the narro#'P resonances of the lipids (Figure

In the present study, we have determined by solid-state 2). For the preparation of the peptide-containing bilayers,
NMR spectroscopy the membrane topology of the membrane-the dry peptide was codissolved with dry lipids in chloro-
active 14-mer peptide in lipid bilayers to obtain more form in a lipid/peptide molar ratio of 60:1. The following
information on its mode of membrane perturbation. Static steps are the same as described above for the preparation of
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pure aligned bilayers stacked between glass plates. Since thepinning speed was 3800 Hz. THe—°N CP contact time
lipids found in natural membranes are in the fluid phase, was 1 ms with a matched spin-locked CP of 30.4 kHz.
the NMR spectra of mechanically oriented bilayers have been Spectra were obtained with a recycle deldy3os and'H
obtained at temperatures above the lipid phase transition, i.e.decoupling field strength of 83.0 kHz. Spectra were pro-
at 37°C for the DLPC and DMPC bilayers and 5C for cessed with a 200 Hz line broadening. The phase cycling
DPPC bilayers. XY8 was used to compensate for errors in the flip angle,
(B) Lyophilized Samplédry DMPC (40 mg) and the 14-  resonance offset effects, and variation in Biefield (29).
mer peptide in a lipid/peptide molar ratio of 60:1 were The B; field values were 41.7 kHz fot'P 180 pulses and
codissolved in 18Q:L of chloroform to ensure thorough 35.7 kHz for®N 180 pulses. The acquisition temperature
mixing. The solvent was removed under nitrogen gas, was—210 °C to reduce motional averaging. The sample was
followed by storage under vacuum overnight to remove all placed inb a 4 mm NMRtube inserted into a magic-angle
traces of organic solvent. The dry sample was hydrated with spinning (MAS) probe. The chemical shifts were referenced
180 uL of deionized water with 20% (w/w) lipids in  relative to external®>NH,Cl (41.5 ppm) corresponding
water. The resulting suspension underwent at least threeapproximately to O ppm for liquid Nk Bessel function
freeze (liquid N)/thaw (lipid phase transition temperature expressions in Microsoft Excel were used to simulate the
of 23 °C + 7 °C)/vortex shaking cycles to ensure the ASS versus dephasing timeN{T;D) curves, whereN; is
formation of multilamellar vesicles. The sample was rapidly the number of rotor cycles before data acquisitibnis the
frozen, lyophilized overnight, and then packediat4 mm rotor period, and is the dipolar coupling constan2§).
NMR tube prior to data acquisition.
NMR Experiments. (A) Stati&P, 2H, and 5N NMR  RESULTS AND DISCUSSION
ExperimentsThe static proton-decouplé#P and>N NMR Peptide DesignThe general idea behind the design of the
spectra, andH NMR spectra, were acquired with a Bruker 14-mer peptide investigated in the present study was to use
Avance 300 MHz spectrometer (Bruker Canada, Milton, an o-helical peptidic framework made of leucines and
Ontario, Canada). Th&P NMR spectra were obtained at phenylalanines modified with crown ethers. These two amino
121.5 MHz with TPPM proton decouplin@®). Using 2048 acids are known for their high propensity to induce a helical
data points, typically 1200 scans were acquired with a pulse conformation to the chain, and the crown ethers are
length of 6us and a recycle delay of 4 s. The spectral width ingeniously positioned to lead to their alignment under such
was 50 kHz, and a line broadening of 50 Hz was applied to helical form. The polar crown ethers on one side and the
all static3'P spectra. The thin glass plates were inserted into hydrophobic leucine side chains on the opposite side result
a flat coil of a home-built solid-state NMR probe head with in an amphipathic peptide that can mimic native properties
the glass plate normal oriented parallel to the magnetic field of natural membrane-active peptides. Both the peptide helical
direction. The chemical shifts were referenced relative to and amphipathic characters were important structural features
external HPQOy, 85% (0 ppm). to assess because they allow an optimal interaction with
The2H NMR experiments were carried out at 46.1 MHz amphipathic biological membranes. Synthetic crown ethers
using a quadrupolar echo sequerigd.(The 90 pulse length have been used as the constituent for the polar face of the
was 5us, and the interpulse delay was G6. A total of helix due to their neutral polar character and the ease by
6400 scans were acquired using 4K data points, and thewhich their size can be modified, therefore allowing control
recycle time was set to 500 ms. The thin glass plates wereon structural parameters such as the peptide amphipathic
inserted into a flat coil of a home-built solid-state NMR probe character and polar angle. More specifically, 21-crown-7
head. A line broadening of 100 Hz was applied to all static macrocyclic ethers were selected because of their low binding
2H NMR spectra. affinity to alkali metal ions and their more significant polar
The N NMR spectra were obtained at 30.4 MHz using character as compared to smaller crown ethers. The confor-
a cross-polarization (CP) pulse sequence with TPPM protonmation of the 14-mer peptide has been investigated by
decoupling 26). Using 2048 data points, typically 100000 circular dichroism spectropolarimetry, and the results re-
scans were acquired with%—N CP contact time of 3  vealed that it adopts a helical conformatic@0),
ms and a recycle delay of 4 s. The spectral width was 30 Because we are interested in defining the role played by
kHz, and a line broadening of 300 Hz was applied td%ll hydrophobic interactions in the membrane perturbation by
oriented spectra. The chemical shifts were referenced relativemembrane-active peptides, and that the hemolytic activity
to external>NH,CI (41.5 ppm) corresponding approximately is closely related to the peptide hydrophobic character, we
to 0 ppm for liquid NH. have studied the 14-mer peptide in its uncharged fafm (
(B) REDOR ExperimentdNMR spectra were acquired The membrane perturbing activity of the 14-mer peptide has
with a Bruker Avance 400 MHz spectrometer (Bruker previously been studied by fluorescence &fida NMR
Canada, Milton, Ontario, Canada). REDOR requires that two spectroscopies and revealed that the 14-mer peptide promotes
spectra be collected, one with pulses on the | channel tothe rapid release of calcein and N&om vesicles and
produce the spectrur@ and one without to produce tig hemoglobin from erythrocyte8(). Preliminary studies have
spectrum. The ratio of the difference between the two spectrabeen performed to evaluate the antibacterial activity of the
(AS=S — 9 andS can be related to the dipolar coupling 14-mer peptide irEscherichia coliGram-negative bacteria
Dis, and then the internuclear distance can be easily by the use of the broth dilution method from which the
calculated using the equatiog = [(eqyiysh)/167°Ds], where minimal inhibitory concentration is calculated (unpublished
€ois the vacuum permeativity; andys are the gyromagnetic ~ results). The 14-mer peptide was tested at concentrations of
ratios of the | and S spins, respectively,is the Planck 10, 1, 0.1, and 0.0uxM, and no growth inhibition was
constant, and the dipolar couplin,s, is in hertz 8). The observed. As expected from its composition and conforma-
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Table 1: 3P NMR Spectral Parameters for DLPC, DMPC, and
DPPC Bilayers in the Absence and Presence of the 14-mer Peptide

i at a Lipid/Peptide Molar Ratio of 60:1
: J (ppm) fwhm (ppm) % alignment

pure 14-mer &  pure 14-mer pure 14-mer

DLPC 31.2 29.7 095 1.9 2.3 72 57
DMPC 31.1 30.1 097 1.7 1.9 81 64
DPPC  32.0 30.1 094 15 3.6 99 63

aligned bilayers in the fluid phase with the bilayer normal
parallel to the external magnetic fieBh, with a minimal
contribution of 90 aligned lipids with acyl chains perpen-
dicular to theBy direction. As reported in Table 1, a single
and sharp resonance is observed for DLPC (DMPC, DPPC)
i ————— at 31.2 ppm (31.1 ppm, 32.0 ppm), with a full width at half-

50 40 30 20 10 0 -10 20 -30 maximum (fwhm) of 1.9 ppm (1.7 ppm, 1.5 ppm). We

Chemical shift (ppm) evaluate the proportion of aligned versus nonaligned lipids

FiGURE 2: 31P NMR spectra of mechanically oriented lipid bilayers by the ratio of the spectral area of the single resonance
of DLPC (top row) and DMPC (middle row) at 3T and DPPC  (corresponding to lipids oriented parallel to the magnetic field
(bottom row) at 5C°C in the absence and presence of the 14-mer djrection) over the entire spectral area, expressed in percent-
peptide at a lipid/peptide molar ratio of 60:1. age @6). For DLPC, DMPC, and DPPC systems, we obtain
a percentage of alignment of 72%, 81%, and 99%, respec-
tively.

The 3P NMR spectra of the DLPC bilayers with and
without the 14-mer peptide are presented in Figure 2 (top
row). The3P NMR spectrum of the pure system shows one
single intense resonance withand fwhm of 31.2 and 1.9
ppm. Upon the 14-mer peptide binding, there is a decrease
in the CSA reflected by the resonance being shifted by 1.5
tppm and broadened by 0.4 ppm. There is also the appearance

of a small resonance at14.6 ppm and an increase of the
spectral intensity throughout the powder pattern, i.e., between

tion, the 14-mer peptide exhibits a cytolytic activity on
human red blood cells with a minimal concentration of 4
uM. These studies indicate a high membrane activity for the
14-mer peptide and, more specifically, a hemolytic activity.
The 14-mer peptide therefore constitutes a good model to
study the way by which antibacterial peptides with hemolytic
activity perturb the bilayer integrity. We have also performed
3P and?H solid-state NMR experiments on unoriented
zwitterionic and anionic vesicles, and the results showed tha
the 14-mer peptide affects the conformation of the lipid polar

headgrc;up anc_i ‘_N?akly o_rdetrst. the :‘Iit);]d ?j}_/l cha|B$)t,.(d 29.7 and—14.6 ppm. The lipid/peptide system shows a
sugggs INg an in-piane orientation ot the 14-mer peptide. degree of 0 alignment of 57% compared to 72% for pure
Solid-State NMR Spectroscopy. (A) Phosphorus-31 NMR.p| pC bilayers. In the pure DMPC bilayers [Figure 2 (middle
Since the phospholipid headgroup contains a phosphorus+ow)], a single resonance appears at 31.1 ppm with a line
31 atom with a 100% natural iSOtOpiC abundaﬁé@,NMR width of 1.7 ppm As shown on the NMR Spectrum’ the
isa powgrful technique to monitor changes occurring in the gecrease in the CSA upon the 14-mer peptide binding is
polar region of the bilayei32—34). We have useP NMR reflected by a resonance shift of 1.0 ppm and a broadening
spectroscopy to investigate changes occurring in the head-of the resonance by 0.2 ppm. A new component characteristic
group region of mechanically aligned bilayers of DLPC, of 9¢° aligned lipids also appears atl5.3 ppm. As in the
DMPC, and DPPC upon the addition of the 14-mer peptide. p| pC/14-mer system, the spectral intensity between 30.1
The choice of |IpIdS with different acyl chain |engths was and—15.3 ppm is S||ght|y increased upon pep“de addition'
aimed to determine whether the bilayer thickness can affectgng the system shows a degree 6fdignment of 64%
the membrane topology of the 14-mer peptide. More specif- compared to 81% for pure DMPC bilayers. In pure DPPC
ica”y, StatiCSlP solid-state NMR SpeCtra prOVide information b”ayers [Figure 2 (bottom row)], a Sing'e resonance is
on the conformation of the polar headgroup and on the gpserved at 32.0 ppm with a line width of 1.5 ppm. Upon
quality of the alignment of phospholipid bilayers by analyz- the 14-mer peptide addition to the DPPC bilayers, the
ing changes in the chemical shift,(ppm) and in the full  decrease in the CSA is reflected by a resonance shift of 1.9
width at half-maximum (fwhm, ppm) of the resonance and ppm and a broadening of 2.1 ppm, and the system shows a
in the chemical shift anisotropy (CSA, ppm) throughout the change in the degree of alignment, which is evaluated at 99%
entire spectrum. for the pure system and at 63% for the peptide-containing
We have first investigated the effect of the 14-mer peptide bilayers. As observed for the DLPC and DMPC bilayers, a
on zwitterionic bilayers of different acyl chain lengths, new component characteristic of9fligned lipids appears
namely, DLPC (19.8 A), DMPC (24.4 A), and DPPC (26.6 at —13.8 ppm with an increase of the spectral intensity
A) bilayers @5). These average chain length values are throughout the powder pattern. By analyzing the three lipid
reported by Petrache et al35) for lipids in the liquid- systems, it seems that the 14-mer peptide perturbs the
crystalline state at temperatures of 30 for DLPC and conformation of the lipid polar headgroup in a similar
DMPC and 50°C for DPPC. The’'P NMR static spectra  manner, but subtle changes are observed on the NMR spectra
and related spectral parameters of pure and peptide-containef the three lipid systems. The DPPC lipids have longer acyl
ing lipid systems are displayed in Figure 2 and Table 1. The chains than DLPC and DMPC lipids and then stronger van
spectra of the pure lipid systems are characteristic of well- der Waals forces between adjacent DPPC lipg8.(These



Membrane Topology of a 14-mer Amphipathic Peptide Biochemistry, Vol. 46, No. 22, 2006601

—— pure lipid
lipid + 14-mer peptide

(B)

conformation of the polar headgroups of DLPC, DMPC, and
DPPC bilayers. Buffy et al. also observed orientational
disorder of lipids in interaction with the antimicrobial peptide
RTD-1, whatever the varying lipid acyl chain length,
suggesting that RTD-1 binds to the bilayer surfa8é).(
Another important feature observed on #e NMR spectra
is the appearance of a broad powder pattern in DLPC,
DMPC, and DPPC spectra, as depicted in Figure 2. This is
reflected in the calculation of the percentage of alignment
disorder as shown in Table 1. For DLPC, DMPC, and DPPC
bilayers, there is a loss of parallel orientation of 15%, 17%,
and 36%, respectively. It is important to mention that two
distinct3P NMR experiments have been performed for each
system investigated to make sure that the unoriented
component observed on th¥® NMR spectra originates from
the membrane interaction of the 14-mer peptide and not from
variability in the sample preparation. The duplicate spectra
are highly reproducible and show the same trend, namely,
an increase in the percentage of misalignment with an
increase in the lipid acyl chain length.

Mecke et al. have reported an upfield shift of the DMPC
forces result in an overall stabilization of the bilayer that is resonance, and a broad line of low intensity, upon MSI-78

i
'
i
'
'
H
R
L
e

T T T
40 20 O
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Ficure 3: ?H NMR spectra of mechanically oriented lipid bilayers

of (A) DMPC at 37°C and of (B) DPPC at 50C with the bilayer

normal parallel (top row) and perpendicular (bottom row) to the

magnetic field direction in the absence and presence of the 14-mer

peptide at a lipid/peptide molar ratio of 60:1.

reflected on theH NMR spectrum of DPPC by the larger

binding, an analogue of the magainin familg3]. They

quadrupolar splitting (Figure 3B) and keep the headgroups attributed the shift to either a tilt of the lipid and/or a change

closer together. On the other hand, e NMR spectra have
been recorded at 37C for DLPC and DMPC bilayers,
corresponding to a difference of 38 and X2 compared to

of the lipid headgroup conformation and the powder pattern
of low intensity to different orientations of the lipids.
Harzer et al. have studied model peptides composed of

their temperature phase transitions, respectively. For theleucine and alanine residues in interaction with POPC

DPPC system, however, tiéP NMR spectra have been
recorded at 5C°C which is only 7°C above the phase

membranesi(2). They have also attributed changes in the
3P chemical shift and the signal intensity of nonoriented

transition. The greater effect on the conformation and/or lipids to conformational and/or orientational changes at the
orientation of the DPPC lipid headgroups upon the 14-mer lipid headgroup or to the phospholipids as a whole. The
peptide binding can be explained by the fact that the pure broadening of the 0 oriented resonance has also been
DPPC bilayers are more ordered than the DLPC and DMPC observed upon the protegrin-1 binding to POPC/POPG
bilayers and then less susceptible to accommodate a membilayers 88). Mani et al. explained the asymmetric broaden-
brane surface defect. The effect of the 14-mer peptide seemsng of the O resonance by an increase in the mosaic spread
then to be more amplified in DPPC bilayers than in DLPC of the bilayers. Fron#'P NMR spectra, it seems that the
and DMPC bilayers. Picard et al. have proposed another wayl4-mer peptide disrupts both the dynamics and/or orientation
to quantify the effect of peptides on the chemical shift by of the polar headgroup as well as the quality of orientation
evaluating a relative order parameter of the form: of the lipids as revealed by th® order parameter and the

percentage of alignment values. These effects are however

SZ = 5/6ref (l)

more pronounced for DPPC bilayers than for DLPC and
in which o, is the chemical shift of a reference system, such

DMPC bilayers.

(B) Deuterium NMRWe have investigated the effect of
as the pure lipid system in the absence of the 14-mer peptidethe 14-mer peptide on the lipid order of bilayers stacked
(37). As seen in Table 1, we obtaf values of 0.95, 0.97,  between glass plates by measuring the quadrupolar splitting
and 0.94 for DLPC, DMPC, and DPPC bilayers, respectively. upon peptide addition. The increase (decrease) in the
TheseS; values quantify the slight perturbing effect of the quadrupolar splitting Avq) for a C—D bond is associated
14-mer peptide on the lipid headgroup dynamics and/or to order (disorder) in the deuterated chains and is related to
orientation of the DLPC, DMPC, and DPPC bilayers. an order parametekp:

The overall decrease in the CSA observed in DLPC,
DMPC, and DPPC bilayers upon the addition of the 14-mer
peptide could be explained by an interaction of the peptide
at the polar headgroup of the lipids. The strategic positioning
of the crown ethers at sites 2, 6, 9, and 13 makes all the wheree?qQ/his the quadrupole coupling constant for-O
crown ethers well sequestered on one side ofdHeelix bonds (~167 kHz) andd is the angle between the bilayer
and confers an amphipathic nature to the 14-mer peptide.normal andB, (32).

When inserted into the bilayer, the crown ethers are likely  The?H static NMR spectra and related spectral parameters
facing the aqueous phase, whereas the hydrophobic helixof peptide-containing bilayers stacked between glass plates
composed of mainly leucine residues is likely facing the are shown in Figure 3 and Table 2. A lipid/peptide molar
hydrophobic region of the bilayer. The possible interfacial ratio of 60:1 was used, and the spectra were recorded at 37
location of the 14-mer peptide could then affect the and 50°C for DMPC and DPPC bilayers. The spectra have

2’(‘EZ%Q)(:; 020 — 1)Sep 2

AVQ=4
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Table 2: Quadrupolar Splitting arfép Order Parameters of
DMPC-ds, and DPPCds; for the Plateau and Methyl Regions i 0
Oriented Bilayers in the Absence and Presence of the 14-mer
Peptide at a Lipid/Peptide Molar Ratio of 60:1
AVp (kHZ) SCD(p) Avm (kHZ) S:D(M)
pure 14-mer pure 14-mer pure 14-mer pure 14-mer

DMPC 525 555 041 044 6.3 6.8 0.05 0.05
DPPC 55.0 496 043 039 6.0 55 0.05 0.04

been recorded at two bilayer alignments, with the bilayer
normal parallel and perpendicular to the magnetic field
direction. The pure DMPC [Figure 3A (top row)] and DPPC
bilayers [Figure 3B (top row)] in a parallel orientation show
a quadrupolar splitting\vp of 52.5 and 55.0 kHz for the

plateau region and Avy of 6.3 and 6.0 kHz for the terminal

methyl group of the lipid acyl chains. Upon the 14-mer

peptide addition to the DMPC and DPPC bilayers, two . .

. FIGURE 4: 15N NMR spectra of the 14-mer peptide incorporated in
d'fferegt spectral patterns are Qbserved on the DMF_)C andmechanically oriented lipid bilayers of DLPC (top row) and DMPC
DPPC*H NMR spectra. The first spectral feature is an (middle row) at 37°C and DPPC (bottom row) at ST at a lipid/
increase of thé\vp of DMPC by 3.0 kHz, whereas th&vp peptide molar ratio of 60:1.

of DPPC is decreased by 5.4 kHz. This ordering at the

plateau region of the DMPC acyl chains is reflected by an chains. Because no powder pattern is observedsakHz

Scp order parameter of 0.44 compared to the pure bilayerson the DMPC and DPP@H NMR spectra in the perpen-
with an Sp order parameter of 0.41. The methyl group of dicular orientation, we can conclude that the presence of a
DMPC bilayers is not significantly affected by the 14-mer powder pattern in the parallel orientation results from
peptide. This is reflected by an unchang&g order orientational disorder in DMPC bilayers, whereas both
parameter of 0.05. The DPPC acyl chains are globally orientational and motional disorders are present in DPPC
disordered upon the addition of the 14-mer peptide, Bith bilayers upon peptide addition. The ordering effect of the
order parameters of 0.39 (0.04) for the plateau (methyl) plateau region of DMPC bilayers stacked between glass
region, compared to the pure DPPC bilayers v@th order plates upon the 14-mer peptide addition, as revealed by the
parameters of 0.43 (0.05). The second spectral featureincrease iMve andScp order parameter, is consistent with
observed upon the peptide addition in both bilayers is the previous results on DMPC multilamellar vesicles and sup-
presence of a powder patterndat0 kHz.?H NMR spectra ports the possible surface location and capping effect of the
have then been acquired at the® @dientation to determine  14-mer peptide on the lipid molecule31j.

whether this powder pattern originates from a large decrease (C) Nitrogen-15 NMRWe have used proton-decoupled
of the maximal quadrupolar splitting for a fraction of oriented solid-state!>N NMR spectroscopy to investigate the mem-
lipids or from nonoriented lipids in DMPC and DPPC brane orientation of the 14-mer peptide in DLPC, DMPC,
bilayers. If the powder pattern at10 kHz originates from and DPPC bilayers stacked between glass plates. This can
a large decrease of the maximal quadrupolar splitting, a be done using a°N-labeled peptide incorporated into
powder pattern at5 kHz should be observed éhl NMR oriented bilayers due to the orientational dependence of the
spectra acquired at the ®®rientation. Mani et al. and >N chemical shift. The 14-mer peptide has been synthesized
Yamaguchi et al., who have studied the antimicrobial peptide with >N incorporated into the leucine residue at position 4
protegrin-1, observed a similar behavior in POPC and POPC/in the amino acid sequence (Figure 1). Due to the helical
POPG bilayers in both bilayer orientations at various lipid/ conformation of the 14-mer peptide, and to the size and
peptide molar ratios39, 40). They attributed the signals to  orientation of thers; element of thé>N chemical shift tensor,
nonoriented lipids that deviate from the initial parallel itis possible to correlate tH&N chemical shift with the helix
orientation before the peptide addition. As observed in the orientation relative to the magnetic field direction from
3P NMR spectra of DMPC and DPPC bilayers [Figure 2 oriented'>N NMR spectra 41, 42). Chemical shifts below
(middle and bottom rows)], the 14-mer peptide seems to 100 ppm or higher than 200 ppm are expected for helical

I T 1
200 100 0 -100
Chemical shift (ppm)

T
300

perturb the lipid orientation in a similar manner. peptides oriented in an in-plane or transmembrane fashion,
In the perpendicular orientation, i.e., with the bilayer respectively.
normal perpendicular to the magnetic field directidhi, The!N NMR spectra of the 14-mer peptide incorporated

NMR spectra are mainly sensitive to motional disorder. In in mechanically aligned bilayers are displayed in Figure 4.
the DMPC system [Figure 3A (bottom row)], when the The common feature to the three peptide-containing bilayers
bilayers are in the perpendicular orientation, a slight increaseis the presence of one resonance at a chemical shift below
is observed in the quadrupolar splitting of the plateau region 100 ppm. The peaks are observed at 75.0, 70.0, and 84.0
of lipid acyl chains in the presence of the 14-mer peptide. ppm for DLPC (top row), DMPC (middle row), and DPPC
Similar results have also been obtained by Mani et al. with bilayers (bottom row). These chemical shifts correspond to
PG-1 peptide in POPC/POPG bilayed). For the DPPC a surface orientation for the 14-mer peptide, regardless of
system in the perpendicular orientation, however [Figure 3B the bilayer hydrophobic thickness. Intensity in the-2®
(bottom row)], there is a decrease in the quadrupolar splitting ppm range is in part due to the natural abundancéhbf

of both the plateau and the methyl region of the lipid acyl the lipid choline headgroup.
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Numerous membrane-active peptides have been reported 0301 69 A
to have a surface orientatiod3—45). Chemical shifts of ‘
75 and 70 ppm obtained for the 14-mer peptide in DLPC
and DMPC bilayers correspond to the upfield end of'fine
chemical shift powder pattern, whereas the chemical shift 0.20
of 84 ppm obtained in DPPC bilayers slightly deviates from
this value. The deviation in DPPC bilayers could be
explained by a slight tilt of the peptide relative to the
magnetic field direction or motion of the peptide that narrows
the powder patternd@). Also, the'®N resonance observed
for the 14-mer peptide in DPPC bilayers appears to be .
broadened compared to th# resonances obtained for the 0.00 ¢~
14-mer peptide in DLPC and DMPC bilayers. This broaden- 0 10715 20 25 50 35 4045
ing of the resonance for the 14-mer peptide incorporated in me (ms)

; ; + FIGURE 5. 40.5 MHz!N{3!P} REDOR dephasingSS) for the
DPPC bilayers could be explained by a larger heterogeneity 14-mer peptide in lyophilized DMPC multilamellar vesicles at a

in the membrane orientation of the peptide, compared 10 its jinig/peptide molar ratio of 60:1. The spinning speed was 3800 Hz.
orientation in DLPC and DMPC bilayers. It could also be The solid line is the best fit to the experiments#S, values and

explained by membrane surface defects sinceéfhédNMR corresponds to a mean internuclé@ —3!P distance of 7.6 0.6
spectra of DPPC/14-mer bilayers showed a greater membrane&- The dotted lines illustrate the distribution of distances.
disorder alignment with a loss of bilayer alignment of 33%. ) o
Mattila et al. have studied the first internal S4 segment of SPin relaxation. Toke et al. have performed a similar study
voltage-gated sodium channels in POPC and POPC/POPSVith an analogue of the magainin family, the K3 peptide, in
bilayers ¢7). They have observed that, despite the fact that interaction with lyophilized MLVs, and they measuretfid-
the peptide is oriented on the bilayer surface in both systems{ *'P} distance of 5.2 A49). Hirsh et al. have performed
the 5N NMR resonance is broadened in POPC/POPS “*C{3*P} REDOR experiments by measuring intermolecular
bilayers compared to that in POPC bilayers. They have distances betweetC-labeled magainin analogue peptides
proposed that the broadening can be due to conformationa@nd the lipid headgroup, in a similar manner to the( 3P}
and topological fluctuations of the peptide, as well as REDOR approachS0). The distance range they measured
membrane defects such as bilayer undulations and misalignJS Similar o the one we obtained and supports a model where
ments. Sudheendra et al. have also reported similar behaviothe peptide is bound near the phospholipid headgroups.
of the model ion channel peptide in DOTAP lipid bilayers ~ Mechanism of Membrane Perturbatiofihe goal of the
at high peptide concentration, where they correlated the present study was to determine the membrane topology of
increase dispersion of tH€N NMR signal to membrane the 14-mer peptide to shed light on its mechanism of
distortions or misalignments and/or to peptide conformational membrane perturbation. Solid-state NMR spectroscopy has
changes 48). From the!>N NMR spectra obtained in the been shown to be very useful to probe the interactions and
present study, it seems that the 14-mer peptide adopts dhe membrane topology of the 14-mer peptide in DLPC,
homogeneous topology in DLPC and DMPC bilayers, DMPC, and DPPC bilayers stacked between glass plates.
whereas it adopts a broader range of surface orientations withOur 3P, ?H, N, and REDOR NMR results suggest that the
slight tilts and/or conformational changes in DPPC bilayers. 14-mer peptide perturbs the lipid bilayer integrity. We can
The possible heterogeneity in the membrane topology of the obviously rule out the barrel-stave and detergent-like mech-
14-mer peptide in DPPC bilayers seems to be correlated toanisms, since no resonance has been observed in the
its disordering effect in the DPPC acyl chains as revealed downfield region of the®N chemical shift powder pattern
by 2H NMR spectroscopy (Figure 3B). in all bilayers, as well as the absence of an isotropic
(D) Distance MeasuremenitVe have also investigated the resonance in all NMR spectra. With the peptide concentration
location of the 14-mer peptide in DMPC lipid bilayers by for which the membrane activity of the 14-mer peptide has
the REDOR technique. More specificallfN{ 3P} REDOR been observed in previous and present studies, the carpet-
allows the measurement of intermolecular dipedpole like model is very unlikely. In fact, supposing that all of the
interactions between théN]leucine residue in the 14-mer ~ peptide is bound to the bilayer, we evaluate that there are at
peptide and thé'P nucleus in the phospholipid headgroup. maximum 17 peptide molecules per thousand lipid molecules.
The determination of the relative position of the 14-mer As reported by Wieprecht et al., who studied model peptides
peptide with respect to the polar headgroups has beenof various polar angles, membrane permeabilization that
performed on lyophilized DMPC multilamellar vesicles at occurs in such range of peptide concentration is much lower
~—10 °C to minimize all large-amplitude motions. Figure than the required concentration to form a carpet leading to
5 shows the!®N{3P} REDOR dephasing\S'S, curve for ~ membrane disintegratiorb ).
the ['®N]Leus-14-mer peptide as a function of the dipolar Previous fluorescent spectrometric results reported that the
evolution time for a lipid/peptide molar ratio of 60:1. dye leakage of vesicles is inhibited by the presence of POPE
By fitting the experimental points corresponding to the lipids added to PC and slightly increased by the addition of
dipolar evolution time range from 0 to 35 ms, a mean LPC (30). We can explain these observations by the fact
distance of 7.6+ 0.6 A seems to dominate the dephasing that the inverse-cone shapes of LPC and the 14-mer peptide
up to 35 ms of dipolar evolution time. The dephasing did are agonistic and both contribute to the induction of a positive
not extend over 35 ms possibly because of the low signal- bilayer curvature and then increase the dye leakage (Figure
to-noise-ratio, the small size of the dipolar coupling, or spin ~ 6). The positive curvature strain imposed on the bilayer by

7.6 A
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14-mer peptide ——pure lipid
...... lipid + 14-mer peptide

I T T T T T T T 1
50 40 30 20 10 0 -10 -20 -30
Chemical shift (ppm)

T T T T T T T 1 T T T T T T 11
40 20 0 -20 -40 40 20 0 -20 -40

Frequency (kHz) Frequency (kHz)

FiGure 6: Cross-sectional views of (A) cylindrical PC, (B) cone-
shaped PE, (C) inverse-cone-shaped LPC, (D) inverse-cone-shaped
14-mer peptide, and (E) the positive curvature strain and membrane
destabilization imposed by the 14-mer peptide laid at the bilayer
surface (adapted from r&0 and reproduced with permission of
The Royal Society of Chemistry).

200 100 0 -100
L Chemical shift (ppm)
the peptide is, however, counterbalanced by the presence of . .. 7. sip (top row) anc?H (middle row) NMR spectra of

the cone-shaped POPE lipids that have an antagonistic shapgmpc mechanically oriented lipid bilayers in the absence and
compared to the shape of the 14-mer peptide. When thepresence of the 14-mer peptide d@fd (bottom row) NMR spectra
bilayer undergoes a positive curvature strain, the lipid of the 14-mer peptide incorporated in DMPC mechanically oriented
molecules that surround the peptide are constrained to tiltiPid bilayers. The spectra were acquired at*& and at a lipid/
. . g peptide molar ratio of 20:1.

relative to the bilayer normal. These lipids could then
contribute to the powder pattern signal observed in B&th
and?H NMR spectra. Because it is reported in the literature
that some membrane-active peptides, such as alamethicin
magainin, and melittin, have different membrane topologies
depending on their concentration, we have perfori#ied
2H, and*®N NMR experiments on the 14-mer peptide/DMPC
system at a lipid/peptide molar ratio of 20:1. As shown in
Figure 7, thé®N NMR spectrum (bottom row) indicates that
the 14-mer peptide remains at the bilayer surface wiiNa
chemical shift of 81.0 ppm, even at a lipid/peptide molar
ratio of 20:1. In addition, there is no presence of an additional
isotropic phase of'P and®H NMR spectra (top and middle
rows), reflecting the absence of smaller lipid structures
despite the increase in peptide concentratidR. and?H
NMR spectra only show an increase in orientational dis-
order compared to that observed at a lipid/peptide molar ratio
of 60:1. The results obtaiqed in the present study are coNCLUSIONS
complementary to the previous fluorescence results and
support a mechanism of membrane perturbation in which We have investigated in the present study the membrane
the 14-mer peptide binds to the membrane surface, therebytopology of a 14-mer amphipathic peptide in oriented model
causing local destabilization of the bilayer via positive membranes by solid-state NMR spectroscopy. The model
curvature strain, similar to the in-plane diffusion or toroidal membranes used are DLPC, DMPC, and DPPC oriented
models (Figure 6). bilayers stacked between glass plates and lyophilized DMPC

We do not, however, exclude the possible formation of a multilamellar vesicles. The results obtained from the peptide-
pore via the toroidal model, since the peptide/lipid complex containing bilayers stacked between glass plates suggest that
involved in such a pore imparts the positive curvature strain the peptide adopts an in-plane orientation and perturbs the
to the bilayer. Many research groups have already reportedmembrane via the induction of a positive curvature strain.
the toroidal model for a great variety of natural and synthetic The membrane topology of the 14-mer peptide in DLPC and
peptides derived from the magainin family and that showed DMPC bilayers seems to be homogeneous, whereas the
a surface orientation, namely, MSI-843, MSI-78, and ma- peptide appears to be more deeply inserted in DPPC bilayers,
gainin 2 62—54). The toroidal model could be a possible as revealed by the disorder induced in the DPPC headgroup
way to understand the membrane permeabilization activity and acyl chains seen iftP and?H NMR spectra. The

300

of the 14-mer peptide if we consider its shape and the
important size of the hydrophilic side composed of crown
ethers. We evaluate the polar angle subtended by the crown
ethers of the 14-mer peptide to approximately°11@matsu

et al. have studied model peptides with polar angles of 100
and 180, respectively$5). They concluded that the peptides
with a polar angle of 100 exhibited higher membrane
permeabilization activity and pore rate formation. This higher
pore rate formation, and therefore the reduced stability of
such lipid/peptide complex, could explain the fact that no
5N NMR signal was observed in the chemical shift region
characteristic of transmembrane alignment. It is also possible
that the number of peptide molecules that contributed to the
pore formation is too small to be detected, as suggested for
magainin 2 56).
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REDOR experiment performed on lyophilized DMPC mul-
tilamellar vesicles also confirms the proximity of the 14-
mer peptide to the lipid headgroups.
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