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Interaction of a β-sheet breaker peptide
with lipid membranes
Giuseppe Vitiello,a,b Manuela Grimaldi,c Anna Ramunno,c Ornella Ortona,a,b
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Aggregation of β-amyloid peptides into senile plaques has been identified as one of the hallmarks of Alzheimer’s disease. An
attractive therapeutic strategy for Alzheimer’s disease is the inhibition of the soluble β-amyloid aggregation using synthetic
β-sheet breaker peptides that are capable of binding Aβ but are unable to become part of a β-sheet structure. As the early stages
of the Aβ aggregation process are supposed to occur close to the neuronal membrane, it is strategic to define theβ-sheet breaker
peptide positioning with respect to lipid bilayers. In this work, we have focused on the interaction between the β-sheet breaker
peptide acetyl-LPFFD-amide, iAβ5p, and lipid membranes, studied by ESR spectroscopy, using either peptides alternatively
labeled at the C- and at the N-terminus or phospholipids spin-labeled in different positions of the acyl chain. Our results show
that iAβ5p interacts directly with membranes formed by the zwitterionic phospholipid dioleoyl phosphatidylcholine and this
interaction is modulated by inclusion of cholesterol in the lipid bilayer formulation, in terms of both peptide partition coefficient
and the solubilization site. In particular, cholesterol decreases the peptide partition coefficient between the membrane and the
aqueous medium. Moreover, in the absence of cholesterol, iAβ5p is located between the outer part of the hydrophobic core
and the external hydrophilic layer of the membrane, while in the presence of cholesterol it penetrates more deeply into the
lipid bilayer. Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Alzheimer’s disease (AD) is by far the most common form of senile
dementia, which is estimated to affect up to 35 million individuals
worldwide in 2010 [1]. AD is characterized by progressive
memory deficit, cognitive impairment and personality changes.
The morphological hallmarks found in the brains of AD patients
are two types of abnormal protein aggregates [2,3]: neurofibrillary
tangles, which occur intracellularly and are composed of paired
helical filaments of hyperphosphorylated Tau protein [4] and senile
plaques, which occur in the extracellular space and are composed
of insoluble β-amyloid peptide (Aβ) aggregates [5].

Aβ is a peptide that is generally composed of 40–42 amino
acids, even though shorter (37–39) and longer (43) forms have
been also found [6]. It is generated from proteolytic cleavage of
the amyloid precursor protein (APP), a type I integral membrane
glycoprotein (695–770 residues), by β- and γ -secretases. Aβ is
present at a very low concentration (<10−8 M) in biological fluids
[7], and its physiological role is unknown. In its native form, Aβ

is unfolded but aggregates into a β-sheet structure of ordered
fibrils under various conditions [8,9]. It was hypothesized that
these fibrils may aggregate to form senile plaques. In the past
years, amyloid plaques were generally regarded as the cause
of cognitive disorder. More recently, the relevance of soluble
protofibrillar oligomeric forms of Aβ has been recognized [10].
In particular, it has been shown in vivo that the neurotoxic effect
of Aβ(1–42) is independent of plaque formation [11] and that
protofibrillar intermediates of Aβ induce progressive neurotoxicity
in cortical neurons [12].

The mechanism of Aβ fibrillization has not been fully under-
stood. Many studies suggest that lipid membranes have a decisive
role in favoring the β-amyloid aggregation [13]. Jarrett and Lans-

bury suggested that Aβ forms fibrils by the nucleation-dependent
polymerization mechanism and lipids could act as heterogeneous
seeds for the polymerization [14]. Verdier et al. proposed
that Aβ –lipid interaction increases the rate of Aβ misfold-
ing/fibrillogenesis, leads to modifications in the bilayer properties
and disrupts membrane fluidity and function [15]. For this reason,
a particular interest has been developed in Aβ –membrane
interactions in order to elucidate the molecular mechanisms of
the Aβ-induced cellular dysfunctions underlying the pathogenesis
of AD. However, although many studies have been conducted on
this subject [16–19], it is still highly controversial.

Comprehension of the Aβ fibrillation mechanism is fundamental
to define a therapeutic strategy. In fact, a widely employed
approach in the research of anti-Alzheimer agents involves the
identification of substances that are able to prevent amyloid
aggregation, or to disaggregate the amyloid fibrils through a
direct structural interaction with soluble or aggregated peptides.
In this regard, a number of small molecules, like Congo red,
anthracycline, rifampicin, anionic sulphonates and melatonin,
have been reported to interact with Aβ and prevent its aggregation
into oligomers and fibrils, reducing toxicity [20–24].
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A promising approach employed to make inhibitors of amyloid
formation was the design of specific peptides, deriving from Aβ

itself, which bind to it and prevent its aggregation. In particular,
Tyernberg and coworkers demonstrated that the Aβ hydrophobic
domain KLVFF is fundamental for the peptide self-aggregation
[25]. They showed that a peptide containing this segment was
able to bind to Aβ , thus slackening its assembly into amyloid
fibrils. However, the therapeutic usefulness of this peptide is
restricted because of its nonnegligible ability to incorporate into
amyloid fibrils. Successively, Soto et al. claimed that short synthetic
peptides, called β-sheet breakers, are capable of binding Aβ but are
unable to become part of a β-sheet structure [26]. These peptides
destabilize the amyloidogenic Aβ conformer and hence preclude
amyloid formation. To design β-sheet breakers that specifically
bind to the Aβ region implicated in β-sheet formation, these
authors focused on the central hydrophobic region within the
N-terminal domain of the Aβ protein (amino acids 17–21: LVFFA).
Several β-sheet breaker peptides, from 11 to 5 amino acids long
with homology to this region, were generated and tested in vitro
[27]. Proline residues were added in the β-breakers’ sequence to
disrupt β-sheet formation, as incorporation of this amino acid
within a β-pleated structure is highly unfavorable [28–30]. Finally,
charged residues were put at the C-terminal part of these peptides
to increase solubility.

One of these β-sheet breaker peptides is the iAβ5. This
pentapeptide (LPFFD) and its end-protected version, acetylated
at the N-terminus and amidated at the C-terminus (Acetyl-LPFFD-
amide: iAβ5p), were shown to bind to Aβ with high affinity and to
inhibit Aβ misfolding and aggregation [31,32]. Furthermore, it also
induced the disassembly of preformed fibrils in vitro. The ability of
iAβ5 to inhibit peptide self-aggregation and disassembly amyloid
fibrils was also demonstrated in vivo. The results support the
notion that synthetic β-sheet breakers may be useful in stabilizing
the normal protein conformation by converting the β-sheet rich
conformer back into the normal form [33–35].

In our laboratories, we have focused on the behavior of the
Aβ peptide, or its segments, in the presence of lipid bilayers
[36] and on the role of β-sheet breaker peptides to disfavor the
β-amyloid fibrillization. Here we report an ESR investigation of
iAβ5p pentapeptide in the presence of lipid membranes. Owing
to the membrane implication in the processes leading to Aβ

misfolding and aggregation, information on iAβ5p behavior in
the presence of membrane models is strategic for the analyzation
of the activity of the β-sheet breaker against Aβ fibrillization in
membrane systems.

ESR spectroscopy, by using spin-labeled substances, has proved
to be a fruitful experimental approach for the study of the
interactions between peripheral as well as integral proteins and
membranes. Both the protein, or the polypeptide, and the lipid can
be labeled so that the systems can be studied by different ‘points
of view’. In the present work, we investigate the iAβ5p–membrane
interaction by using phospholipids labeled on the acyl chain or,
alternatively, peptides labeled at either the C- or the N-terminus.

Materials and Methods

Materials

Dichloromethane and methanol, HPLC-grade solvents, were ob-
tained from Merck (Darmstadt, Germany), while HFIP was obtained
from Sigma-Aldrich (St. Louis, MO, USA). The phospholipid dioleoyl
phosphatidylcholine (DOPC) was obtained from Avanti Polar Lipids

(Birmingham, AL, USA). Cholesterol (CHOL) was obtained from
Sigma. Spin-labeled phosphatidylcholines (n-PCSL) with the ni-
troxide group at different positions, n, in the sn-2 acyl chain were
synthesized as described by Marsh and Watts [37,38]. The spin-
labels were stored at−20 ◦C in ethanol solutions at a concentration
of 1 mg/ml.

Peptide Synthesis

Solid-phase peptide synthesis and purification

The iAβ5p peptide (Ac-L-P-F-F-D-NH2) was synthesized according
to published methods using standard solid-phase synthesis
techniques. Protected amino acids and chemicals were purchased
from Fluka (Buchs, Switzerland). Fmoc derivatives of amino
acids were used in the coupling reactions, and all lateral
amino acid protections were TFA labile. The Rink-amide (50–90
mesh, extent of labeling: 0.8–1.0 mmol/g N loading, 1% cross-
linked) resin was purchased from Sigma-Aldrich. The amino acid
derivatives (fourfold excess) were sequentially coupled to the
growing peptide chain by using O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium HATU (fourfold excess) in DMF and DIPEA
(eightfold excess), and the coupling reaction time was 2 h. After
deprotection of the last Fmoc group, the peptide resin was washed
with methanol and dried in vacuo to yield the protected peptide-
Rink-resin. The protected peptide was cleaved from the resin
by treatment with TFA/H2O/phenol/ethanedithiol/thioanisole
(reagent K) (82.5 : 5 : 5 : 2.5 : 5 v/v) 10 ml/0.5 g of resin at room
temperature for 3 h. After filtration of the exhausted resin, the
solvent was concentrated in vacuo and the residue was triturated
with diethyl ether. The crude peptide was purified by preparative
reversed phase HPLC using an assembly column C18 (30 cm, 4 cm,
300 Å, 15 mm spherical particle size column). The column was
perfused at a flow rate of 3 ml/min with a mobile phase containing
solvent A (water in 0.1% TFA), and a linear gradient from 50 to
90% of solvent B (CH3CN in 0.1% TFA) in 40 min was adopted
for the elution of the peptide. The pure fraction was collected to
yield a white powder after lyophilization. The peptide segment
was characterized on a Finningan LCQ-Deca ion trap instrument
equipped with an electrospray source (LCQ Deca Finnigan, San
José. CA, USA). The sample was directly infused in the ESI source
by using a syringe pump at the flow rate of 5 µl/min. Data were
analysed with Xcalibur software. The sample purity was >98%.

Derivatization of iAβ5p with spin-label MTSL

Spin-label methyl 3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)
methanethiolsulfonate (MTSL), whose molecular formula is
shown in Figure 1, was synthesized according to the procedures
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Figure 1. Chemical structure of methyl 3-(2,2,5,5-tetramethyl-1-
oxypyrrolinyl) methanethiolsulfonate (MTSL) spin-label.
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previously reported [39–42]. To insert MTSL on iAβ5p C-terminus
and N-terminus, iAβ5p analogs were synthesized including Cys
residue at C- and N-terminus respectively, to produce peptides
Ac-L-P-F-F-D-C-NH2 and Ac-C-L-P-F-F-D-NH2.

The two crude peptides in MeOH/CH3CN (1 : 1) (4 ml) were
incubated with fourfold molar excess of MTSL in acetone (2 ml).
The resulting mixture was stirred at room temperature for 72 h.
The solvent was removed by filtration and the residue was washed
with diethyl ether until no appreciable amount of spin-label
MTSL was detected on TLC (ethyl acetate/petroleum ether 65 : 35).
The purification of spin-labeled peptides, designated iAβ5p-
SLC−term and iAβ5p-SLN−term, respectively, was achieved using a
semipreparative RP-HPLC C-18 bonded silica column. The purified
peptides were 98% pure as determined by analytical RP-HPLC.
Because of the possible reduction of the nitroxide group due
to TFA impurity present in the sample, before ESR analysis the
peptides iAβ5p-SLC−term or iAβ5p-SLN−term were treated with 10%
aqueous ammonia (pH 9.5) for 4 h at room temperature in order
to reoxide the spin label back to the nitroxide form [43].

Sample Preparation

Samples of DOPC multi-lamellar vesicles (MLV) were prepared
as follows: 20 µg of DOPC, dissolved in a CH2Cl2 –methanol
mixture (2 : 1 v/v, 10 mg/ml lipid concentration), was kept in a
round-bottomed test tube, and a thin lipid film was produced
by evaporating the solvents with dry nitrogen gas. Final traces
of solvents were removed by subjecting the sample to vacuum
desiccation for at least 3 h. The samples were then hydrated
with 20 µl of 10 mM phosphate buffer at pH = 7.4, gently
warmed (T < 35 ◦C), and repeatedly vortexed, obtaining an MLV
suspension. The suspension of MLV thus obtained was transferred
into a 25-µl glass capillary, and immediately sealed. DOPC vesicles
also including CHOL (20% wt/wt on total lipid) were prepared
by the same procedure, mixing appropriate amounts of lipid
and sterol solutions in CH2Cl2 –methanol before evaporation of
the organic solvents. Similarly, samples containing iAβ5p were
prepared by mixing appropriate amounts of the peptide dissolved
in HFIP (1 mg/ml) with the lipid organic solutions. For selected
samples, we compared results obtained using MLV and unilamellar
vesicles obtained by extrusion, and no difference was found. For
this reason, all measurements presented below were performed
in MLV, which usually leads to more intense and easily detectable
ESR signals.

As discussed below, two sets of experiments were performed. In
the first one, spin-labeled iAβ5p was used. In this case, the peptide-
to-lipid ratio ranged between 4 : 100 and 0.4 : 100 mol/mol. In the
second one, PCSL were added to the lipid mixture (1% wt/wt
on the total lipid) by mixing appropriate amounts of a spin-label
solution in ethanol (1 mg/ml) with the lipid organic mixture. In this
case, the peptide-to-lipid ratio was set to 8 : 100 mol/mol.

ESR Spectroscopy

ESR spectra were recorded with a 9-GHz Bruker Elexys E-500
spectrometer (Bruker, Rheinstetten, Germany). Samples were
placed in 25-µl glass capillaries and flame sealed. The capillaries
were placed in a standard 4-mm quartz sample tube containing
light silicone oil for thermal stability. All the measurements were
performed at 25 ◦C. Spectra were recorded using the following
instrumental settings: sweep width, 120 G; resolution, 1024
points; time constant, 20.48 ms; modulation frequency, 100 kHz;

modulation amplitude, 1.0 G; incident power, 6.37 mW. Several
scans, typically 16, were accumulated to improve the signal-to-
noise ratio.

Results

Two sets of ESR experiments were performed. In the first one, spin-
labeled peptides iAβ5p-SLNterm or iAβ5p-SLCterm were dissolved in
the appropriate amount of aqueous buffer or liposome solution.
Thus, in these experiments the effect of the liposomes on the ESR
spectrum of the spin-labeled peptide was observed. In the second
set of measurements, spin-labeled phosphocholines, 5-PCSL and
14-PCSL, were inserted in the liposome aggregates at a 1 : 100 spin
label/phospholipid mole ratio and the effect of unlabeled iAβ5p
peptide on their ESR spectrum was monitored.

The ESR spectra of the two spin-labeled peptides were acquired
in phosphate buffer at pH = 7.4, DOPC and DOPC/CHOL (80 : 20
wt/wt) bilayers. In the phosphate buffer, both ESR spectra show
the typical lineshape of isotropic fast motion, indicating that the
whole molecule is fully exposed to the aqueous medium (see
Figure 2a for iAβ5p-SLNterm).

According to the classical theory of motional narrowing of ESR
lines [44], the nuclear spin state dependence of the width of the
nitroxide hyperfine line, �B, is described by the formula:

�B = A + B mI + C mI
2 (1)

where mI is the nitrogen nuclear spin quantum number. As
described in a previous work [45], the values of A, B, and C
can be determined by means of a least squares fitting routine
of experimental spectra using Eqn (1). In turn, their values allow
calculation of the isotropic nitrogen hyperfine coupling constant,
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Figure 2. ESR spectra of iAβ5p-SLNterm: (a) in phosphate buffer, (b) in DOPC
membranes (peptide to lipid ratio 1.3 : 100 mol/mol) and (c) slow-motion
signal, obtained by subtracting spectrum (a), multiplied by the weighting
factor 0.3, from spectrum (b). This figure is available in colour online at
www.interscience.wiley.com/journal/jpepsci.
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AN, and the tumbling correlation time of the spin-probe, τC. These
parameters furnish information about the local physicochemical
properties of the label. In particular, AN depends on the polarity
of the medium in which the nitroxide is embedded, whereas τC

variations clearly show changes in the probe rotational mobility, as
determined by the microenvironment viscosity and/or by specific
interactions.

For iAβ5p-SLNterm in phosphate buffer, we found AN = 16.13 ±
0.02 G and τC = (5.6 ± 0.2) × 10−9 s. These values are remarkably
close to those found for iAβ5p-SLCterm [AN = 16.12 ± 0.02 G and
τC = (5.7 ± 0.3) × 10−9 s].

The presence of DOPC liposomes strongly affects the ESR spectra
of both spin-labeled peptides. In this case, a complex lineshape
characterized by the superposition of two signals is observed
(see Figure 2b for iAβ5p-SLNterm): a fast motion spectrum, similar
to that obtained for the peptide in buffer, and a slow-motion
spectrum. This evidence indicates that the spin-labeled peptide is
distributed in two populations of which the first one is composed
by unperturbed molecules dissolved in the aqueous medium, and
the second one directly interacts with the phospholipid bilayer.
By subtracting the peptide spectrum in buffer from that in DOPC
bilayers, we obtained the isotropic slow motion spectrum shown
in Figure 2c.

In the case of slow motion spectra, the theory on which Eqn (1)
is based does not hold anymore; therefore, we analyzed this
spectrum by graphically estimating AN and τC. In particular, the
apparent correlation time τC was determined according to [46]:

τC = (0.65 × 10−9) �H0 [(A0/A−1)1/2 − 1] (2)

where �H0 is the peak-to-peak width of the center line in Gauss,
A0 is the amplitude of the center line and A−1 is the amplitude of
the high-field line.

For the spectrum reported in Figure 2c, we obtained AN =
14.58 ± 0.02 G and τC = (1.9 ± 0.2) × 10−8 s. A decrease in AN,
when compared to that obtained from the spectrum registered
in buffer, indicates that the label is embedded in a less polar
microenvironment. At the same time, an increase in τC indicates
that the label motion is hampered. Practically identical results
were obtained for iAβ5p-SLCterm (spectra not shown).

In the presence of DOPC/CHOL bilayers, the ESR spectra of the
two spin-labeled peptides show an even more complex lineshape
(see Figure 3b for iAβ5p-SLNterm) given by the overlap of a fast-
motion spectrum of unperturbed molecules with an anisotropic
slow-motion spectrum. Subtraction of the spectrum in buffer from
the experimental one results in the anisotropic spectrum shown
in Figure 3c. For anisotropic spectra, evaluation of magnetic and
diffusive parameters, analog to AN and τC, is an extremely difficult
task. For this reason, analysis of this spectrum was realized
determining the outer hyperfine splitting (2Amax) value. This
parameter, obtained by measuring the difference between the
low-field maximum and the high-field minimum, through a home-
made, MATLAB-based software routine, is dependent on both the
amplitude (i.e. order) and rate of chain rotational motion [47],
and is therefore a useful parameter for characterizing dynamics
of molecules deeply inserted in phospholipid membranes. By
analyzing Figure 3c, we found 2Amax = 51.7 ± 0.2 G. Also, in this
case, very similar results were obtained for iAβ5p-SLCterm (spectra
not shown).

ESR spectroscopy allows to quantitatively estimate the partition
coefficient of the labeled peptides between the lipid bilayer and
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Figure 3. ESR spectra of iAβ5p-SLNterm: (a) in phosphate buffer, (b) in
DOPC/CHOL membranes (peptide to lipid ratio 1.3 : 100 mol/mol) and
(c) slow-motion signal, obtained by subtracting spectrum (a), multiplied
by the weighting factor 0.6, from spectrum (b). This figure is available in
colour online at www.interscience.wiley.com/journal/jpepsci.

the aqueous medium, defined as [48]:

Kapp = Xb

Cf
(3)

where Xb is the molar fraction of the bound peptide per lipid
and Cf is the free peptide concentration. Thus, Kapp can be
determined as the slope of the linear trend obtained by plotting
Xb versus Cf . Deviations from linearity of this graph indicate
either cooperative peptide binding, i.e. strong interactions among
the bound peptides, or increasing electrostatic repulsion as the
membrane surface becomes charged upon peptide binding [48].
Methodology for obtaining Kapp from ESR measurements is well
established [49]. The fraction of bound peptide, fb, is calculated
according to the relation:

fb = A(−1)f − A(−1)x

A(−1)f − A(−1)b
(4)

where A(−1)f and A(−1)x are the peak–peak amplitudes of the
high-field (mI = −1) line for the peptide free in solution and
in the considered liposomal sample, respectively. A(−1)b is the
amplitude of the high-field line for a fully bound peptide. Cf

and Cb, the concentration of membrane-bound peptide, can be
calculated from fb and the known peptide concentration. Finally,
Xb can be calculated as the ratio of Cb and the lipid concentration.
Application of the method requires various measurements to be
conducted at different peptide to lipid ratio.

In Figure 4, the trends of Xb versus Cf for iAβ5p-SLNterm in
DOPC and DOPC/CHOL liposomal samples are reported. In both
the cases, a linear trend is obtained, i.e. there is evidence of

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 115–122
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Figure 4. Binding isotherms obtained for iAβ5p-SLNterm in: DOPC (full
circles) and DOPC/CHOL bilayers (open circles).

Table 1. Outer hyperfine splitting, 2Amax, values of 5-PCSL and 14-
PCSL in DOPC and DOPC/CHOL bilayers in the absence and in the
presence of iAβ5p

2Amax/G

5-PCSL
DOPC 51.9 ± 0.1

DOPC/iAβ5p 53.3 ± 0.2

DOPC/CHOL 53.5 ± 0.1

DOPC/CHOL/iAβ5p 56.0 ± 0.2

14-PCSL

DOPC 32.9 ± 0.1

DOPC/iAβ5p 32.7 ± 0.1

DOPC/CHOL 33.7 ± 0.2

DOPC/CHOL/iAβ5p 37.4 ± 0.2

neither cooperativity in peptide binding nor peptide-membrane
electrostatic repulsion. The Kapp values are 62±2 M−1 and 32±1 M−1

for iAβ5p-SLNterm in DOPC and DOPC/CHOL bilayers, respectively.
As a complementary part of this research, we investigated the

interaction between the unlabeled peptide iAβ5p and DOPC or
DOPC/CHOL bilayers incorporating PCSL. Analysis of PCSL’ spectra
was also realized determining the outer hyperfine splitting (2Amax)
values, which are reported in Table 1. The ESR spectrum of 5-PCSL
in DOPC bilayers, shown in Figure 5 (lower spectrum, solid line),
presents a clearly defined axially anisotropic lineshape, with a value
of the outer hyperfine splitting, 2Amax, equal to 51.9 ± 0.1 G. We
also investigated DOPC bilayers including phosphatidylcholine
spin labeled on the 14 C-atom of the sn-2 chain (14-PCSL), in
which the nitroxide group is positioned close to the terminal
methyl region of the chain. In this case, a narrow, three-line, quasi-
isotropic spectrum is obtained, see Figure 5 (upper spectrum,
solid line). The higher isotropy of the 14-PCSL spectrum with
respect to that obtained for 5-PCSL indicates a flexibility increase
in segmental chain mobility in going from the polar headgroups
to the inner hydrophobic core, which is a characteristic hallmark
of the liquid-crystalline state of fluid phospholipid bilayers [50].

The association of β-sheet breaker peptide with lipid mem-
branes can be detected by the perturbation of the chain mobility
of spin-labeled lipids by using ESR spectroscopy as found for
classical water-soluble peripheral membrane proteins and derived
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Figure 5. ESR spectra of 5-PCSL and 14-PCSL positional isomers of spin-
labeled phosphatidylcholine in DOPC bilayers in the absence (solid line) and
in the presence (dashed line) of 8 : 100 mol/mol iAβ5p peptide. This figure is
available in colour online at www.interscience.wiley.com/journal/jpepsci.

peptides [51,52]. Addition of iAβ5p peptide to pure DOPC bilayers,
at an 8 : 100 mol/mol ratio, significantly affects the 5-PCSL spec-
trum, see Figure 5, dashed line. In fact, the peptide causes a slight
but significant 2Amax increase (from 51.9 ± 0.1 to 53.3 ± 0.2 G), i.e.
the mobility of the spin-labeled chains decreases by interaction of
the peptide with the membrane. In contrast, the addition of iAβ5p
to pure DOPC bilayers does not cause any change in the 14-PCSL
spectrum, as shown in Figure 5.

We also investigated DOPC bilayers at 20% wt/wt concentration
of CHOL, in the absence and in the presence of the peptide. The
5-PCSL and 14-PCSL ESR spectra in DOPC/CHOL bilayers are shown
in Figure 6 and the corresponding 2Amax values are reported in
Table 1. Cholesterol induces a 2Amax increase for both spin-labels. It
is interesting to observe that the 14-PCSL spectrum keeps a quasi-
isotropic lineshape, an evidence that, despite a certain stiffening,
at the considered cholesterol content, the DOPC/CHOL bilayer is
still in the liquid disordered state [53].

Addition of peptide at an 8 : 100 mol/mol ratio significantly
affects the 5-PCSL spectrum. Indeed, the peptide causes a slight
2Amax increase (from 53.5 ± 0.1 to 56.0 ± 0.2 G), i.e. the mobility
of the spin-labeled chains decreases by interaction of the peptide
with the bilayer. The effect of the addition of peptide on the 14-
PCSL spectra in DOPC/CHOL bilayers is shown in Figure 6. In this
case, a clearly anisotropic spectrum is obtained, as opposed to the
quasi-isotropic spectrum obtained in the absence of peptide. This
is particularly revealed by the appearence of a second high-field
minimum. The 2Amax trend confirms what is inferred from the
spectra. Indeed, the presence of the peptide causes a significant
2Amax increase with respect to that registered in its absence (from
33.7 ± 0.2 to 37.4 ± 0.2 G), indicating that the peptide is deeply
inserted into the lipid bilayer.

J. Pept. Sci. 2010; 16: 115–122 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 6. ESR spectra of 5-PCSL and 14-PCSL positional isomers of
spin-labeled phosphatidylcholine in DOPC/CHOL bilayers in the ab-
sence (solid line) and in the presence (dashed line) of 8 : 100
mol/mol iAβ5p peptide. This figure is available in colour online at
www.interscience.wiley.com/journal/jpepsci.

Discussion

An attractive therapeutic strategy for AD is to block the early
steps of misfolding and aggregation of soluble Aβ peptides
using some peptides, named β-sheet breakers, which are able
to prevent Aβ peptides from assuming β conformation [25,26]. A
five-residue synthetic β-sheet breaker peptide, iAβ5, was found
to be able to inhibit and disassemble amyloid fibrils in vitro. This
pentapeptide (LPFFD) is homologous to the central segment
of Aβ peptide (amino acids 17–21: LVFFA) and this sequence
similarity is important for the specific interaction between β-
sheet breaker and Aβ peptides. In particular, the introduction
of a proline as a β-sheet blocker residue is fundamental for
destabilizing intermolecular β-sheets in Aβ aggregates [54–56].
Moreover, chemical modifications, such as N-terminal acetylation
and C-terminal amidation, yield the end-protected peptide, iAβ5p,
which presents a major stability and is rapidly taken up by the
brain, reducing in vivo amyloid deposition [32].

As there is increasing experimental evidence that Aβ peptides
self-aggregation occurs close to the cellular membrane surface
[13,14], we found of interest to investigate, by spin-label ESR
spectroscopy, the interactions between the β-sheet breaker
peptide iAβ5p and phospholipid membranes. In the present work,
liposomes of the zwitterionic phospholipid DOPC have been ini-
tially considered as biomembrane-mimicking systems. In addition,
we also considered DOPC bilayers containing CHOL at 20% wt/wt.
Indeed, CHOL is a major component of mammalian cells and has
been reported to be essential in modulating the interaction of a
variety of peptides, including amyloids and lipid bilayers. CHOL
is known to influence membrane thickness and fluidity. In turn,
the fluidity of the membrane, as modulated by the CHOL content,

regulates the insertion of the iAβ5p peptide. At the temperature
at which our investigation has been performed (25 ◦C), the
considered membranes are in the fluid-phase state, which may
amplify interaction with guest molecules [36,51]. Two sets of ESR
experiments were performed. In the first one, spin-labeled iAβ5p
analogs containing MTSL as a paramagnetic probe at the N- or
the C-terminus of the peptide sequence were used to investigate
the peptide interaction with the lipid bilayer. In the second one,
we used two spin-labeled phospholipids presenting the nitroxide
group in a different position along the hydrophobic alkyl chain to
investigate the depth of peptide penetration into the bilayer.

When iAβ5p is in the presence of DOPC membranes, ESR spectra
are characterized by superposition of two signals, indicating
that the iAβ5p peptide distributes in two populations with
different amounts. The presence of the slow component can be
attributed to the solubilization of a fraction of peptide molecules
in phospholipid bilayer. It is interesting to observe that the ESR
signal of interacting peptides does not show any anisotropy. This
could suggest a weak interaction of the peptide with the bilayer
surface, which leaves the molecule quite free to rotate.

The results also show that the mobility of the spin-labeled
peptides is not dependent on the position of the probe MTSL
in the peptide sequence. Indeed, iAβ5p-SLNterm or iAβ5p-SLCterm

present similar ESR spectra in the all considered systems. This
evidence suggests no preferential orientation of the peptide in
interacting with the bilayer.

In agreement with these experimental evidences, spin-labeled
lipids show that peptide molecules insert in DOPC bilayers posi-
tioning between the outer part of the hydrophobic core and the ex-
ternal hydrophilic layer. In particular, the results show that the mo-
bility of the spin-label 5-PCSL is significantly affected by the pres-
ence of the peptide, while that of 14-PCSL is almost unperturbed.

The presence of CHOL has a significant influence on the
iAβ5p/bilayers interaction. When iAβ5p is inserted into the
DOPC/CHOL membrane environment, two differently abundant
populations result. Peculiarly, the fraction of molecules interacting
with the lipid bilayer is characterized by an anisotropic slow-motion
spectrum, opposed to the quasi-isotropic spectrum obtained in the
absence of CHOL. Furthermore, the presence of CHOL enhances
the changes in the 5-PCSL spectrum due to the presence of the
peptide. This evidence indicates that the peptide is still able to
penetrate the bilayer and that CHOL and peptide exert a synergistic
rigidifying action on the bilayer structure. At the same time, in the
copresence of CHOL and peptide, the 14-PCSL spectrum shows
that the iAβ5p peptide is inserted deeply into the lipid bilayer.

Besides the positioning of the peptide relative to the membrane,
ESR spectroscopy allows to quantitatively evaluate the partition
coefficient of the peptide between the membrane and the
aqueous medium. The obtained Kapp values, if compared with
those reported in the literature for other membrane-interacting
peptides [49,57], are quite low. Nevertheless, in consideration of
the large excess of binding and/or solubilization sites for peptides
offered by the neuronal membrane, our results indicate that,
in vivo, a significant fraction of iAβ5p is likely to interact with the
phospholipid bilayer. Interestingly, inclusion of CHOL decreases
the Kapp value by almost one half. This change, which however
is rather modest, suggests that a deep insertion of the peptide
involves the rearrangement of the lipid chains.

In conclusion, our experiments show that the β-sheet breaker
peptide iAβ5p is partially localized in phospholipid bilayers. In
the framework of the model according to which early stages
of Aβ peptides self-aggregation occur close to the membrane
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surface, this β-sheet breaker localization could be strategic for its
antiaggregative activity. The membrane fluidity, modulated by the
CHOL amount, is critical to drive the positioning of iAβ5p peptide
at the membrane interface.
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