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Abstract

Increasing evidence implicates interactions between Ab-peptides and membrane lipids in Alzheimer’s disease. To gain

insight into the potential role of the free amino group of the N-terminus of Ab29-42 fragment in these processes, we

have investigated the ability of Ab29-42 unprotected and Ab29-42 N-protected to interact with negatively-charged

liposomes and have calculated the interaction with membrane lipids by conformational analysis. Using vesicles

mimicking the composition of neuronal membranes, we show that both peptides have a similar capacity to induce

membrane fusion and permeabilization. The fusogenic effect is related to the appearance of non-bilayer structures

where isotropic motions occur as shown by 31P and 2H NMR studies. The molecular modeling calculations confirm the

experimental observations and suggest that lipid destabilization could be due to the ability of both peptides to adopt

metastable positions in the presence of lipids. In conclusion, the presence of a free or protected (acetylated) amino

group in the N-terminus of Ab29-42 is therefore probably not crucial for destabilizing properties of the C-terminal

fragment of Ab peptides.

# 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Senile plaques and paired helical filaments are

the hallmarks of brain pathology in Alzheimer’s

disease (Selkoe, 1999). The major component of
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the senile plaque is the b-amyloid peptide (Ab).
This peptide is generated in vivo through proteo-

lytic cleavage of the membrane-anchored b-amy-

loid precursor protein (APP) (Kang et al., 1987;

Selkoe, 1993) by b-secretase (at the luminal side of

the membrane) (Sinha and Lieberburg, 1999) and

g-secretase (within its transmembrane domain)

(Selkoe, 1999). The latter is heterogeneous but

principally leads to 40 (Ab1-40) and 42 (Ab1-42)
amino acid peptides in roughly 9:1 proportion. b-

Amyloid peptides are amphiphilic with an extra-

cellular hydrophilic N-terminus (residues 1-28)

and a membrane-spanning C-terminus region

(residues 29-40 or 29-42) (Coles et al., 1998).

Importantly, Ab1-42 is more hydrophobic, and

considerably more prone to nucleation and fibril

formation than Ab1-40 (Jarrett et al., 1993;
Hartmann et al., 1997). Its increase is observed

in all genetic mutations leading to autosomal

dominant familial Alzheimer’s disease (Selkoe,

1997; Hardy, 1997).

Results from several studies suggest that Ab
neurotoxicity might be mediated through direct

interaction between Ab peptides and cellular

membranes (Arispe et al., 1993a,b; Terzi et al.,
1995, 1997; Cribbs et al., 1997; Hertel et al., 1997).

Experimental evidences prove the interaction of

amyloid peptides with lipids such as phosphoino-

sitides (Decout et al., 1998; McLaurin et al.,

1998a), phosphatidylglycerol (Terzi et al., 1995),

cholesterol, phosphatidylcholine, stearic acid (Av-

dulov et al., 1997), and gangliosides (McLaurin

and Chakrabartty, 1996; McLaurin et al., 1998b;
Choo-Smith and Surewicz, 1997; Matsuzaki and

Horikiri, 1999). By small angle X-ray diffraction

approaches, Mason et al. (1996) demonstrated that

amyloid peptide (25-35 fragment) intercalates deep

into the membrane bilayer hydrocarbon core.

Interactions between Ab or their fragments with

lipids are probably responsible for membrane

destabilization in accordance with the effect of
Ab on membrane permeabilization in models of

liposomes or in cells (Arispe et al., 1993a,b; Pillot

et al., 1996; McLaurin and Chakrabartty, 1996,

1997; McLaurin et al., 1998b; Rhee et al., 1998;

Yang et al., 1998), fusion of small unilamellar

vesicles (Pillot et al., 1996), imposition of negative

curvature strain on ganglioside-containing lipid

bilayers (Matsuzaki and Horikiri, 1999), and
changes in membrane fluidity (Avdulov et al.,

1997; Müller et al., 1995; Mason et al., 1999;

Eckert et al., 2000; Kremer et al., 2000, 2001).

Both the extracellular hydrophilic N-terminus

and the membrane-spanning C-terminus are in-

volved for the interaction of amyloid peptides with

membranes. First, Decout et al. (1998) suggested

that electrostatic interactions between the positive
charges of the N-terminal domain of the b-

amyloid peptides and the negative charges of the

cellular membranes may play a role for the

amyloid peptide cytotoxicity. The importance of

electrostatic interactions has been ascertained by

several experiments showing that (i) Ab1-40 bind-

ing to phosphatidylglycerol is completely inhibited

by the presence of NaCl (Terzi et al., 1995), (ii)
membrane binding of the Ab1-40 and Ab1-42

peptides is maximal when these membranes con-

tain acidic phospholipids (McLaurin and Chakra-

bartty, 1996) and (iii) compounds that decrease the

effective negative charge of membranes prevent

the association of Ab1-40 to negatively-charged

vesicles and Ab-induced toxicity (Hertel et al.,

1997). Second, it has been demonstrated that the
hydrophobic C-terminal domain of Ab is critical

for amyloid aggregation, fibril formation (Lans-

bury et al., 1995) and apoptosis (Pillot et al., 1999).

The C-terminal domains of two opposite dimers

could be extended to form antiparallel b-sheet

(Chaney et al., 1998). From conformational stu-

dies, Pillot et al. (1996) and Brasseur et al. (1997)

have suggested that Ab29-40 and Ab29-42 interact
with lipids as tilted peptides. These peptides

penetrate the lipid bilayer at an angle of 30�/708
(relative to the bilayer plane) and therefore could

induce membrane destabilization (Brasseur, 1991;

Martin et al., 1994; Pillot et al., 1996; Brasseur et

al., 1997; Peuvot et al., 1999). Recent neutron

diffraction experiments have confirmed the exis-

tence of oblique-oriented peptides in lipid bilayers
(Bradshaw et al., 2000).

Part of these studies have used the 29-42

extremity of the amyloid peptide instead of the

entire 1-42 peptide because it is actually the

portion of the peptide which interacts with lipids.

Our aim was to investigate the importance for

membrane destabilization of a free aminated
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function generated on the residue 29 of Ab29-42
fragment. We therefore compare in the present

study the membrane destabilizing properties of the

29-42 fragment under an unprotected form and a

protected form (obtained by acetylation of the free

terminal amine to mimic a peptidic bound).

For this purpose, we examined the capacity of

both peptides to induce membrane fusion and

alteration of membrane permeability in relation to
a potential effect on membrane fluidity or phos-

pholipid organization. For this last point, we

investigated by 31P and 2H NMR the influence

of the peptide on the spectral shapes. In parallel,

we applied a recent computational method called

IMPALA (Ducarme et al., 1998) to investigate the

behavior of unprotected and N-protected Ab29-42

peptides to interact with a model membrane.

2. Materials and methods

2.1. Fluorescence, light scattering and electron

microscopy studies

These studies were performed on small unila-

mellar vesicles, which are known to be highly

susceptible to the action of membrane destabiliz-

ing agents. They were made of phosphatidylcho-

line (PC):phosphatidylethanolamine

(PE):phosphatidylinositol (PI):phosphatidylserine
(PS):sphingomyelin (SM):cholesterol (Chol)

(30%:30%:2.5%:10%:5%:22.5%) to mimic the com-

position of the neuronal membrane (Norton et al.,

1975; Ansell and Hawthorne, 1964).

2.1.1. Preparation of small unilamellar vesicles

(SUV liposomes)

Liposomes were prepared in Tris buffer pH 8

(Tris 10 mM, NaCl 150 mM, EDTA 0.1 mM,

NaN3 1 mM) as described previously (Mingeot-

Leclercq et al., 2001). The actual phospholipid
concentration of each preparation was determined

by phosphorus assay (Bartlett, 1959). Total lipid

concentration was calculated assuming a similar

recovery of phospholipids and cholesterol. Lipo-

somes were used the day following their prepara-

tion.

2.1.2. Fusion of lipidic phase

These studies were made exactly as described

earlier (Van Bambeke et al., 1995), using a mixture

of labeled and unlabeled vesicles (final concentra-

tion in lipids: 5 mM), and recording the increase in

fluorescence due to the dequenching of octade-

cylrhodamine B chloride (R18) upon its dilution

(Hoekstra et al., 1984) after liposomes fusion.

Labeled and unlabeled liposomes were mixed at
a ratio of 1:4. Peptides were added and the

fluorescence was immediately recorded at room

temperature during 25 min, using an excitation

wavelength of 560 nm and an emission wavelength

of 590 nm (Perkin-Elmer LS-30, Perkin-Elmer

Ltd., Beaconsfield, UK). Results were expressed

as fluorescence values calculated as the difference

between the fluorescence signal recorded for the
mixing of labeled and unlabeled liposomes and

that recorded in identical experimental conditions

for the same amount of labeled liposomes mixed

with buffer. This correction was made to rule out

any interference of the peptide with the fluores-

cence of the probe.

2.1.3. Determination of the size of liposomes

The apparent average diameter of small uni-

lamellar vesicles was determined by quasi-elastic

light scattering spectroscopy (Mazer et al., 1979)
using a Coulter† Nano SizerTM N4MD (Coulter

Electronics Ltd., Luton, UK) as described earlier

(Mingeot-Leclercq et al., 1990). Data were ana-

lyzed using size distribution analysis mode to

determine the full size distribution profile of

liposomes incubated with the b-amyloid peptides.

2.1.4. Negative staining

Liposomes were prepared as described above,

but at a concentration of 0.157 mM in lipids with 2
mM borate buffer pH 8.0. Peptides were added to

liposomes at a ratio peptide:lipid of 2 and the

mixture was added to a solution of 2% phospho-

tungstic acid pH 7.0. The solution was thereafter

sprayed on a glow-discharged, formvar coated grid

and observed in a Philips CM12 electron micro-

scope operating at 80 kV.
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2.1.5. Permeability studies

The release of calcein, entrapped at a self-

quenching concentration in liposomes, was fol-

lowed by the increase of fluorescence upon dilu-

tion following their leakage from the vesicles

(Weinstein et al., 1977; Van Bambeke et al.,

2000). The dried lipid films were hydrated with a

solution of purified calcein [16.3 mM; 461 mOsm/

kg (measured by the freezing point technique

(Advanced Instruments, Needham Heights,

MA))]. The unencapsulated dye was eliminated

by the minicolumn centrifugation technique

(Lelkes, 1984) and the liposomes were diluted to

a final lipid concentration of 5 mM in an iso-

osmotic 231 mM Tris buffer pH 8 (Tris 10 mM,

NaCl 220 mM, EDTA 0.1 mM, NaN3 1 mM) (461

mOsm/kg). After addition of peptides, the percen-

tage of calcein released was immediately deter-

mined as described in Van Bambeke et al. (2000).

2.1.6. Fluidity studies

Membrane fluidity was studied by measuring

the degree of fluorescence polarization of 1,6-

diphenyl-1,3,5-hexatriene (DPH) and 1-(4-tri-

methylammoniumphenyl)-6-phenyl-1,3,5-hexa-

triene (TMA-DPH) (Kitagawa et al., 1991; Kaiser

and London, 1998) as a function of temperature.

Incorporation of the fluorescent markers, at a

molar ratio to the lipids of 1:250, was obtained by

vigorous mixing followed by a preincubation at

37 8C in the dark during 1 h. Labeled small

unilamellar vesicles were mixed with peptides

(final concentration of 0.314 mM in total lipid)

and preincubated at 37 8C for 30 min. They were

thereafter brought to 55 8C over 15 min and

maintained at that temperature during 5 min for

stabilization before starting measurements. The

fluorescence was recorded as described in Min-

geot-Leclercq et al. (2001) on a LS-50 Perkin-

Elmer fluorimeter (Perkin-Elmer, Beaconsfield,

UK), equipped for polarization measurements

and operating at an excitation wavelength of 365

nm (for DPH) or 360 nm (for TMA-DPH) and an

emission wavelength of 427 nm (for DPH) or 435

nm (for TMA-DPH).

2.2. NMR studies

2.2.1. 31P NMR

Multilamellar vesicles (MLV) of the same com-

position as that used for fluorescence and light

scattering studies were prepared as follows: or-

ganic solutions of the lipids were dried under

vacuum, hydrated over 1 h at 37 8C in Tris buffer

pH 8 (Tris 10 mM, NaCl 150 mM, EDTA 0.1 mM,
NaN3 1 mM) at a concentration of 10 mM in

phospholipids, maintained at 37 8C for a further

hour and finally submitted to five freeze-thawing

cycles.

Peptide-containing samples were prepared by

the following procedure: peptides were first dis-

solved in trifluoroacetic acid (Jao et al., 1997), the

solvent removed with N2 gas and the sample dried
under vacuum. The peptide, dissolved in DMSO (6

mg/ml) was added to the organic solution of

phospholipids before MLV preparation.
31P NMR spectra were obtained at 101.3 MHz

with a Bruker AC 250 spectrometer. Two milli-

liters of MLV suspension was used in 10 mm

NMR tubes. D2O (15%) was added for locking on

the deuterium signal. Fourier transform conditions
were: 25 kHz spectral width, 4K data points, flip

angle 408 (10 ms), 1.2 s pulse interval. Five

thousand scans were accumulated and a 50 Hz

line broadening was applied to the free induction

decay before Fourier transformation. Powergated
1H decoupling was applied. Experiments were

conducted as a function of temperature: samples

were heated from 35 to 65 8C and cooled down to
35 8C with 30 min equilibration times between

each accumulation at each new temperature.

2.2.2. 2H NMR

Aqueous solution of binary mixtures of long-

and short-chain phosphatidylcholine can form

well-oriented, nematic phase of bilayered discoidal

mixed micelles called bicelles (Sanders and Landis,

1995). We used dimyristoylphosphatidylcholine
(DMPC) and dihexanoylphosphatidycholine

(DHPC) in a molar ratio DMPC:DHPC of 3.5:1.

The DMPC solution in CHCl3 (containing 25% of

DMPC-d54) was evaporated under vacuum, resus-

pended in 2H depleted water, vortexed, centrifuged

and freeze-thawed to obtain an homogeneous
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slurry. Stock solution of DHPC in 2H depleted
water was added to the DMPC suspension and the

final phospholipid content of 20% (w/w) adjusted

with 50 mM MES (2-morpholinoethane sulfonic

acid monohydrate), pH 6.

Peptide-containing samples were prepared using

the same procedure as for 31P NMR studies but

the Ab29-42 in DMSO (see supra) was added to a

CHCl3 solution of DMPC. The solvents were
evaporated under vacuum, the dry peptide-

DMPC mixture resuspended in 2H depleted water

and the suspension treated as described above

before addition of DHPC solution and buffer.

NMR samples of 200 ml were introduced in

short 5 mm tubes and sealed tightly. Before data

acquisition, the samples were kept at 37 8C for 1 h

to allow equilibrium alignment to be established.
Deuterium NMR spectra were recorded at 55.3

MHz on a Chemagnetics CMX 250/360 spectro-

meter, the standard quadrupole echo sequence

(Davis, 1983) with t�/50 ms, 908 pulse of 2.1 ms

and a repetition time of 1.2 s was used. Four

thousand scans were accumulated. 4K data points

were acquired, fractionally left-shifted to start the

record at the top of the echo, baseline-corrected
and zero-filled to 16K. A line broadening of 100

Hz was applied to the free induction decay prior to

Fourier transformation.

2.3. Molecular modeling

2.3.1. 3D construction of the peptides

Construction of the two helical peptides was
carried out as previously described (Brasseur et al.,

1992). Conformation of the side chains was

optimized by a Simplex energy minimization.

The N-terminus of the peptides was either free or

blocked by an acetyl group.

2.3.2. The IMPALA procedure

This method allows the study of interactions

between a peptide and a modeled membrane using
simple restraint functions designed to mimic

properties of the membrane as described elsewhere

(Ducarme et al., 1998; Lins et al., 2001). Briefly,

The interface is described by a C (z) function. C (z)

can be considered as the water concentration with

a value of 1 outside the membrane and 0 in the

membrane core. C (z ) varies between 1 and 0 in the
region corresponding to the lipid/water interface

(18 Å�/z �/13.5 Å). Two restraints are used to

mimic membrane properties, mainly the hydro-

phobic effect (named Eint) and the lipidic pertur-

bation (named Elip), depending upon the accessible

surface of the peptide atoms. For more details, see

Ducarme et al. (1998) and Lins et al. (2001).

The starting position of the peptide was ob-
tained using the TAMMO procedure. This algo-

rithm calculates the position of a molecule versus a

planar lipid/water interface taking into account the

hydrophobic and hydrophilic centers of the pep-

tide (see Brasseur, 1990).

No modification of the internal structure of the

peptide was allowed so that the Coulomb, Van der

Waals, H bonds and torsion energies are consid-
ered as constants.

The interaction of the peptide with the modeled

bilayer was analyzed by a Monte-Carlo simulation

of 100,000 steps at 298 K. For each peptide,

calculations were repeated 10 times. Three free-

dom degrees were tested (two rotations and one

translation along the z -axis). Maximal 58 rotations

and 1 Å translations were allowed. The position of
the structure with the lowest restraint values was

considered as the most stable in the bilayer.

2.3.3. Restraints plots

Diagrams showing the restraint values as a

function of the angle between the helix axis and

the bilayer normal and as a function of the

penetration of the mass center were obtained as

follows: for each degree (angle) or for each 1/10 Å
(penetration), the lowest restraint value obtained

during the Monte-Carlo simulation was taken. All

the points were then joined to generate a profile of

the simulation.

Calculations were performed on parallel hard-

ware RAMSES Beowulf connected by a 100 MB

network and controlled by a HP Vectra VA

Pentium Pro cadenced at 200 MHz (RAMSES
architecture, Beuve-Mery et al., 2001). The calcu-

lation software has been developed at the CBMN

(Gembloux, Belgium). Molecular graphs were

drawn by using WinMGM 1.0 (Ab Initio Tech-

nology, Obernai, France) and Sigmaplot 5.0

(SPSS, Inc.) was used for the data analysis.
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2.4. Materials

b-Amyloid peptides 29-42 (Ab29-42) were

synthesized by Polypeptides Laboratories (Wol-

fenbüttel, Germany). The identity and purity were

controlled by mass spectral analysis. Peptides were

solubilized in 1,1,1,3,3,3-hexafluoro-2-propanol

(HFP) except for NMR measurements (cf. supra).

The sequence of Ab29-42 is Gly�/Ala�/Ile�/Ile�/

Gly�/Leu�/Met�/Val�/Gly�/Gly�/Val�/Val�/Ile�/Ala

(referred throughout the paper to Ab29-42 un-

protected) was compared with that of the same

peptide with an acetyl protection at the N-terminal

(referred to Ab29-42 N-protected). Egg yolk

phosphatidylcholine, wheat germ phosphatidyli-

nositol, and egg yolk phosphatidylethanolamine

(grade 1) were purchased from Lipid Products (Nr

Redhill, UK). Sphingomyelin and cholesterol were

obtained from Sigma Chemical Co. (St Louis,

MO). Bovine spinal cord phosphatidylserine was

purchased from Avanti Polar Lipids, Inc. (Bir-

mingham, AL). Octadecylrhodamine B (R18), 1,6-

diphenyl-1,3,5-hexatriene (DPH) and 1-(4-tri-

methylammoniumphenyl)-6-phenyl-1,3,5-hexa-

triene (TMA-DPH) were obtained from Molecular

Probes (Eugene, OR). Calcein, purchased from

Sigma, was purified by chromatography on Se-

phadex LH-20 following the technique of Lelkes

(1984) and the purity of the final product checked

by TLC on silica gel G using CH3OH:NH4OH

28% (9:1.5, v/v) as mobile phase. 1,2-Dimyristoyl-
n-glycero-3-phosphocholine (DMPC), deuterated

1,2-di[myristoyl-d27]-n-glycero-3-phosphocholine

(DMPC-d54) and 1,2-dihexanoyl-n-glycero-3-

phosphocholine (DHPC) were purchased from

Avanti Polar Lipids (Alabaster, AL) and deuter-

ium (2H)-depleted water from Cambridge Isotopes

(Cambridge, MA). Other reagents were obtained

from E. Merck (Darmstadt, Germany) and were of
analytical grade.

3. Results

This work aimed to give more insight about the

importance of the free amino group at the N-

terminus of Ab29-42 for the interaction of amyloid

peptide with the membrane. The membrane desta-

bilizing properties of the unprotected and N-
protected (acetylated fragment) Ab29-42 peptides

were investigated by experimental and molecular

modeling methods.

3.1. Experimental studies

3.1.1. Fusion of lipidic phases

The measurement of fluorescence dequenching

of octadecylrhodamine B (R18) is an established

technique used to study the fast mixing of lipids

occurring during fusion of adjacent membranes

Fig. 1. Effect of Ab29-42 unprotected (A) and N-protected (B) on fusion of lipidic phases of liposomes (5 mM in lipids)

(PC:PE:PI:PS:SM:Chol [30%:30%:2.5%:10%:5%:22.5%]) upon incubation at room temperature in the presence of increasing

peptide:lipid ratio. Control [HFP] (k); [peptide:lipid molar ratio]�/0.02 ('); 0.2 (%); 0.4 (j). Each point is the mean value of

three independent experiments but the S.D. (less than 6% of the fluorescence measured) are not shown for sake of clarity.
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(Hoekstra et al., 1984). We have also used it

previously to examine the slower exchange of

lipids during membrane aggregation induced by

drugs such as aminoglycosides (Van Bambeke et

al., 1995).

Fig. 1 shows the fluorescence variations ob-

served with R18-labeled liposomes when mixed

with unlabeled liposomes and peptides at increas-

ing peptide:lipid ratios (0.02�/0.4). In the absence

of peptide, no significant increase in fluorescence

was seen up to 25 min. In contrast, with both

peptides (Ab29-42 unprotected, and N-protected),

a rapid and marked increase in fluorescence over

the first few minutes was observed followed by a

very slow increment. The effect of both peptides

was dose-dependent and was maximal for a

peptide:lipid ratio of 0.2 (peptide 1 mM). This

increase is faster for liposomes incubated with

Fig. 2. Effect of Ab29-42 unprotected (A) and N-protected (B) on the size distribution analysis of the liposomes (65 mM in lipids)

(PC:PE:PI:PS:SM:Chol [30%:30%:2.5%:10%:5%:22.5%]) upon incubation at room temperature in the presence of increasing

peptide:lipid ratios.
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Ab29-42 N-protected (compare Fig. 1A and B)

since a marked fluorescence dequenching is al-

ready noted after 15 s.

3.1.2. Size of the liposomes

To further examine the ability of Ab29-42

peptides to induce fusion of membranes, we

investigated their capacity to modify the apparent

size and homogeneity of the liposomes preparation
by means of a light scattering assay. At a

peptide:lipid molar ratio of 0.2 (peptide 13 mM)

and 2 (peptide 130 mM), respectively, for Ab29-42

unprotected (Fig. 2A) and N-protected (Fig. 2B),

the peptides caused a striking increase in the

apparent diameter of the particles and induced

the appearance of two populations. Fusion of

liposomes induced by Ab peptides was further

confirmed by negative-staining studies and illu-

strated in Fig. 3 for Ab29-42 unprotected. Mor-

phometric analysis, performed on 100 vesicles,

gave a mean size of control liposomes of about

179/4 nm versus 289/7 nm for liposomes incu-

bated with the peptide. Discrepancies between the

absolute values of the mean liposome diameters

recorded by light scattering spectroscopy and by

morphometry of the liposomes after negative

staining may be accounted for by the fact that

the first type of measurement is strongly influ-

enced by the presence of a small number of large

particles.

Fig. 3. Electron microscopy pictures of negatively stained liposomes (left panel) upon addition of Ab29-42 unprotected at a ratio

peptide:lipid of 2 (right panel). Bar�/50 nm.

Fig. 4. Effect of Ab29-42 unprotected (A) and N-protected (B) on calcein release from liposomes (5 mM in lipids) (PC:PE:PI:PS:SM:-

Chol [30%:30%:2.5%:10%:5%:22.5%]) upon incubation at room temperature in the presence of increasing peptide:lipid ratio. Control

[HFP] (k); [peptide:lipid molar ratio]�/0.3 ('); 0.6 (j); 1.2 (%); 3 ("); 6 (m); 9 (*). Each point is the mean value of three

independent experiments but the S.D. (less than 8% of the fluorescence measured) are not shown for sake of clarity.
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3.1.3. Calcein permeability

Calcein, a polar molecule with a molecular

weight of 622.5, has been widely used to study

the permeability of lipid bilayers (Allen and Cle-

land, 1980). The effect of Ab29-42 unprotected

and N-protected on membrane permeability is

shown in Fig. 4 for increasing peptide:lipid ratios

ranging from 0.3 to 9. Both peptides induced a fast

(B/60 s) and almost complete release of calcein
from liposomes as has been observed previously

for mellitin (Van Bambeke et al., 1993), a known

porogenic agent (Dempsey, 1990). The maximum

release was obtained for a peptide:lipid molar ratio

of 9 (peptide 45 mM) for Ab29-42 unprotected

(Fig. 4A) and 6 (peptide 30 mM) for Ab29-42 N-

protected (Fig. 4B). The influence of increasing the

peptide concentration was greater for the unpro-
tected peptide than for the protected fragment.

3.1.4. Fluidity

The peptide influence on the fluidity of lipidic

domains was examined by the fluorescence polar-

ization of two probes which insert in bilayers at

different levels, namely trimethylammoniumdiphe-
nylhexatriene (TMA-DPH) and diphenylhexa-

triene (DPH). The first molecule inserts between

alkyl chains and spans the hydrophilic/hydropho-

bic interface, whereas the second is totally hydro-

phobic and is thus embedded in the hydrophobic

core of the membrane. The degree of polarization

of the two probes linearly decreased in control

small unilamellar vesicles when temperature in-
creased but the variation in polarization values

with TMA-DPH was less marked than with DPH.

This difference indicates a smaller increase in

mobility of the alkyl chains close to the interface

in comparison to the deeper hydrophobic domain.

When liposomes are incubated with Ab29-42

Fig. 5. Effect of Ab29-42 unprotected (A) and N-protected (B) on the variation of the polarization of the fluorescence of TMA-DPH

and DPH incorporated in small unilamellar vesicles (molar ratio to the lipids 1:250) made of PC:PE:PI:PS:SM:Chol

(30%:30%:2.5%:10%:5%:22.5%). Control [HFP] (k); [peptide:lipid molar ratio]�/0.001 ('); 0.01 (j); 0.1 (%); 1 ("). Each point is

the mean value of three independent experiments but the S.D. (B/0.008) are not shown for sake of clarity.

Fig. 6. 31P NMR spectra at 101.3 MHz of multilamellar

vesicles made of PC:PE:PI:PS:SM:Chol

(30%:30%:2.5%:10%:5%:22.5%). (A) Control vesicles. (B) Ve-

sicles with Ab29-42 unprotected at a peptide:phospholipid

molar ratio of 0.2.
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unprotected (Fig. 5A) and N-protected (Fig. 5B),
at increasing peptide:lipid ratios (0.001�/1 [peptide

concentrations: 0.314�/314 mM]), no significant

change was seen over the whole range of tempera-

tures investigated. Higher peptide concentrations

could not be investigated because they caused

marked perturbations of the signal.

3.1.5. Lipid organization

NMR studies were carried out to further

characterize the effects of the Ab29-42 on the lipid

organization in relation to alterations of mem-

brane properties described above. Since both the

protected and unprotected Ab29-42 peptides give

very similar results in liposome fusion and mem-

brane destabilization experiments, only the un-

protected peptide was studied by NMR.

3.1.5.1. 3P NMR. Control MLV (Fig. 6A) at

35 8C gave a broad signal with a maximum at

high field and a shoulder at low field. The 0 ppm

value corresponds to the isotropic shift that is

observed for sonicated vesicles (Seelig, 1978). At

35 8C, the chemical shift value of the maximum

was approximately �/10 ppm. By increasing the
temperature at 65 8C, the maximum peak was

displaced to about �/7 ppm.

In the presence of the Ab29-42 fragment (Fig.

6B), a narrow signal appeared superimposed to the

broad signal. It became more important at 65 8C
than at 35 8C as illustrated for a peptide:pho-

spholipid molar ratio of 0.2. This effect was more

marked when the peptide:phospholipid ratio was
increased (data not shown).

3.1.5.2. 2H NMR. The deuterium quadrupole

echo spectra of chain-perdeuterated DMPC-d54

in bicelles were obtained at 37 8C and at pH 6.

Spectrum A in Fig. 7 is the peptide-free sample

signal typical of well-aligned bicelles made of

DMPC and DHPC in a molar ratio of 3.5:1

(Sanders and Schwonek, 1992).
The presence of the Ab29-42 unprotected in-

duced changes in the spectral shape even at

relatively low concentration. Spectrum B of Fig.

7 corresponds to a peptide:DMPC molar ratio of

0.025. The observed quadrupole splittings are not

significantly different from those of spectrum A,

but the broadening of the 2H NMR component is

obvious by comparing spectrum B with spectrum

A. For higher peptide concentrations (molar ratio

peptide:DMPC of 0.1), the effect was dramatic. As
illustrated by spectrum C of Fig. 7, the 2H NMR

spectrum is reduced to a single narrow signal.

3.2. Molecular modeling

The IMPALA procedure was used to check the

influence of the charged group at the N-terminal

of the Ab29-42 peptide on its insertion in a lipid

bilayer. Briefly, with this method the interaction

between a peptide and a simplified modeled
membrane is simulated using a Monte-Carlo

minimization procedure on 100,000 steps at 298 K.

Fig. 8A and B shows the most stable position in

the modeled bilayer of Ab29-42 unprotected and

the evolution of its mass center during the Monte-

Carlo simulation. The peptide adopts an optimal

Fig. 7. 2H NMR spectra at 55.3 MHz of DMPC-d54/DHPC

(3.5:1) bicelles at 378C. (A) Peptide free sample. (B) Sample

containing Ab29-42 unprotected incubated for 1 h at a

peptide:DMPC molar ratio of 0.025. (C) Sample containing

Ab29-42 unprotected incubated for 1 h at a peptide:DMPC

molar ratio of 0.1.
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angle of about 708 between its axis and the bilayer

plane, as shown in the plot of the restraints versus

the insertion angle (Fig. 8D). Its N-extremity is

deeply inserted in the membrane corresponding to

an optimal mass center penetration of about 8 Å

(Fig. 8C). This configuration is in agreement with

the previous calculations on a single interface

(Pillot et al., 1996; Brasseur et al., 1997). The

Ab29-42 peptide explores a wide conformational

space during the simulation since it is able to

translocate in the second lipid layer as shown by

the evolution of the mass center during the Monte-

Carlo minimization (Fig. 8B). The symmetry

observed in the plot of the restraints versus the

penetration depth or angle also reflects this

phenomenon (Fig. 8C and D). Furthermore, the

peptide has access to angle variations of about 408
(from 108 to 508 between the peptide axis and the

bilayer normal) with little variation in restraint

values, as depicted by the wide minimum on Fig.

8D.

Fig. 9 shows similar results for the Ab29-42 N-

protected: the optimal configuration corresponds

to an angle of about 708 (towards the bilayer

plane) and a mass center penetration of 8 Å (Fig.

9A and C). Again, the peptide is able to translo-

cate in the second lipid layer (Fig. 9B) and presents

a wide minimum when plotting the restraints

against the insertion angle (Fig. 9D). A slight

difference is noted for the N-protected peptide, i.e.

Fig. 8. (A) Best configuration of Ab29-42 unprotected in ribbon representation after Monte-Carlo simulation (105 steps). Middle

plane�/bilayer center (z�/0); first plane�/lipid acyl chain/polar headgroup interface at 13.5 Å from the center; second plane�/lipid/

water interface (z�/18 Å). The helix axis and the N to C orientation are shown. (B) Evolution of the mass center during the simulation.

Each point corresponds to one mass center position during the MC simulation. (C) Profile of the minimal values of the restraints versus

the mass center penetration (cm; in Å) (i.e. the z -coordinate of the molecule). (D) Profile of the minimal values of restraints versus the

angle (8). Angles are measured with respect to the bilayer normal.
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the presence of an additional shoulder in Fig. 9C

and D. This should correspond to metastable

positions of the peptide more deeply inserted in

the lipid core.

4. Discussion

b-Amyloid peptides (Ab) are formed from APP

through b- and g-secretases (Selkoe, 1994). It was

suggested that Ab could notably exert its toxicity

via an interaction with the membrane (Arispe et

al., 1993a,b; Terzi et al., 1995, 1997; Cribbs et al.,
1997; Hertel et al., 1997). It is commonly stated

that residues 1-28 form the extracellular domain

whereas the residues 29-40 or 29-42 are located in

the cell membrane (Coles et al., 1998). Primary

amino acid sequence could determine receptor

activating potential (Casal et al., 2002), formation

of Ab aggregates at low pH (Wood et al., 1996)

and electrostatic changes in the positively-charged

group of histidine, arginine and lysine and the

negatively-charged group of glutamic acid and

aspartic acid which seem to be crucial for amyloi-

dogenesis (Orpiszewski and Benson, 1999).

By using computer modeling, we have pre-

viously shown that the C-terminal domain of Ab
peptide (fragments 29-40 and 29-42) presents

physicochemical properties close to those of the

putative fusion peptides of viral proteins (Horth et

al., 1991; Pillot et al., 1996). These peptides display

an asymmetrical distribution of hydrophobic re-

sidues along the peptide sequence which is respon-

sible for their oblique insertion in the bilayer (for a

review, see Brasseur, 2000). We have previously

shown that Ab29-42 is able to induce liposome

fusion (Pillot et al., 1996). In this paper, we have

investigated the influence of a potential positive

Fig. 9. Best configuration of the Ab29-42 N-protected peptide (see legend of Fig. 8 for details).
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charge at the N-terminal of Ab29-42 (free amino
group) on destabilizing properties of the mem-

brane since a hydrophilic zone (containing one

positive charge) is located upstream of the hydro-

phobic fragment. The use of an unprotected

peptide instead of an elongated fragment avoids

interference due to the possible steric hindrance.

NMR spectroscopy was used to further character-

ize the effects of Ab29-42 on the lipid organization
of the membrane.

The in vivo relevance of the experimental model

employed in the current work has been ascertained

by the literature data. With respect to lipids,

McLaurin and Chakrabartty (1997) and Ji et al.

(2002) reported that cholesterol and acidic phos-

pholipids are important for membrane insertion of

Ab1-42 peptides. We therefore selected a complex
lipid composition including cholesterol and nega-

tively-charged phospholipids and mimicking brain

biological membranes to a certain extent (the

cholesterol ratio of brain plasma membrane is at

least 30% in aged people (Ji et al., 2002), a ratio

similar to that used in our study). With respect to

peptides, most of our experiments were carried out

with Ab29-42 at peptide concentrations varying
from 1 to 50 mM. Under normal conditions, the

physiological concentration of Ab in the cere-

brospinal fluid is around 0.5 nM (Seubert et al.,

1992; Ji et al., 2002). By aging or under patholo-

gical situations, the degradation pathway of Ab
via the low-density lipoprotein receptor-related

protein or via a scavenger receptor is reduced to

�/45% (Christie et al., 1996) which would increase
the extracellular content of Ab. Moreover, since

biological membranes are heterogeneous, locally

high peptide concentrations can be obtained

transiently and thus, the peptide concentrations

used could be similar to those found under in vivo

conditions.

We first compared the effects of the two

fragments Ab29-42 unprotected and N-protected
on membrane properties of small unilamellar

liposomes. Both Ab29-42 peptides have a similar

potency to induce fusion of unilamellar lipid

vesicles or to increase their permeability. The

critical molar ratio of lipid to Ab required to

observe an effect is similar to that reported by

others (Ji et al., 2002).

Changes in the fluidity of the bilayer, an
important structural feature of membranes, can-

not explain these results since the fluorescence

anisotropy experiments failed to show any effect of

b-amyloid peptide on membrane fluidity. In this

respect, our data are consistent with those ob-

tained by Zubenko et al. (1999) who did not find

any significant alterations in the steady-state

anisotropy for the membrane hydrocarbon core
or the hydrophilic membrane region determined

with DPH or TMA-DPH. Other groups, however,

have reported an increase (Avdulov et al., 1997;

Matsuzaki and Horikiri, 1999; Mason et al., 1999)

or a decrease (Müller et al., 1995, 1998; Scheuer et

al., 1996; Kremer et al., 2000) in membrane

fluidity in response to Ab peptides. Reasons for

these discrepancies are unclear and still under
investigation. Calcein release is observed with

both unprotected and N-protected Ab29-42. The

effect is fast (within 1 min) similar to that observed

with diphtheria toxin fragments (Defrise-Quertain

et al., 1989), the Staphylococcus aureus toxins,

leucocidins and g-hemolysins (Ferreras et al.,

1998), bacterial carotenoids (Hara et al., 1999),

gramicidin (Prenner et al., 2001) and butenafine
(Mingeot-Leclercq et al., 2001). The calcein release

is observed upon addition of peptides at peptide:-

lipid ratios higher than those necessary to induce

fusion and changes in lipid organization. Because

the Ab29-42 peptides alter membrane permeability

and induce vesicle fusion probably as a conse-

quence of the changes they cause in lipid mem-

brane organization, we therefore investigated the
potential of these peptides to perturb the mem-

brane bilayer. 31P NMR data of control liposomes

are characteristic of a bilayer organization of

multilamellar vesicles. Because of the mixed com-

position of the liposomes used, the low field

shoulder is not well defined but the effective

chemical shift anisotropy, Ds (the difference of

chemical shift between the high field maximum
and the low field shoulder), can be estimated on

the basis of the chemical shift difference between

the maximum and the isotropic shift value at 0

ppm, which represents one-third of Ds (Seelig,

1978; De Kruijff et al., 1979). The estimated Ds
values are thus �/30 ppm (3�/�/10 ppm) at 35 8C
and �/21 ppm (3�/�/7 ppm) at 65 8C. The
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reduction of Ds as temperature increases is due to
an increase of motional freedom of the phosphate

head groups. The peptide influence on the phos-

pholipid organization is revealed by the increase of

a narrow signal that becomes more prominent at

high temperatures (and with increase in concen-

tration; data not shown).
31P NMR observations are confirmed by the 2H

NMR data. The peptide-free sample gives a
spectrum where the Pake doublets are well re-

solved indicating that the bicelles are well oriented

with their axis perpendicular to the magnetic field

(Sanders and Schwonek, 1992). The peptide effect

at low concentration is shown by a broadening of

the 2H NMR components resulting most probably

from increasing motions which reduce magnetic

alignment of the bicelles. At higher concentrations,
the peptide induces a drastic reorganization of the

DMPC molecules in an isotropic-type phase

responsible for the narrow signal at the isotropic

shift value.

Our NMR observations are comparable with

other NMR data on membranes in the presence of

fusion proteins (Yeagle et al., 1991; Epand et al.,

1992) and fusion peptides (Schanck et al., 1998a,b)
since isotropic-type structures were also observed

when bilayer phases were submitted to the action

of these fusogenic agents.

The changes in lipid organization induced by

Ab29-42 and the very similar effect of both the

unprotected and the N-protected Ab peptides on

membrane properties can be explained by the

molecular modeling calculations. The method
used implies an empirical restraint term (Ducarme

et al., 1998) to calculate the interaction of peptides

with a simplified bilayer, a model closer to the

natural membranes than the single lipid/water

interface used in previous algorithms (Brasseur,

1990, 1991). This approach has been validated by

the experimental data obtained with peptides

known to interact with membranes (Ducarme et
al., 1998; Bradshaw et al., 2000) and has recently

allowed us to predict that tilted peptides have

access to a wide conformational space in the

membrane in contrast to what happens for sur-

face-seeking or transmembrane peptides (Lins et

al., 2001). This peculiar behavior could be related

to their lipid-destabilizing activity.

Applied to the unprotected and N-protected
Ab29-42, the method shows that the optimal

configuration for both peptides is the same with

an angle of about 708 towards the bilayer plane, an

insertion of the mass center at 8 Å and a

preferential orientation of the N-terminus in the

lipids; they are both able to translocate through

the membrane and have access to a wide con-

formational space, as previously predicted (Lins et
al., 2001). This is in agreement with the NMR

results, which show perturbation of the lamellar

organization of the phospholipids by Ab29-42

peptide. The only slight difference between the

two peptides is the presence of a supplementary

metastable position in the lipid core for the N-

protected peptide. This can be explained by a small

increase in hydrophobicity due to the presence of
an extra methyl group and to the lack of a

potential positive charge. However, this difference

cannot be observed at the macromolecular level

(i.e. in the in vitro assays) probably because it is

not sufficient enough to affect fusogenic proper-

ties.

In conclusion, the C-terminal domain of the

amyloid peptide is able to promote lipidic mem-
brane reorganization and membrane fusion, caus-

ing in fine modification of bilayer permeability

whether its N-terminal residue in position 29 is

protected or not. Lipid destabilization induced by

Ab peptides could be due to an ability to adopt

metastable positions in the presence of lipids

followed by the formation of peptide b-aggregates,

as recently suggested (Demeester et al., 2000).
These processes might reflect the events occurring

during the interaction of amyloid peptides with

neuronal cell membranes and thus give insight into

the molecular basis of the cytotoxicity of these

peptides.
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