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ABSTRACT: To understand the molecular basis and to prevent diseases such as Alzheimer’s disease (AD),
the targets of the triggering agent have to be elucidated.â-Amyloid peptide (Aâ) is the major component
of extracellular senile plaques characteristic of AD. For a very long time, the aggregated form of the Aâ
was supposed to be responsible for the neurodegeneration that occurs in AD. Recently, the attention has
been diverted to the monomeric or oligomeric forms of Aâ and their interaction with cellular targets. In
our investigation, the physiological and medically important insertion of externally applied Aâ monomers
into the bilayer of lipid vesicles is demonstrated. Aâ(25-35) has been localized in the region of the lipid
alkyl chain, and it has a severe disordering effect on the lamellar order of the lipid bilayer. Both of these
results are of biomedical relevance.

Alzheimer’s disease (AD)1 is characterized by the forma-
tion of amyloid plaques, deposited in the neuronal extracel-
lular space of the brain and surrounded by dystrophic
neurons. The major component of these aggregates is Aâ, a
39-42 amino acid peptide produced by enzymatic cleavage
of a 770 amino acid membrane spanning precursor protein.
The so-called amyloid hypothesis links the presence of the
insoluble fibril-like Aâ aggregates to the pathogenesis of the
disease. For more than a decade the amyloid hypothesis has
been the driving idea in the attempt to understand the trigger
of the neuritic damage leading to dementia. A huge amount
of data has been collected, in vivo and in vitro, that supports
this theory; evidence in favor of it are for instance the death
of neurons after administration ofΑâ (1-3) and the
observation of neurotoxicity of the fibrillar form ofΑâ after
intracerebral injection (4, 5). Other experimental evidence
has been collected which does not support the assumption
of neurotoxicity of fibrillar Aâ. For instance, transgenic mice
that accumulate a big load of plaques containing fibrillar Aâ,
show no or little neurotoxic response to this load (6). Other
results were equivocal or not reproducible, this fact being
ascribed to methodological differences (2, 3, 7, 8). Recently,
new suppositions have been put forward. In a very provoca-

tive article (9) Bishop and Robinson highlighted the weak-
ness of the amyloid hypothesis and suggested that Aâ might
have a neuroprotective role instead (bioflocculant hypoth-
esis). Other studies focus on nonfibrillar, shorter soluble
forms of monomeric or dimeric Aâ and show that they can
be highly toxic. A strong correlation of the neurodegenerative
process with the absolute level of soluble amyloid has been
found (6). Moreover, soluble forms of Aâ may be released
from the senile mature plaques, interact with the neurons,
and cause neuron damage or disruption (10). In this scenario,
it is relevant to identify the target (e.g., a specific receptor
or organelle or the lipid membrane itself) of Aâ. It is also
pertinent to investigate the interaction of monomeric Aâ with
lipid membranes, to clarify its possibility to intercalate in
the lipid core, and to identify its location in the membrane.
Very few direct methods have been applied for this purpose
in the past. In this work, we have applied neutron diffraction
in conjunction with selective amino acid deuteration to
localize a short fragment of Aâ, namely, Aâ(25-35), in
small unilamellar vesicles. Aâ(25-35) (GSNKGAIIGLM)
is considered to be the reactive part of Aâ(1-42), since it
shows fibrillogenic activity and has a neurotoxic effect on
cultured cells. Aâ(25-35) has channel-forming activity in
bilayers (11). It was found to alter membrane fluidity in rat
brain and in human cortex membranes (12, 13) and to
modulate membrane lipid peroxidation (14). Its interaction
with lipid layers has been studied with a variety of biochemi-
cal techniques, and it was described to be dependent on the
membrane composition, on the aggregation state of the
peptide, and on pH and ionic strength (15-18).

In previous papers the location of Aâ(25-35) in oriented
lipid bilayer samples was investigated by diffraction tech-
niques, and the presence of the peptide in the hydrophobic
core of the membrane was established (19-21). In the
present study, for the first time we were able to prove by
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neutron diffraction the penetration of Aâ(25-35) and to
determine the depth of penetration of the C-terminus in the
bilayer core when Aâ(25-35) was externally administered.
Neutron diffraction is indeed a sensitive and direct method
for delineating the structure of the bilayer profile. In the study
of biological samples, the advantage of neutron diffraction
is based on the large difference in the scattering length of
hydrogen (bH ) -0.37 × 10-14 m) and deuterium (bD )
0.67 × 10-14 m). Using the isomorphous replacement
technique it is therefore possible to locate, with high
sensitivity and without perturbing the system, a selectively
deuterated part of a molecule in a structure even at lower
spatial resolution (22, 23). In the present study the penulti-
mate amino acid in the C-terminal region of Aâ(25-35), a
leucine containing 10 hydrogens, was selectively deuterated.
Diffraction patterns obtained from lipid samples containing
the deuterated and the protonated species of Aâ(25-35),
respectively, were compared. A mixture of 92:8 mol/mol of
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and 1-palm-
itoyl-2-oleoylphosphatidylserine (POPS) was used to mimic,
as closely as possible, the composition and the negative
charge state of neuritic cell membranes without increasing
the complexity of the system too much.

The fundamental difference in comparison with previous
studies of Mason and co-workers (19, 20) and of our own
group (21) is that Aâ(25-35) was provided to the lipid
vesicles from the external aqueous solution, and the spon-
taneous insertion of the peptide in the membrane was
investigated. The localization of the deuterated Aâ(25-35)
and the perturbation of the structure of the lipid bilayers upon
membrane insertion could be demonstrated.

MATERIALS AND METHODS

Sample Preparation.1-Palmitoyl-2-oleoylphosphatidyl-
choline (POPC) and the net negatively charged lipid 1-palm-
itoyl-2-oleoylphosphatidylserine (POPS) were purchased
from Avanti Polar Lipids (Alabaster, AL). The lipids were
cosolubilized in chloroform in a ratio of 92:8 mol/mol POPC/
POPS; after evaporation of the solvent under a nitrogen
stream, the lipids were desiccated under vacuum (p < 1
mbar) for 12 h and redispersed in ultrapure water (Millipore)
in a concentration of 0.5 mg/mL. Small unilamellar vesicles
were obtained by sonication in an ultrasonic bath, until a
translucent lipid dispersion was obtained. The same vesicle
suspension was used for the preparation of the three samples
under investigation.

Aâ(25-35) peptide (GSNKGAIIGLM) was synthesized
and purified to 95% by WITA GmbH (Teltow, Germany).
Two batches of the peptide were prepared, one protonated
and one containing a deuterated leucine (10 deuterons) at
position 34, i.e., the penultimate amino acid. To avoid
preaggregation, a pretreatment with trifluoroacetic acid (TFA,
by Sigma) (24) was applied. The peptide-TFA solution was
dried in a quartz tube under a stream of nitrogen and put
under vacuum (p < 1 mbar) for 12 h to remove all traces of
TFA. The peptides were then dissolved in ultrapure water
(concentration 0.43 mg/mL) and immediately added to the
vesicles. The incubation of the peptide was carried out by
adding aliquots (50µL) of the peptide solutions to the
vesicles while a short sonication burst of 2 s was applied by
a bath type sonicator, to mix the sample and increase the

diffusion of the peptide. The time interval between the
additions of two successive drops was at least 15 min.

Oriented samples were obtained by spreading the aqueous
dispersions onto quartz slides (65 mm× 15 mm× 0.3 mm)
and allowing them to dry for 24 h at room relative humidity
(rh) and temperature in a dust-free environment. The samples
were rehydrated at 25°C in an atmosphere of 98% rh
maintained with a saturated salt solution (K2SO4).

Each sample contained 20 mg of lipids and 3 mol %
peptide, either perprotonated or selectively deuterated to have
a sample with Aâ concentration as low as possible, compat-
ible with the signal detection. A control sample, containing
only the lipid mixture, was also prepared.

Neutron Diffraction and Data Analysis.Neutron diffraction
measurements were carried out on the membrane diffracto-
meter V1 at the Berlin Neutron Scattering Center of the
Hahn-Meitner-Institut, Berlin, Germany. The procedure for
the sample investigation is reported in detail elsewhere (21).
Briefly, the samples were placed in an aluminum sample
container, in which the temperature was controlled (T ) 27.0
( 0.1 °C) for all samples and the humidity adjusted by
aqueous saturated solutions of K2SO4 kept in Teflon water
baths. Contrast variation was achieved by adjusting the
atmosphere in the sample container to four different com-
positions of D2O:H2O (i.e., 50:50, 20:80, 8:92, and 0:100).
After each change of the aqueous solution, the samples were
left to equilibrate for 24 h.

Samples were vertically mounted, and diffraction intensi-
ties were measured with rocking scans, rocking the sample
around the expected Bragg positionθ by θ ( 2°. The
duration of each rocking scan varied from 20 min to 4 h
depending on the intensity of the reflection. Diffraction
patterns of POPC/POPS bilayers, of POPC/POPS bilayers
containing 3% (mol)2H-Leu34-Aâ(25-35), and of POPC/
POPS containing 3% (mol) H-Leu34-Aâ(25-35) were
measured. The lamellar spacingd of each sample was
calculated by least-squares fitting of the observed 2θ values
to the Bragg equationnλ ) 2d sin(θ), where n is the
diffraction order andλ is the selected neutron wavelength
(4.52 Å). Integrated intensities were calculated with Gaussian
fits to the experimental Bragg reflections. Intensities, cor-
rected with absorption and Lorentz factors, were square
rooted to produce the structure factor amplitudesF(h). The
relative absolute density profileF(z) is given by

whereF is in units of scattering length andF0 is the average
scattering length per unity length of the bilayer,F(h) are
the scaled structure factors, and the sum describes the
distribution in scattering lengths across the bilayer.

The phase assignment was obtained with the isomorphous
replacement method, using the D2O:H2O exchange, where
the structure factors are a linear function of the mole fraction
of D2O:H2O (25). Structure factors at four different isotopic
water vapor compositions were measured for each sample.
For any further data evaluation, i.e., for the localization of
the label, only the structure factors obtained at 8% D2O,
where the scattering length density of the water layer is zero,
were employed. It is not appropriate to use the structure

F(z) ) F0 +
2

d
∑
h)1

n

F(h) cos(2πhz

d ) (1)
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factors at 100% or 50% D2O to determine the label position
via the Fourier difference method. At these contrasts the large
coherent scattering of the water layer hides that of the
membrane. The difference in coherent scattering length due
to the labeled Aâ is reduced to 1.3% only compared to 13.8%
in 100% H2O and becomes barely detectable. The position
of the deuterated amino acid was determined by the differ-
ences of the densities between samples with Aâ containing
deuterated and protonated leucine on a relative scale. The
distribution of the label is fitted in reciprocal space to the
position and amplitude of a Gauss function using the
measured structure factors up to the fifth order.

RESULTS AND DISCUSSION

Figure 1 depicts the rocking curves around the first Bragg
reflex of two samples, in the absence (Figure 1A) and in the
presence (Figure 1B) of Aâ(25-35). In the first case, a
mosaicity (i.e., a distribution of the membrane orientation
with respect to the quartz support) inferior to 0.5° demon-
strates the very good quality of the sample; the narrow peak

centered at 2θ ) 4.57 is due to the long-range lamellar order
of the lipid bilayers, while the wings of the peak are due to
the portion of the sample, in this case a small one, that has
a less ordered (i.e., powder-like) arrangement. For a pure
lipid sample this mosaicity is routinely achieved for oriented
planar membrane stacks (see, e.g., refs26 and27).

The rocking curve is very different when Aâ(25-35) has
been incubated with the vesicles. The lattice orientation of
the sample is heavily perturbed and spread in a powder-like
form. This results in a dramatic decrease of the Bragg peak
intensity, as shown in Figure 1B (note the expanded ordinate
scale), due to the fact that the scattered intensity is spread
over a wide angular range. Figure 1C shows a long rocking
curve ((20°) around the first Bragg peak (solid line) of the
sample containing Aâ(25-35). A broad Gaussian distribution
(fwhm ) 8.5°) describes the lattice disorientation generated
by the peptide. A region with narrower mosaicity is still
visible at the Bragg position; as a comparison, a rocking
curve of the sample without Aâ(25-35) is reported (dotted
line), showing the narrow mosaicity of 0.5° fwhm. Oligomers
and aggregates potentially formed by the peptide in solution
when applied to the vesicle dispersion may be a source for
the lattice disorder, since they could hinder a planar stacking
of the lipid bilayers if the membranes fold around them.
Alternatively, and biomedically more relevant, it is possible
that the incorporated Aâ(25-35) alters the physical state of
the membrane, for instance, inducing lipid domain formation
(28) or even rupture of the lipid bilayers (29) causing the
misalignment of the membranes. We like to point out that
we have never observed this effect when studying a different
system in which the peptide has been applied to the lipid
solution before forming the oriented lipid bilayers. In that
case, the mosaicity of the samples was even narrower than
that shown in Figure 1A, and the presence of the peptide
caused no difference. That preparation method was hampered
by the fact of being not physiological because of the solvent
employed and because the peptide did not interact with the
lipid from the outside of the bilayer but was “built in” in
the lipid bilayers.

Despite the disordering effect of the peptide, at least up
to 5 orders of diffraction was detectable in all samples. Due
to the limited beam time available, the sample investigation
was constrained to 5 orders even for those samples (i.e., the
pure POPC/POPS samples) where, in principle, more orders
could have been detected.

In Figure 2 an example of the obtained diffraction patterns,
corresponding to the spectra of the three different samples
in the same H2O:D2O contrast, i.e., 80:20, is reported. The
diffraction patterns show up to 5 lamellar orders. The lamellar
spacingd of each sample was calculated by least-squares
fitting of the observed 2θ values to the Bragg equationnλ
) 2d sin(θ), wheren is the diffraction order andλ is the
selected neutron wavelength (4.52 Å). The repeat distance
of all three samples was not significantly different, i.e.,d )
54.2( 0.4 Å for the POPC/POPS sample andd ) 54.4(
0.4 Å for the samples containing Aâ(25-35) in the proto-
nated and deuterated forms, respectively, indicating that the
membrane thickness and hydration are not affected by the
peptide. In Figure 2 differences in the ratio between the peak
intensities are visible, considering both the sample with and
without peptide and the sample with protonated and deuter-
ated peptide. These differences translate in different structure

FIGURE 1: Rocking curves obtained by rotating the samples around
the first Bragg peak (2θ ) 4.57) of an angleω ) (2°. In the case
of the pure lipid membrane a narrow, intense peak centered atω
) 2.28° is obtained (panel A), indicating a well-aligned sample.
In the case of the vesicle incubated with Aâ(25-35) (panel B),
the sample is powder-like, and the diffracted intensity is spread to
a wide angular range. Long rocking curves ((20°), integrated in
the 2θ range, of the samples with (solid line) and without Aâ(25-
35) (dotted line) and measured in 100% D2O atmosphere are
compared in panel C. For clarity, the curves are arbitrarily scaled
to the maximal intensity. The broadening of the rocking curve in
the presence of the peptide is evident. The dashed line is the
Gaussian fit of the broad mosaicity with a fwhm) 8.5°. A narrow
peak at the Bragg position is still visible in the sample containing
Aâ(25-35). The two dips in the experimental curves at 0 and 4.57°
are due to the absorption by the samples of the direct and diffracted
neutron beam, respectively.
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factor sets in reciprocal space and, after the calculation of
the Fourier transformation, result in different scattering length
density profiles of the respective membranes in the direction
perpendicular to the membrane plane reflecting the label
position, i.e., the localization of Leu34 as well as the Aâ-
induced changes in the structure of the lipid bilayer. The
calculated profiles are displayed in Figure 3. As depicted in
the sketch at the bottom illustrating the orientation of the
lipid bilayer, the water region is at the edges of the figure;

the two maxima of the scattering length density represent
the polar headgroups of the lipids, and the trough in the
middle corresponds to the terminal methyl groups of the lipid
chains. In fact, due to the negative scattering length of
hydrogen, the regions of the unit cell rich in hydrogen give
a more negative signal. Comparing the profiles of samples
with and without Aâ, it is straightforward that the presence
of the peptide induces a notable modification of the scattering
length density profile. In particular, the polar head region is
broadened, and the inner part of the membrane is heavily
perturbed. Smaller, but significant, differences between the
profiles of POPC/POPS containing protonated or deuterated
Aâ(25-35) also exist. This difference is outside the confi-
dence limit (data not shown); the significance of the
difference between the two profiles is also confirmed by the
fact that independent measurements of membranes with
identical composition produce scattering length density
profiles that are perfectly superimposable (data not shown).
Moreover, differences between the profile of lipid bilayers
containing H-Leu34-Aâ(25-35) and2H-Leu34-Aâ(25-35)
at each of the four measured D2O:H2O contrasts exhibit
differences exactly in the same region of the unit cell.

The information about the location of the deuterated Leu34
originates from the difference between the membrane profiles
of the sample containing2H-Leu34-Aâ(25-35) and the
sample containing H-Leu34-Aâ(25-35). The corresponding
scattering length density profile is reported in Figure 4. The
experimental difference between the two scattering length
density profiles was modeled and fitted to a Gaussian
distribution of the label (and its mirror image in the
centrosymmetric unit cell). The fitting process was carried
out in the reciprocal space, comparing the calculated structure
factors of the model with the observed structure factor
differences between the sample containing2H-Leu34-Aâ-
(25-35) and the sample containing H-Leu34-Aâ(25-35).
Variables of the fit were height, position, and width of the
Gaussian function. The comparison of the fitted difference
density to the experimental difference density is shown in
Figure 4. The deuterium distribution is located inside the
membrane core at|z| ) 10.2( 1.0 Å from the center of the
cell. This is in good agreement with our previous work (21),
as discussed later, where we found that Aâ(25-35) initially
intermixed with the lipids in organic solvent was intercalated
in the hydrocarbon core of a lipid bilayer at a position close
to the double bond of the unsaturated lipid chain (i.e.,|z| )

FIGURE 2: 2. Diffraction patterns of POPC/POPS bilayers (A),
POPC/POPS incubated with H-Leu34-Aâ(25-35) (B), and POPC/
POPS incubated with2H-Leu34-Aâ(25-35) (C) at 20% D2O. Five
orders of diffraction are visible for each sample, with different
relative peak intensities. The intensity of the fourth diffraction order
is nearly zero in all samples.

FIGURE 3: Scattering length density profiles at 8% D2O in the
direction normal to the membrane plane of the samples containing
deuterated (solid line) and protonated (dotted line) Aâ(25-35). The
profile of a pure lipid sample (dashed-dotted line) is shown as a
reference. A sketch of the bilayer is shown below. In the upper
part of the diagram, a sketch of the peptide is reported. The
structural model is obtained from ref30. The deuterons of the
labeled leucine are colored gray. As reported in the text, no direct
information about the orientation of the peptide in the lipid bilayers
is obtained from our results. Nevertheless, the sketched orientation
of the peptide is suggested by thermodynamic considerations.

FIGURE 4: Difference scattering length density profile between the
samples with deuterated and protonated Aâ(25-35) (solid line) and
its fit to a Gaussian distribution (dotted line) truncated to the fifth
Fourier term.

13670 Biochemistry, Vol. 42, No. 46, 2003 Dante et al.



5.9 ( 1.0 Å). The full width at half-maximum of the
Gaussian distribution is 5 Å in the present experiment,
compared to 2.85 Å in the previous study. This means that
in this study the Aâ peptide has a broader distribution inside
the membrane. A structural model of the peptide derived by
Kohno et al. (30) and its possible location in the membrane
are reported in Figure 3. The deuterons of the labeled leucine
are colored gray. The current experiment does not provide
an indication for the orientation of the peptide in the
membrane, and the figure has to be considered as a guide
for the eye.

In our previous investigation (21) two populations of the
peptide had been detected, one inside the lipid bilayer and
the second one in the water phase between the membranes.
In the present experiment no deuterated label is detected in
the water phase between the membranes. When the peptide
is cosolubilized in chloroform with the lipids, as in the
procedure employed in ref21, it has the possibility of
depositing between each bilayer during the self-assembling
of the membrane stacks, and it originates a coherent scattered
signal. This coherence is absent in the experiment involving
the vesicle, where Aâ(25-35) potentially aggregating in the
aqueous solution is then randomly distributed in the dried
sample and eventually distributed in the rehydrated mem-
branes. The relative amount of the two populations and the
depth of intercalation in the membrane core are a function
of the lipid charge. In particular, in a zwitterionic POPC
membrane, most of the deuterated label (86%) was found in
the vicinity of the lipid headgroups (i.e., at|z| ) 14.3 Å
from the bilayer center), while in a charged POPC/POPS
membrane, 54% of the deuterated leucine was localized in
the vicinity of the hydrocarbon double bond, at|z| ) 5.9 Å
from the center. In the current investigation the deuterated
label has also been localized in the hydrocarbon region at
|z| ) 10.2 Å from the center, slightly shifted with respect to
the previous result in a membrane of nominally identical
composition (i.e., 92:8 POPC/POPS). This finding points to
the fact that the physical state of the membrane may influence
greatly the location of the peptide. The sprayed samples
previously investigated (21) result in planar membranes,
while the interaction of the externally administered peptide
with the lipids occurs with the outer leaflet of small
unilamellar vesicles, with a diameter of about 50 nm and a
high curvature. It is well documented that there are profound
differences in the physical properties such as the surface
tension between planar and highly curved lipid bilayers; these
differences may lead to the moderately different positions
of Leu34 in the membrane profile. We point out anyway
that although the interaction of the peptide in the vesicle
dispersion occurs only with the outer lipid layer, an asym-
metry in the location of the label inside the bilayer cannot
be detected by diffraction, since the results (i.e., the scattering
length densities) reflect the central symmetry of the randomly
stacked bilayers. A further variation between the method-
ological procedures applied in our two papers is that no
interaction of Aâ(25-35) with organic solvent, such as
chloroform, occurs at any step of the preparation involving
vesicles.

The observation that Aâ(25-35) intercalates in the
hydrocarbon region is supported by thermodynamic consid-
eration. The thermodynamics of insertion of small peptides
in lipid membranes has been investigated intensively by

different groups (31-36), and it can follow different paths.
The experimental determination of the total free energy of
insertion is a rather difficult task. White and Wimley (35)
suggest an “indirect” interfacial path of insertion consisting
of the partitioning of the unfolded peptide from water to the
interface, the folding in the interface, and the insertion of
the folded peptide. A useful quantity to estimate is the free
energy correlated to the unfolded peptide partitioning.
According to the hydrophobicity scale (35) a total free energy
of transfer of Aâ(25-35) from water to a lipid interface of
+0.33 kcal/mol is calculated. Since negatively charged
membranes have been used and Aâ(25-35) has a positively
charged lysine residue in its sequence, an electrostatic
attraction of the peptide by the membrane is anticipated but
not a penetration. On the other hand, the molecule represents
a strong hydrophobic dipole, meaning that the N-terminal
segment GSNKGA is hydrophilic (∆G ) +1.73 kcal/mol)
and the C-terminus IIGLM is hydrophobic (∆G ) -1.4 kcal/
mol). The hydrophobic dipole would be even more enhanced
if calculated according to Thorgeirsson et al. (36). Therefore,
one can hypothesize that the C-terminal part of the peptide
inserts in the membrane while the N-terminal part is located
in the headgroup region of the membrane.

CONCLUSIONS

The findings of our investigation are of relevance for
biomedical applications.

First, the externally administered Aâ(25-35) penetrates
deeply into the lipid bilayers. This is the structural basis for
the previously described channel-creating properties of Aâ
(11, 37). On the other hand, it may also interact with integral
membrane proteins such as receptors. Furthermore, as
exemplified by the broadening of the scattering density in
the headgroup region and by the structural changes in the
hydrophobic core (see Figure 3), the membrane is severely
perturbed by the intercalated Aâ(25-35). This is the first
direct structural proof for the previously observed perturba-
tion of the membrane permeability induced by Aâ(25-35)
(11, 37).

Finally, we have evidence for a membrane disruption or
domain formation induced by the Aâ peptide, as indicated
by the increase in mosaicity of the membrane stacks (Figure
1). These changes in the supramolecular organization of the
membrane may have a severe effect on the cell physiology.
The membrane insertion of Aâ and the resulting structural
defects will be of relevance for our understanding of AD
and might promote a future pharmaceutical treatment.
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