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�-Amyloid peptide (A�), a normal constituent of neu-
ronal and non-neuronal cells, has been proven to be the
major component of extracellular plaque of Alzheimer’s
disease. Interactions between A� and neuronal mem-
branes have been postulated to play an important role
in the neuropathology of Alzheimer’s disease. Here we
show that A� is able to insert into lipid bilayer. The
membrane insertion ability of A� is critically controlled
by the ratio of cholesterol to phospholipids. In a low
concentration of cholesterol A� prefers to stay in mem-
brane surface region mainly in a �-sheet structure. In
contrast, as the ratio of cholesterol to phospholipids
rises above 30 mol%, A� can insert spontaneously into
lipid bilayer by its C terminus. During membrane inser-
tion A� generates about 60% �-helix and removes almost
all �-sheet structure. Fibril formation experiments show
that such membrane insertion can reduce fibril forma-
tion. Our findings reveal a possible pathway by which
A� prevents itself from aggregation and fibril formation
by membrane insertion.

The formation of extracellular amyloid plaques is one of the
characteristics of Alzheimer’s disease. The core component of
plaque is A�,1 which is the proteolytic product of the larger
transmembrane amyloid precursor protein (APP) (1, 2). A�
contains 39–42 amino acid residues with a molecular mass of
approximate 4 kDa. A� is an amphiphilic peptide with a hy-
drophilic N-terminal domain (residues 1–28) and a hydropho-
bic C-terminal (residues 29–40 (42)), the latter corresponding
to a part of the transmembrane domain of APP.

A� is a normal constituent of neuronal and non-neuronal
cells (3, 4). It can be detected in cerebrospinal fluid at subnano-
molar concentrations in normal individuals. Such a concentra-
tion of A� has its own physiological functions, for example,
increasing tyrosine phosphorylation, increasing the activity of
phosphoinositol 3-kinase, and inducing the rapid change of

cellular calcium and extracellular protein kinase C (5). It was
reported that in cultured hippocampal neurons, A� at a low
concentration (10�11�10�10 M) is neurotrophic to undifferenti-
ated, immature hippocampal neurons (6, 7). As a proteolytic
fragment of APP, A� can be secreted by membrane-anchored
APP or by reinternalized APP (8–10). Also, A� can be degraded
either via LRP-mediated endocytosis into primary neurons and
astrocytes (11–15) or via scavenger receptor-mediated uptake
of aggregates of A� into microglial cells (16). The hydrolytic
enzymes in lysosomes then can degrade A�. Thus, whether A�
is the primary effector of the disease is questioned.

Several studies on conformation show that A� in the core of
amyloid plaques adopts an antiparallel �-sheet (17). So A� in
the form of �-sheet may be in favor of aggregating into fibril. In
addition, in vitro studies with cell cultures have demonstrated
that fibrillar A� is toxic to neurons, but monomeric A� is not
(18–20). Therefore, the factors inducing A� to generate �-sheet
may contribute to the pathogenesis of Alzheimer’s disease.

The neurotoxicity of A� is exhibited in many fields. One of
the potential mechanisms for inducing the neurotoxicity of A�
is direct interaction with the membranes. It has been reported
that A� is able to form ionic pores (21). A� can destroy the
structure of brain membranes (22) and may stimulate free
radical production by interfering with the regulation of calcium
homeostasis and cell enzymatic activity (23). A� can also alter
the physical-chemical properties of neuronal membranes, in-
cluding membrane fluidity, membrane lipid dynamics, and the
activity of various membrane-bound proteins (24, 25).

In the present work we emphasize how lipid membrane
affects the behavior of A�. In particular we study the mem-
brane insertion of A�(1–40), the major species normally se-
creted from cells (26), by lipid monolayer and vesicle systems.
First, we used the monolayer technique to detect the mem-
brane insertion ability of A�. Second, we carried out a combi-
nation of MALDI-TOF mass spectrometry (MS) with enzymatic
hydrolysis to confirm the membrane insertion of A� into phos-
pholipid vesicles. And third, we employed circular dichroism
(CD) spectroscopy to study the conformational change of A�
upon insertion. Finally, electron microscopy work tested that
membrane insertion of A� could reduce the formation of fibril.
Our results show that A�(1–40) is able to insert into lipid
bilayer and that there is a close correlation between membrane
insertion of A� and its secondary structure, which is critically
dependent upon the ratio of cholesterol to phospholipids. Our
findings suggest the possibility that A� may prevent itself from
aggregating by membrane insertion.

EXPERIMENTAL PROCEDURES

Materials—1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and cholesterol
were all purchased from Sigma Chemical Co. �-Amyloid peptides A�(1–
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40) and (1–28) were purchased from AnaSpec Co., whose purity (�95%)
was analyzed by high performance liquid chromatography and checked
by MALDI-TOF MS. And unless stated, A� refers to A�(1–40) in the
following text. Papain and �-cyano-4-hydroxycinnamic acid (CCA) used
in hydrolysis were purchased from Sigma Chemical Co. All other chem-
icals used were of analytical grade and manufactured in China. Usually
the subphase buffer was 50 mM Tris-HCl, pH 7.4, containing 25 mM

NaCl.
Monolayer Surface Pressure Measurements—The monolayer surface

pressure (�), defined as the change of the surface tension after spread-
ing a monolayer on the water surface, was measured with an NIMA
9000 (England) microbalance. The peptide insertion was determined by
a circular Teflon trough with a volume of 4 ml and surface area of 10
cm2. A filter paper of 1.0-cm width was employed as the Wihelmy plate.
The surface pressure measurements were made with the plate in a fixed
height position, and the data were automatically collected and recorded
by computer.

In general, the experiments were conducted as follows. First, the
circular trough was filled with 4 ml of buffer. Then the phospholipid
monolayers were prepared by carefully spreading the lipid solution
(dissolved in a solvent of chloroform/methanol (3:1, v/v) with a concen-
tration of 1.0 mg/ml) onto the buffer surface. After the surface pressure
stabilized at a constant desired value, the initial surface pressure (�i),
A� was injected into the subphase through a side sample hole. The
pressure change was monitored until the surface pressure increase (��)
had reached a maximal value, usually within 2 h. The water used was
deionized, and the subphase buffer contained 50 mM Tris-HCl, pH 7.4,
and 25 mM NaCl. During the measurement, the subphase was stirred
continuously with a magnetic bar. The temperature was controlled at
24.0 � 1.0 °C.

Preparation of Phospholipid Vesicles—Small unilamellar vesicles
were prepared as follows. Lipids of the desired composition were mixed
in chloroform/methanol (3:1, v/v) and dried under a stream of nitrogen.
Residual solvents were removed under high vacuum for 5–7 h. The lipid
films were then resuspended and sonicated in the desired buffer to near
optical clarity by using a probe sonicator. The metal debris from the
titanium tip was eliminated by centrifugation. The concentration of
phospholipid was determined by phosphate analysis (27).

Hydrolysis of A�—The enzyme used to hydrolyze A� was papain,
isolated from the latex of Carica papaya. Papain consists of a single
polypeptide chain with 212 residues, and the molecular mass is about
23 kDa (28). Papain’s specific hydrolytic sites are Glu-X, Gly-X, Tyr-X,
His-X, Lys-X, and Arg-X. For convenient measurement of MS the en-
zymatic hydrolysis of A� was carried out in low ion strength buffer (10
mM Tris-HAc, pH 7.4) at 37 °C in Eppendorf tubes. In a typical exper-
iment, before hydrolysis, vesicles sonicated in the same buffer reacted
with A�, and at the same time, A� in an identical volume of buffer only
(without vesicles) was prepared as a control. The reaction was started
by the addition of a certain amount of peptide solution to acquire a 16
(mol/mol) ratio of peptide to enzyme. The final concentration of peptide
added was determined by pre-experiments to give the peak of molecular
ion. After 40 min of reaction, iodoacetamide was injected to stop the
reaction. Then the mixture was used for MALDI-TOF MS analysis.

MALDI-TOF MS—The instrument used here is BIFLEX III MALDI-
TOF mass spectrometer made by Bruker Daltonics Co. A pulsed nitro-
gen laser operating at 337 nm was used to generate the MALDI ions.

The matrix used in these experiments was CCA. CCA was dissolved
in a solution of a 1:1 mixture of acetonitrile and water containing 0.1%
trifluoroacetic acid for sample preparation. A 0.5-�l aliquot of CCA
mixture was added into an Eppendorf tube and then mixed with 0.5 �l
of a reaction solution of peptide and papain. The final peptide/matrix
mixture in the Eppendorf tube was deposited on a stainless steel probe
tip and allowed to dry at room temperature.

Circular Dichroism (CD) Spectroscopy—CD measurements were car-
ried out on a Jasco J-715 spectropolarimeter. Samples were scanned at
least 10 times at the rate of 200 nm/min with a 0.5 nm step, 1 nm
bandwidth, and then averaged. The path length of the quartz cell was
2 mm. In the experiments, a blank run made with the vesicles or buffer
alone was carefully subtracted from the experimental spectra for cor-
rection. The 200–250 nm spectra were used for analysis and calculation
because in this wavelength range, the vesicle scattering had little effect
on the CD spectra. All spectra were smoothed and converted to the
mean residue ellipticity, [�] in deg*cm2/dmol, by using a mean residue
molecular mass of 110; the secondary structure of the peptide was
estimated from spectral simulations based on reference CD spectra of
Yang et al. (29).

In a general experiment, a desired amount of vesicle solution, deter-
mined by a lipid:protein ratio of 100, was added to an Eppendorf tube,

and then 1 mg/ml A� was injected to acquire a final concentration of 0.1
mg/ml. After incubation for 90 min (providing enough time for the
interaction between A� and vesicles), the mixture was measured by the
spectropolarimeter.

Electron Microscopy—For the vesicle-containing the sample prepa-
ration, vesicle solution was first added into an Eppendorf tube, and then
a certain amount of protein solution was injected to reach a final protein
concentration of 0.2 mg/ml. After storage at 37 °C for 2 days the vesicle
suspensions were applied to carbon-coated copper grids, dried, nega-
tively stained with 2% (w/v) uranyl acetate, and visualized in a Philips
CM120 transmission electron microscopy operated at 120 kV. As a
control the same procedure was performed for the sample containing
only peptide without vesicles.

RESULTS

Monolayer Experiments—In the experiments we have ap-
plied a model that assumes that the surface pressure will
increase only when the protein inserts into the monolayer, and
the surface pressure, as reported earlier (30), does not increase
if the protein only interacts with the phospholipid head group.
Thus, when peptide molecules are injected into the subphase,
the corresponding change in surface pressure (��) can be in-
terpreted as the result of the peptide inserting into the lipid
monolayer. �� can be obtained as a function of various �i for
each sample, and then the plot of �� versus �i yields a straight
line with negative slope which intersects the abscissa at a
limiting surface pressure. The limiting surface pressure is de-
fined as the critical insertion pressure (�c) of A� for the corre-
sponding lipid monolayer, which is used as a quantitative
measure to evaluate the insertion ability of the peptide to the
phospholipid monolayer.

To acquire appropriate conditions of the experiments, first
the surface activity of A� was detected by measuring the self-
penetration of A� into the air-water interface without spread
lipid monolayer. The peptide solution was injected into the
subphase to a final concentration of 200, 400, 500, 600, and 800
nM, and the surface pressure was then measured and plotted
versus the reaction time. The results (data not shown) show
that A� could significantly increase the surface pressure, which
indicates its strong surface activity. The maximum �� induced
by the self-penetration of A� was found to be 13.7 mN/m, and
the minimum concentration of A� to reach such a maximum
was 500 nM. Thus, we kept �i of the lipid monolayers spread
onto the subphase surface at or above 15.0 mN/m and the
concentration of A� injected into the subphase at 500 nM in the
following experiments.

To measure the ability of A� to insert into phospholipid
monolayers at the air-water interface, samples of different
phospholipids were used. Fig. 1A shows the plots of �� versus
�i of A� for pure DPPC monolayer and for its mixtures with
different molar fraction of cholesterol. From the plots of Fig. 1A
the values of �c are obtained to be 26.6 mN/m for DPPC, and
26.2, 26.2, 32.1, 34.1, and 33.8 mN/m for DPPC containing 20,
25, 33, 56, and 74 mol% cholesterol, respectively. Fig. 1B shows
the correlation between �c and mol content of cholesterol.
Clearly, there is a sharp increase in �c as the content of cho-
lesterol rises above 30 mol%. The same insertion experiments
of A� were performed also for DMPC and cholesterol mixtures
(data not shown). We found that the value of �c for pure DMPC
was �25 mN/m and for 33% cholesterol-containing DMPC �31
mN/m. DMPC exhibits a cholesterol effect similar to that of
DPPC. These results indicate that cholesterol can strongly
influence the insertion ability of A� into PC monolayers.

Further experiments, as shown in Fig. 2, were performed for
PC monolayers containing a certain amount of sphingomyelin
(SPM) and cerebroside, imitating the content in brain mem-
brane. From the ����i curves of Fig. 2, it can be seen that only
the addition of SPM or cerebroside has little influence on the
insertion ability of A�. In the presence of 33% cholesterol,
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however, for both mixtures, PC/SPM and PC/cerebroside, the
�c is obviously shifted to higher surface pressure, 32–33 mN/m.
Such behavior provides evidence that it is cholesterol that
contributes to the most increase of �c. In addition, the correla-
tion between �c and mol fraction of cholesterol in PC/SPM
mixtures was also measured (data not shown). The result
showed a behavior similar to that exhibited in Fig. 1B, indicat-
ing again that the insertion ability of A� has a sharp increase
when the content of cholesterol higher than 30 mol%.

The above results indicate that the insertion ability of A�(1–
40) is critically dependent upon the ratio of cholesterol to phos-
pholipids. It has been established that the biological membrane
pressure is 31–34 mN/m (31). The packing density of lipid
monolayer with a surface pressure in this region can be as-
sumed to be comparable with that of lipid bilayer (32, 33).
Therefore, A�(1–40) should be able to insert into the lipid
bilayer in which the content of cholesterol is above 30%.

The same insertion experiments were performed for A�(1–
28), and we found that A�(1–28) had no surface activity and
thus could not induce the increase of surface pressure for

different phospholipid monolayers (data not shown). This may
be the result of the hydrophilic property of A�(1–28) which
prevents the peptide from inserting into the monolayers.

MALDI-TOF MS—To confirm whether A�(1–40) could in-
sert into lipid bilayer, papain as a protease was used to hydro-
lyze A� after it reacted with lipid vesicles, and the hydrolysis
products were analyzed by MALDI-TOF MS. The MS spec-
trum, which was used to determine the hydrolysis fragments
(indicated by m/z), obtained for free A� (without vesicles), was
analyzed at first. The spectrum is shown in Fig. 3, and the
peaks identified by MS are summarized in Table I. From Table
I we can see that papain treatments only result in a partial
hydrolysis of potential sites of cleavage, which may be the
result of some second structure of A� preventing more cleav-
age. In the spectra only the peaks with an m/z value higher
than 1,000 are exhibited because the substances in matrix
(such as CCA and its contaminants giving peaks at low m/z)
can cause interference at low m/z. Some non-papain cleavage

FIG. 1. ����i curves of A� interacting with DPPC monolayers
containing different contents of cholesterol (panel A) and the
correlation between the critical insertion pressure �c and the
molar fraction of cholesterol (panel B), where the phospholipids
are DPPC (● ), DPPC and 20% cholesterol (�), DPPC and 25%
cholesterol (‚), DPPC and 33% cholesterol (�), DPPC and 56%
cholesterol (�), and DPPC and 74% cholesterol (E). The concen-
tration of A� is 500 nM, the buffer is 50 mM Tris-HCl and 25 mM NaCl
at pH 7.4. Each point in the figure is the average value of three
independent experiments.

FIG. 2. ����i curves of A� interacting with monolayer mix-
tures of DPPC and SPM (20 mol%) and DPPC and cerebroside
(2.3 mol%) with or without 33 mol% cholesterol, where the
monolayer mixtures are DPPC (�), DPPC and SPM (● ), DPPC
and cerebroside (�), DPPC, cerebroside, and cholesterol (f), and
DPPC, SPM, and cholesterol (E). The experimental conditions are as
in Fig. 1.

FIG. 3. MS spectrum obtained for the hydrolysis fragments of
free A�. The enzyme used to hydrolyze A� is papain, and the buffer
was 10 mM Tris-HAc at pH 7.4 only for the convenience measured by
mass spectrometry. The temperature was 37 °C. The identification of
the peaks of MS is summarized in Table I.

Effects of Cholesterol on Membrane Insertion of A� 6275
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fragments in Table I may be the result of the broken peptide
because some peptide bonds may be readily broken during
flying in the MS experiments.

The MALDI-TOF MS spectra of the hydrolysis products for
A� reacting with DMPC and 33% cholesterol-containing DMPC
vesicles are shown in Fig. 4. For reaction with DMPC vesicles

the MS peaks are nearly identical with that of free A�. This
result provides evidence that papain can approach nearly all
cleavage sites as for free A�, indicating that A� does not insert
into such lipid vesicles. In contrast, after reaction with 33%
cholesterol-containing DMPC vesicles, as shown in Fig. 4B, the
characteristic peaks of the MALDI-TOF MS spectrum of A�
have a considerable change. Several fragments that could be
obtained from free A� have disappeared here, such as the
peaks of m/z 2,932, 3,672, and 4,072. By comparing the differ-
ence in the spectra among them in Fig. 4, we can find that the
inaccessible cleavage sites are Gly33-Leu34 and Gly37-Gly38.
Both sites are located in the C-terminal region of A�. This
phenomenon can be explained as their locus in the membrane
insertion part of A�, which protects them from being cleaved by
papain. These results lead to the conclusion that A� indeed
inserts into the rich cholesterol-containing vesicles by its C-
terminal domain.

The same experiments were performed also for A�(1–28),
and no such effect was found (data not shown). This may be
evidence that no membrane insertion occurs for A�(1–28).

FIG. 4. MS spectra obtained for the hydrolysis fragments of A�
after reacting with pure DMPC vesicles (panel A) and with 33%
cholesterol-containing DMPC vesicles (panel B). The measure-
ment conditions are as in Fig. 3.

FIG. 5. CD spectra of A� in pure buffer (OO) and after reacting
with vesicles of pure DMPC (� � �) and 33% cholesterol-con-
taining DMPC (�����), respectively. The buffer used here contains 50
mM Tris-HCl and 25 mM NaCl at pH 7.4.

TABLE I
Results of hydrolysis of A� by papain

The hydrolysis lasted for 40 min after the addition of papain into A� solution, and then iodoacetamide was injected to end the reaction. The
mixture was detected by MS after mixing with the matrix-CCA.

No. Cleavage sites Fragment
M � H� (m/z)

Calculated By MALDI

1 Arg5-His6, Gly25-Ser26 6HDSGYEVHHQKLVFFAEDVG25 2,314.08 2,314.11
2 Arg5-His6, Gly25-Ser26 6HDSGYEVHHQKLVFFAEDVG25 2,336.08�(Na) 2,336.01
3 Gly33-Leu34 1DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIG33 3,672.78 3,672.45
4 Gly37-Gly38 1DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVG37 4,072.99 4,072.83
5 Lys16-Leu17 1DAEFRHDSGYEVHHQK16 1,954.87 1,954.80
6 1DAEFRHDSGYEVHHQKLVF19 2,314.09 2,314.11
7 1DAEFRHDSGYEVHHQKLVF19 2,336.09 (�Na) 2,336.01
8 20FAEDVGSNKGAIIGLMVGGVV40 2,033.07 2,032.92
9 20FAEDVGSNKGAIIGLMVGGVV40 2,055.07 (�Na) 2,055.08
10 1DAEFRHDSGYEVHHQKLVFF20 2,461.16 2,461.02
11 1DAEFRHDSGYEVHHQKLVFF20 2,483.16 (�Na) 2,483.13
12 21AEDVGSNKGAIIGLMVGGVV40 1,885.99 1,885.83
13 His13-His14 1DAEFRHDSGYEVH13 1,561.66 1,561.54
14 His6-Asp7, Gly25-Ser26 7DSGYEVHHQKLVFFAEDVG25 2,177.02 2,177.00
15 His6-Asp7, Gly25-Ser26 7DSGYEVHHQKLVFFAEDVG25 2,199.02 (�Na) 2,199.08
16 Gly37-Gly38 20FAEDVGSNKGAIIGLMVG37 1,777.91 1,777.75
17 Gly37-Gly38 20FAEDVGSNKGAIIGLMVG37 1,799.91 (�Na) 1,799.89
18 Tyr10-Glu11, Gly25-Ser26 11EVHHQKLVFFAEDVG25 1,777.88 (�Na) 1,777.75
19 Arg5-His6, Lys16-Leu17 6HDSGYEVHHQK16 1,358.60 (�Na) 1,359.32
20 Tyr10-Glu11, Gly37-Gly38 11EVHHQKLVFFAEDVGSNKGAIIGLMVG37 2,933.51 (�Na)a 2,933.30

a Met is oxidized.
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Circular Dichroism—Whether there is a conformational
change of A� during membrane insertion is a crucial question
because the conformation of A� may be related to its aggrega-
tion (17). Here CD spectroscopy was employed to measure the
secondary structure change. Before the CD measurement a
pre-experiment was performed to determine the critical molar
ratio for A� binding, which is defined as the minimal ratio of
lipid to A� for maximal binding of A� to lipid vesicles. In the
present case the critical molar ratio of lipid to A� of about 50
was obtained. Thus in the following measurements we choose
100 as the actual lipid:A� ratio to assure enough lipid.

Fig. 5 shows three CD spectra acquired from lipid-free A�,
A� reacted with DMPC, and with 33% cholesterol-containing
DMPC vesicles. The CD spectrum of lipid-free A� is typical of
a peptide containing significant random-coil content. The com-
puter fit results show that lipid-free A� consists of 48.9% ran-
dom-coil, 23.5% �-sheet, and 1.7% �-helix. The results are
consistent with the reports of Terzi et al. (1, 34). The addition
of DMPC and 33% cholesterol-containing DMPC vesicles leads
to a remarkable alteration in the CD curves as also shown in
Fig. 5, indicating that A� undergoes a significant conforma-
tional change. According to the computer fit results one can see
that in the case of the addition of DMPC vesicles, both contents
of �-sheet and �-helix have about a 7% increase, i.e. the �-sheet
increased to 31.2% and �-helix to 9.5%. In contrast, when 33%
cholesterol-containing DMPC vesicle was added, the structure
of A� altered drastically. The �-sheet structure decreased to
zero, and the �-helix increased remarkably to 58.8%. Such
results indicate that membrane insertion of A� eliminates its
�-sheet structure and induces its �-helices.

In addition, the effect of pH on A� secondary structure was
tested by means of CD. First, A� in solution with different pH
was measured, and the result (data not shown) indicated that
pH had a certain influence on the A� secondary structure,
which was similar to that of McLaurin and Chakrabartty’s
work (35). Then the conformations of A� after reacting with
cholesterol-rich vesicles at different pH were measured (data
not shown). The results showed that little influence could be
observed, indicating that the final state of membrane inserted
A� was not sensitive to pH, which is not the case of A� in
solution.

The above measurements were performed also for A�(1–28),
and the results (data not shown) show that there is almost no
conformational change induced by lipid vesicles, which again is
an indication of the hydrophilic property of A�(1–28).

Electron Microscopy—The effect of phospholipid vesicles on
the formation of A�(1–40) fibrils was examined by electron
microscopy. As shown in Fig. 6A, A�(1–40), dissolved in pH 7.4
Tris-HCl buffer, with a concentration of 0.2 mg/ml, could as-
semble into filaments in vitro. But the addition of vesicles
produced significantly different results in the same peptide
concentration: filaments could be still observed in DMPC ves-
icles (Fig. 6B), and almost no filaments were observed in 33%
cholesterol-containing DMPC vesicles (Fig. 6C).

DISCUSSION

Cholesterol is an integral component of all eukaryotic cell
membranes and is essential for normal cellular functions (36,
37). Cholesterol is not distributed uniformly within the cell.
The plasma membrane contains the highest levels of choles-
terol (nearly 90% of total cellular cholesterol) (38), and it was
demonstrated that the cholesterol:phospholipid ratio of the
plasma membranes is about 0.52�0.70 (mol/mol) (39–41).

FIG. 6. Electron micrographs of negative-stained preparations
of A�(1–40) in the presence and absence of vesicles. Preparations
of 0.2 mg/ml A�(1–40) in buffer alone (panel A), in the presence of

DMPC vesicles (panel B), and in the presence of 33% cholesterol-con-
taining DMPC vesicles (panel C) were incubated in 50 mM Tris-HCl
buffer for 2 days at 37 °C. The bar in the figure represents 100 nm.
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Even in a certain membrane, cholesterol is distributed asym-
metrically enriched in cytofacial leaflet (42, 43). It was noticed
that cholesterol in the cytofacial leaflet of brain synaptic
plasma membrane is about 87% of total plasma membrane
cholesterol when young, but the distribution of cholesterol
tends to be homogeneous in the cytofacial and exofacial leaflet
during the aging process (44); cholesterol of plasma membranes
in the nervous system also increases with age (45). The choles-
terol ratio of brain plasma membrane, one can estimate, is at
least 30 mol% when aged. Thus, the currently used model
membrane system simulates the normal aged physiological
condition to a certain extent.

Two model membrane systems were employed in the current
work, i.e. monolayer and vesicle (closed bilayer). The lipid
monolayer is a unique system to distinguish the functional role
of a particular component in the membrane mixtures. Accord-
ing to the monolayer results obtained from Figs. 1 and 2, it is
cholesterol, when at high but physiologically reasonable level,
which could obviously enhance the insertion ability of A�,
whereas other brain membrane components such as SPM and
cerebroside could not. A big inspiration drawn from the mono-
layer experiments is that the insertion ability of A� can be high
enough, in the present case �c � 31 mN/m, for it to insert into
lipid bilayer. This result has been proved by the MS analysis of
hydrolytic products with vesicle system. The MS measure-
ments provided direct evidence (as shown in Fig. 4) that A� can
really insert into the lipid vesicles containing rich cholesterol,
but it cannot without cholesterol. The MS measurements also
determined that the membrane insertion of A� is by its C
terminus. This is quite reasonable because hydrophobic do-
main is located there.

The membrane-induced conformational change is investi-
gated in the present work by a CD technique with the vesicle
system. This should be a very important problem because the
behavior of membrane insertion of A� may be related to its
neurotoxicity by its conformational change. Several laborato-
ries have reported their CD work on A�. Different experimen-
tal conditions may induce different A� conformations: (i) the
�-helix in trifluoroethanol, SDS micelles, or induced by gangli-
oside-containing vesicles (34, 35, 46–49), and also in our ex-
periments when we used ethanol-water system to simulate the
membrane condition, and the CD results indicate that the
�-helix increases along with an increase of the ethanol content
(data not shown), which coincides with the previous reports
very well; (ii) essentially random-coil structures with �-turns in
aqueous solution at low peptide concentrations; and (iii)
�-structured aggregates in solution or in contact with lipid
membranes (2, 34). So far to our knowledge, systems contain-
ing cholesterol, which assuredly is the common component of
membranes, are not employed yet in these published papers.

From our CD results shown in Fig. 5, one can see that A� in
aqueous solution adopts a conformation mainly in random-coil;
whereas when reacted with DMPC vesicles it contains more
�-sheet, and then when reacted with cholesterol-containing
vesicles it becomes mainly in �-helix. One interesting phenom-
enon is that a certain conformational change occurs even when
A� reacts with DMPC vesicles. From the monolayer surface
pressure measurements, as mentioned before, the �c for the PC
monolayer is around 26 mN/m, suggesting that A� cannot
insert into this kind of lipid bilayer. The MS analysis of hydro-
lytic products supported the monolayer results because papain
could approach nearly all of the cleavage sites of A� after
reacted with DMPC. On the other hand, however, the surface
pressure measurement on self-penetration of A� shows that A�

is a peptide with a strong surface activity. This quality of A�

makes it prefer to stay in an amphiphilic environment, i.e.

membrane surface region. The physical chemistry property in
the membrane surface region is different from that in the inner
bilayer and in the bulk, which has been widely reported. That
such a difference may induce protein conformational change
has also been noticed (50). Therefore, although A� cannot in-
sert into PC bilayer, a certain conformation change may also
happen when it reaches the membrane surface region. This is
possibly the case when A� reacts with DMPC vesicles. A quite
important point is that under such case A� adopts considerable
structure in �-sheet, suggesting that the aggregation of A� may
occur around the surface region of membranes because �-sheet
may be a factor inducing A� aggregation. This coincides with
the previous direct observation by using confocal laser scan-
ning microscope and transmission electron microscopy (2,
51–53).

Another crucial point we obtained is that A� adopts mainly
an �-helix after reacting with rich cholesterol-containing PC
vesicles. This effect could be beneficial in reducing the forma-
tion of aggregation by depressing the �-sheet conformation,
suggesting that a possible pathway of A� aggregation which
ultimately induces the formation of plaques may be prevented
by its membrane insertion. The electron micrographs shown in
Fig. 6 provid a direct test performed in vitro to support this
hypothesis: the addition of rich cholesterol-containing vesicles
could effectively depress the formation of A�(1–40) fibrils,
whereas pure DMPC could not.

According to the above results we know the forms of A�: (i)
existing in the aqueous solution and adopting a random-coil
conformation; (ii) existing in the surface region of vesicles and
adopting a conformation containing more �-sheet, such as in-
teraction with DMPC vesicles; (iii) inserting into rich choles-
terol-containing membranes and adopting an �-helix conforma-
tion. Altogether, our data show that the existence forms of A�
obviously depended on the ratio of cholesterol to phospholipid
of membranes, which reflects the fact that membrane choles-
terol distribution could be an important event in the A�-related
disease.

A� generated to perform its physiological function can be
degraded through endocytosis, such as via LRP or via a scav-
enger receptor. But when aged, one of the important changes
for A� metabolism is that LRP will reduce �45% (54). The
decrease of LRP will partly block the degradation pathway of
A�, which would increase the extracellular content of A�. If the
content of A� cannot be reduced, it would aggregate and form
plaques. The increase of cholesterol, also a change with aging,
may be a compensatory factor reducing extracellular A� by
membrane insertion (according to our results). In the case of
Alzheimer’s disease subjects, however, a significant difference
is present: brain membranes isolated from them show dramatic
decreases in membrane cholesterol content (the ratio of choles-
terol to phospholipids decreases about 30%) (55, 56). Under
such conditions, A� may be not able to insert into membrane to
avoid aggregation.
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