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ABSTRACT: Disruption of the cell membrane by the β-
amyloid (Aβ) peptides has been considered as a main
mechanism of Alzheimer’s disease. The peptide-to-lipid
molar ratio (P:L) varies over a broad range biologically.
We report here that two of the previously observed Aβ
evolution pathways, fibrillation and induction of vesicle
fusion, compete with each other when P:L varies in model
Aβ−liposome systems. Fibrillation is preferred at higher
P:L values, and fusion is promoted at lower P:L values.
Structural studies suggest that the same residues in Aβ may
involve in both the initial fibrillation and membrane
binding at the fusion sites.

Disruption of the cellular membrane has been proposed as a
universal pathological mechanism for amyloid diseases.1−3

For Alzheimer’s disease (AD), the aggregation of β-amyloid (Aβ)
peptides has fatal effects on neuronal cell membranes. A number
of different evolution pathways have been identified.1 Among
these pathways, fibrillation was observed for a broad range of
membrane systems from synthetic liposomes to living cells.4−8

More recently, a few studies demonstrated that Aβ could be
fusogenic, which might provide an alternative mechanism for its
neurotoxicity.9,10 Studies of the Aβ−membrane interactions
revealed that the detailed membrane disruption pathways were
influenced by a number of factors such as lipid composition,
membrane fluidity, and peptide-to-lipid molar ratio (P:L).8,11−16

Within all these factors, P:L seems to be particularly interesting
because other factors may affect the membrane disruption by
influencing the Aβ concentration and therefore the value of P:L.
For instance, the addition of cholesterol and sphingomyelin,
which is known to decrease membrane fluidity, may also lead to
the heterogeneous distribution of Aβ within bilayers. The
membrane region (known as the “raft”) with higher sterol
contents may have enriched Aβ.17 In this work, we observed the
competition between fibrillation and vesicle fusion induced by
Aβ, which could be modulated by P:L.
Two types of fluorescence assays were utilized to analyze the

kinetics of fibrillation and the extent of induced vesicle fusion for
the Aβ−liposome systems. The details of the fluorescence assays
are given in the Supporting Information. Figure 1A shows that
the fibrillation rate decreases at lower P:L values. For these
experiments, the peptide concentration was kept at 50 μM for all
samples. Therefore, the slower fibrillation kinetics was not due to
the dilution of peptides. Figure 1B shows the quantification of
vesicle fusion, using doubly fluorophore-labeled vesicles and
literature methods.18,19 The strongest tendency to fuse (i.e., 100

on the vertical axis of Figure 1B) was obtained by adding 1%
Triton X-100 to completely disrupt the vesicles.18 In general, a
lower P:L seems to facilitate vesicle fusion but eliminate
fibrillation. The greatest extent of vesicle fusion was observed
for the sample with a P:L of 1:120, which did not form fibrils even
after a long incubation (i.e., 48 h). Morphologically, the
transmission electron microscopy (TEM) images showed more
disrupted vesicles after fusion. However, static 31P NMR spectra
have shown that the bulk phospholipid bilayer structures were
retained (Figure S1 of the Supporting Information). We have
also tested the effect of membrane components on fusion for
samples with P:L values of 1:120 (Figure S2 of the Supporting
Information) and 1:90 (data not shown). It was a general trend
that the extent of fusion was lower with either the depletion of
negatively charged PG or the addition of cholesterol. For the
liquid crystalline phase phospholipid bilayer (the transition
temperature (Tc) of the lipids used for the fluorescence assays
was −2 °C), the addition of cholesterol is known to increase the
rigidity of bilayers. Therefore, lipid mixing may be more difficult
with a higher cholesterol fraction.8 Incorporation of negatively
charged PGmay promote the absorption of Aβ to the membrane
surface, which leads to more efficient interactions.8,20

To improve our understanding of the molecular mechanism of
the competition between fibrillation and fusion, we performed
extensive structural studies using circular dichroism (CD) and
solid-state nuclear magnetic resonance (NMR) spectroscopy.
The global secondary structure showed mainly random coil for
samples with a P:L of 1:100 after incubation for 48 h, which was
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Figure 1. (A) ThT fluorescence assay for measuring the fibrillation
kinetics of Aβ−liposome samples with P:L values of 1:30 (black), 1:60
(red), 1:90 (blue), and 1:120 (purple). (B) Fluorescence assay for
quantifying the extent of vesicle fusion for the same set of Aβ−
membrane samples as in panel A. For both assays, control experiments
with only liposomes were performed for each sample.
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different from the dominant β-strand conformation for samples
with a P:L of 1:30 (Figure S3 and Table S3 of the Supporting
Information). The CD data suggested that the Aβ did not form
fibrils with β-sheet structures at lower P:L values. This
conclusion was further supported by a set of solid-state NMR
13C-PITHIRDs-CT experiments21 with single-site 13C labeling at
V18-13C′, A21-13CH3, A30-

13CH3, and M35-13C′ (sequences
listed in Table S1 of the Supporting Information). These residues
are located in the N- or C-terminal β-sheets in most Aβ
fibrils.22−28 However, for samples with a P:L of 1:100, none of
these labeled sites showed significant 13C signal decay (Figure S4
of the Supporting Information), which indicated the absence of
parallel-in-register β-sheets.21

We employed 13C−31P rotational-echo double-resonance
(REDOR) experiments to investigate the residue-specific
proximity of Aβ to the membrane surface phosphate at fusion
sites.19,29 For these measurements, ether-linked phospholipids
were utilized to prevent 13C signal overlap in the carbonyl region
in NMR spectra. The lipids 1,2-di-O-tetradecyl-sn-glycero-3-
phosphocholine (DTPC) and 1,2-di-O-tetradecyl-sn-glycero-3-
phosphoglycerol (DTPG) have transition temperatures of 13.8
°C.30 NMR measurements were performed at ambient temper-
ature to ensure the liquid crystalline phase of bilayers. A set of five
Aβ peptides were synthesized with 13C′ labeling at two residues
for each sequence (shown in Table S1 of the Supporting
Information).
Figure 2 plots the experimental REDOR buildup curves for all

the labeled sites, and the representative spectra (with 11.8 and

15.8 ms REDOR dephasing times) are shown in Figure S5 of the
Supporting Information. For these plots, greater REDOR
buildup (ΔS/S0) indicates shorter internuclear distances
between 13C and 31P.31 These results clearly indicate that certain
segments in the Aβ sequence had close interactions with the
membrane bilayer surface (i.e., the location of 31P). For instance,
residues A21 and G29 have shown obvious experimental
REDOR buildup, with ΔS/S0 values of 0.31 and 0.36 at the
longest dephasing time, respectively. Residues L17, G33, and

G25 had moderate ΔS/S0 values of ∼0.15. Other residues, such
as A2, V12, and G37, did not show detectable REDOR buildup
within 15.8 ms. For the Aβ sequence labeled at G9 and V36, we
have observed only one carbonyl peak at ∼172.5 ppm. It is
possible that the 13C′ signals from G9 and V36 overlapped with
each other. Nevertheless, there was no detectable REDOR
buildup for this particular sample, which suggested that neither
Gly9 nor Val36 was located close to the 31P. Qualitatively, the
REDOR results revealed a general trend that the segment
between L17 and G33 had the closest contact with membranes,
while the terminal segments were far away. The 13C−31P
REDOR measurements were also performed on several singly
13C-labeled samples (including residues A21 and A30) with a P:L
of 1:30, where amyloid fibrils were produced (Figure S6 of the
Supporting Information). The results showed little REDOR
dephasing, which suggested that the bulk Aβ in mature fibrils did
not have close contact with membranes.
The REDOR data indicated that segments between L17 and

G33 were involved in the membrane interactions at the fusion
sites, which might lead to restrictions on its conformation. We
conducted two-dimensional (2D) 13C−13C spin diffusion32

experiments to investigate whether this segment formed a loop
as in mature amyloid fibrils. Three scattering uniformly 13C-
labeled Aβ peptides were synthesized (sequences listed in Table
S1 of the Supporting Information). The 2D experiments were
performed with a spin diffusion time of either 10 or 500 ms,
which detected intraresidue or long-range 13C−13C correlations,
respectively. Figure 3 shows the representative 2D NMR spectra
for the sample labeled at D23, S26, K28, A30, and V40.
Additional NMR spectra are provided in Figure S7 of the
Supporting Information.

Several conclusions can be drawn from the 2D solid-state
NMR data. First, residues from L17 to the C-terminus showed
well-defined structures, which were indicated by one dominant
set of chemical shifts for most labeled sites in these regions. F19
showed two sets of Cα/Cβ cross-peaks, and L17 showed a lower-
intensity Cα/Cβ cross-peak. Residues at the N-terminus (S9, G8,
and F4) did not show strong peaks in 2D spin diffusion
experiments. These results suggested that the N-terminal
conformation was not well-defined. The 13C chemical shifts are
summarized in Table S2 of the Supporting Information, and the
plot of secondary structures relative to random coils is shown in
Figure S8 of the Supporting Information. Only A21 and A30
exhibit typical secondary chemical shift patterns for a β-strand

Figure 2. 13C−31P REDOR experimental buildup curves for different
singly 13CO-labeled residues within the Aβ−membrane samples with a
P:L of 1:100. The sample labeled “G9/V36” indicates the overlap of
13CO signals between the two sites (see the text).

Figure 3. 2D spin diffusion for samples with uniform 13C labeling at
D23, S26, K28, A30, and V40 with mixing times of (A) 10 and (B) 500
ms. In panel A, intraresidual cross-peaks are shown with connections
and color-coded. In panel B, inter-residual cross-peaks between D23,
S26, K28, and A30 are shown with lines and colors.
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with negative deviations for C′ and Cα and a positive deviation
for Cβ. This is consistent with the CD result (Figure S3 of the
Supporting Information) for samples with a P:L of 1:100, where
the dominant random coil conformation was observed. Second, a
number of long-range inter-residue interactions were observed
for the residues between D23 and A30. For instance, the cross-
peak between D23 and K28 and the cross-peak between S26 and
A30 will be possible only if the Aβ segment between D23 and
A30 adopts a conformation similar to that in mature fibrils. Our
2D NMR data supported the idea that the side chains of D23,
S26, K28, and A30 are all oriented inside of the “U-shape”
conformational domain. To further confirm the close contacts of
these residues, we performed a 13C−15N frequency-selective
REDOR ( fsREDOR) experiment to specifically measure the
D23 Cδ−K28 Nζ interaction (Figure S9 of the Supporting
Information). The strong REDOR buildup fit to a 4.1 ± 0.2 Å
internuclear distance with an assumption of a single
conformation of Aβ at fusion sites. This distance was slightly
longer than the internuclear distance observed for the salt bridge
(i.e., 3.5 ± 0.2 Å)24 but still indicated close contact between the
two sites. Alternatively, it is possible that the longer D23
Cδ−K28Nζ distance represents an ensemble average of multiple
populations of Aβ conformations, because the data presented
here did not exclude the presence of multiple conformations.
Third, the secondary and tertiary structures for the “strand”
region are distinct from fibrils. The 13C chemical shifts at low P:L
values are significantly different from the shifts at high ratios (i.e.,
P:L = 1:30 (Table S2 of the Supporting Information)), which
suggests that the peptides at fusion sites had distinct
conformations. The commonly observed side chain contact
between F19 and L34 was not observed for Aβ at fusion
sites.24,27,28 In summary, the NMR results suggested that it was
possible to have a dominant “U-shape” domain at fusion sites,
and further NMR measurements could provide more quantita-
tive models.
Structural studies of Aβ at the fusion sites revealed the

molecular mechanism of the competition between fibrillation
and fusion. For the Aβ−liposome system with a P:L of 1:30,33

fibrils formed by Aβ under this condition adopted dominant
parallel-in-register β-sheet structures, which was confirmed by
13C-PITHIRDs-CT measurements on singly 13C-labeled Aβ
samples. At this higher P:L, Aβ formed mature fibrils within a
time period of 8 days. Both the 13C chemical shifts and 13C−13C
dipolar coupling measurements suggested that residues A21 and
A30 achieved structural convergence more rapidly (within
incubation for 48 h) than other residues such as F19, D23,
S26, and L34. Therefore, the segments around these two residues
may be involved in the initial stage of fibrillation (i.e., nucleation
step). To our surprise, these two regions have also had the closest
contact with the membrane surface phosphate based on the
13C−31P REDOR data (Figure 2). To confirm the residue-
specific difference in REDOR dephasing, deconvolution was
applied to the doublet 13C′ peaks shown in Figure S5 of the
Supporting Information, and the results were comparable to
these obtained with integration (cf. Figure S10 of the Supporting
Information). These NMR studies suggest that at the molecular
level, the competition between fibrillation and induced vesicle
fusion may due to the competition between peptide−peptide
and peptide−lipid interactions involving the same segments
within the peptide sequence. At higher P:L values, interactions
between Aβ peptides are dominant and therefore fibrillation is
preferred. At lower P:L values, the peptide is more likely to
interact with lipids (cf. Figure 4).

The observation of the fibrillation versus fusion competition
and its molecular mechanisms have at least two biological
ramifications. First, our result suggests that residues around A21
and G29/A30 on Aβmight be important for the initial fibrillation
step. Even in the scenario of vesicle fusion, the conformation of
residues between E22 and G29 was well-defined. As a
comparison, the formation of an H-bond network, which
stabilizes the β-sheets in fibrils, may occur in a later stage or
may not occur if a competing interaction exists (i.e., peptide−
lipid interaction in the case of fusion). Residues A21, E22, and
D23 are also frequently involved in the familial mutations of Aβ
and their associated familial Alzheimer’s disease (FAD).34 These
mutants usually have fibrillation kinetics distinct from those of
wild-type Aβ.35 A possible explanation is that these residues are
involved in the initial fibrillation steps. Previous reports of the
residue-specific fibrillation kinetics of amylin proposed a similar
model in which the connection segments between “loop” and
“strands” initiated the fibrillation.36 More recently, there have
been reports of cross-seeding between Aβ and amylin, which
might explain the increased risk of developing diabetes for AD
patients or vice versa.37,38 Our results suggested the cross-
seeding might be possible because these two amyloid peptides
might have similar conformations at the initial fibrillation stage.
Second, our data provide additional information for the

amyloid cascade hypothesis (ACH), which is the central
hypothesis for explaining the pathology of AD.39 Recent anti-
amyloid drug development based on ACH has shown clear
effects on the reduction of Aβ and the elimination of fibrillation.
However, these drugs have failed in clinical tests with an only
moderate effect on AD progression.40 Our work indicates that
fibrillation might not be the only pathological pathway. In fact,
the P:L dependence of fibrillation versus vesicle fusion suggested
that at lower Aβ concentrations, the risk of membrane disruption
through fusion was even greater. For the strategy of anti-amyloid
drug development, further investigation of the detailed
interactions that involve the segments around A21 and G29/
A30 at the initial stage of fibrillation may be important.
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Figure 4. Cartoon models showing the competition between fibrillation
and induction of vesicle fusion for the externally added Aβ. Our results
show that the segments around A21 and G29/A30 were important for
the competition.
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