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ABSTRACT: Interactions between the β amyloid (Aβ)
peptides and cellular membranes have severe consequences
such as neuronal cell disruption and therefore may play
important roles in Alzheimer’s disease. Understanding the
structural basis behind such interactions, however, is hindered
by the complexity of the Aβ−membrane systems. In particular,
because the Aβ peptides are partially incorporated in the
membrane bilayer after enzymatic cleavage, there are multiple
possibilities in terms of the initial proximity between the
peptides and membranes. Structural studies using in vitro
model systems with either externally added or preincorporated
Aβ in membrane bilayers resulted in distinct evolution
pathways. Previous work has shown that the externally
added Aβ formed long and mature filaments, while preincorporated Aβ generated short and curvy fibrils. In this study, we
perform detailed characterizations on the structural evolution and membrane interaction for these two pathways, using a
combination of solid-state nuclear magnetic resonance spectroscopy and other techniques. For the externally added Aβ, we
determined the residue-specific structural evolution during the fibrillation process. While the entire fibrillation process for the
externally added Aβ was slow, the preincorporated Aβ generated Aβ−lipid complexes rapidly. Specific interactions between the
lipids and peptides were observed, suggesting the colocalization of lipids and peptides within the complex. Formation of such a
complex induced molecular-level changes in the lipid bilayer, which may serve as a possible mechanism of membrane disruption.

Deposition of the β amyloid (Aβ) plaques has been
considered a major clinic hallmark in identifying

Alzheimer’s disease (AD).1 Although the presence of amyloid
plaques has been confirmed for AD patients, the intrinsic
linkage between these plaques and the progression of AD
remains unclear. The amyloid cascade hypothesis states that the
severe clinic symptoms, such as the death of neuronal cells, are
consequences of Aβ aggregation.2 Unfortunately, the hypoth-
esis is currently being challenged because of the failure of
several amyloid-oriented drugs in clinic tests.1,3 These drugs,
although they eliminate the production of Aβ peptides and/or
degrade the existing Aβ plaques, do not have sufficient effects
on the progression of the disease.3 This controversy suggested
that the hypothesis itself has been re-evaluated. In particular,
the linkage between the production of Aβ and downstream
clinic phenomena such as the death of neuronal cells has to be
understood more deeply at the molecular level. A potential
mechanism for neuronal cell toxicity of Aβ is the aggregation-
induced cellular membrane disruption.4,5 This hypothesis was
supported by a number of experimental findings. First, the Aβ
peptides are naturally associated with the membrane bilayer.
The enzymatic cleavage sites of amyloid precursor protein

(APP) that are responsible for the release of Aβ are located in
the interior of membrane bilayer.6 According to a recent
structural study of the membrane-associated domain of APP,
the Aβ sequence inserts partially into the phospholipid
bilayer.7,8 The isolated Aβ peptides may locate either inside
or outside of the membrane. A previous study of the Aβ
location using isolated plasma membranes suggested that the
peptides might be enriched in both the extracellular plaques
and the lipid raft domains with a large abundance of sterols.9

Second, the Aβ peptides have been shown to induce changes in
the fluidity of membrane bilayers in a variety of systems,
including synthetic phospholipid liposomes, the isolated plasma
membrane, and living cells.4,5,9−15

Although the linkage between Aβ peptides and membrane
bilayers exists naturally, there has not been a systematic
characterization of the molecular interactions. The Aβ sequence
is intrinsically disordered in aqueous buffer and possesses a
strong aggregation tendency under physiological conditions.
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However, the high-resolution structures of Aβ aggregates are
known to be highly sensitive to the detailed conditions used in
vitro.16 For instance, previous works have characterized the
effects of pH values, temperature, and ionic strength on the Aβ
fibril structures.16−19 Under certain extreme conditions such as
low temperatures, metastable protofibrils or spherical oligomers
may also be stabilized and separated.18 Recent studies using the
Aβ fibril seeds extracted from human brain have also elucidated
the molecular-level structural variations in fibrils from AD
patients with different clinic histories.20 Such findings indicated
that the Aβ fibril structural variation did exist because of the
variations in the biological environments in human beings, not
only because of the experimental artifacts in vitro.
The introduction of a phospholipid bilayer provides an

environment distinct from the aqueous buffer for the structural
characterization of the Aβ aggregation process. The Aβ
peptides were known to bind to membrane bilayers, and the
binding affinities increased with a larger population of
phospholipids with negatively charged headgroups.21 Further
structural evolution of Aβ may be sensitive to the molar ratio
between peptides and lipids, which has been suggested by
previous circular dichroism (CD) spectroscopy studies.22 At a
relatively low ratio (i.e., less than 1:50), the peptide might form
a partial α-helical conformation, which may further convert into
the conformation that is similar to the structural motif in
mature fibrils.5,23 A recent molecular dynamics (MD)
simulation has suggested that the C-terminal fragment of Aβ
had a strong tendency to form helical conformation and might
insert into the bilayer interiors.24,25 The initial proximity
between Aβ and the membrane bilayer also affected the further
evolution of Aβ significantly. For the Aβ peptides that were
preincorporated into membrane bilayers, there have been
multiple evolution pathways, including the formation of ionic
channel and/or membrane pores,26−29 the growth of fibrils with
phospholipid uptake,30 and the induction of interdigitation and
asymmetry in the lipid bilayer by carpeting models.4 Low-
resolution structural evidence or imaging data that supported
these Aβ evolution pathways have been obtained using a variety
of techniques. For instance, the formation of an ion channel
was observed using atomic force microscopy (AFM), and the
selective Ca2+ conductance was verified using electrophysio-
logical assays.28 Colocalization of Aβ fibrils and phospholipids
was observed by confocal fluorescence microscopy, which
indicated the uptake of lipids during the fibrillation process.22

Recently, there has been a solid-state nuclear magnetic
resonance (NMR) spectroscopy study of the externally added
Aβ in the membrane bilayer. The structural models obtained
from multidimensional NMR spectroscopy for the membrane-
associated Aβ fibrils were remarkably different from those of
the fibrils obtained in the absence of a membrane.31 However,
there has been few high-resolution structural data about the
Aβ−membrane interactions along different membrane dis-
ruption pathways. An important question to be answered is
whether the interaction involves specific residues on Aβ. The
answer will provide insights into the molecular mechanism of
membrane disruption induced by Aβ amyloidosis, which has
been considered as a crucial pathological mechanism for AD. In
addition, information about the specific Aβ−membrane
interaction allows the design of inhibitors.32−34 For the
externally existed Aβ peptides, there have been studies shown
that they may form fibrils more rapidly, presumably because of
the increasing local peptide concentrations on the bilayer
surface.5 Importantly, Aβ can be located either inside or outside

of membrane bilayers because of the initial partial insertion
configuration after cleavage. Simultaneously, the detailed
mechanisms for Aβ release and cleaning remain unclear,35

which means both initial proximities will have to be considered
for in vitro studies.
We have previously investigated the evolution pathways of

Aβ located both inside and outside of phospholipid bilayers.36

The transmission electron microscopy (TEM) results suggested
distinct time-dependent morphological evolutions for samples
prepared with either externally added or preincorporated Aβ.
While the externally added Aβ formed mature and straight
fibrils over a long incubation time period, the fibrils produced
by preincorporated Aβ remained short (i.e., a few hundred
nanometers) and curvy after incubation for 14 days. In this
work, we focus on the high-resolution structural details under
both circumstances. Using solid-state NMR spectroscopy, we
monitored the residue-specific structural evolution of the
externally added Aβ and obtained information about structural
convergence along with the fibrillation process. For the
preincorporated Aβ, we detected specific contacts between
certain amino acids and phospholipids, which suggested the
formation of complexes between Aβ aggregates and lipids. In
addition, the formation of such a complex may be accompanied
by a change in the integrity of membrane disruption, which
provides a possible mechanism for membrane disruption.

■ MATERIALS AND METHODS
Peptide Synthesis and Purification. All peptides (with

the same DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIG-
LMVGGVV primary sequence) were synthesized using 9-
fluorenylmethyloxycarbonyl chloride (FMOC) chemistry on a
433A peptide synthesizer (Applied Biosystems, Inc., Foster
City, CA) using a low-substitution Fmoc-Val-Wang resin (0.3
mmol/g, AAPPTec, LLC, Louisville, KY) and purified using an
Agilent high-performance liquid chromatography (HPLC)
system (HP 1100 Series, Agilent Technologies, Inc., Santa
Clara, CA) equipped with a C18 reversed-phase semi-
preparative column (Zorbax C-18, Agilent Technologies,
Inc.). The linear water−acetonitrile gradient was used for the
HPLC purification, and the purities of all products were
identified using matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF-MS) (Applied
Biosystems, Inc.). Uniformly 13C- and 15N-labeled amino
acids (Cambridge Isotope Laboratory Inc., Tewksbury, MA)
were incorporated into the peptide sequences for the synthesis
of the isotope-labeled peptides.

Preparation of Liposome Samples. Liposome samples
were prepared with externally added Aβ peptides or via the
preincorporation of Aβ peptides, using similar protocols from
our previous work.36 All phospholipids were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL), and cholesterol was
obtained from Sigma-Aldrich (St. Louis, MO). For the external
addition samples, the mixture of phospholipids and/or
cholesterol in chloroform was dried with an Ar flow, followed
by overnight vacuum dehydration. The lipid film was
resuspended in 10 mM phosphate buffer (pH 7.4, with 0.01%
NaN3) to achieve a final lipid concentration of 1.5 mM. The
liposome solution was allowed rotate at ambient temperature
for 1 h with occasional bath soncation and extruded through a
200 nm pore size polycarbonate membrane (Avanti Polar
Lipids, Inc.). Freshly dissolved Aβ peptides in dimethyl
sulfoxide were then added to the liposome solution with
vigorous vortexing to ensure thorough mixing, and the final
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peptide concentration was 50 μM. For the preincorporated
samples, the lipid/cholesterol mixture in chloroform was mixed
with the designed amount of Aβ peptides in trifluoroacetic acid
(TFA). The mixture was dried with Ar and high vacuum,
resuspended in phosphate buffer, and extruded as described
above. Previous studies have shown that Aβ will not form fibrils
in phosphate buffer at a concentration of 50 μM in 1 h.37 The
Aβ−liposome mixtures were then allowed to incubate
quiescently at 37 °C until further measurements were taken.
Fluorescence Measurements. Two types of fluorescence

assays were performed in this work, and both of them were
conducted on a PerkinElmer (Waltham, MA) LS55 fluoropho-
tometer with temperature control using a circulated water bath.
For the thioflavin T (ThT) measurements of fibril growth
kinetics, a 100 μL aliquot of the Aβ−liposome solution was
mixed with 5 μL of a 4 mM ThT solution. The fluorescence
cuvette was capped and sealed using parafilm to prevent
evaporation during the measurements. Fluorescence emission
at 490 nm was recorded continuously for 4 h with an excitation
wavelength of 440 nm and a 5.0 s interval between the adjacent
data point, and the excitation and emission slits were both set
to 5.0 nm. For the lipid mixing assay, the solution contained
20% fluorophore-labeled liposomes, which had 1 mol % 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-
1,3-benzoxadiazol-4-yl) (NBD-PE) and 1 mol % 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhod-
amine B sulfonyl) (Rh-PE) (Avanti Polar Lipids, Inc.) relative
to the total lipids. Fluorescence emission at 585 nm was
recorded for the same time period as the ThT measurement
with an excitation wavelength of 470 nm. The excitation and
emission wavelengths were chosen to detect the fluorescence
resonance transfer between the two fluorophores.38,39

Circular Dichroism (CD) Spectroscopy. CD spectrosco-
py was applied to the preincorporated samples to track the
global structural evolution during the initial stage of incubation.
An Aβ−liposome solution (12 μL) was taken from the
incubated sample at different time points and mixed with 288
μL of deionized water. The original solution was diluted to
prevent any further structural evolution during the measure-
ments. The CD spectra were recorded on a JASCO (Easton,
MD) J-810 spectrometer with the temperature at 20 °C. The
spectrum for each sample was recorded from 190 to 260 nm
with signal averaging over 40 scans. The background spectrum
was recorded using only liposomes in the absence of peptides
and subtracted from the spectra of the sample solution. Data
fitting of the CD spectra was performed using CDPro.40

Solid-State NMR Spectroscopy. Samples for NMR
measurements were prepared by ultracentrifugation at
432000g for 1 h at 4 °C (Beckman Coulter Inc., Pasadena,
CA). The pellet was lyophilized and rehydrated with deionized
water (1 μL of H2O/mg of sample) after being packed into the
2.5 mm magic angle spinning (MAS) rotors. All NMR
experiments were performed on a 600 MHz Bruker Avance
III spectrometer (Bruker Biosciences Corp., Billerica, MA)
equipped with a 2.5 mm HXY TriGamma MAS probe. All
samples were maintained at ambient temperature using a N2
flow throughout the experiments. The static and MAS 31P
spectra were recorded using a direct polarization radio-
frequency (rf) pulse at ∼50 kHz with ∼100 kHz 1H
continuous-wave (CW) decoupling. The T2 relaxation measure-
ments were taken using a Hahn spin echo pulse sequence,
which included ∼50 kHz 31P rf pulses and ∼100 kHz 1H CW
decoupling. Two-dimensional (2D) 13C−13C correlation

spectra were recorded with 10 and 500 ms radiofrequency-
assisted diffusion (RAD) mixing periods for the detection of
intraresidue and long-range cross-peaks, respectively.41 The
RAD pulse sequence also contained ∼60 kHz 1H cross-
polarization (CP) block and 40−56 kHz 13C CP over 1.5 ms,
and 100 kHz two-pulse phase modulation (TPPM) 1H
decoupling. The one-dimensional (1D) 13C−31P rotational
echo double resonance (REDOR) spectra were recorded with a
18 ms dephasing period, which detected 13C−31P distances of
roughly ≤7 Å.42 The difference spectra were obtained by
subtracting the time domain signal of S1 (with the 31P π pulses
on) from that of S0 (with the 31P π pulses off) followed by
Fourier transformation. Both the 2D RAD and REDOR
experiments were performed with a 10 kHz MAS frequency.
1D PITHIRDs-CT experiments were conducted with 20 kHz
MAS frequency and 16.7 μs 13C π pulses.43 The constant time
period was kept at 31.2 ms, while the effective dephasing time
varied from 0 to 31.2 ms with an interval of 2.4 ms. The 1H
decoupling fields were kept at 100 kHz during the constant
time period and 75 kHz during the acquisition time. Numerical
simulation for the 13C PITHIRDs decay curve was conducted
using the SIMPSON simulation package and a model spin
system of five equally spaced 13C nuclei.44 The 2D spectra with
10 and 500 ms mixing periods were acquired with signal
averaging for 24 and 48 h, respectively. All 2D spectra were
processed with 120 Hz Gaussian line broadening in both
dimensions.

■ RESULTS
31P NMR Reveals Perturbation of Membranes by

Preincorporated Aβ. Our previous TEM studies have shown
that for the preincorporated Aβ samples, there seemed to be
fragmentized vesicles within a short incubation time. On the
other hand, the overall morphology of liposomes remained
intact for the externally added samples.36 In addition, the
previous work included 31P solid-state NMR spectra on Aβ/
POPC liposomes under the two sample preparation con-
ditions.36 To further investigate any possible membrane
perturbation, we measured the 31P chemical shift anisotropy
(CSA), the isotropic 31P chemical shifts, and the 31P spin−spin
(T2) relaxation time constants for the preincorporated Aβ in
100% POPC liposomes, 80% POPC/20% POPG liposomes,
and 80% POPC/20% POPG liposomes with additional 30%
cholesterol (30% relative to the total mass of lipids). These
membrane compositions were chosen to study the effects of
negatively charged phospholipids and cholesterol on Aβ−
membrane interactions, both of which have been proposed to
be important.7,8,21,45,46 For each sample, 31P NMR spectra were
recorded at 0, 1, and 4 h incubation time periods because
previous TEM images showed significant fragmentation within
4 h. Figure 1 shows the plots of time-dependent 31P signal
decay caused by T2 relaxation for different samples, measured
using a Hahn echo pulse sequence under MAS. Representative
static and MAS 31P spectra are provided in the Supporting
Information. Additional parameters such as 31P CSA, isotropic
chemical shift, and fitting of the T2 constant are provided in
Table 1. The overall construct of the liposome seemed not to
be affected, as there was little change in either the line shape of
the static 31P spectra or the isotropic chemical shifts. However,
the 31P relaxation time constant became shorter for the POPC/
POPG sample as the sample was incubated for 4 h. Changes in
31P T2 indicated the low-frequency motion of phospholipids
and the diffusion of lipids in bilayers.47 The decrease in the T2
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relaxation time upon incubation with preincorporated Aβ
suggested an increase in the level of lipid motion and a possible
destabilization of the membrane bilayer.48 The increase in the
31P relaxation rate has been observed only for liposomes with
negatively charged lipids, while the absence of this component
or the presence of 30 mol % cholesterol eliminated the effect.
Furthermore, certain decay curves (e.g., the sample with
cholesterol at 4 h) did not fit well to the exponential function,

and this deviation seemed not to be a consequence of a high
level of spectral noise.

Fluorescence Measurements Suggested Lipid Uptake
with Aβ Aggregation. We further investigated the time-
dependent interactions between Aβ and the membrane in both
external addition and preincorporation circumstances using
fluorescence spectroscopy. The time-dependent ThT fluores-
cence emission and lipid mixing were recorded for the first 4 h
of the incubation period for the POPC/POPG liposomes.
Figure 2 showed that there was a rapid buildup in the ThT

fluorescence for the preincorporated samples, while the
increase was much slower for the external addition samples.
This is consistent with the measurements in our previous work
in which separated data points were taken at different
incubation times.36 However, previous measurements have
shown that for the preincorporated samples, it was generally
true that the ThT fluorescence reached a plateau after ∼30 h,
while here the fluorescence seemed to level off after incubation
for 1 h. We recorded ThT fluorescence intensities at later
incubation times and observed that there seemed to be a
discrete increase in fluorescence. Similar phenomena have also
observed by studies of Aβ fibrillation by other groups.49 More
interestingly, the time-synchronized lipid mixing assay showed
that there was an increased fluorescence emission for the
preincorporated sample, but not the external addition one. The
assay measured the fluorescence transfer between two
fluorophore-labeled lipids, which was dependent on the dipolar
coupling strength between the two fluorophores. Increments in
the emission intensity indicated either a shorter distance or less
dynamics, which provided stronger dipolar coupling. Consid-
ering both the fluorescence and the 31P measurements, it is
possible that a fraction of the lipids is involved in a rigid

Figure 1. Plots of 31P T2 relaxation for the preincorporated samples
with (A) POPC, (B) POPC/POPG, and (C) POPC/POPG/
cholesterol liposomes. For each sample, data were collected at
different incubation time periods: starting point (red), incubation for 1
h (black), and incubation for 4 h (green). Each data set was fit to a
single-exponential decay function to obtain the relaxation time
constant, and the best-fit results are provided in Table 1. The size
of error bars reflects the noise level in each set of decay, which was
estimated from the experimental spectral noise.

Table 1. Structural Parameters Derived from 31P Solid-State
NMR Experiments on Preincorporated Aβ−Liposome
Samples

lipidsa time (h) CSA (ppm)b ICS (ppm)c T2 (ms)

PC 0 48.0 −2.1 3.04(0.38)
1 53.0 −2.1 2.86(0.38)
4 40.0 −2.1 2.87(0.32)

PC/PG 0 47.6 −2.1, −3.3d 2.94(0.34)
1 43.8 −2.1, −3.5 2.32(0.19)
4 43.0 −2.0, −3.7 1.68(0.11)

PC/PG/Chol 0 47.1 −2.1, −3.4 3.06(0.24)
1 43.3 −2.1, −3.3 2.66(0.40)
4 40.4 −2.2, −3.8 2.50(0.60)

aThe compositions of lipids used in liposomes. PC, PC/PG, and PC/
PG/Chol stand for 100% POPC liposomes, 80% POPC/20% POPG
liposomes, and 80% POPC/20% POPG liposomes with additional 30
mol % cholesterol, respectively. bCSA, or the 31P chemical shift
anisotropy, was detected using static 31P NMR spectroscopy. cThe
isotropic chemical shift was detected using MAS 31P NMR
spectroscopy. dThe two chemical shifts were assigned to 31P located
in POPC and POPG, respectively.

Figure 2. (A) ThT fluorescence emission intensities recorded at 490
nm for externally added (black) and preincorporated (red) sample
preparation methods with POPC/POPG liposomes. Fluorescence
intensities were recorded continuously for 4 h. (B) Lipid mixing assay
using liposomes labeled with NBD-PE and Rh-PE. Fluorescence
emission was recorded at 585 nm, corresponding to the emission
wavelength of Rh-PE. Data for the externally added and preincorpo-
rated sample conditions are colored black and red, respectively. The
increment in the emission intensity indicated the shorter distance
between the two fluorophores. Both experiments were conducted at 37
°C, using a fluorimeter with a circulated water temperature controller.
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structure during the initial incubation of preincorporated Aβ
with POPC/POPG liposomes. We noticed that the rapid
increase in ThT fluorescence reached its plateau at ∼1 h, while
the enhancement of the fluorescence signal in the lipid mixing
assay started after 1 h. It was possible that the species with a
high ThT fluorescence was also responsible for the lipid mixing.
It was proposed previously for the membrane-associated islet
polypeptide (IAPP) that the fibril growth could induce lipid
uptake by cofibrillation between the peptide and lipids.30 The
same mechanism might also be involved in this case where the
rapidly formed species contains a complex of Aβ and
phospholipids.
CD Spectroscopy Revealed Rapid Formation of the β-

Strand Conformation. We utilized CD spectroscopy to
monitor the evolution of global secondary structures of Aβ in
the preincorporated POPC/POPG liposome (i.e., Figure 3).

The strong positive absorption at <200 nm and the negative
CD peak at ∼216 nm indicated the formation of the β-strand
conformation. Fitting of the CD spectra showed that the
fraction of β-strand increased from ∼5 to ∼20% within 4 h, and
the trend of increases continued. Using our previously
published TEM results in which the curvy fibrillar morphol-
ogies were observed at 4 h, we concluded that certain Aβ
aggregates formed rapidly.
2D Correlation Spectroscopy Suggested Different

Structural Convergence Rates for Externally Added
and Preincorporated Samples. To further investigate the
high-resolution structural features of the evolution of
membrane-associated Aβ, we applied solid-state NMR spec-

troscopy to both the externally added and preincorporated
samples. The liposomes were composed of a mixture of POPC
and POPG at a 4:1 molar ratio, because it has been shown that
the most significant changes occurred upon Aβ association in
the 31P relaxation measurements. Panels A and B of Figure 4
display series of 2D 13C−13C correlation spectra acquired at
different time points during the fibrillation process of the
externally added samples. Two isotope-labeled peptides were
studied with uniform 13C labeling at F19, A21, D23, S26, K28,
A30, L34, and V40. These sites were chosen to cover the N-
and C-terminal β-strands as well as the loop region between
strands based on the known fibril structures.16−20,50 Overall, the
structural convergence was observed after incubation for 1
week, as indicated by a main set of chemical shifts for each
amino acid. However, different labeled sites might have
different structural convergence rates. For instance, the cross-
peaks for A30 and L34 did not show obvious change after
incubation for 2 days, which suggested that these two sites
formed well-ordered structure most rapidly. In all previously
published Aβ fibril structures, these residues were located in the
center of the hydrophobic core, with their side chains forming
the steric zipper. Residues D23 and S26 have shown time-
dependent chemical shift evolution. These two residues were
located in the loop region, and their conformations might be
more flexible at the initial stage of fibrillation. Residues K28 and
V40 have shown a weak signal over the entire incubation time,
which indicated a disordered conformation in these two sites.
V40 was located at the C-terminus, so its conformational
flexibility was expected. In previously published Aβ fibril
structures, the side chain of K28 could adopt multiple possible
orientations, depending on how the positive charge was
compensated.16−20 Panels C and D of Figure 4 showed the
2D spectra for preincorporated Aβ samples with the labeling
schemes. Surprisingly, at the same initial Aβ concentration (i.e.,
50 μM) and peptide:lipid molar ratio (i.e., 1:30), the
preincorporated samples have exhibited structural homogeneity
much more rapidly. There was only one set of chemical shifts
for all labeled sites during the 4 h incubation. This is consistent
with the TEM observation in which the curvy fibrils started to
form in 4 h and the curvy morphology remained the same after
long incubation periods.36 As shown in Table 2, differences in
chemical shifts were observed between the externally added and
preincorporated samples, and the magnitude of chemical shift
differences varied between residues from 0.6 to 2.3 ppm for the
backbone Cα atoms. The results suggest that the fibrils formed
under these two sample preparation conditions had distinct
core structures.

Long-Range Interactions between Aβ and Lipids
Detected by NMR. We applied multiple solid-state NMR
techniques to investigate the high-resolution structural features
of the preincorporated Aβ fibrils that were formed within a
short incubation period. In particular, we attempted to obtain
structural evidence to validate the formation of a complex
between Aβ and phospholipids. Panels A and B of Figure 5
show the 2D 13C−13C spin diffusion spectra with a 500 ms
mixing period. With such a long mixing time, one would expect
to detect cross-peaks between two 13C nuclei that are located
within roughly 7−8 Å.41,51 Cross-peaks between residues D23
and S26, S26 and K28, D23 and K28, and F19 and L34 were
observed, which suggested the formation of the typical β-loop-β
motif as in the commonly observed Aβ fibrils. In particular, the
observation of side chain contacts between F19 and L34 was
consistent with a number of Aβ fibril structures, which

Figure 3. (A) CD spectra for a preincorporated sample with POPC/
POPG liposomes at different incubation times. (B) Plots of the
population of different secondary structures as a function of incubation
time based on the fitting of the individual CD spectrum using CDPro.
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indicated the packing of N- and C-terminal β-strands through
the steric zipper.16−18,20,52 Interestingly, we have also observed
cross-peaks between the phospholipid methylene groups and
the Cα nuclei of D23 and S26. The high-intensity peak at 31.5
ppm was assigned the bulk (CH2)n groups in lipid acyl chains.

53

The detection of a short contact between the lipid acyl chain
and specific residues in Aβ indicated that at least a fraction of

lipid molecules were exposed to Aβ fibrils and were no longer
located in the bilayer interiors. This result provided evidence of
the formation of a complex between Aβ and phospholipids.
Furthermore, it suggested that there might be specific binding
sites for the lipid molecules to interact with the Aβ fibrils. We
further investigated the Aβ−lipid interactions using 13C−31P
rotational echo double resonance (REDOR) experiments.

Figure 4. (A and B) 2D 13C−13C spin diffusion spectra with a short mixing time (10 ms) for the externally added Aβ sample in POPC/POPG
liposomes, recorded after incubation for 2 days (left), 4 days (middle), and 8 days (right). The peptides were uniformly labeled with 13C at (A) F19,
A21, and L34 and (B) D23, S26, K28, A30, and V40. The Cα−Cβ cross-peaks are color-coded using a solid line rectangle as follows: (A) F19 (red),
L34 (green), and A21 (cyan) and (B) S26 (red), D23 (green), and A30 (orange). For the comparison of chemical shifts between spectra with
different incubation times, the positions of Cα−Cβ cross-peaks in the previous spectrum are labeled with a dotted line rectangle in the latter
spectrum. In panel A, intraresidue cross-peaks were also observed between the Cα−Cγ and Cα−Cδ pairs for L34. (C and D) 2D spectra for samples
with preincorporated conditions, incubation for 4 h. The dotted line rectangles indicate the cross-peak positions for the same labeling sites in the
externally added samples incubated for long periods of time (i.e., 8 days), to show the difference between the fibrils obtained under these two sample
preparation conditions. Two additional solid lines are shown in panel C for residues K28 (cyan) and V40 (purple). All 2D spectra were processed
with 120 Hz Gaussian line broadening in each dimension. The spectra were plotted with a base-level intensity of ∼1.5 × 104 (arbitrary units) with an
increment factor of 1.2 between the two adjacent contours. There are 64 positive contours, and the negative contours have been removed because no
chemical shift information was included in the negative peaks. The typical noise level for the spectra was ∼0.5 × 104.

Table 2. Comparison of Chemical Shifts between the Externally Added and Preincorporated Samples

chemical shift of externally added samples (ppm) chemical shift of preincorporated samples (ppm)

Cα Cβ Cγ Cδ Cε C′ Cα Cβ Cγ Cδ Cε C′
F19 53.4 41.9 173.7 54.8 42.1 174.0
A21 48.8 21.7 173.0 49.4 22.0 173.5
D23 52.0 42.6 174.9 51.6 41.0 173.2
S26 55.8 63.3 174.3 57.3 62.3 173.2
K28 a 55.0 32.5 23.9 28.2 40.8 173.7
A30 49.2 21.7 173.8 50.1 22.0 174.0
L34 52.1 44.2 25.7 172.7 52.7 45.3 26.5 173.5
V40 57.9 33.4 21.8 178.7 60.2 33.6 20.1 179.1

aCross-peaks for K28 were not observed for the externally added samples after incubation for 8 days.
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Panels C and D of Figure 5 displayed the REDOR full (S0, with
the 31P π pulses off) and difference (ΔS) spectra with an 18 ms
mixing period. This mixing time allowed detection of ∼6 Å
13C−31P interactions (i.e., ∼56 Hz 13C−31P dipolar coupling
frequency), based on the theoretical two-spin model.54 In the
S0 spectra, the peaks at 72.1, 67.9, 64.6, and 60.6 ppm were
assigned to C2-glycerol, β-methylene, C1/C3-glycerol, and α-
methylene, respectively, on the basis of previous studies,53 and
the resonances between 60 and 40 ppm were attributed to Aβ.
The difference spectrum with isotope labeling at D23, S26,
K28, A30, and V40 showed peaks that could be assigned to C2-
glycerol, C1/C3-glycerol, and α-methylene from lipids, as well
as Cα and Cβ from D23. For the sample with labeling at F19,
A21, and L34, a weak REDOR difference peak was observed for
the Cα atom of L34. Short contacts between 31P and other
residues in Aβ were not observed. These results indicate that
the preincorporated Aβ formed a complex with specific
phospholipid binding sites along the peptide backbone.
The Aβ Backbone Assembly for Preincorporated and

Externally Added Samples. We applied solid-state NMR to
study the backbone assembly for the complex of Aβ and lipids
formed by the preincorporated samples within a 4 h incubation
time. Panels A and B of Figure 6 show the 13C-PITHIRDs-CT
decay curves of four singly labeled sites along the Aβ sequence,
as well as the simulated curves at different internuclear
distances. The labeling sites, V18 C′, A21 CH3, A30 CH3,
and M35 C′, were selected to cover both the N- and C-terminal
β-strands. In general, all curves fit well to the simulated curve
for an ∼4.8 Å 13C−13C distance, which suggested the presence

of parallel in-register β-sheet structure55 (a cartoon model was
given in the Supporting Information). In addition, the fact that
all curves decay rapidly within ∼30 ms suggested that there was
only one population of 13C structure, i.e., the parallel in-register
β-sheet for the labeled sites. This result indicated that there was
a rapid formation of β-sheet for the preincorporated samples.
On the other hand, the backbone assembly process for the
externally added Aβ samples seemed to be much slower, and
residue-specific, as well. Panels C−F of Figure 6 show the 13C-
PITHIRDs-CT decay curves for the four labeled sites collected
at different incubation times (i.e., 2, 4, and 8 days). The methyl
group of A21 showed decay curves that fit well to ∼5 Å after a 2
day incubation, indicating the formation of parallel β-sheet at
this site with a relatively fast kinetics. Decay curves for the
methyl group of A30 and the carbonyl group of M35 on day 2
were slower than those on days 4 and 8, which suggested that
the C-terminal β-strands formed slower than the segment
around A21. Finally, we observed that the formation of β-sheet
at V18 had the slowest kinetics, where the decay curve that fit
well to ∼5 Å was observed only on day 8.

■ DISCUSSION
Extensive Solid-State NMR Studies Revealed New

Structural Features for the Externally Added and
Preincorporated Samples. Our previous work described
preliminary biophysical and structural data on the two types of
Aβ−membrane systems. The work presented here contains
more extensive solid-state characterizations, with the motiva-
tion of investigating the detailed structural evolutions along

Figure 5. (A and B) 2D 13C−13C spin diffusion spectra for the preincubated samples with a 500 ms mixing period. Peptides were labeled at (A) D23,
S26, K28, A30, and V40 and (B) F19, A21, and L34. In panel A, the two cross-peaks between lipid CH2 groups and Cα atoms of D23 and S26 are
colored red and green, respectively. The S26 Cα−K28 Cδ, S26 Cα−D23 Cα, and D23 Cγ−K28 Cδ inter-residue cross-peaks are colored cyan,
purple, and orange, respectively. In panel B, the L34 Cγ−F19 Cζ inter-residue cross-peak is colored red. In addition, intraresidue cross-peaks were
observed between the pairs of Cα and Cγ atoms and Cα and Cδ atoms for L34. (C and D) 13C−31P REDOR S0 and ΔS spectra for the preincubated
samples (POPC/POPG liposomes, incubation for 4 h). In the difference spectra, the peaks with chemical shifts of >60 ppm were attributed to lipids,
and the peaks below 60 ppm were assigned to specific residues based on the 2D experiments. The 2D spectra were processed with 120 Hz Gaussian
line broadening in each dimension. The spectra were plotted with a signal-to-noise ratio (SNR) of 2:1 as the lowest contour level, and 32 total
contour levels with ∼50% noise intensity between each level.
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different Aβ aggregation pathways. We emphasize that although
the general sample preparation protocols were similar in both
the previous and current work, the NMR measurements were
actually performed on samples under different conditions. In
particular, for the preincorporated samples, the previous data
were collected on samples formed after a long incubation
period, where the fibrils were curvy and short.36 In the work
presented here, the preincorporated samples were collected
after 4 h. Because there were significant differences in terms of
TEM morphology, we expect the NMR structures for these two
samples were also distinct.
For the preincorporated sample with POPC/POPG lip-

osomes, incubation for 4 h led to a modest decrease in the 31P
CSA of ∼10%. The previous work illustrated that under the
same sample condition, long incubation times resulted in a
further decrease in the 31P CAS to ∼30%.36 The combination
of these two observations indicated that long incubation times
of the preincorporated Aβ might have disruption effects on the
liposomes, presumably because of the uptake of lipids by the
Aβ−lipid complex that resulted in smaller vesicles. A similar
effect of the long incubation time has also been observed in the
31P T2 relaxation measurements. In the previous work, we
detected the preincorporated POPC sample and the 31P spectra
showed two distinct peaks with relaxation times of 1.0 and 2.7
ms. In the work presented here, samples under similar
conditions resulted in only one 31P peak and a T2 relaxation
at ∼2.8 ms. The results suggest that the 31P peak with a faster
relaxation decay was induced by the long incubation time.
Because a shorter T2 time constant indicates a larger amplitude
of motion and destabilization of the membrane bilayer, the
difference implicated that a larger degree of membrane
disruption was induced by long incubation times for the

preincorporated Aβ. The major difference between the
preincorporated samples with short and long incubation time
was observed in the 2D spin diffusion NMR spectra. For this
sample, it was clear that Aβ formed a well-folded parallel in-
register β-sheet core region. However, the previous work
showed that after long incubation times, the long-range cross-
peak between F19 and L34 was not detected. This discrepancy
suggested major structural changes during the long incubation
times, and the disappearance might be attributed to either the
shift in backbone registration in the hydrophobic core or the
disruption of the steric zipper.56

Furthermore, the differences in 31P T2 relaxation rates were
also observed for the preincorporated samples with distinct
membrane components. A decrease in the T2 relaxation time
was observed for only POPC/POPG liposomes, not POPC
liposomes or those containing 30% cholesterol. Cholesterol is
known to decrease the membrane bilayer fluidity above the
transition temperature, and therefore, membranes with the
additional cholesterol might have less perturbation induced by
the preincorporated Aβ. The difference between membranes
with neutral and charged headgroups might be due to the
increase in the degree of electrostatic repulsion between
charged headgroups within the POPG-containing liposomes.
Overall, the data suggest that the preincorporated Aβ in
POPC/POPG liposomes induced certain perturbations of the
membrane bilayer, which placed the 31P in a more rigid
chemical environment.

Rapid Formation of the Aβ−Lipid Complex in
Preincorporated Samples. We observed formation of an
Aβ−lipid complex after incubation for <4 h at a physiological
temperature and pH value when the Aβ was preincorporated
into POPC/POPG liposomes at 1:30 peptide:lipid molar ratio.

Figure 6. 13C-PITHIRDs-CT decay curves for the preincorporated samples (4 h incubation time) with (A) V18 C′ (□) and A21 CH3 (○) and (B)
A30 CH3 (□) and M35 C′ (○) and the externally added samples with (C) A21 CH3, (D) A30 CH3, (E) M35 C′, and (F) V18 C′. For panels C−F,
the data were collected at incubation times of 2 days (□), 4 days (○), and 8 days (△). Error bars were determined from the spectral noise.
Simulated 13C-PITHIRDs-CT decay curves for 4−8 Å are shown in panel A, and the curves for 5 Å are provided in all panels.
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This complex possessed a curvy and short morphology as
determined by TEM. With the same incubation time and initial
peptide concentration, neither the incubation of monomeric Aβ
in aqueous buffer nor the external addition of Aβ to liposomes
resulted in observable species with a fibrillar morphology,36,37

indicating that the fibrillation process was greatly accelerated by
the surrounding lipid molecules. Our CD results suggested that
the β-sheet structure was formed during the incubation process
rather than preexisting upon addition. We have noticed that the
CD results were dramatically different from those of a
previously published work on the preincorporated Aβ−
membrane system under similar experimental conditions,
where the secondary structure of Aβ was mainly random coil
within a time period of 2 months.21 However, the previous
work utilized phospholipids with the transitional temperature
close to the experimental (ambient) temperature, while in the
work presented here, the lipids had a much lower transition
temperature. Therefore, our membrane bilayer system might
have dynamics stronger than those from the previous study,
which seemed to affect the aggregation rates of Aβ. The NMR
spectra collected upon a 4 h incubation indicated the formation
of a structurally uniform species, which contains parallel in-
register β-sheet domains in both the N- and C-terminal β-
strand segments. In the meanwhile, there were long-range
contacts between the two β-strand segments as well as the
residues in the loop region. All the NMR data supported the
formation of the fibrillar structure as in the case of the mature
fibrils. More interestingly, we observed that the fibrillar species
contained not only Aβ but also phospholipids with specific
interactions between the two molecules. The phosphate
headgroups were observed to be close to residues D23 and
L34, and the bulk methylene groups in the lipid acyl chain were
close to residues D23 and S26. Considering that D23 and L34
were not close to the β-loop-β structural motif, it is possible
that there are at least two binding sites for the phospholipids.
Figure 7 displays a schematic model for the process of Aβ

aggregation and lipid uptake in the preincorporated sample.
The initial state of binding of Aβ to the membrane bilayer was
adopted from the previously published C-terminal domain of
APP using solution NMR spectroscopy.8 After enzymatic
cleavage of APP, the C-terminus of Aβ was located in the
hydrophobic membrane interior, which was energetically
disfavored. The 40-residue Aβ sequence contains two hydro-

phobic regions that are composed of residues L17−A21 and
A30−V40. There are three polar segments at the N-terminus,
loop region, and C-terminus. The polar residues have a strong
tendency to be located in the polar phospholipid headgroup
region.57 It seems that the only approach to satisfy the
preferred membrane location of all segments in Aβ is to form a
β-loop-β motif so that the two β-strands are located in the
membrane interior and the two terminal regions and the loop
regions are close to the membrane surface. This requires
reorientation of the Aβ molecules by moving the charged C-
terminus out of the membrane interior. In fact, the formation of
such a β-loop-β motif has been reported previously in both
experimental and computational simulation studies and was
proposed as a precursor for the fibrillation process.58,59 There
could be multiple ways to stabilize the folded Aβ monomer. It
might penetrate and span the membrane bilayer and be
stabilized by oligomerization inside the bilayer, which has been
previously shown in the amyloid ion channel structures by
molecular dynamics simulation.60,61 However, the channel
structure was observed at a much lower peptide:lipid molar
ratio compared with the conditions used in our studies. Besides,
for the folded Aβ to span the entire membrane interior, its
hydrophobic core region would have to cover a distance of 30−
40 Å. This would require a core region with at least 20 residues,
which was only observed previously in the mature Aβ fibrils.
For the protofibrils with curvy morphologies, the hydrophobic
core might be smaller.18 At a high peptide:lipid ratio, the Aβ
molecules are more likely to be in the proximity of themselves
rather than lipids, and this will promote fibrillation. We
detected a rapid and immediate ThT fluorescence enhance-
ment, which verified the formation of fibrillar structures.
Because of the aggregation, the Aβ molecules are less likely to
penetrate the membrane bilayer because of the increment in the
size of the polar region, and because the hydrophobic effect can
be satisfied by self-association rather than insertion into
membrane interiors. We have provided solid-state NMR
evidence of the binding between Aβ and lipids. It is particularly
interesting that the binding was residue-specific rather than
random; i.e., the lipid molecules seemed to bind to the loop
region (i.e., D23 and S26) rather than the two hydrophobic
segments. The binding might occur through electrostatic
interactions, and the loop region is composed of more polar
and charged residues. However, we did not rule out the
possibility that there were multiple binding sites, for instance,
the N-terminus that contains mainly polar amino acids. We
noticed that in the published structural model of the membrane
binding domain of APP, the loop residues of Aβ are located in
the interface between the polar lipid headgroups and
hydrophobic acyl chains. There were significant 1H chemical
shift variations for residues E22, G29, and G33 in response to
the changes in membrane composition, which suggested
interactions between this region and membrane components.8

Our observation that residues D23, S26, and L34 had close
contact with lipids was consistent with the membrane binding
sites proposed for APP, which means that the binding might
occur before the formation of fibrils.

Fibrillation Pathway in Externally Added Samples.
The decay curves from the 13C-PITHIRDs-CT experiments
reveal the strength of dipolar coupling between labeled 13C
nuclei, and more specifically for the singly labeled samples, the
13C isotopes within the same residue from the adjacent peptide
chain. In general, faster decay indicates either shorter 13C−13C
distances or less dynamics, both of which will generate stronger

Figure 7. Cartoon models for the Aβ structural evolution in the
preincorporated samples. On the basis of the NMR data, Aβ molecules
formed aggregates with parallel in-register β-sheet structure in complex
with lipids. The peptide might undergo structural evolution of (a)
conformational change, (b) aggregation, and (c) lipid uptake.
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dipolar coupling.43 The combination of 2D RAD and
PITHIRDs experiments suggested that residue A21 forms
well-ordered β-sheet structure rapidly. Segments around A21
have been proposed to be the binding sites for the membrane
surface in the model of the C-terminal domain of APP.8

Therefore, the conformation within the segment might be
restricted because of membrane binding. The C-terminal β-
sheet formed with a relatively slower rate, probably after
incubation for 48 h. The 2D experiments showed that the local
secondary structure for A30 and L34 did not change after 24 h.
Therefore, the slower PITHIRDs curves on day 2 for the
methyl group of A30 and the carbonyl group of M35 were
probably due to the motion of the C-terminal β-strand rather
than the presence of multiple conformations with different
internuclear distances. Although residue A21 seemed to have a
restricted conformation and formed β-sheet quickly, the
residues toward the N-terminus were more flexible. F19
possessed multiple conformations after 2 days and slowly
reached conformational convergence after 4 days. The carbonyl
group of V18 seemed to have the slowest rate of forming
parallel in-register β-sheets among the four labeled sites. It was
unclear why there is a difference in the fibrillation kinetics
between V18 and A21. It might be related to the residue-
specific details in the binding domain of Aβ to the membrane
bilayer. It was reported that the fibrillation pathway of the islet
polypeptide (IAPP) was initiated in the loop region followed by
the two β-strands.62 The mature fibril of IAPP has a structure
very similar to that of the Aβ fibrils. However, the fibrillation
pathways might be different for the two amyloid peptides. We
should also emphasize that the presence of the membrane
bilayer may affect the fibrillation process because membrane
binding can provide conformational restriction to certain
segments on the peptide that may facilitate or disfavor fibril
formation. It was proposed previously that the interaction
between amyloid peptides and membranes provided preferred
orientations that might facilitate the fibrillation.5,12 In that
sense, the preincorporated Aβ molecules may have less
dynamics as they were surrounded by lipids, while in the
externally added case, the peptide may be only loosely
associated with the membrane surface.
Insights into Membrane Disruption. Characterization of

the molecular-level mechanism of membrane disruption
induced by amyloid peptides remains a major challenge that
prevents further understanding of the neurotoxicity of these
peptides. Recent clinical studies of the anti-amyloid drugs have
raised questions about the validation of the amyloid cascade
hypothesis.1−3 However, to obtain molecular-level evidence
that either supports or opposes the hypothesis, it is crucial to
utilize biologically relevant model systems. The initial proximity
between Aβ and the membrane and the relative ratio of the
peptide to lipids are important factors that have to be
considered in model systems. As we have shown in this work,
the Aβ peptides behave quite differently under the externally
added and preincorporated conditions. For the preincorporated
sample and relatively high peptide:lipid ratio, we observed the
rapid formation of a complex composed of both Aβ and lipids.
The formation of such a complex might involve the rapid
assembly of a fibrillar core followed by elution from the
membrane bilayer with lipid uptake. Therefore, the complex
will induce disruption to the membrane by affecting the
integrity of the bilayer structure. It was shown that Aβ could be
concentrated within certain domains of the membrane such as
the lipid raft.9 Our results have suggested that at high local Aβ

concentrations, the peptide might form aggregates together
with phospholipids and disrupt the membrane bilayer. The
externally added Aβ forms mature fibril after a long incubation
time. As opposed to the preincorporated samples, we did not
observe obvious membrane disruption during the initial stage of
fibrillation. However, fibril formation might still have an instant
interaction with the lipid bilayer because of its potential binding
to the membrane. Future investigations will be performed to
characterize the initial membrane binding states of Aβ, the
membrane-facilitated aggregation, and the consequent Aβ−
membrane interactions.

■ CONCLUSIONS

We reported high-resolution studies of the different Aβ
aggregation pathways and the consequent membrane dis-
ruption with different initial proximities between the peptide
and membrane bilayer. Different sample preparation protocols
provide biologically relevant mimics for either the released Aβ
or the inserted Aβ. The preincorporated sample preparation
resulted in the rapid formation of a complex between Aβ
aggregates and lipids, which contains a parallel in-register β-
sheet core similar to the mature fibril. Formation of the
complex was associated with lipid uptake and possibly
membrane disruption. When Aβ was externally added to the
preformed liposome, mature fibrils were produced after long
incubation times. Different residues along the peptide sequence
reached conformational convergence and formed β-sheet
structure at different rates. In general, the segments around
A21 seem to form well-ordered, parallel in-register β-sheet
structure quickly. The C-terminal segments formed a parallel β-
sheet before the structural convergence in the loop region and
the residues located close to the N-terminus. Unlike the rapid
formation of protofibrils in the preincorporated samples, the
slow fibrillation process did not seem to have a significant effect
on the integrity of the membrane bilayer.
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