
Aggregation of Alzheimer’s Amyloid β‑Peptide in Biological
Membranes: A Molecular Dynamics Study†

Justin A. Lemkul* and David R. Bevan

Department of Biochemistry, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, United States

*S Supporting Information

ABSTRACT: Numerous studies have concluded that the
interaction of the amyloid β-peptide (Aβ) and cellular
membranes contributes to the toxicity and cell death observed
in the progression of Alzheimer’s disease. Aggregated Aβ
species disrupt membranes, leading to physical instability and
ion leakage. Further, the presence of Aβ on the membrane
surface increases the aggregation rate of the peptide, as
diffusion occurs in two dimensions, increasing the probability
of interpeptide interactions. Molecular dynamics (MD)
simulations have been used to investigate Aβ in a number of
environments, including aqueous solution and membranes. We previously showed that monomeric Aβ40 remains embedded in
membranes composed of the most common lipids found in the cell membrane, but that the presence of ganglioside GM1
promotes release of the peptide into the extracellular medium. Here, we explore the interactions of two Aβ40 peptides in model
membranes to understand whether aggregation can occur prior to the release of the peptide into the aqueous environment. We
found that aggregation occurred, to different extents, in each of the model membranes and that the aggregates, once formed, did
not exit the membrane environment. This information may have important implications for understanding the affinity of Aβ for
membranes and the mechanism of Aβ toxicity in Alzheimer’s disease.

Alzheimer’s disease is a progressive neurodegenerative
disorder that affects over 5 million individuals in the

United States and over 25 million worldwide1 and is the leading
cause of senile dementia. The principal histological lesions for
this disease are extracellular plaques of the amyloid β-peptide
(Aβ) and intracellular neurofibrillary tangles of the micro-
tubule-associated protein tau. The discovery of Aβ as the
principal component of the extracellular plaques led to the
formation of the “amyloid hypothesis”,2 which states that Aβ is
the primary toxic entity in Alzheimer’s disease, especially
through its associations with cellular membranes.3,4

Aβ is produced from the amyloid precursor protein (APP) by
sequential proteolysis steps carried out by β-secretase in the
endosomal pathway and γ-secretase in the plasma membrane.5,6

The resulting Aβ peptides contain between 39 and 43 residues,
with the 40- and 42-residue variants (Aβ40 and Aβ42,
respectively) being the most common. The final proteolysis
step (carried out by γ-secretase) occurs in lipid raft micro-
domains of the plasma membrane.7 Thus, upon production, Aβ
is exposed to a lipid matrix containing primarily glycolipids,
cholesterol, and saturated lipids. In our previous work,8−10 we
concluded that monomeric Aβ40 remained stably inserted in
membranes composed of dipalmitoylphosphatidylcholine
(DPPC), palmitoyloleoylphosphatidylcholine (POPC), palmi-
toyloleoylphosphatidylserine (POPS), an equimolar mixture of
POPC and palmitoyloleoylethanolamine (POPE), and lipid
rafts composed of a 1:1:1 molar ratio of POPC/palmitoyl-
sphingomyelin (PSM)/cholesterol but exited raft membranes
containing ganglioside GM1. Our results identified ganglioside

GM1 as an important contributor to the early stages of the Aβ
aggregation cascade.
Since the principal toxic species in Alzheimer’s disease is

believed to be soluble, oligomeric Aβ,3,4,11,12 it is important to
understand the early events in the aggregation cascade and the
role that lipid membranes may play in the aggregation process.
In solution, Aβ aggregation occurs through diffusion in three
spatial dimensions. When associated with membranes, the
diffusion is limited to two dimensions, in the plane of the
membrane, thus enhancing the rate at which Aβ will
aggregate.13,14 Though aggregation in membranes has been
demonstrated in vitro using a variety of model lipid
bilayers,13,15−18 it is unknown if Aβ can aggregate in
membranes in vivo prior to its release into the extracellular
medium and destabilize the plasma membrane in the process.
Here, we apply molecular dynamics (MD) simulations in an
effort to provide new insight into this process.
Recent MD simulations by Zhao et al.19 showed that Aβ42

can aggregate in a model DPPC/cholesterol membrane and
that the aggregated peptides remain embedded in the
membrane; that is, they do not exit the lipid bilayer and
enter the aqueous phase. Zhang et al. recently studied the
interactions of Aβ with Langmuir films and liposomes to
demonstrate that Aβ aggregation in water and in membranes
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are competing processes that are fundamentally different.16

That is, monomeric Aβ prefers to partition into membranes
where aggregation then occurs. Conversely, preformed
aggregates of Aβ do not effectively enter into membranes.
Thus, toxic aggregates can be formed within the membrane and
lead to damage and ultimately cell death. These studies provide
the basis for our present work, as the exact mechanism of Aβ
aggregation within membranes is still unknown and the
dependence of this process on lipid properties remains to be
explored.
In the present work, we sought to expand upon the current

understanding of Aβ-membrane interactions in the context of
peptide aggregation. We posed several questions. First, do Aβ40
monomers form aggregates within the membrane, and if so, is
there any dependence on lipid composition in this process?
Second, what is the nature of the interpeptide interactions, in
terms of both residues involved in aggregation and any
secondary structure changes? Finally, does Aβ40 aggregation
adversely affect the structure of the lipid membrane? The
application of atomistic MD simulations allows us to probe
these events in great detail.

■ METHODS
The starting configuration for the Aβ40 peptide was taken from
work by Coles et al.,20 which we have used in our previous
studies on Aβ-membrane interactions.8−10 The coordinates and
topologies for the membranes used in this work (POPC, POPS,
POPC/POPE, and rafts) were taken from previous stud-
ies,21−25 with coordinate files expanded as needed in the x−y
plane to produce membranes of suitable dimensions for the
insertion of two peptides. Contents and dimensions of the
simulation systems are given in Table 1. The force field applied

to the Aβ40 peptide was GROMOS96 53A6.26 These peptides
were placed diagonally from one another in the x−y plane of
the membrane with a center-of-mass (COM) distance of 3.3
nm and a minimum distance between any pair of atoms of
approximately 1.0 nm (Figure 1). This orientation produced
what we called “Pose 1.” Three additional poses were generated
by successively rotating peptide 2 by 90° about the z-axis while
keeping peptide 1 fixed (Figure 1B). The initial COM distances
between the two peptides for Poses 2, 3, and 4 were 3.7, 4.2,
and 3.9 nm, respectively. Minimum interpeptide distances
between any atom pairs in Poses 2, 3, and 4 were 2.0, 2.2, and
2.4 nm, respectively. These proteins were then inserted into the
membranes using the InflateGRO methodology.27

All further preparation steps and simulations were carried out
using the GROMACS package,28 version 4.0.7. Following
insertion of the peptides into the lipid membrane, the unit cell
was filled with SPC water29 and ∼150 mM NaCl, including 4 or

6 Na+ counterions to balance the net charge on each of the
Aβ40 peptides, depending upon the protonation state (see
below). Each system was energy-minimized using the steepest
descent algorithm and was subsequently equilibrated in three
phases. During all phases of equilibration, position restraints
(using kpr = 1000 kJ mol−1 nm−2) were applied to all protein
heavy atoms. For the first phase of equilibration, an NVT
ensemble was applied, and the system equilibrated at 100 K.
The Berendsen weak coupling algorithm30 was used to control
the temperature of the system. The peptides, lipids, and solvent
(including ions) were coupled separately. NVT equilibration
was carried out for 100 ps. Following NVT, each system was
linearly heated from 100 to 310 K over 1 ns using an NPT
ensemble at 1 bar of pressure. During this process, the
Berendsen algorithm30 was used to control both temperature
and pressure. For the final phase of equilibration, an NPT
ensemble was maintained at 310 K and 1 bar using the Nose−́
Hoover thermostat31,32 and Parrinello−Rahman barostat.33,34

Table 1. Contents of the Simulated Systems

membrane lipid content dimensions (nm)a

POPC 250 POPC 8.75 × 8.75 × 12
POPS 246 POPS 8.5 × 8.5 × 12
POPC/
POPE

140 POPC, 140 POPE 9.94 × 9.94 × 12

Raft 127 POPC, 113 PSM, 121 cholesterol 8.73 × 8.73 × 12
GM1-Raft 125 POPC, 92 PSM, 119 cholesterol, 24

GM1
8.75 × 8.75 × 12

aDimensions given (x × y × z) are those of the energy-minimized
systems, i.e., prior to equilibration or further simulation.

Figure 1. Starting configurations of the four poses (labeled
numerically) of the Aβ40-POPC system, as viewed (A) through the
x−y plane and (B) along the z-axis. The N- and C-termini of peptide 1
are indicated for perspective; peptide 2 has an analogous orientation.
The different poses in panel B are labeled by color. The peptides are
shown in cartoon representation. Lipids are shown as gray lines with
phosphorus atoms indicated by translucent gold spheres.
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Production MD simulations were carried out for 200 ns using
this same ensemble, in the absence of any restraints. Three
replicate simulations were conducted for each system, initiated
using different random starting velocities at the outset of NVT
equilibration. The approach of using four starting config-
urations with three replicates for each allowed us to obtain 2.4
μs of sampling in each simulation set.
Simulations were carried out with constraints on all bonds

using the P-LINCS algorithm,35 allowing an integration time
step of 2 fs. Long-range electrostatic interactions were
calculated using the smooth particle mesh Ewald (PME)
method.36,37 All short-range nonbonded interactions (including
van der Waals terms and the real-space contribution to PME)
were truncated at 1.2 nm. The neighbor list was updated every
5 simulation steps. Dispersion correction was applied to energy
and pressure terms to account for finite truncation of van der
Waals interactions. Analysis was conducted using programs
within GROMACS or with our own software, GridMAT-MD.38

Secondary structure was assigned using the DSSP algorithm.39

Throughout this paper, simulations are referred to by the
lipid type (POPC, POPS, POPC/POPE, Raft, and GM1-Raft)
and the C-terminal protonation state of the Aβ40 peptide. Thus,
peptides with protonated C-termini are called “CH” (with a net
charge of −2 on each peptide), and those with ionized C-
termini are called “CI” (net charge of −3). Both protonation
states were considered for reasons described previously.8,10 The
N-termini of all peptides were treated as positively charged.
Individual simulations within a set are assigned a numeral. For
instance, simulation POPC-CH-1.3 would indicate replicate 3
of Pose 1 within the set of simulations conducted in POPC
with peptides containing protonated C-termini. Thus, in total,
120 simulations (12 each within 10 simulation sets) were
carried out.

■ RESULTS AND DISCUSSION
Of interest in this work were several points related to both Aβ
aggregation and the effects this process may have on the
structure of the surrounding membrane and the dynamics of
the peptides themselves. In this regard, we analyze (i) aggregate
formation, (ii) position and orientation of Aβ40 within the
membrane, (iii) secondary structure of Aβ40, and (iv)
membrane structure.
We begin the discussion of our findings with several

important caveats. The starting structure for Aβ40 was
determined in the presence of SDS micelles20 and as such
may not correspond directly to the structure of the peptide in
vivo. We do believe, however, that this structure is a reasonable
approximation of the structure of Aβ40 upon its release from the
γ-secretase complex, as the domain of APP containing the Aβ
sequence is a single-pass transmembrane helix, and it is likely
that much of the Aβ40 structure is helical upon its generation.
The initial placement of the two Aβ40 peptides in the systems
constructed here is also arbitrary; an infinite set of
configurations could be generated for the starting structure
based on different rotational and translational transformations
to the peptide structures. The starting configurations used here
were simple constructs that enabled us to build systems of
minimal size, to allow for longer simulations in a reasonable
amount of time. It is important to state that the time frame
explored in each of these simulations (200 ns) is short by
physiological standards, but very long by computational
metrics. Recent work by Zhao et al.19 simulated an Aβ trimer
for 1 μs, but they conducted only one simulation. Our approach

of using multiple 200-ns simulations provides greater statistical
confidence in the results we have obtained. The accumulated
sampling time for each system is 2.4 μs and includes results
from four different starting configurations.
As a final note, it is important to consider the effect that the

chosen force field will have on the outcome of the study.
Different molecular mechanics force fields have different
underlying parametrization strategies and have been validated
in different ways. Recent work has shown that many force fields
overly bias helical structures,40 while the GROMOS96 53A6
parameter set,26 employed here, may overstabilize extended
configurations and understabilize helices.41 Very recently,
Olubiyi and Strodel demonstrated that GROMOS96 53A6
reproduced calculated NMR shifts for Aβ,42 indicating that the
structures it produces are compatible with experimental
observations. We elected to use GROMOS96 53A6 because
it is the force field used in our previous work over the past
several years,8−10 is compatible with a popular united-atom
lipid force field21 that allows for faster calculations by reducing
the degrees of freedom, and has recently been shown to be
sufficiently accurate for studies of Aβ.42

Aggregation of Aβ40 Peptides. We defined a peptide
aggregate as occurring when a minimum of 100 interpeptide
heavy atom contacts persisted over the final 100 ns of each
simulation, and the x−y COM distance between the peptides
was within 2.75 nm. This distance was determined on the basis
of a qualitative assessment of the interactions established during
the simulations and further justified on the basis of the rate of
diffusion necessary to produce such a distance. The total
displacement from the initial configurations that would be
needed to achieve this final COM separation would suggest
lateral diffusion on the order of 1−6 cm2 s−1, which is in the
range of normal lipid diffusion.
Simulations in which the Aβ40 peptides satisfied the distance

and contact criteria were called “strong” aggregates (Figure
2A); in cases in which the contact criterion was met but the
COM distance criterion was not or wherein the COM distance
criterion was met and a non-zero number of contacts (but
fewer than 100) formed, the resulting aggregates were called
“weak” (Figure 2B). Weak aggregates generally represent
situations in which the Aβ40 peptides adopted elongated
structures that formed interactions without large changes in
COM distance. Strong aggregates formed at close distance and
established a greater number of contacts. We note that most
aggregates that formed produced peptides with a COM
distance well below the 2.75-nm cutoff, indicating that they
diffused more quickly than the surrounding lipids and thus the
interactions enhanced the attraction between the peptides.
Dimers formed in all of the membrane systems explored

here, to different extents depending upon lipid type (Table 2).
The simulations of Aβ40 in POPC produced aggregates in 50%
of the simulations, eight strong (four each in the POPC-CH
and POPC-CI sets) and four weak aggregates (three in the
POPC-CH set and one in the POPC-CI set). Simulations of
Aβ40 in POPS produced aggregates in only 25% of the
simulations, three strong (one in the POPS-CH set and two in
the POPC-CI set) and three weak (in POPS-CH). In the
POPC/POPE-CI set, aggregates formed in 29.2% of the
simulations, including six strong aggregates (four in POPC/
POPE-CH and two in POPC/POPE-CI) and only one weak
aggregate (in the POPC/POPE-CI set). Thus, for these three
simple model membranes, it appears that the ability of Aβ40 to
aggregate can be expressed as a function of hydrogen bonding
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potential between the peptides and the surrounding lipids.
Lipids with greater numbers of hydrogen bonding groups such
as POPS impeded Aβ40 aggregation to the greatest extent. The
presence of POPE in the POPC/POPE membrane also
impeded aggregation, but not as strongly as in the case of
POPS. The time taken to form aggregates is shown in Table 2,
and Aβ-lipid hydrogen bonds for the different systems
simulated here are summarized in Table 3. The membrane
that caused Aβ40 aggregates to form the slowest was POPS.
POPC and POPC/POPE were nearly equivalent, but the
greater number of aggregates observed in POPC reinforces the
conclusion that hydrogen bonding impedes aggregate for-

mation. The aggregates that formed in POPC/POPE did so as
quickly as the aggregates formed in POPC, but there were far
fewer aggregates overall in POPC/POPE.
The Aβ40 peptides formed aggregates in the raft environment

without GM1 in 41.7% of the simulations. In the 12 Raft-CH
simulations, four strong aggregates formed. In the Raft-CI set,
four simulations produced strong aggregates and two produced
weak aggregates. In the GM1-Raft systems, in which aggregates
formed in 25% of the simulations overall, the GM1-Raft-CH set
produced three strong aggregates, and the GM1-Raft-CI set
produced two strong aggregates and one weak aggregate. These
results are not unexpected, given the fact that most of the lipids
in the raft (both POPC and PSM) contained PC headgroups.
The Aβ40 peptides formed comparable numbers of hydrogen
bonds with PC-containing phospholipids in the POPC and Raft
simulations. Thus, the mobility of these peptides and their
potential for interaction was comparable in these environments
(also indicated by the similarity between aggregate formation
time shown in Table 2), allowing aggregates to form with a
greater frequency and strength than in the POPS and POPC/
POPE systems. Fewer aggregates were observed in the GM1-
Raft systems relative to the Raft systems, likely due to the
extensive hydrogen bonding interactions that emerged between
Aβ40 and GM1 (Table 3). The aggregates that arose in GM1-
Raft simulations formed the fastest of all the membrane
environments (Table 2), however, indicating that perhaps even
more sampling and starting configurations may be necessary to
determine the effect of the initial placement of GM1 molecules
relative to the Aβ40 peptides. Aggregates that formed did so
very rapidly (within approximately 4 ns for both GM1-Raft-CH
and GM1-Raft-CI systems), while peptides in other replicates
never formed any contacts and/or did not diffuse very far from
their initial positions.
The interactions formed between Aβ40 peptides upon

aggregation were principally between residues in the N-terminal
regions of the peptide. The C-terminal hydrophobic residues
generally remained far apart, forming few, if any, direct contacts
within the membrane core. To quantify these interactions, an
average distance matrix was constructed from the final snapshot
of each simulation in which an aggregate (strong or weak)
formed (Figure 3). It can be seen that no interactions formed

Figure 2. Examples of (A) a “strong” aggregate, from the POPC-CH-
3.3 trajectory and (B) a “weak” aggregate, from the POPS-CH-1.1
trajectory. Each peptide is shown with an overlaid translucent surface
to give an impression of the overall shape of the molecules. Lipids are
shown as gray lines, with phosphorus atoms indicated by translucent
gold (POPC) or green (POPS) spheres.

Table 2. Quantification of Aggregates Formed; Twelve
Simulations Were Performed in Each Set

dimers formed

system strong weak total

av COM
distance
(nm)a

av formation
time (ns)b

POPC-CH 4 3 7 2.4 ± 0.5 17 ± 21
POPC-CI 4 1 5 2.2 ± 0.6 9 ± 9
POPS-CH 1 3 4 3.2 ± 0.8 26 ± 35
POPS-CI 2 0 2 2.4 ± 0.4 22 ± 4
POPC/POPE-CH 2 0 2 2.5 ± 0.3 8 ± 6
POPC/POPE-CI 4 1 5 2.3 ± 0.2 13 ± 23
Raft-CH 4 0 4 1.9 ± 0.9 15 ± 21
Raft-CI 4 2 6 2.5 ± 0.7 3 ± 3
GM1-Raft-CH 3 0 3 1.9 ± 0.4 4 ± 2
GM1-Raft-CI 2 1 3 2.2 ± 0.8 4 ± 3

aAverage interpeptide COM distance in all systems in which
aggregates formed (both strong and weak) over the last 100 ns of
simulation time. bTime at which the minimum threshold for contacts
formed was reached, considering all systems in which aggregates
formed.
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outside of the polar N-terminal residues (contained within the
white outline in Figure 3). These findings are in good
agreement with recent experiments conducted by Zhang et
al.,16 who found that Aβ aggregation in membranes was driven
principally by residues 11−16 of the Aβ sequence. Contacts
involving these residues were frequent in our simulations
(Figure 3). They further determined that the hydrophobic C-
terminal residues, while important for aggregation of Aβ in the
extracellular medium, were not involved in aggregation within
the membrane; rather, these residues served to anchor the
peptide in the membrane. Our results agree with these
observations, since few, if any, contacts emerged involving
these residues (Figure 3). We can conclude from our results
that the protonation state of the Aβ40 peptides (CH or CI) has
little to no impact on the ability of the peptides to form
aggregates, further emphasizing the role of N-terminal residues,
not C-terminal residues, in aggregation within the membrane.
C-terminal protonation state does play an important role in the
position and orientation of the peptides within the membrane
and will be discussed in detail in the next section.

We conclude this section by noting that the ability of Aβ40 to
form aggregates within the membrane was not biased due to
the starting configurations. Though many orientations exist as
possible starting configurations for these systems, we have
attempted to eliminate bias toward certain interactions by
producing four orientations that begin with the peptides rotated
with respect to one another. The fact that aggregates can arise
from any of these initial configurations gives confidence in the
results presented here.

Position and Orientation of Aβ40 in Membranes. In our
previous work,10 we found that monomeric Aβ40 interacted
with GM1 in a manner that promoted the exit of the peptide
from the membrane, a behavior that was not observed in the
simulations of Aβ40 in the other model membranes. Thus, it
was of interest in the present work to determine if the ability of
Aβ40 to aggregate affected its exit from the membrane. We
previously defined an “exit” from the membrane as occurring
when the COM of residues 29−40 of Aβ40 (initially embedded
in the membrane) crossed above the average phosphate plane
of the extracellular leaflet of the membrane. We utilize that
same definition here. We have quantified the position and
orientation of the Aβ40 peptide within each model membrane
using two criteria: (i) the tilt angle of the principal axis through
residues 29−40 and the z-axis and (ii) the distance between the
COM of residues 29−40 and the average phosphate plane.
Results of these calculations are summarized in Table 4, and
images of the positions of Aβ40 within all membrane systems
are presented in Supporting Figures S1−S10. Histograms that

Table 3. Aβ40−Lipid Hydrogen Bondsa

system POPC POPS POPE PSM Chol GM1

POPC-CH 26 ± 5
POPC-CI 24 ± 5
POPS-CH 44 ± 6
POPS-CI 45 ± 8
POPC/POPE-CH 18 ± 4 26 ± 4
POPC/POPE-CI 16 ± 1 28 ± 5
Raft-CH 15 ± 4 11 ± 2 2 ± 2
Raft-CI 15 ± 5 11 ± 3 3 ± 2
GM1-Raft-CH 12 ± 4 4 ± 2 0.8 ± 0.5 14 ± 4
GM1-Raft-CI 13 ± 4 4 ± 3 1 ± 1 14 ± 5

aData are averaged over the final 100 ns of each trajectory, considering both peptides in all simulation sets. Shown are the resulting averages with
standard deviations.

Figure 3. Average distance matrix for all trajectories in which
aggregates formed. The distance matrix represents the mean smallest
distance between all residue pairs and was constructed from the final
configuration of each trajectory as representative of each simulation.
Residues enclosed in the white box indicate the N-terminal polar
region that is initially exposed to the aqueous solvent in each
simulation.

Table 4. Tilt Angle and z-Axis Position of Aβ40 Peptides in
Model Membranesa

system tilt angle (deg) relative position (nm)

POPC-CH 47 ± 28 −1.5 ± 0.6
POPC-CI 85 ± 30 −1.1 ± 0.5
POPS-CH 29 ± 18 −1.4 ± 0.3
POPS-CI 96 ± 20 −1.0 ± 0.2
POPC/POPE-CH 63 ± 21 −0.9 ± 0.2
POPC/POPE-CI 77 ± 18 −0.6 ± 0.3
Raft-CH 56 ± 25 −1.0 ± 0.3
Raft-CI 77 ± 21 −0.5 ± 0.2
GM1-Raft-CH 61 ± 21 −0.8 ± 0.3
GM1-Raft-CI 85 ± 24 −0.5 ± 0.2

aAverages (with standard deviations) were calculated for both peptides
in each system, averaged over the final 100 ns of each trajectory.
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illustrate the distributions of relative COM distances are shown
in Figures S11−S15.
The values observed for tilt angle and relative position are

very similar to our previous results for monomeric Aβ40 in these
same membranes.10 These results indicate that the presence of
multiple peptides, aggregated or not, does not affect the
intrinsic ability of Aβ40 to tilt and rise toward the membrane−
water interface. Peptides with deprotonated C-termini (model
CI) are more proximal to the membrane−water interface in all
membranes, with the protonated C-terminal peptides remain-
ing 0.3−0.5 nm further into the hydrophobic membrane core
(Table 4). The CI peptides tilted more extensively than the CH
peptides, a result of their ionized termini being attracted more
strongly to the polar membrane−water interface.
In the simulations of Aβ40 in POPC, POPS, POPC/POPE,

and Raft environments, none of the peptides ever exited the
membrane, either in monomeric or aggregated form. Our
previous work8,10 suggested that Aβ40 should remain embedded
in a variety of membranes but that the presence of GM1
enhances the ability of Aβ40 to exit from raft membranes. We
do not observe such behavior here in the context of the GM1-
Raft simulations to the same extent as in our previous work. In
one simulation (GM1-CI-2.2), the C-terminal residues 29−40
of a single peptide remained coincident with the membrane−
water interface over the final 100 ns, sampling configurations as
far as 0.67 nm away from the membrane. Numerous other
simulations produced peptides that transiently sampled
configurations outside of the membrane (four in the GM1-
Raft-CH set and nine in the GM1-Raft-CI set). Nearly all of
these events occurred when the peptides were in monomeric
form, indicating that the formation of aggregates within the
membrane disfavors release of the peptides into the
extracellular space, in agreement with the findings of Zhang
et al.16 We attribute the findings of the present work to the fact
that there is only a small probability that complete exit will
occur (30% in our previous work) and that aggregation should
impede the ability of Aβ to exit the membrane, as Aβ
monomers preferentially aggregate in the membrane rather
than exit into the extracellular space.16 We observed
aggregation in 6 of the 24 simulations conducted here that
included GM1 (Table 2). Whereas monomeric Aβ40 may leave
the membrane via interactions with GM1 and can lead to
extracellular aggregation, the presence of multiple Aβ40 peptides
disfavors membrane release and instead leads to aggregation
within the membrane. The effects of soluble Aβ binding to
GM1 from the aqueous environment outside the cell remains a
topic to be explored further in the future.

Secondary Structure of Aβ40 Peptides. Previous
structural and simulation studies of Aβ in membranes and
membrane-mimicking environments have concluded that the
peptide is principally helical, though some regions are
disordered.20,43,44 Our own results of monomeric Aβ40 have
shown that transient β-strand formation is observed in all
membrane environments, but β-strand content is enhanced by
the presence of GM1 clusters.10 These GM1 clusters provide a
polar, dehydrated environment that facilitates the formation of
β-hairpin structures, principally within the N-terminal region of
the peptide. Secondary structure content for the Aβ40 peptides
in the simulations conducted here is summarized in Table 5.
Per-residue helical and strand probabilities are shown in
Supporting Figures S16−S20. We focused our analysis on the
final 100 ns of each trajectory, as Aβ40 underwent some
secondary structure changes over the first half of the trajectory.
In agreement with previous experimental and simulation

data,10,20,43−45 the principal secondary structure features of the
Aβ40 peptides were random coil and helix. We consider total
helical content here, as in our previous work,10 rather than
individual α-helix, π-helix, and 310-helix elements, as the
definition and balance of these structures is not well-defined
for most force fields.40,41,46 Helical structures were sampled
between residues 15−23 and 28−38 (Supporting Figures S16−
S20), in agreement with structural studies that have examined
Aβ40 in membrane-mimicking environments.20 In general, we
note that model CI peptides had lower helical content toward
the C-terminus, likely due to helical instability that arises due to
the ionized terminus. As summarized above, model CI peptides
were generally closer to the membrane−water interface and
thus underwent additional structural rearrangement. β-Strand
content was highest for the simulations of Aβ40 in Raft and
GM1-Raft systems (Table 5), in agreement with our previous
results.10 The GM1-Raft systems produced the lowest total
helical content, indicating that these peptides were the most
disordered in these membrane systems, an attribute that may
enhance aggregation. We note that helical content was reduced
in the membrane-embedded C-terminal region in GM1-Raft
systems (Supporting Figure S20) relative to the other
membranes studied here. β-Strand occurrence was most
frequent in the GM1-Raft systems, with short β-hairpins
emerging at various locations within the Aβ40 structures in 9 of
12 simulations in the GM1-Raft-CH set and 10 of 12
simulations in the GM1-Raft-CI set. Hairpins were most
frequent within N-terminal residues 1−15 in all systems
(Supporting Figures S16−S20). In GM1-Raft systems, the
same β-hairpins formed with greater frequency, and additional

Table 5. Secondary Structure Content of Aβ40 Peptides, Averaged over the Last 100 ns of Simulation Timea

system coil β-strandb bend turn total helixc

POPC-CH 36 ± 4 3 ± 3 17 ± 3 10 ± 5 34 ± 6
POPC-CI 38 ± 6 4 ± 3 17 ± 4 13 ± 4 28 ± 8
POPS-CH 34 ± 5 5 ± 4 18 ± 4 15 ± 4 29 ± 7
POPS-CI 40 ± 7 6 ± 4 19 ± 5 12 ± 5 23 ± 10
POPC/POPE-CH 39 ± 6 4 ± 3 20 ± 4 14 ± 5 23 ± 10
POPC/POPE-CI 41 ± 7 4 ± 5 19 ± 5 12 ± 4 23 ± 10
Raft-CH 36 ± 5 6 ± 4 20 ± 3 13 ± 5 25 ± 7
Raft-CI 44 ± 8 6 ± 5 23 ± 5 13 ± 4 14 ± 9
GM1-Raft-CH 43 ± 6 6 ± 4 21 ± 5 13 ± 4 16 ± 6
GM1-Raft-CI 45 ± 5 7 ± 5 26 ± 5 13 ± 5 9 ± 6

aPercentages are shown with standard deviations. bβ-strand content includes both extended β-sheet and isolated β-bridge conformations. cTotal
helix is the sum of α-, π-, and 310-helix content.
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β-hairpins formed in residues toward the middle of the Aβ40
sequence (residues 23−30) and toward the C-terminus
(residues 30−40), as shown in Supporting Figure S20.
The fact that the secondary structure content of multiple

Aβ40 peptides, including those that have aggregated, is similar to
those in the monomeric state explored in our previous work
suggests that Aβ40 aggregates do not form extensive β-strand
structures and remain principally disordered at this stage in the
aggregation cascade. Helical structures account for the next
most prevalent secondary structural elements (Table 5).
Structural studies have concluded that low-molecular weight

Aβ aggregates are largely unstructured in solution, while only
higher-order species form extensive β-strand structures.47 Our
results indicate that the same holds true for aggregates of Aβ40
formed within the membrane. Emergence of more elongated β-
strands and intermolecular β-sheets may require the presence of
a larger number of Aβ peptides, a topic that bears further
examination in the future. Greater structural changes may also
require complete exit of Aβ from the membrane into an
aqueous environment, a process that may occur over longer
time periods.

Figure 4. Membrane thickness projections in the x−y plane, showing examples of strong and weak aggregates, as well as systems in which no
interaction occurred. Thicknesses were calculated as the average over the last 50 ns of each trajectory, using snapshots every 1 ns. To define the
membrane boundaries, phosphorus atoms were used as reference atoms for the GridMAT-MD calculations. Aβ40 structures are taken from the final
configuration of each trajectory indicated and are colored as a black to gray gradient to imply depth within the membrane. Black regions indicate
regions of the peptide near the membrane−water interface, while gray residues are within the bilayer interior. The legend represents thickness in nm.
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Effect of Aβ40 Peptides on Membrane Structure. A
central tenet of the “amyloid hypothesis” of Alzheimer’s disease
is the ability of Aβ to cause structural destabilization of cell
membranes that ultimately leads to cell death. We sought to
determine if the presence of multiple Aβ40 peptides, aggregated
or not, could impart structural changes on the model
membranes considered here. We quantified the membrane
thickness along the z-axis for each system using GridMAT-
MD.38 Results are shown in Figure 4.
The most notable deformations occurred in the case of the

POPC membranes. In the vicinity of the Aβ40 peptides, the
membrane thickness was reduced in excess of 1.0 nm in many
cases (Figure 4 and Supporting Figures S21 and S22) and up to
2.0 nm in the case of strong aggregate formation (Figure 5)

relative to lipids found at the periphery of the unit cell. Such
behavior is similar to our observations in the case of Aβ40 in
DPPC.9 Several of the simulations in the POPC/POPE-CH
and POPC/POPE-CI systems produced similar results
(Supporting Figures S21 and S22). It is apparent from our
results that Aβ40, even in its monomeric state, has an intrinsic
ability to cause localized thinning of the membrane on the
order of 0.5 nm or more. That is, small regions of thinning were
observed even in the absence of aggregation. When aggregation
occurred, the perturbed regions were much larger in terms of
the lateral area of the membrane that was affected. The
invaginations were deeper (1.0−2.0 nm) when aggregation
occurred, and thus an additive effect of Aβ40 peptides on the
membrane is proposed. While one Aβ40 peptide may cause
localized thinning, aggregated peptides cause even more
pronounced thinning.
Unlike POPC, the other membranes examined here were less

susceptible to perturbation induced by Aβ40. We attribute these
findings to two factors: (i) the differing ability of lipid
headgroups to form hydrogen bonds and (ii) the presence of
cholesterol in the Raft and GM1-Raft simulation sets.
Interactions between adjacent lipids, such as hydrogen bonding
and hydrophobic packing of acyl chains, give rise to membrane
structure and stability, and thus membranes that differ in these
properties likely also differ in their response to Aβ40.
Relative to the simulations of Aβ40 in POPC, the simulations

of Aβ40 in POPC/POPE and POPS produced less pronounced

thinning (0.5−0.7 nm, Figure 4 and Supporting Figures S23−
S26). The phosphatidylethanolamine headgroup of the POPE
lipids is characterized by a primary amine capable of hydrogen
bonding to Aβ40 (Table 3), POPC, or other POPE lipids.
Whereas Aβ40 tilted and caused POPC lipids to disorder,
leading to bilayer thinning, the intermolecular interactions
between POPC and POPE lipids made this membrane less
susceptible to such structural change, as was also the case for
the POPS membrane. The phosphatidylserine headgroup
contains two hydrogen bond acceptors (phosphate and
carboxylate) and a donor (primary amine), thus giving it the
greatest per-lipid hydrogen bonding capacity of any of the lipids
examined here. The structure of the POPS membranes
remained very stable over the course of the simulations carried
out here, indicating that greater hydrogen bonding capacity
within the lipid headgroups can reduce the structural
destabilization imparted by Aβ40.
Previous work by Qiu et al. has suggested that the presence

of cholesterol in the membrane acts to protect the bilayer from
Aβ toxicity.48 In our simulations in the Raft and GM1-Raft
simulation sets, cholesterol was present in a nearly equimolar
ratio with the phospholipids. In cell membranes, raft domains
are more rigid and tightly packed than other regions and thus
may be less susceptible to structural changes induced by the
presence of Aβ. We observe this effect in our simulations with
respect to deformations in the membrane. As was the case in
POPC/POPE and POPS membranes, the Aβ40-induced
structural perturbations in Raft and GM1-Raft systems were
minimal (Figure 4 and Supporting Figures S27−S30). Thus, it
appears that raft domains serve dual functions in the context of
Aβ. The first was proposed in our earlier work,10 in which we
found that monomeric Aβ40 could exit GM1-containing rafts.
The second function, illustrated here, may be to concentrate
Aβ, as we observed extensive formation of numerous aggregates
in our simulations in both Raft and GM1-Raft simulation sets.
These aggregates may then diffuse to other regions of the cell
membrane rich in phosphatidylcholine-containing lipids and
lacking cholesterol in order to destabilize the cell membrane, as
has been proposed previously.49

Recent work by Poojari et al. has found that Aβ42 monomers
and tetramers permit the leakage of water molecules across the
membrane,50 though the amount of water that crossed the
membrane when Aβ42 was present was not increased relative to
control membranes. In contrast, we do not observe this
behavior in any of our simulations. Given that Poojari et al.
report that water translocation was relatively fast (approx-
imately 12 ns or less), we believe that we achieved adequate
total sampling to observe this phenomenon if it had occurred.
In fact, we report more total sampling in each simulation set
than in the work of Poojari et al., who accumulated 500 ns of
sampling time in their simulations. Thus, the only explanation
for the absence of water permeation is conformational
dependence. Poojari et al. reported water translocation in the
case where Aβ was modeled as an elongated β-hairpin, but we
observe no such structure or orientation in any of our
simulations, though it is possible that Aβ42 could behave
differently than Aβ40, which we have used in our work. Further,
the initial orientation for the helical model of Aβ in that study
placed Lys16 at the membrane−water interface, whereas our
initial position located Lys28 at the interface, such that all
charged residues were exposed to water instead of the
hydrophobic membrane interior. Although our early work
suggested that Aβ40 might reorient itself such that Lys16 was

Figure 5. Cross-section of membrane thickness along the x-axis
through the deepest invagination in the membrane in the POPC-CI-
4.3 simulation.
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coincident with the membrane−water interface, this behavior
only emerged when all titratable residues were protonated, thus
emulating low pH. At physiological pH, we have not observed
reorientation of Aβ40, and no residue beyond Val24 has
embedded in the membrane. Again, this difference could be a
result of inherent differences between Aβ42 and Aβ40. Despite
the absence of water leakage, our results still demonstrate
considerable structural perturbations induced by Aβ40 aggre-
gates, with invaginations that are additive when aggregates
form. Thus, it is possible that even larger aggregates, present
when Aβ accumulates to higher concentrations, will conduct
water and perhaps ions, behavior that has been implicated in
neurotoxicity.51,52

■ CONCLUSIONS

We conducted an extensive analysis of Aβ40 aggregation in a
variety of physiologically relevant model membranes. We found
that Aβ40 can form aggregates within the membrane and that
the interactions between the peptides that lead to the formation
of these structures occur exclusively within the N-terminal polar
region of the peptide sequence. Secondary structure content in
the aggregated species was comparable to that of monomeric
Aβ40,

10 indicating that more extensive β-strand formation likely
only occurs in higher-order membrane-bound aggregates or in
aqueous solution. Unlike the Aβ40 monomer, aggregated Aβ40
did not exit any of the model membranes examined here, in
agreement with experimental results that suggest Aβ
aggregation within membranes is favored over the monomeric
state in solution.16 We note that, despite the stability within the
membrane of the aggregates formed in our simulations, it is
possible that aggregated Aβ may leave the membrane over time
scales inaccessible to MD simulations. We further find that
peptide-induced membrane deformation is strongly dependent
upon the lipid content of the model membrane. Whereas the
POPC membrane was very susceptible to Aβ40-induced defects,
lipids that are capable of more extensive interlipid hydrogen
bonding (such as POPS and POPE) ameliorated this effect.
Further, cholesterol-rich rafts were less susceptible to such
deformations as well, in agreement with the results of Qiu et
al.48 The present work provides a greater understanding of the
molecular events that lead to the aggregation of Aβ40 in
physiological membranes, as well as greater detail into the
membrane domains that are most susceptible to Aβ-induced
toxicity.
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