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The etiology of Alzheimer's disease is thought to be linked to interactions between amyloid-β (Aβ) and neu-
ral cell membranes, causing membrane disruption and increased ion conductance. The effects of Aβ on lipid
behavior have been characterized experimentally, but structural and causal details are lacking. We used at-
omistic molecular dynamics simulations totaling over 6 μs in simulation time to investigate the behavior of
Aβ42 in zwitterionic and anionic lipid bilayers. We simulated transmembrane β-sheets (monomer and tetra-
mer) resulting from a global optimization study and a helical structure obtained from an NMR study. In all
simulations Aβ42 remained embedded in the bilayer. It was found that the surface charge and the lipid tail
type are determinants for transmembrane stability of Aβ42 with zwitterionic surfaces and unsaturated lipids
promoting stability. From the considered structures, the β-sheet tetramer is most stable as a result of
interpeptide interactions. We performed an in-depth analysis of the translocation of water in the Aβ42-bilayer
systems. We observed that this process is generally fast (within a few nanoseconds) yet generally slower than
in the peptide-free bilayers. It is mainly governed by the lipid type, simulation temperature and Aβ42 conforma-
tion. The rate limiting step is the permeation through the hydrophobic core, where interactions between Aβ42

and permeating H2O molecules slow the translocation process. The β-sheet tetramer allows more water mole-
cules to pass through the bilayer compared to monomeric Aβ, allowing us to conclude that the experimentally
observed permeabilization of membranes must be due to membrane-bound Aβ oligomers, and not monomers.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder associated
with synaptic loss, abnormalities in functioning of neurons, neuronal
cell death and extracellular accumulation of senile plaques composed
of the neurotoxic amyloid-β peptide (Aβ) [1,2]. Aβ is derived from the
amyloid precursor protein (APP), a type-1membrane integral glycopro-
tein through sequential cleavage by β- and γ-secretases [3]. The major
alloforms of Aβ are Aβ40 and Aβ42, which differ by the presence of
two amino acids, I41 and A42 at the C-terminus of the latter. The
more hydrophobic Aβ42 is the prevalent alloform seen in amyloid
plaques, and has a greater tendency to aggregate into fibrils and plaques
[4,5]. There is appreciable evidence suggesting that Aβ exerts its cyto-
toxic effect by interacting with membranes of neurons and other cere-
bral cells, such as astrocytes, microglial and cerebral endothelial cells
[6,7]. A potential pathway for Aβ toxicity lies in its ability to alter bio-
physical membrane properties [8–11]. Aβ aggregates cause membrane
disruption and increased permeability, allowing excessive leakage of
nstitute of Complex Systems:
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ions, particularly calcium ions [12]. This imbalance in calcium homeo-
stasis promotes neuronal excitotoxicity [12,13]. Aβ42 oligomers interact
with lipid raft related ganglioside GM1, further accelerating the
amyloidogenic processing of APP [14].

Various experimental studies investigating the interactions between
Aβ and phospholipids have revealed that Aβ prefers to bind to negative-
ly charged lipids compared to zwitterionic lipids [15–17]. It has been
shown that the enhanced association of Aβ with anionic lipid mem-
branes leads to the insertion of Aβ into the membrane [15–17] and in-
duces the formation of β-sheets [15,17–19] and Aβ fibrils [19–21].
NMR spectroscopy studies on Aβ40 in a membrane-mimicking environ-
ment concluded that the peptide is unstructured in the N-terminal
region from residues 1–14 and that the C-terminal hydrophobic resi-
dues from 15 to 36 adopt an α-helical conformation with a kink at res-
idues 25–27 [22]. This kink may be significant in membrane insertion
and conformational rearrangements [22]. Coles et al. proposed three
possible models corresponding to different Aβ insertion depths in the
membrane based on structural findings for Aβ40 [22]. The two experi-
mentally determined insertion depths have K28 and V24, respectively,
at the membrane–water interface [22,23]. A third proposed model is
with K16 at the membrane–water interface, where the entire α-helical
conformation adopted by Aβ40 (residues 15–36) spans the plasma
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membrane [22]. A study on soluble and aggregated forms of Aβ40 on rat
cortical synaptic plasma membrane using small angle X-ray diffraction
and fluorescence spectroscopy showed that the monomer penetrates
into the hydrophobic core of the bilayer, whereas the aggregated form
was found interacting with the phospholipid headgroups [24]. Similarly,
soluble Aβ42 was found to intercalate themembrane of giant unilamellar
vesicles composed of 1-palmitoyl 2-oleoyl phosphatidylcholine (POPC)
or POPC/sphingomyelin (SM)/cholesterol (Chol), altering permeability
properties of the bilayer [25]. However, permeabilization of lipid bilayers
can also be caused by soluble amyloid oligomers [26]. NMR, CD, fluores-
cence and monolayer studies on Aβ42 inserted into a POPC/POPS
(palmitoyl-oleoyl phosphatidylserine) bilayer showed reduction in
membrane stability with an increase in membrane fluidity [27]. This
study also indicated that Aβ42 alone could destabilize the membrane in-
tegrity in absence of ions, and that the peptide adopts aβ-sheet structure
in the membrane with increase in β content when Cu2+ is added [27].
Further experimental work carried out on Aβ40 inserted into a zwitter-
ionic phosphatidylcholine bilayer revealed that the perturbation of the
bilayer integrity is caused by short β-sheet assemblies embedded in
the lipid bilayer [28]. Atomic force microscopy of Aβ42 [29] and Aβ40

[30] in reconstituted membranes revealed ion-channel-like structures,
which are able to cause cellular ionic imbalance [30–34]. Lal and co-
workers also demonstrated through biochemical analysis that Aβ forms
stable tetramers and hexamers in lipid membranes [29].

It was shown that theoretical approaches are needed as a comple-
ment to experimental studies probing the principles governing Aβ42

aggregation and Aβ–membrane interactions [35,36]. Various compu-
tational studies of Aβ interacting with lipids have been performed to
gain structural information at an atomistic level [37–59]. An atomistic
model of Aβ channel structures developed by Nussinov and co-
workers provided information about the Aβ conformation in mem-
branes and ion-channel activity [37,38]. In another study they found
that the channels break into mobile β-sheet subunits, which enable
toxic ionic flux [39]. Strodel and coworkers also proposed Aβ pore
models composed of tetrameric to hexameric Aβ subunits, which
are similar to the models suggested by Nussinov and coworkers
[46]. In [47] the stability of transmembrane β-barrel structures, each
composed of eight Aβ fragments Aβ25–35, was investigated. Molecular
dynamics (MD) studies of Aβ40 inserted in a dipalmitoyl phosphati-
dylcholine (DPPC) bilayer with the peptide positioned with either
K28, V24 or K16 at the membrane–water interface showed that in ei-
ther case the peptide remained partially embedded in the membrane
[48]. Loss of α-helicity in favor of β-strands was observed when the
peptide was inserted at K28 and V24, whereas with K16 at the inter-
face α-helicity was retained. For the deeper insertion depths, water
molecules were seen entering the hydrophobic core accumulating
near the charged residues of the peptide within the bilayer. It has
also been reported that Aβ40 causes DPPC lipid headgroup disorder
and reduces the membrane thickness around Aβ [49]. In a recent
study, Lemkul and Bevan explored the interactions between Aβ40 and
several pure and mixed model membranes, and lipid rafts, both with
andwithout GM1 [50]. Aβ40 remained inserted in themembraneswith-
out GM1, but in several instances exited the raft containing GM1 initiat-
ed throughhydrogenbonding of Aβ40with GM1. Another study on Aβ40

preinserted in a DPPC bilayer found the peptide exiting the membrane
and adsorbing to its surface, with helix conformation being the major
secondary structure observed in the membrane-adsorbed Aβ struc-
ture [54]. In a recent MD simulation study, the self-assembly of Aβ in
a mixed DPPC/cholesterol bilayer was investigated, uncovering the for-
mation of a short parallel β-sheet between two peptides [59].

In the present MD study, we report the behavior of Aβ42 preinserted
into zwitterionic POPC and DPPC bilayers, and anionic 1-palmitoyl
2-oleoyl phosphatidylglycerol (POPG) bilayers. Here, our focus is on
membrane-spanning structures based on the observation that Aβ can
form pore-like structures in reconstituted membranes [30–34]. Due to
conflicting experimental results as to whether Aβ is in a helical or in a
β-sheet conformation in a lipid bilayer, we considered both transmem-
brane conformations as starting structures for our MD simulations in
order to investigate whether the secondary structure leads to different
behavior of the membrane-inserted Aβ42 peptide. We used a β-sheet
structure (monomer and tetramer) obtained from a global optimization
approach [46] and a helix structure from anNMR study in an apolar sol-
vent [22]. During each of the 500 nsMD simulations, Aβ42 remains em-
bedded in the lipid bilayer. We discuss our results in terms of structural
stability of Aβ42 and its effects on membrane functionality.

2. Methods

2.1. Starting structures

The two initial membrane-spanning Aβ42 structures are a β-sheet
and a helical conformation. The transmembrane β-sheet was obtained
from a study for the Aβ42 monomer and small oligomers using a global
optimization approach in an implicitmembranemodel [46]. In this struc-
ture, themore hydrophobic C-terminal region starting from residue 17 is
fully inserted into the hydrophobic membrane core, forming an antipar-
allel β-sheet with two turn regions, the first ranging from residues 23 to
29 and the second one involving residues 37 and 38. The first turn is
prominent in many Aβ structures identified from experiment [60–63]
and simulation [64–66]. However, each of these models predicts a dis-
tinct turn structure. Ma and Nussinov independently predicted that the
Aβ peptide amyloid adopts a U-turn β-strand–loop–β-strand motif
[66], qualitatively agreeing with the Tycko et al. model [63]. Lührs et al.
[62] presented a 3D structure of Aβ17–42 fibrils with a U-turn bent
β-sheet based on hydrogen/deuterium-exchange NMR data, which fur-
ther validates the computational model of Ma and Nussinov [66] and is
consistent with the experimental model of Petkova et al. [63]. All these
models, including our β-hairpin structure [46] share the key structural
features of the salt bridge between Asp23 and Lys28 and the intramolec-
ular hydrophobic cluster between Leu17/Phe19 and Ile32/Leu34.We de-
cided to use ourβ-hairpinmodel as starting structure as it also provides a
structural model for the more hydrophilic residues 1–16, which form a
β-hairpin outside the membrane [46]. We study this transmembrane
β-sheet as monomer (denoted SHEET in the following) and tetramer as
obtained in [46] (Fig. 1a and b). The α-helical starting structure was
obtained from an NMR study of Aβ40 in an apolar solvent (PDB ID:
1BA4) [22]. We extended the 40 residue peptide to Aβ42 by adding the
two hydrophobic residues I41 and A42 in a coil conformation. Our moti-
vation behind this extension was to study the role of the extra I41 and
A42 residues in peptide–lipid interactions and the resulting structural
changes in the peptide and membrane. Previous studies revealed an in-
creased stability provided by I41 and A42 to the antiparallel β-sheet
when compared to Aβ40 [67]. Furthermore, by using the same peptide
we wanted to be able to compare our findings for the helical and
β-sheet transmembrane structures. The helical structure was studied
for two insertion depths: (i) with K16 (denoted HEL-16) and (ii) with
D23 (denoted HEL-23) at the membrane–water interface (Fig. 1c and
d). Note that this nomenclature refers to the initial condition only as no
restraints are imposed on the peptide. This implies that during the MD
simulations the peptide can experience secondary structure changes
and/or transpositions within the lipid bilayers so that the final state of
an MD run does not necessarily correspond to the initial notation.

All our simulations were carried out at physiological pH giving rise
to charge −3 for Aβ42 with His residues modeled uncharged, Asp and
Glu negatively charged, and Lys and Arg assumed being protonated.
Our choice of the protonation state for the ionizable residues was
based on their pKa values as a function of depth in the membrane
[68]. At pH 7, Lys and Arg become deprotonated only when they are
in close vicinity to the membrane center, while the pKa values of Asp
and Glu rise above 7 inside the membrane core. In our simulations
Aβ42 is positioned such that K16, E22, D23 and K28 are at the mem-
brane–water interface. Therefore, we assumed positive charges for
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Fig. 1. Initial structures for the MD runs: (a) β-sheet monomer (SHEET), (b) β-sheet tetramer, (c) α-helix inserted with K16 at the membrane–water interface (HEL-16), (d) α-helix
inserted with D23 at the membrane–water interface (HEL-23). The peptide is shown in cartoon and colored based on the physicochemical properties of the residues: blue, basic;
red, acidic; white, hydrophobic; and green, polar. The bilayer phosphorus atoms are shown as Van der Waals spheres in tan color. Lipid tails and water molecules are not shown for
clarity.
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K16 and K28, and negative charges for E22 and D23. While this choice
for Lys is undoubted, E22 and D23 are borderline cases as their proton-
ation state could change during the MD simulation. Ideally, one would
like to perform constant pHMDsimulations. Such amethodwas recent-
ly implemented into GROMACS for explicit water simulations [69],
which is, however, not available yet for simulations including lipid bi-
layers. The N- and C-terminals were capped to nullify the effect of ter-
minal residues in peptide–lipid interactions.
2.2. Molecular dynamics simulations

All MD simulations were performed with the GROMACS 4.0 pack-
age [70]. The Aβ42 peptide was described using the GROMOS96 53A6
force field [71], and the lipids were modeled with modified Berger
force field parameters for use with the GROMOS96 53A6 force field
[72]. Recently, we demonstrated that the GROMOS96 53A6 force
field is able to correctly model the structural propensities of Aβ40

and Aβ42 [73]. Initial coordinates of 128 lipids for POPC, DPPC and
POPG bilayers equilibrated with water for 40 ns were obtained from
Kukol'swork on lipidmodels [72].Weperformed100 nsMDsimulations
of the pure lipid bilayers for comparison with our simulations involving
Aβ42. For the latter, Aβ42 was inserted into the pre-equilibrated lipid
membrane using the INFLATEGRO script [74]. Once Aβ42 was inserted
into the lipid membrane, the structures were solvated with SPC water
molecules, Na+ counterions were added to balance the peptide and
POPG charge, and 0.1 M NaCl salt was added to bring the system to a
near physiological salt concentration. The simulations were carried out
in a 65×65×95 Å3 box. An initial equilibration under isothermal–
isochoric conditions was performed for 100 ps during which the protein
heavy atoms and phosphorous atoms of the lipid headgroups were
restrained with a force constant of 1000 kJ mol−1 nm−2. Here, the
v-rescale thermostat with a coupling constant of 0.1 ps was used to reg-
ulate the temperature of the peptide, lipids, and solvent/ions separately
at 298 K for the POPC and POPG simulations, and at 325 K for the DPPC
simulations. The higher simulation temperature for DPPC is necessary
for the membrane to remain fluid, which is already guaranteed for
POPC and POPG at 298 K. The systemswere then equilibrated under iso-
thermal–isobaric (NPT) conditions for 30 ns. For the NPT ensemble the
Nose–Hoover thermostat was used to regulate the temperature along
with semiisotropic Parrinello–Rahman pressure coupling. The bilayer
normal z-direction and xy-plane were coupled separately with a time
constant of 5.0 ps maintaining a constant pressure of 1 bar in all direc-
tions. An isothermal compressibility of 4.5×105 bar−1 was applied in
all box dimensions. Long-range electrostatics were calculated using the
Particle Mesh-Ewaldmethod in connectionwith periodic boundary con-
ditions. Van der Waals and Coulombic interaction cutoffs were set to
12 Å and the LINCS algorithmwas used to constrain all bond lengths. Fol-
lowing equilibration, productionMD runswere performed for 500 ns for
each system. Here the parameter settings were similar to the NPT equil-
ibration step, except that all restraints were removed and the time con-
stant for pressure coupling was set to 2.0 ps for maintaining a constant
pressure of 1 bar. The time step for integrationwas 2 fs,with coordinates
and velocities saved every 20 ps for analysis.
2.3. Analysis

The structural stability of Aβ42 was analyzed separately for the
N-terminal residues outside themembrane and the C-terminal residues
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inside the hydrophobic bilayer core. For Aβ42 inserted at K16, the
N-terminal residues thus range from 1 to 16 and the C-terminal resi-
dues from 17 to 42, whereas for Aβ42 with D23 at the membrane–
water interface residues 1–23 and residues 24–42 were considered as
N- and C-terminal segments, respectively. The secondary structure of
Aβ42 was analyzed using the DSSP (dictionary of protein secondary
structure) method [75]. The tilt angle of the peptide inside the bilayer
core relative to the membrane normal and motion of the peptide
along the membrane normal was calculated using GROMACS analysis
tools. Water permeation across the membrane was quantified using
VMD [76]. The probability of hydrogen bond (H-bond) formation, either
between peptide and water or between peptide carbonyl and amide
groups, was considered based on a cutoff distance of 3.6 Å between
donor and acceptor atoms and a cutoff angle off linearity of 30°. We
used the grid-based membrane analysis tool GRIDMAT-MD to calculate
the area per lipid and the bilayer thickness [77]. For the bilayer thick-
ness we report phosphate-to-phosphate (P–P) distances. To character-
ize the effects of the peptide on the orientational mobility of the lipid
molecules we calculated the lipid tail order parameter SCD defined as

SCD ¼ 3 cos2θ−1
2

* +
; ð1Þ

where θ is the angle between the C\H bond vector (in the simulation)
or the C\D bond vector (in the experiment) and the bilayer normal.
The angular brackets indicate averaging over lipids and over time.

3. Results and discussion

In all cases Aβ42 remained inside the bilayer throughout the MD
simulations on the sub-microsecond scale. This finding is indepen-
dent of the secondary structure of the starting conformation and the
lipid bilayer type. The final structures after 500 ns of MD simulations
of the SHEET, HEL-16, HEL-23 starting structures in a POPC, DPPC and
a POPG bilayer are presented in Fig. 2. These figures show that the
N-terminal segment of the peptide is generally adsorbed to the bilay-
er surface of the upper leaflet as a result of electrostatic interactions
and hydrogen bonding. These interactions rupture the lipid packing
and lead to a tilt of the lipids around the peptide, allowing passage
of water molecules into the hydrophobic core of the bilayer. The pep-
tide residues, rendered as pink spheres in Fig. 2, are those involved in
H-bond formation with the water molecules entering the bilayer. This
is a measure of how deep water molecules can enter the hydrophobic
core once they have passed the head group region and can form
H-bonds with the transmembrane part of Aβ42. It should be noted,
however, that this does not indicate that the water molecules also
translocate the membrane. Water translocation was considered only
when a water molecule passed both headgroup regions, and not
when it entered and exited at the same side of the bilayer. In the
Supporting material the change of residual secondary structure dur-
ing the MD simulations is presented (Figs. S1–S4). Our analysis of
the MD trajectories showed that all Aβ42 structures considered are
relatively stable on the time scale of the simulations in terms of
their overall position in the bilayer and with regard to their secondary
structure. We, therefore, show the final MD states as representative
structures in Fig. 2.

In order to establish what kind of variations are to be expected for
a system when simulated multiple times, we repeated the simulation
of the SHEET in POPC two more times. These MD simulations were
initiated from the same starting structure (Fig. 1a) yet with different
initial velocity distributions. The final structures of the three 500 ns
MD simulations of SHEET in POPC are shown in Fig. S5a, while in
Fig. S5b the corresponding secondary structure analysis is presented.
It can be seen that in all three cases the transmembrane β-sheet is
stable and does not move considerably along the membrane normal.
Only the structures of the N-terminal residues outside the membrane
are different resulting from the combined action of electrostatic interac-
tions between charged N-terminal Aβ42 residues and lipid headgroups,
a high preference for random coil structures of the N-terminal residues
in water, and stochastic conformational changes associated with ther-
mal movements. However, in all three cases the N-terminus of Aβ42 is
attracted by the membrane surface. The analysis of the effects of the
SHEET structure on the POPC bilayer revealed very similar results for
these three MD simulations, too. These findings allow us to conclude
that structural changes of SHEET inside the membrane core are mainly
a result of statistical fluctuations around the stable β-sheet structure,
which is likely to be stable on amuch longer time scale, while the struc-
ture of the N-terminus would probably change further when simulated
for longer. Depending on the lipid type and initial Aβ42 structure, trans-
membrane Aβ42 displays different stabilities, whichwill be discussed in
the following, where effort was made to address whether observed in-
stabilities are inherent and likely to be more pronounced on a longer
timescale.

3.1. Effects of transmembrane Aβ42 on lipid bilayers

From our MD simulations we found that the effects of transmem-
brane Aβ42 monomer on the bilayers depend more on the lipid type
than on the inserted Aβ42 structure. The analysis of the bilayer prop-
erties is summarized in Table 1. This table lists the area per lipid and
bilayer thickness, the average number of H-bonds between Aβ42 and
water molecules in the bilayer core, the number of intrapeptide
H-bonds (including interpeptide H-bonds in case of the Aβ42 tetra-
mer) in the bilayer core, the number of water molecules passing the
membrane in the vicinity of Aβ42, and the average motion of Aβ42

along the bilayer normal. In Figs. S6 and S7 images of the bilayer
thickness calculated for the final states of the MD simulations are
shown. In almost all cases we observed that the upper leaflet has a
lower area per lipid headgroup than the lower leaflet. However,
both the upper and lower leaflets have a decreased area per lipid
headgroup when compared to the bilayers without peptide. This area
contraction results from attractive electrostatic forces and H-bonds be-
tween Aβ42 residues and lipid headgroups. For the bilayer thickness we
find that the average thickness of POPC and POPG bilayers is hardly af-
fected by embedded Aβ42with thickness changes less than 1 Å. Howev-
er, Fig. S6 reveals that the POPC, POPG and DPPC thicknesses around
Aβ42 are decreased in order to improve the hydrophobic matching be-
tween bilayer and Aβ42, whose hydrophobic width is smaller than
those of the lipids (i.e., negative hydrophobic mismatch). The three bi-
layers studied exhibit a similar thickness of about 25–30 Å in the neigh-
borhood of the peptide, which corresponds to the hydrophobicwidth of
the latter for both β-sheet and helical structures. This implies that the
thinner region close to Aβ42 is compensated by an increase in thickness
further away from the peptide [49,78] as evidenced by Figs. S6 and S7.
This effect is most pronounced for DPPC, for which we observe P–P dis-
tances reaching up to 50 Å (Fig. S6), corresponding to an increase of av-
erage thickness by 3–4.5 Å, when compared to the peptide-free bilayer.

An increased bilayer thickness results from increased lipid chain
order. We therefore calculated the order parameter SCD of acyl chain
1 (sn-1) separately for the POPC, DPPC and POPG lipids within 5 Å
of Aβ42, and for the lipids, which are more than 5 Å away from
Aβ42. We chose sn-1 because this acyl chain is identical for POPC,
DPPC and POPG guaranteeing comparability. The results of this anal-
ysis are shown in Fig. 3. For comparison we also present SCD of sn-1
of the pure POPC, DPPC and POPG bilayers obtained from 100 ns
MD runs of the peptide-free lipid bilayers. The lipid order is generally
decreased around the peptide as the corresponding SCD value is small-
er than the one for the peptide-free bilayer, while lipid order is in-
creased for the lipids further away from the peptide. This effect is
most pronounced for Aβ42 in DPPC, which is in agreement with the
marked increase of the DPPC bilayer thickness with increasing
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Fig. 2. Final states after 500 ns MD simulations of Aβ42 in POPC (PC), DPPC (DC) and POPG (PG) bilayers. For coloring explanation see Fig. 1. Peptide residues marked with pink
spheres are involved in H-bond formation with water molecules entering the bilayer.
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distance to the peptide. This behavior can be explained by the satu-
rated acyl chains, which are less able to adapt to the peptide than
lipids with unsaturated chains [78]. SHEET and HEL-23 inflict the
largest ordering effect on DPPC with HEL-23 already increasing the
lipid order for the lipids within 5 Å of Aβ42. The corresponding plot
of the bilayer thickness (Fig. S6) shows that only the lipids very
close to HEL-23 are markedly disordered. In POPC the (dis)ordering
effect of Aβ42 on the lipids is smallest. Only for the middle section
of the sn-1 chain in POPC, which is close to the double bond of the un-
saturated sn-2 acyl chain, the lipid tail order is increased for the lipids
greater than 5 Å away from the peptide. In POPG the disordering ef-
fect for lipids within 5 Å of the peptide is more pronounced than in
POPC,which is due to the repulsive interactions between the negatively
charged head groups and the negative charges in the N-terminal part of
Aβ42. A similar impact on acyl chain order and bilayer thicknesswas ob-
served for negatively mismatched transmembrane helices [79] and he-
lical Aβ40 in a DPPC bilayer [49]. Thus, our simulation results show that
Aβ42 inserted as monomeric or tetrameric β-sheet leads to a similar bi-
layer perturbation as membrane-embedded helical Aβ40 [49].
3.2. The transmembrane SHEET structure

In the SHEET structure, the negatively charged residues E22 and
D23 cause the lipid headgroups of the lower leaflet to be shifted up-
wards into the hydrophobic core resulting from interactions with
the headgroups, thereby facilitating the entry of water molecules
from the bottom of the bilayer. Most of these water molecules remain
in the vicinity of the charged Aβ42 residues within the membrane.
However, the water molecules can also form H-bonds with peptide
carbonyl and amide groups, which are not involved in intrapeptide
H-bonds. The results in Table 1 show that, irrespective of the bilayer
type, the SHEET structure forms more H-bonds with water molecules
and fewer intrapeptide H-bonds compared to the helical structures
under study. Therefore, hydrophobic residues can also interact with
water inside the hydrophobic bilayer core via H-bond formation as
indicated by the pink spheres in Fig. 2. However, the translocation
of water molecules depends on the lipid type, not the number of water
molecules crossing the headgroup region. For instance, while there are,
on average, 18 and 19 H-bonds between Aβ42 and H2O molecules for



Table 1
Effects of Aβ42 on lipid bilayers in terms of area per lipid headgroup, bilayer thickness, number of translocated water molecules, number of H-bonds between Aβ42 and water in the
hydrophobic membrane core, number of H-bonds between peptide carbonyl and amide groups (i.e., intrapeptide H-bonds for for SHEET, HEL-16 and HEL-23; intra- and
interpeptide H-bonds for the tetramer), and the motion of the center of mass of Aβ42 along the membrane normal with respect to its initial value at the start of the MD run. For
the simulations of the pure lipid bilayers, average values were obtained from 100 ns MD simulations starting from bilayers from previous 40 ns MD runs [72]. For the results
with Aβ42, average values were calculated for the last 400 ns of the 500 ns MD simulations. Only for the water translocation all occurrences during each of the 500 ns MD simu-
lations are reported.

Aβ42 structure Bilayer Area per lipid [Å2] Bilayer Translocation H-bonds Aβ42 motion along z [Å]

Top leaflet Bottom leaflet thickness [Å] #H2O Aβ42/H2O CO/NH

Peptide-free POPC 69.3a 69.3 35.1 1b n/a n/a n/a
SHEET 62.6 63.4 35.5 1 18 10 2.6
HEL-16 63.4 67.5 35.4 1 6 12 8.9
HEL-23 65.2 68.5 35.0 3 3 13 −5.3
Tetramer 62.0 65.3 34.9 5 95 50 5.1

Peptide-free DPPC 62.3a 62.3 37.1 4b n/a n/a n/a
SHEET 53.7 54.5 41.5 20 19 9 −0.5
HEL-16 50.9 56.6 40.3 16 18 10 4.6
HEL-23 51.8 57.1 41.6 13 2 14 1.9

Peptide-free POPG 70.0a 70.0 34.8 1b n/a n/a n/a
SHEET 69.3 69.3 34.5 2 13 8 −3.7
HEL-16 64.0 69.7 34.3 1 9 10 9.0
HEL-23 64.0 68.7 34.5 1 9 10 −6.4

a The experimental values for the area per lipids of the peptide-free bilayers are: POPC, 68.3 Å2 [92]; DPPC, 64.0 Å2 [93]; and POPG, 67.3 Å2 [94].
b The number of H2O molecules passing the peptide-free bilayers was obtained from 100 ns MD simulations while those involving Aβ42 from 500 ns MD simulations.
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Fig. 3. Time-averaged (over the last 400 ns of the MD simulations) order parameter SCD
of the sn-1 chain of (a) POPC, (b) DPPC, and (c) POPG lipids. Results are shown for
SHEET (red), HEL-16 (green) and HEL-23 (blue) and are distinguished for the lipids
within 5 Å of Aβ42 (solid) and for the lipids >5 Å away from Aβ42 (dashed). For com-
parison, SCD of the sn-1 chain obtained from 100 ns MD runs of peptide-free lipid bilay-
ers is also presented (black).
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SHEET in POPC and DPPC, respectively, only one water molecule is able
to cross the POPC bilayer. This is far less than the 20 water molecules
translocating through the DPPC bilayer within the 500 ns simulation.

Depending on the lipid type, we observe almost none to minor
loss of β-strands in the hydrophobic core of the bilayer (Figs. 2 and
S1–S3). We find the SHEET structure to be most stable in POPC and
least stable in DPPC. In the three simulations of SHEET in POPC, the
largest change we observed was a slight upward motion of the
whole peptide by 2 to 3 Å. In order to analyze how much the salt
bridge between D23 and K28 helps stabilize the transmembrane
SHEET, we calculated the distance between the anionic carboxylate
of either E22 or D23 and the cationic ammonium from K28 (Fig. S8).
In none of the bilayers a salt bridge between E22 and K28 exists. It
can be seen that a salt bridge between D23 and K28 is formed only
in POPC, while in DPPC and POPG this salt bridge is not present.
This observation correlates well with the high SHEET stability ob-
served in POPC. In the DPPC simulation the SHEET structure becomes
unstable because of the missing salt bridge leading to a widening of
the turn between residues 23 and 29. Instead, E22 and D23 interact
with the headgroups of the lower leaflet, leading to further destabili-
zation of the SHEET structure in DPPC: the peptide unfolds from
β-sheet to coil and bend structures, except for residues L17–F20,
L34–V36, V40 and I41. In DPPC the SHEET structure hardly moved
along the membrane normal (see Table 1). In the simulation with
POPG, we observe a transient loss of β-sheet to coil from residues
L17 to A21, and from sheet-turn-sheet to sheet-bend-coil for residues
G33 to I41 during the initial 170 ns of the MD run. However, for the
remainder of the MD simulation the β-sheet has reformed and is con-
siderably stable despite the missing D23–K28 salt bridge. Due to elec-
trostatic repulsion between the negatively charged N-terminal Aβ42

part and the negatively charged headgroup region, the peptide was
pushed deeper into the membrane by about 3.7 Å.

3.3. Helical Aβ42 with K16 at the membrane–water interface (HEL-16)

The simulations of HEL-16 were performed for comparison with
the SHEET structure, which has K16 at the membrane–water inter-
face. A key finding for HEL-16 in POPC and POPG is that the peptide
moves considerably upwards, i.e., by 8.9 Å and 9.0 Å respectively.
This vertical motion is driven by the considerable reduction in free
energy when removing the charged residues E22 and D23 from the
hydrophobic core [68], leading to the alignment of these two residues
with the bilayer–water interface. It thus follows that HEL-16 becomes
identical to the HEL-23 conformation in the course of the POPC and
POPG simulations. The negative headgroup charge in POPG leads to
a stronger influx of water into the membrane as shown by the higher
number of H-bonds between Aβ42 and H2O in POPG compared to
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POPC (Table 1). However, in both POPC and POPG we find only one
H2O molecule translocating through the membranes in the vicinity
of Aβ42. In the POPC bilayer, water molecules entering the upper leaf-
let mainly interact with residues E22–S26 around the headgroup re-
gion, whereas water molecules entering the lower leaflet interact
with the C-terminal residues G37–A42. Conversion of the α-helix to
turn structure is found for residues D23–S26, which are inside the
membrane in the vicinity of the headgroup region interacting with
water. A high stability of the transmembrane helical structure is
seen for residues N27–V39, which arewell placedwithin the hydropho-
bic core. The last three residues, V40–A42, retained their coil structure
and caused the lower lipid headgroups to slightly shift upwards.

In POPG only residues K28–G37 of HEL-16 remain α-helical, while
the other residues adopt coil and turn conformations. We can thus
conclude that the helix in POPG is less stable than in POPC, which is
confirmed by the fewer intrapeptide H-bonds in POPG (Table 1). An-
other interesting observation is that HEL-16 in POPC is more strongly
tilted with an average tilt angle of 20°, while in POPG the tilt angle is
only 13°. This difference cannot be explained by the hydrophobic
mismatch between Aβ42 and the membranes as (i) the hydrophobic
mismatch is the same for POPC and POPG; and (ii) an increased tilt
angle is commonly found for positive hydrophobic mismatch be-
tween transmembrane helices and lipid bilayers to fully incorporate
the hydrophobic peptide residues into bilayers [79]. We therefore
conjecture that the different tilt angles observed for HEL-16 in POPC
and POPG originate from the different head groups (see Section 3.5).

In case of HEL-16 in a DPPC bilayer, the α-helical structure is only
stable between residuesA21 andA30,whereas the other residues inside
the DPPC membrane (K16–F20 and I31–A42) unfold to turn and bend
structures (Figs. 2 and S1) leading to fewer intrapeptide H-bonds com-
pared to HEL-16 in POPC. A considerable amount of water molecules is
able to enter the hydrophobic bilayer region as evidenced by the large
number of H-bonds between Aβ42 and H2O (Table 1). While many of
the water molecules remain in the vicinity of the headgroup regions
and mainly interact with residues V18–D23 and G37–A42, we observe
an increased water flow through the DPPC membrane in the vicinity
of HEL-16. During the 500 ns MD simulation, 16 H2O molecules tra-
versed the bilayer, i.e., four molecules fewer than for SHEET in DPPC
but markedly more than for HEL-16 in POPC and POPG. A further differ-
ence to the POPC and POPG simulations is that HEL-16 in DPPC does not
move upwards leaving E22 and D23 inside the hydrophobic core, which
induces helix-to-coil transitions in Aβ42.

3.4. Helical Aβ42 with D23 at the membrane–water interface (HEL-23)

HEL-23 in POPC and POPG bilayers moved downwards by 5.3 Å and
6.4 Å, respectively. This downwardmotion leaves the negatively charged
residues E22 and D23 in the upper headgroup region, but allows a re-
duced negative mismatch between Aβ42 and the bilayers. HEL-23 in
DPPC, on the other hand, moves somewhat upwards by 4.6 Å. Here,
the lipids around HEL-23 in the lower DPPC leaflet havemoved upwards
to compensate for the negative hydrophobicmismatch. Nonetheless, the
final structures in Fig. 2 show that the vertical location ofHEL-23 in POPC,
DPPC and POPG is very similar.

The transmembrane α-helix of HEL-23 is relatively stable in all
three bilayers (albeit to different degrees), whereas the residues out-
side the membrane lose their helicity in favor of disordered coil and
turn conformations. Residues E22 and D23 interact strongly with
the headgroups of the upper leaflet, causing headgroup disorder
and a reduction of the area per lipid. As for HEL-16, HEL-23 displayed
a larger tilt of 23° in POPC and a reduced tilt of only 13° in POPG. In
POPC, the helix is stable within the membrane between residues
V24–V39, which is also reflected in the relatively high number of 13
intrapeptide H-bonds. Most of the water molecules entering the bi-
layer interact with the peptide around the headgroup regions and
do not penetrate deeply into the hydrophobic core. On average,
there are only three H-bonds between Aβ42 and H2O molecules in
the POPC bilayer, while three water molecules were observed to
cross the POPC bilayer with HEL-23 inserted in it. The comparison be-
tween HEL-16 and HEL-23 in POPC shows that both systems behave
very similarly after 250 ns, at which time HEL-16 has already
moved upwards, positioning E22 and D23 at the membrane–water
interface. In the simulation with DPPC, HEL-23 retains its transmem-
brane α-helical structure, which is different from HEL-16 in DPPC,
which was not stable. Even the terminal hydrophobic residues I41
and A42 fold from coil to α-helix in HEL-23, adding further to the
stability of this structure. The high α-helical stability leads to 14
intrapeptide H-bonds and only two Aβ42–H2O H-bonds in the DPPC
bilayer. It should be noted that the helix in HEL-23 in DPPC was stable
despite the elevated simulation temperature of 325 K necessary in
the DPPC simulations, compared with 298 K in the POPC and POPG
simulations.

As for SHEET and HEL-16 in DPPC we also observe considerable
water flow across the membrane for HEL-23 in DPPC though the
translocation is somewhat reduced compared with the other two
cases (i.e., 13 H2Omolecules versus 20 and 16, respectively). Our sim-
ulations of HEL-23 in POPG revealed a loss of the α-helix from resi-
dues L17 to N27, which instead adopt coil and turn conformations
leading to only 10 intrapeptide H-bonds. On the investigated time-
scale, the α-helix is stable between residues K28 and G38. The last
three residues extend to a coil structure reaching the bottommembrane
surface, thereby disordering adjacent headgroups. Like in POPC, HEL-16
and HEL-23 behave very similarly in POPG after HEL-16 has moved up-
wards, bringing E22 and D23 in the headgroup area. This behavior in-
cludes stability, H-bond formation, water translocation and peptide tilt.

3.5. Mixed POPC/POPG bilayer simulations of HEL-23

To better understand the influence of the lipid type on the helical
structures in POPC and POPG, we performed twomore 100 nsMD sim-
ulations of HEL-23 in mixed POPC/POPG bilayers with asymmetric lipid
distribution. The simulation of HEL-23 is also representative of HEL-16
as the latter becomes HEL-23 in POPC and POPG. The asymmetric lipid
distribution was chosen such that in one simulation the upper leaflet
was composed of only POPG lipids and the lower leaflet of only
POPC lipids, while in the other simulation it was the other way round,
i.e., POPC in the upper and POPG in the lower leaflet. The helical struc-
ture was preinserted with D23 at the membrane–water interface
(HEL-23). The final structures after 100 ns of MD simulations are
shown in Fig. 4a and b. The comparison of the POPC/POPG and POPG/
POPC (here the order of the lipids refers to the upper and lower leaflets)
results emphasizes the destabilizing effect of the anionic headgroups on
the helix, when POPG is in the upper leaflet (Fig. 4b). In this region the
helical structure is lost up to residue 26 in favor of coil structures, while
the helix is stable between residues 15 and 38 in POPC/POPG. Residues
37 to 42 are in different coil conformations in the POPC/POPG and
POPG/POPC simulations. These findings are in agreement with the
results for POPC and POPG simulations, which also revealed a
destabilizing effect of the lower headgroups on the vicinal helical Aβ42

residues. In both POPC/POPG and POPG/POPC Aβ42 is tilted by on aver-
age 23°, which is different to the smaller tilt in the POPG bilayer.

To better understand why HEL-23 (and HEL-16) stability and tilt
angle differ in POPC and POPG, we looked more closely at the interac-
tions of Aβ42 with adjacent lipids. Fig. 4c and d shows the final state of
HEL-23 with the lipid and water molecules within 5 Å of the peptide
for the POPC and POPG simulations, respectively. It is immediately obvi-
ous that more lipid molecules are in the direct neighborhood of Aβ42 in
POPC than in POPG. The reduced lipid density in POPG, which is a result
of electrostatic repulsion between the POPG headgroups, allows Aβ42

more orientational freedom inside the membrane. It can be seen that
the POPC lipids around Aβ42 are more ordered than the POPG lipids,
which is supported by our findings from the order parameter analysis
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Fig. 4. Panels (a) and (b) show the final states after 100 ns MD simulations of HEL-23 in mixed POPC/POPG and POPG/POPC bilayers, respectively. Here, the order of the lipid type
refers to the upper/lower leaflet. For coloring explanation see Fig. 1. Panels (c) and (d) show a close-up of the final states after 500 ns MD simulations of HEL-23 in POPC and POPG,
respectively. The lipids (Van der Waals spheres in tan for phosphorus atoms, light-blue lines for lipid tails) and water molecules (licorice representation with red for oxygen atoms
and white for hydrogen atoms) are shown within 5 Å of Aβ42. For coloring explanation for Aβ42 see Fig. 1.
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in Fig. 3. The POPC lipid order seems to inflict a tilt on HEL-23 in POPC.
The reduced lipid density around Aβ42 in POPG allowsmorewatermol-
ecules to enter the hydrophobic core, which induce helix-to-coil transi-
tions in residues D23 to N27. The same happens in the lower POPG
leaflet where one H2O molecule interacts with V39 (Fig. 4d), thereby
destroying the helical structure for this residue, while the helix for
V39 in HEL-23 in POPC remains intact (Fig. 4c). Therefore, we can con-
clude that the reduced lipid density and increased lipid disorder around
helical Aβ42 in POPG, inducing water influx into the hydrophobic core,
are responsible for the smaller tilt angle and larger structural instability
of HEL-23 in POPG. Aside, it should be noted that in both POPC and
POPG simulations a π-helix is sampled in the N-terminal region be-
tween V13 and K16, i.e., this helix seems to be a stable structural ele-
ment for Aβ adsorbed to the membrane surface [51,55].

The asymmetric bilayer composition leads to increased water per-
meation: within the two 100 ns MD simulations we observed two
and one H2O molecules traverse the POPC/POPG and POPG/POPC bi-
layers, respectively. On a 500 ns time scale this corresponds to on av-
erage 10 and 5 H2O molecules, respectively. The increased water
permeation in comparison to the symmetric one-component POPC
and POPG bilayers can be explained by a nonzero net dipole moment
of the asymmetric bilayers [80,81]. This asymmetry also seems to in-
duce directional water flow from POPG to POPC, as observed for three
traversing events of water molecules through the bilayers. However,
it should be noted that this effect needs to be tested on a longer
time scale. In general, the electrostatic potential of cell membranes
is crucial for numerous membrane-mediated biological phenomena,
such as the activation of voltage-gated membrane proteins, conduc-
tance of ionic channels, binding of therapeutic solutes to membranes,
and trafficking across cell membranes [82].

3.6. The transmembrane β-sheet tetramer

Our motivation for studying the transmembrane β-sheet tetramer
was to test whether it is more stable than the single transmembrane
β-sheet and could thus serve as building block for a pore composed of
several Aβ42 β-sheet oligomers [37–39,46]. Furthermore, we wanted
to investigate whether the Aβ42 tetramer is able to disturb the lipid
bilayer sufficiently in order to allow increased water translocation
and ion passage through the membrane as found experimentally
[26]. We performed the simulation for the β-sheet tetramer only in
a POPC bilayer as the monomeric SHEET structure was most stable
in this bilayer type. The final structure of this 500 ns MD simulation
is shown in Fig. 5.

We observe that, unlike in the monomeric SHEET, the N-terminal
β-hairpins are stable in the tetramer (see DSSP plot in Fig. S4). They in-
teract with each other rather than with the bilayer surface, causing the
N-terminal regions to stick out into the water instead of being adsorbed
to the bilayer surface, as we observed for all monomeric transmembrane
Aβ42 structures. Alongwith the overall negative charge of theN-terminal



Fig. 5. Final state of the 500 ns MD simulation of the Aβ42 β-sheet tetramer in a POPC
bilayer. For coloring explanation see Fig. 1.
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half of the peptide, this structuremight thus act as a funnel for cations to
be inserted into the membrane in larger Aβ assemblies composed of our
tetramer model [83]. The transmembrane β-strands were more stable
throughout the simulations compared to the β-sheet monomer, which
is also reflected in the increased number of intra- and interpeptide
H-bonds per peptide, when compared to SHEET in POPC. The increased
stability, resulting from favorable interpeptide interactions [46], leads
to a decrease in peptide–lipid interactions as Fig. S9 supports. Water
molecules enter the membrane in the upper and lower leaflets, and
mainly interact with the negatively charged residues E22 and D23
around the lower lipid headgroup region and with polar residues near
the upper headgroup region. Table 1 shows that, on average, there are
95 H-bonds between Aβ42 andwater within themembrane, i.e., around
24 H-bonds per peptide. The tetramer thus allows more water to enter
the POPC bilayer than the monomeric SHEET. It also leads to an in-
creased membrane translocation when compared to monomeric Aβ42

in POPC, as five H2O molecules were found to cross the bilayer within
the 500 ns simulation.

From the last observation we can conclude that increased perme-
abilization of lipid bilayers due to Aβ can only result from transmem-
brane Aβ oligomers and not monomers, which is in agreement with
experimental findings [26]. In the study by Glabe and coworkers it
is further reported that Aβ42 oligomers increase the conductance of
lipid bilayers, with the increase in conductivity being proportional
to the concentration of oligomers [26]. They do not find any evidence
for pore formation or ion selective conductance. Instead, soluble olig-
omers appear to enhance the ability of ions to move through the lipid
bilayer on their own.While we have not observed the translocation of
ions in our simulations, steady water permeation is a prerequisite for
ions crossing the lipid bilayer through protein-facilitated diffusion.
Hence, the β-sheet tetramer in our study is still too small or of the
wrong conformation, as steady water flow could not be observed.
The structure and size of the smallest Aβ oligomer facilitating the
conductance of lipid bilayers remain to be elucidated. However, to
our knowledge, our simulation study is the first one to address the
permeabilization of lipid bilayers resulting from Aβ42, employing a
rigorous bottom-up approach (see Section 3.8). Previous simulations
of membrane-embedded Aβ monomers report the entry of water
molecules into the bilayer and interacting with charged residues in
the C-terminal segment of the peptide, yet no water passage across
the membrane was mentioned [48]. Nussinov and coworkers, on
the other hand, used a top-down approach by constructing annular
channels guided by NMR data for Aβ fibrils [62,63] and studied the
stability and conductivity of such channels using MD [37–45].
3.7. Comparison of transmembrane Aβ42 in POPC, DPPC and POPG

Aβ42 in POPC and POPG bilayers behaved more similarly when com-
pared toAβ42 inserted in aDPPCbilayer. Possible explanations for this re-
sult are the larger length and the saturation of the hydrophobic tails in
DPPC compared to POPC and POPG, and the higher temperature in the
DPPC simulations. However, the anionic headgroup charges of POPG
also influence the structural stability by inducing structural transforma-
tions to coil conformations in the membrane-inserted Aβ42 residues
close to the headgroup regions. These findings apply to Aβ42 in the
SHEET, HEL-16 and HEL-23 configuration. For the SHEET structure, we
observed a broadening of the β-hairpin towards a U-shaped β-strand–
loop–β-strandmotif, which is in agreement with previous computation-
al [37,38,66] and experimental [62,63] models. However, it should be
noted that this structural model was found for the fibril. It remains to
be demonstrated by means of experimental structure determination
that the β-strand–loop–β-strand motif is also present in membranes
[26]. Aβ42 inserted into a POPC bilayer as a β-sheet or helix is relatively
stable within the membrane core, which is supported by experimental
results demonstrating that Aβ42 remains well embedded in the lipid en-
vironment composed of POPC or POPC/SM/Chol [25]. The stable β struc-
ture seen in our simulations is also in agreement with experimental
work, finding that Aβ40 is present as a β-sheet in a POPC bilayer [28].
Also, for Aβ42, the β state in the membrane hydrophobic core of a
POPC/POPS mixed bilayer could be identified to be destabilizing the
membrane by increasing its permeability [27]. The formation of
β-sheet between two peptides was also reported in a recent simulation
study probing the self-assembly of Aβ in amixedDPPC/cholesterol bilay-
er [59].Weobserved the highest transmembrane stability for theβ-sheet
tetramer, which is supported by experimental work reporting that Aβ42

forms stable tetramers within membranes [29].
The simulations with DPPC resulted in a more pronounced loss of

secondary structure for both SHEET and HEL-16 conformations within
the membrane core as compared to the corresponding POPC and
POPG simulations. In addition to a larger hydrophobic mismatch, the
higher simulation temperature in the MD simulations with DPPC may
also add to more fluctuations in the peptide. The HEL-23 conformation,
however, adopts a stable α-helix inside the membrane. Our findings for
the helical structures inserted in a DPPC bilayer are different than those
obtained fromMD simulations byXu et al. [54]. They inserted the helical
structure with K28 at the DPPC membrane–water interface and
observed that Aβ40 left the hydrophobic core in less than 100 ns associ-
ating with the bilayer surface, where it remained α-helical. These dis-
crepancies may be due to any or all of the following: (i) the missing
two hydrophobic residues I41 and A42 in Aβ40, (ii) the different initial
insertion depths, (iii) usage of different force fields, and (iv) different
protocols employed to insert the peptide into the membrane [48].
Other MD simulations with Aβ40 in a DPPC bilayer reported that the
peptide remained partially embedded in the bilayer when it was
inserted with K28 at the membrane–water interface [48]. Moreover, a
complete loss of helicity was observed within the first 10 ns of these
simulations.WhenAβ40was insertedwith K16 at the interface, the pep-
tide remained embedded in the bilayer and retained itsα-helicity in the
central segment [48], which is in agreement with our results.

The variety of simulation results points to the possibility that none
of the MD simulations performed so far [48,54] fully describes the
equilibrium configurational distribution of the peptides and mem-
branes. This conclusion also includes our simulations, even though
our simulations were performed on a 500 ns time scale. On much
longer timescales—probably beyond microsecond timescales—major
configurational changes and membrane translocation of Aβ could
take place. Studying these processes is prohibitively expensive using
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all-atom MD simulations, requiring coarse-grained and/or advanced
sampling techniques instead.

3.8. Water permeation

Strong interactions between the Aβ42 peptide and lipids give rise
to both disordering of the lipid headgroup arrangement and tilt of
the lipids around the peptide. This tilt allows entry of water mole-
cules into the hydrophobic membrane core, where they can form
H-bonds with polar and non-polar Aβ42 residues. Some of these
water molecules manage to cross to the other side of the lipid bilay-
ers. Here, we observe the largest number of translocation events in
the DPPC simulations (see Table 1). Among the POPC and POPG sim-
ulations we find the largest membrane permeability for the β-sheet
tetramer in POPC, which is, however, not increased compared to the
peptide-free bilayers. In the 100 ns MD runs of peptide-free lipid bi-
layers, we observed one permeating H2O molecule for both POPC
and POPG, while four water molecules translocated through the
DPPC bilayer. It thus follows that the investigated Aβ42 structures do
not increase the water translocation compared with the lipid-only bi-
layers; in some cases the presence of transmembrane Aβ42 even dimin-
ishes this process. There was no penetration and translocation of ions in
any of the simulated systems.

In order to understand the different water permeabilities in the
different bilayers, we have to consider the diffusion of water across
the membranes and the interactions between transmembrane H2O
molecules and Aβ42. In general, water molecules cross lipid mem-
branes by two pathways, which one calls the lipid pathway and the
water channel pathway. The lipid pathway refers to water crossing
the lipid bilayer by diffusion while the water channel pathway results
frommembrane proteins, which provide an aqueous channel through
which water can pass. In the latter case the water flux is very high and
cannot be accounted for by water diffusion across lipid barriers. The
water permeability for the lipid pathway can be approximated by a
3-slab model, where the inverse of the permeability P is equal to
the sum of the two headgroup resistances and the hydrocarbon resis-
tance [84]:

1
P
¼ 2

Ph
þ 1
Pc

: ð2Þ

Here, Ph is the permeability through the headgroup region and Pc
is the permeability through the hydrocarbon core. For simplicity, Pc
is assumed to have the form for a homogeneous hydrocarbon slab
of thickness Δc [84]:

Pc ¼
KDc

Δc
; ð3Þ

where K is the partition coefficient of water into the hydrocarbon slab
and Dc is the coefficient of diffusion of water within the hydrocarbon
region. The 3-slab model assumes that the headgroups act as a partial
barrier for entry of water into the hydrocarbon region. To account for
the fractional area that is open to the entry of water molecules, a struc-
tural factor given by (A−A0)/A is used, where A0 is the headgroup bar-
rier area at which the permeability approximates to zero. Then, the
theory states: [84]

Ph ¼ KDh

Δh

� �
A−A0

A

� �
; ð4Þ

where K is again the same partition coefficient, Dh is the effective coef-
ficient of diffusion in the headgroup region and Δh is its thickness.
Eq. (4) shows that the permeability increases with increasing area per
lipid, which corresponds to decreasing lipid chain order.

Since the headgroups are identical for POPC and DPPC, Δh and A0

are the same for both lipids. However, the water diffusion depends
on the actual temperature, thus Dh will be different in the DPPC and
POPC simulations. In order for the theory to predict a larger P for
DPPC at 325 K than for POPC at 298 K, Eqs. (2) to (4) require (i) a
larger K and/or (ii) larger Dh and Dc to compensate for the effects of
the larger thickness Δc and smaller A of DPPC. Measurements by
Schatzberg showed that for n-hexadecane the water solubility in-
creases 2.3-fold by increasing the temperature from 298 K to 318 K
[85]. At 325 K we expect the increase of K to be even more pro-
nounced. Turning to the effect of water diffusion in the hydrocarbon
chain region,measurements of the diffusion ofwater through hydrocar-
bon liquids showed thatDc increases by a factor of 1.44 in n-hexadecane
when the temperature is increased from 298 K to 318 K [85]. For the
self-diffusion of water in water, denoted Dw, the following temperature
dependence was found [86]:

Dw Tð Þ ¼ Dw 298ð Þ þ 0:06� 10−9m2 s−1 K−1 T−298ð Þ ; ð5Þ

with the diffusion of water in water at 298 K being Dw(298)=
4.3×10−9m2 s−1 for the SPC water model [87]. It follows that
Dw(325) is 5.92×10−9m2 s−1, which is about 1.38 times higher
than Dw(298). One can thus assume that the rate of water diffusion
in the headgroup regions is also about a 1.4 times higher at 325 K
compared to 298 K.

The increased water permeation seen in our DPPC simulations is
therefore a composite effect of increased water diffusion resulting
from the increased simulation temperature of 325 K, and the larger
partition coefficient of water in DPPC compared to POPC near the
headgroup regions resulting from the reduced lipid order in the vicin-
ity of Aβ42. To test this conclusion we performed a 100 ns simulation
of SHEET in POPC at 325 K. In this short time 14 H2O molecules were
able to pass the membrane. To a large degree this markedly increased
water permeability is due to an increased water partition coefficient K
for POPC at 325 K, as this temperature is well above the transition
from the gel to liquid phase for this lipid type. It has been shown
that the permeability of (poly)unsaturated PC lipids rises exponen-
tially with increase in reduced temperature (T−Tm)/Tm, where Tm
is the gel-to-liquid crystalline phase transition temperature [88].

The above reasoning allows explaining the increased membrane
permeation of DPPC compared to POPC and POPG bilayers. However,
the water translocation in our simulations is further complicated by
interactions of the water molecules entering the lipid bilayers with
the inserted Aβ42 peptide. To illustrate this process, snapshots of a
water molecule crossing the POPC bilayer at 298 K in the vicinity of
the SHEET structure are shown in Fig. 6. The whole translocation pro-
cess takes about 12 ns. Most of the time the water molecule spends in
the hydrophobic core interacting, via H-bond formation, either with
the polar residue G31 or with residue V40, which is close to the
polar residues G37 and G38, and the negatively charged C-terminus.
These interactions induce a decelerated translocation process com-
pared to the peptide-free bilayers, where the membrane passage of
water is generally faster; in some cases it is even by a factor of twenty
faster. A more detailed analysis of the translocation times can be
found in the Supporting material.

It should finally be noted that the above discussion of water perme-
ation is based on the use of non-polarizable force fields, which leads to
an increase of≈1 kcal mol−1 of the free-energy barrier for transfer of a
water molecule from bulk to the interior of a 1,2-dimyristoyl-sn-
glycero-3-phosphatidylcholine (DMPC) bilayer compared to when po-
larizable models for DMPC and water are employed [89]. The re-
duced free-energy barrier computed with the latter force field
(4.5–5.5 kcal mol−1) results from the decrease of the averagewater di-
pole moment from 2.6 D in bulk to 1.88 D in membrane interior, which
is, compared to experiment, correctly predicted by the polarizable
water model. However, since non-polarizable force fields were used in
all our simulations, the findings of our water permeation analysis
should not be affected.
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Fig. 6. Five snapshots depicting the process of water permeating through a POPC bilayer with an inserted Aβ42 peptide in the SHEET structure.
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4. Conclusions

Association of Aβ with neuronal cell membranes and resulting
neuronal toxicity is a well known AD hypothesis [90] with Aβ
exerting its cytotoxic effect by increasing membrane fluidity [24].
Previously, it was reported that permeabilization of membranes was
caused by Aβ oligomers [26], but later it was shown that the Aβ42

monomer can also intercalate the membrane and alter its proper-
ties [25]. There is increasing evidence that Aβ adopts a β conforma-
tion in the membrane [27,28], yet an experimental atomistic model
of membrane-bound Aβ is still lacking. Molecular simulations offer
the potential of predicting such structures [46,83,91], and, in addition,
provide information about conformational transitions of Aβ and it in-
teractions with lipid bilayers. To this end, we performed molecular
simulations of transmembrane Aβ42 considering both helical and
β-sheet conformations preinserted in POPC, DPPC and POPG bilayers.
The MD simulations on the sub-microsecond timescale revealed the
highest stability in POPC for both helical and β-sheet Aβ42. Hydropho-
bic mismatch and lipid order of DPPC, and anionic surface charges of
POPG bilayers are responsible for structural instabilities of Aβ42 in
these bilayers. However, Aβ42 remained embedded in the bilayers in all
of ourMD simulations. The stability of the transmembraneβ-sheet struc-
ture can be increased via oligomerization, where favorable interpeptide
interactions, especially the formation of interpeptide H-bonds add to
the stability of this structure [46].

We observed the translocation of one or more water molecules in
the vicinity of the membrane-inserted Aβ42. An in-depth analysis of
this process revealed that Aβ42-mediated water permeation is gener-
ally fast (within a few nanoseconds) yet generally slower than in the
peptide-free bilayers. It is governed by a number of factors:

1. The lipid type, as it influences the water permeation via the area
per lipid and partition coefficient of water.

2. The simulation temperature, as it influences the diffusion of water
and solubility of water in the membranes.

3. The Aβ42 structure, as the rate limiting step is the membrane per-
meation in the hydrophobic core due to interactions between Aβ42

and the penetrating H2O molecules.

Compared to the monomeric Aβ42 structures in POPC, the β-sheet
tetramer increases the translocation of water through the POPC bilay-
ers. This finding allows us to conclude that membrane permeabilization
by membrane-bound Aβ must be due to Aβ oligomers, which is in
agreement with experimental findings [26].

Our simulation studies were performed with model lipid bilayers
composed of only one or two lipid types. Studying the behavior of
Aβ in a more complex, neuronal membrane mimicking model bilayer
would certainly help the understanding of the pathogenicity underly-
ing AD [50,58,59]. Furthermore, the length and time scales of the sim-
ulations need to be extended in order to study the Aβ membrane
association and its effect on membrane maintenance. Experimental
work focused on resolving the structure of Aβ in and on lipid mem-
branes would assist in modeling the molecular events leading to AD.
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