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Abstract

Alzheimer’s disease (AD), a common neurodegenerative disease, is characterized by the
aggregation of amyloid-p (Ap) peptides. The interactions of Ap with membranes cause changes in
membrane morphology and ion permeation, which are responsible for its neurotoxicity and can
accelerate fibril growth. However, the AB-lipid interactions and how these induce membrane
perturbation and disruption at the atomic level and the consequences for the AP organization are
not entirely understood. Here, we perform multiple atomistic molecular dynamics (MD)
simulations on three protofibrillar ABg_4¢ trimers. Our simulations show that, regardless of the
morphologies and the initial orientations of the three different protofibrillar ABg_4q trimers, the N-
terminal B-sheet of all trimers preferentially binds to the membrane surface. The POPG lipid
bilayers enhance the structural stability of protofibrillar A trimers by stabilizing inter-peptide (-
sheets and D23-K28 salt-bridges. The interaction causes local membrane thinning. We found that
the trimer structure related to Alzheimer’s disease brain tissue (2M4J) is the most stable both in
water solution and at membrane surface, and displays slightly stronger membrane perturbation
capability. These results provide mechanistic insights into the membrane-enhanced structural
stability of protofibrillar Ap oligomers and the first step of Ap-induced membrane disruption at
the atomic level.

Introduction

Alzheimer’s disease (AD), which was first identified more than a hundred years ago, is a
neurodegenerative brain disease recognized as the prevailing cause of dementia as well as a
major cause of death®. Between 2000 and 2013, deaths resulting from stroke, heart disease
and cancer decreased 23%, 14%, and 11%, respectively, whereas those from Alzheimer’s
disease increased 71%?2. The accumulation and aggregation of amyloid beta (AB) outside
neurons (senile plaques) and abnormal tau inside neurons (neurofibrillary tangles) are
considered as two biomarkers of Alzheimer’s disease and are also believed to contribute to
the damage of neural tissues in human brains® 4. AB is an intrinsically disordered protein
(IDP) in solution. Compared to folded proteins, the free energy landscape of IDPs is rather
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shallow, consisting of many metastable states generally separated by lower energy barriers,
which allows conformational transitions to occur readily®. Thus IDPs usually have higher
aggregation propensity than folded proteins®.

AP peptide results from proteolysis of the amyloid precursor protein (APP) in the
transmembrane region by - and -y-secretase. Protease cleavage of APP at different positions
by -y-secretase generates a variety of Ap peptides such as AB1_37, AP1-40, AP1-42 and
AB1_43’. Previous solution NMR experiments reported that AB monomer is largely
unstructured in aqueous solution® 9, while it can also adopt a partially folded structure with
a 319 helix from residues H13 to D23 (PDB ID: 2LFM)20. A recent NMR study showed that
AB1_40 adopts a partially helical structure upon binding to zwitterionic lipid bilayers prior to
amyloid formation1. AB monomers can readily undergoes aggregation by a nucleation—
elongation process leading to the formation of various oligomers and amyloid fibrils!2.
AB1_4o aggregates faster in vitrol3 and is identified as more cellular toxic than the other
alloforms, while AB4_4g levels in human brains are nearly 5 times higher than AB;_4»
levels'®. The main components of the senile plaques in the brains of AD patients are AB1_49
and AB1_4» peptidesi®, with a wide range of AB1_so/AB1_s ratiosl’. Both ABy_s and
AB1_42 are good model systems in the study of aggregation mechanism and neuronal
toxicity of Ap peptides8. As demonstrated by different experimental techniques such as
solid-state nuclear magnetic resonance (SSNMR) and electron microscopy, A fibrils are
structurally polymorphic and exhibit significant differences in the extent and locations of
stable B-sheets®-22, Several ssNMR-derived AB1_4o/AB1_4» fibril models were

reportedl® 23-28 Three of them have been extensively studied and their PDB IDs are 2BEG
(residues 17-42 for synthetic AB1_s; fibrils)22, 2LMN (residues 9-40 for synthetic AB1_ag
fibrils)26 and 2M4J (residues 1-40 for AD-brain-derived AB1_sq fibrils)1®. More
importantly, Ap fibrils with variable structures display distinct levels of toxicity in neuronal
cell cultures?2 22, Thus, studies of the interactions between different fibrils or fibril-like
oligomers and membranes, especially the amyloid form found in Alzheimer’s disease brain
tissue (2M4J)1° can illuminate important pathology-related occurrences.

Experimental studies reported that mature fibrils and intermediate aggregates of Ap are
cytotoxic39-32, Toxicity is related to their interactions with the neuronal lipid bilayer33.
Membranes can serve as a site for accumulation/nucleation, greatly accelerating the rate of
fibrillization33: 34; but they can be disrupted in this process33 34, Membrane thinning, pore
formation and fragmentation are three possible Ap-induced membrane disruption
mechanisms33-36, AB interacts preferentially with anionic phospholipids3”: 38 and the
disruption effect is more prominent in negatively charged membranes38-40, However, the
molecular mechanism of amyloid neurotoxicity is still not fully understood.

To get mechanistic insights into membrane disruption by toxic amyloids in atomic detail,
several computational groups have investigated the interactions of Ap oligomers with lipid
bilayers by performing molecular dynamics (MD) simulations*147. Jang et al examined the
structural properties of modeled ABg_42/AP17_42 channels in zwitterionic POPC lipid
bilayers and obtained Ap channel conformations with diameters consistent with AFM
measurements*l: 48-50 Zhao et al studied the trimerization of helical AB1_4> peptide inside
cholesterol-rich DPPC lipid bilayers and observed formation of short parallel B-sheet
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structures*3. MD simulations by Poojari et al. demonstrated that compared to
transmembrane AB1_42 monomers, membrane-embedded B-sheet-rich tetramers increased
the water flow through the POPC bilayers*4. Brown et al. reported that the binding of
disordered AB1_4, tetramers on POPC membranes resulted in a greater membrane
perturbation than that on cholesterol-rich membranes*’. Multiple 80-ns MD simulations by
Yu et al showed that the interactions of protofibrillar AB17_42 pentamers with a mixed POPC
and POPG membrane are stronger than those with POPC membranes®®, indicative of the
role of surface charge in Ap-membrane interactions. Recently, Tofoleanu et al explored the
influence of chemical compositions of POPC and POPE headgroups on the interactions of
ABg_40 protofilaments with membranes by performing MD simulations ranging from 25—
150 ns. They found that POPC membranes exhibited weaker interactions with Apg_4g
protofilaments than POPE®1, However, a systematic study of the interactions of protofibrillar
AP oligomers with lipid bilayers that would evaluate and compare these is lacking.

In this study, we investigate how protofibrillar A oligomers and membranes interact with
and mutually influence each other by performing extensive all-atom molecular dynamics
(MD) simulations in the absence and presence of a lipid bilayer. The structures of Ap1_42
have special folds due to the K28-A42 salt bridge28: 52, We focus on the ABg_4 sequence
which may capture the common features of AB4g and AB4y. Three different ABg_4q trimers
were constructed using the three extensively-studied sSNMR-derived fibril models (PDB ID:
2BEG, 2LMN and 2M4J) which have a U-shaped topology consisting of a p-sheet—turn—
B-sheet conformationl® 25 26, 2M4J structure is found in the brain tissue of patients with
Alzheimer’s disease?2. Using the ssNMR-derived fibrils to construct the ABg_aq trimers
allows us to investigate the interactions between AR protofibrils and membranes. These
trimers were used to model the protofibrillar Ap oligomers. An anionic POPG bilayer was
employed to model the phospholipid membrane. Our selection of trimer is motivated by two
previous studies. A single-molecule study by Ding et al reported that trimers and tetramers
may be the smallest Ap1_40 oligomers in the anionic lipid bilayers and could be the origin of
neurotoxicity®3, A MD simulation work by Zhao et al. showed that protofibrillar AB trimers
might be the smallest seeding nucleus on the self-assembled monolayer surfaces®*. We
carried out four independent 200-ns MD simulations for each protofibrillar ABg_sq trimer.
The initial minimum distance of between the backbone of A and the surface of the POPG
lipid bilayer is ~0.8 nm. To avoid the bias of the initial orientation of ABg_4¢ trimer with
respect to the POPG bilayer surface on the simulation results, we considered four different
initial orientations for each protofibrillar trimer (see Table 1). Our simulations show that
regardless of the conformations of the three different ABg_sg trimers and their initial
orientations relative to the membrane surface, the N-terminal B-sheet region of A
preferentially binds to the membrane surface due to strong electrostatic interactions between
the positively charged N-terminus (NH3*) and side chains of K16 residue and the negatively
charged phosphate groups in the POPG head groups. The membrane-adsorbed ABg_40
trimers have higher p-sheet content and more salt-bridges than the trimers in water,
demonstrating that the POPG membrane stabilizes the protofibrillar AR trimers. On the other
hand, the AR trimers cause membrane perturbation by decreasing the local thickness of lipid
bilayers.
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Materials and Methods

Protofibrillar ABg_40 trimers

The amino acid sequence of the 32-residue ABg_sq peptide is NH3*-
GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-COO™. To simulate the experimental
neutral pH condition, the side chain of Lys (Lys™), Glu (Glu™) and Asp (Asp~) are charged.
The N- and C-termini (NH3*, COO") are also charged. The atomic coordinates of each
ABg_s0 peptide were extracted respectively from the three sSNMR-derived A fibril models
(PDB ID: 2BEG, 2LMN and 2M4J)1%: 25. 26 Each peptide chain has a U-shaped
conformation. 2BEG fibrils (residues 17-42) have B-strands at residues L17-S26 and
131-V/40 and a turn region spanning residues N27-A3025, while 2LMN fibrils (residues 9-
40) have B-strands at Y10-D23 and A30-G38 and a turn at residues VV24-G2926. 2M4J
Fibrils (residues 1-40) show a deformed U-shaped conformation, with p-strand-like regions
at residues V12-F19 and 131-V36, a turn at F20-A30, a bend at G37-G38 and a more
ordered N-terminal region®. In order to facilitate comparison of the structural properties of
the three protofibrillar AB trimers, in this study, the same amino acid sequence (i.e. APg_s0)
was considered for the three trimers. Thus, residues 9-16 (with sequence GYEVHHQK in
B-strand conformation) were added to the originally published 2BEG structure, while
residues 41 and 42 were removed. No modifications were done for the originally published
2LMN structure. Residues 1-8 were removed from the original 2M4J. Each protofibrillar
ABg_40 trimer was constructed by in-register parallel stacking of the p-strands (Fig. S1). For
convenience, we use the PDB ID (2BEG, 2LMN and 2M4J) of each NMR-derived fibril
model to denote the three ABg_4¢ trimers (see Table 1). Note that the 2BEG and 2M4J
systems used in this work were modified from the originally published pdb structures. In
spite of modifications, the elongated 2BEG and truncated 2M4J still maintain respectively
the structural feature of the original 2BEG and 2M4J fibrils: the U-shaped conformation
stabilized respectively by inter- and intra-molecular D23-K28 salt-bridges.

POPG lipid bilayer

The POPG lipid bilayer is composed of 2x100 lipids (i.e., 100 lipids in each leaflet). The
initial coordinates and force field parameters are obtained from lipidbook5®: 56. The initial
size of the POPG bilayer is ~8 nmx8 nm in the x-y plane. The molecular structure of a
POPG lipid is given in Fig. S2. The properties of POPG membranes have been recently
determined by MD simulations and small-angle neutron and X-ray scattering experiments,
indicating that the molecular area is 66.0+1.3 A2 and the bilayer thickness is 36.7+0.7 A%,
The POPG bilayer is fully anionic, and has been routinely used in experiments and
simulations to probe the interaction of negatively charged membrane with various charged
peptides. Beschiaschvili and Seelig studied the binding of cyclic somatostatin analogue
peptides with neutral and negatively charged monolayer films®8. They found that binding of
the positively charged peptide and the negatively charged POPG surface was enhanced as
compared to the binding to a neutral POPC membrane®8. A study exploring membrane
selectivity of the antimicrobial peptide KIGAKI using solid-state NMR spectroscopy found
that strong electrostatic interaction between the cationic peptide KIGAKI and anionic POPG
lipids is not the only factor determining the antimicrobial activity®®. Nevertheless, the use of
a fully anionic lipid bilayer allows us to observe AB-membrane interactions within relatively
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short simulation time scales as AR prefers to interact with anionic lipids3”- 38, thus saving
computational cost.

AB-POPG system

Each ABg_4 protofibrillar trimer was placed on the upper leaflet of the POPG, with a
minimum distance of ~0.8/0.5 nm between the backbone/all-atoms of Ap and the surface of
the POPG lipid bilayer. To eliminate the bias of the initial orientation of ABg_4g trimers
relative to the POPG surface on the simulation results, we chose four different initial
orientations for each trimer (see Table 1): N-terminal p1-stand (B, surface) or C-terminal B,-
strand (B, surface) facing the lipid surface; one side of the strand-turn-strand conformation
(face) or the other side of the strand-turn-strand conformation (back) orienting towards the
bilayer surface. The four surfaces (B1, B2, face and back) of the Ap trimers are shown in Fig.
S1. Each initial orientation corresponds to an initial state of MD simulations. Thus, there are
four different initial states for each AB-POPG system. The four initial AB-POPG states are
labelled as B1-to-lipid, Bo-to-lipid, face-to-lipid and back-to-lipid (Table 1).

Simulation details

All MD simulations were performed in the isothermal-isobaric (NPT) ensemble using
GROMACS-4.5.3 software package80. The Amber99SB force field® was used for the
ABg_yp trimers. The POPG lipids were described with the Jimbeck force field®6: 62. 63,
During the preparation stage for the MD simulations, the AB-POPG system was placed in
the center of a rectangular box of 8.2x8.3x13.7 nm?3, with the distance between AR trimer
and the box wall being ~3.0 nm. Periodic boundary conditions were applied. Then the Ap-
POPG system was fully solvated in simple point charge (SPC) water. Na* and CI~ ions were
added to neutralize the system, which provides an additional 0.1 M salt concentration. Bond
length of peptides and water molecules were constrained respectively using the LINCS®4
and SETTLES algorithms, allowing an integration time step of 2 fs. The protein, POPG
membrane and non-protein (water molecules and counterions) groups were separately
coupled to an external heat bath with a relaxation time of 0.2 ps using a velocity rescaling
coupling method®8. The temperature of the system is kept close to 310 K, above the gel-
liquid crystal phase transition temperature (271 K) of POPG bilayers®’. The pressure was
kept at 1 bar using the Parrinello-Rahman method® with a coupling constant of 1.0 ps.
Electrostatic interactions were treated with the particle mesh Ewald (PME) method with a
real space cutoff of 1.0 nm. The van der Waals interactions were calculated using a cutoff of
1.4 nm. Each system was energy-minimized by steepest descent for 50000 steps. After
minimization, the solvent was equilibrated in a 100-ps NVT MD run with position restraints
on the protein. The solvent equilibration was followed by another 100-ps NVT MD run
without position restraints on the protein. Then a 100-ps NPT MD run was performed on the
full system. This was followed by production MD runs for each system. Four independent
200-ns production MD simulations were conducted for each of the three different
protofibrillar AB trimers in the presence of POPG membrane (Ap-POPG system) (12
simulations in total). For comparison, we also carried out a 200-ns MD simulation for each
ABg_40 trimer in water without POPG membrane (AB system). The name and initial state of
AP and AB-POPG systems are given in Table 1. A summary of the MD setup details is given
in Table 2.
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Analysis

The B-sheet content was calculated using the DSSP program®®. A salt bridge is formed if the
minimum distance between the side chain COO™ group of D23 and the NG atom of the side
chain NH3* group of K28 (i.e. the D23-K28 distance) is less than 0.4 nm. The thickness of
the POPG bilayer was estimated by the local average of phosphor-to-phosphor distance°.
All the snapshots are displayed using the VMD program?%.

Results and Discussion

Adsorption dynamics of three protofibrillar Ap trimers on POPG lipid bilayers

To explore the interaction mechanism of protofibrillar A trimers with anionic lipid bilayers,
we firstly investigate the adsorption behavior of each trimer on POPG bilayers. Figure 1
shows the time evolution of the minimum distance between each amino acid residue of the
2BEG trimer and the POPG bilayer and snapshots at five different time points starting from
four different initial states. In the MD run with the initial state of p1-to-lipid (Fig. 1(a)), the
turn region (residues G25-K28) is adsorbed on the bilayer first, followed by the N-terminal
residues G9-K16, resulting in membrane binding of the f; and turn regions. This
observation is not surprising as the simulation started from the p,-to-lipid state. In the MD
runs initiating from p,-to-lipid (Fig. 1(b)), face-to-lipid (Fig. 1(c)) and back-to-lipid (Fig.
1(d)), the N-terminal residues G9-H14 are adsorbed on the bilayer surface first, then
residues Q15-K28 in the B, region sequentially bind. This leads to the binding of the full §;
region and the turn region to the membrane surface. Of particular interest is the adsorption
process observed in Fig. 1(b) that although C-terminal residues initially face towards the
membrane surface, the A trimer still rotates itself and the N-terminal residues bind to the
lipid bilayer. Overall, irrespective of the initial orientations, it is the B, region (containing
positively-charged N-terminus NH3™ and residues K16) or the turn region (containing
positively-charged residues K28) that initiate the adsorption, which results in the binding of
B1+turn region of 2BEG trimer to the lipid bilayers (see the snapshots at t=200 ns in Fig. 1).

The adsorption dynamics of the 2LMN trimer to the POPG bilayer is shown in Fig. 2. In the
two MD runs starting from B1-to-lipid (Fig. 2(a)) and face-to-lipid (Fig. 2(c)), the N-
terminal residues G9-H14 bind to the bilayer surface first, followed by residues Q15-K28,
leading to membrane binding of the B1+turn region of the 2LMN trimer (snapshots in Fig.
2(a, c)). When starting from p,-to-lipid (Fig. 2(b)) and back-to-lipid (Fig. 2(d)), the
adsorption to the POPG bilayer surface is initiated from the turn region (residues G25-K28).
Only the turn region binds to the POPG surface within the 200 ns of these two MD runs,
indicating that a long time is needed for the adsorption of f; region on POPG bilayers. The
detailed process can be seen from snapshots at five time points in Fig. 2.

Fig. 3 shows the adsorption behavior of the 2M4J trimer onto the POPG bilayer. In the two
runs starting from p-to-lipid (Fig. 3(a)) and back-to-lipid (Fig. 3(d)), the adsorption is
initiated from the N-terminal residues G9-H14. At the beginning of the p,-to-lipid
simulation (Fig. 3(b)), residues in B, and turn regions are quite close to the membrane
surface, and at t=18 ns N27 residues bind to the bilayer. Shortly afterwards, the trimer
rotates and the turn region dissociates from the bilayer, and then N-terminal residues G9-
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Y10 anchor into the bilayer. This is followed by sequential membrane binding of other
residues in B region and of the turn region, leading to the p,+turn region binding. This
binding event indicates that the p, region has a preference to bind to the POPG bilayer
although initially B, and turn regions have atomic contacts with the bilayer. For the face-to-
lipid (Fig. 3(c)), it appears that the whole AP trimer comes close to the membrane surface at
first. After that, N-terminal residues keep contacts with the bilayer, while C-terminal
residues in the B, region gradually dissociate. The detailed process can be seen from the
snapshots at five time points in Fig. 3.

By comparing all the simulation results, we find that the three distinct trimers display similar
adsorption behaviors, regardless of their structural morphologies and initial orientations.
Namely, N-terminal residues G9-K16 in B1 region preferentially bind to the membrane
surface, followed by other residues in the B1 and turn regions, leading to the binding of
B1+turn region of AP trimer onto the lipid bilayers. This finding indicates that our
simulation results do not depend on the initial states of AB-POPG systems. In term of
absorption rate of the N-terminal 1 region, the three trimer forms are in the order of 2M4J >
2BEG > 2LMN.

To identify the key residues that bind to the POPG bilayer, we calculated the binding
probability of each residue for the three trimers (Fig. 4). Our calculation shows that N-
terminal residues G9-K 16 (containing the positively charged N-terminal NH3* and residues
K16) in the B1 region exhibit the highest membrane binding probability and turn region
G25-G29 (containing positively charged residues) display the second highest binding
probability. These results indicate that electrostatic interaction is an important driving force
to facilitate the adsorption on the anionic membrane. This finding is consistent with previous
studies showing that electrostatic interactions with negatively charged lipids enhance peptide
adsorption onto lipid monolayers/bilayers#>: 72, The relative higher membrane binding
probabilities of the residues in the N-terminal B, region also suggest strong interactions
between N-terminal residues of A trimers and POPG bilayers.

The influence of POPG bilayers on the structural stabilities of the Ap trimmers

We conducted a 200-ns MD simulation for each trimer in water without the lipid bilayers.
Fig. 5(a) and (b) show respectively the time evolution of the root-mean-square deviation
(RMSD) of each trimer with respect to its initial conformation and the number of backbone
hydrogen bonds. It can be seen from Fig. 5 that the RMSDs of the three trimers all reach a
plateau after t=110 ns and their values are 0.8 nm for 2BEG, 1.1 nm for 2LMN and 0.5 nm
for 2M4J. The RMSD values reflect different structural stabilities in water: the 2M4J trimer
is the most stable, 2BEG is the less stable and 2LMN is the least stable. This finding is
supported by the time evolution of the number of backbone hydrogen bonds (H-bonds) in
Fig. 5(b). Namely, 2M4J has the largest number of H-bonds (note that it still increases with
simulation time), 2BEG has the less and 2LMN has the least. The different structural
stabilities in water can be clearly seen from the snapshots of A trimer generated at t=0, 100
and 200 ns (Fig. 5(c, d, €)). The 2M4J trimer keeps its protofibrillar structure during the full
process of the 200-ns MD simulation. The increase of its RMSD value with simulation time
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(blue curve in Fig. 5(a)) mainly results from the twisting of the three strands with respect to
each other (see the snapshots at t=100 and 200 ns in Fig. 5(¢)).

The structural stability of each protofibrillar ABg_49 trimer in the presence of POPG lipid
bilayers are investigated by monitoring the time evolution of the C,-RMSD and the number
of backbone H-bonds of A trimer in MD runs starting from four different initial states (Fig.
6). For comparison, the time evolution of these two parameters for each AR trimer in water
without POPG bilayers are also given (black curve). It can be seen from Fig. 6 that the C-
RMSDs and backbone H-bond number of the three trimers reach a plateau after t=50 ns for
2BEG and after 100 ns for both 2LMN and 2M4J, indicating our simulations are reasonably
converged. Figure 6(a, b, ¢) shows that 2BEG, 2LMN and 2M4J trimers have different
RMSD values, implying their different structural stabilities on the POPG bilayer surface.
2M4J trimer is the most stable (with the smallest RMSD), 2BEG trimer is the less stable
(larger RMSD) and 2LMN trimer is the least stable (with the largest RMSD value). The
2BEG and 2LMN trimers on the bilayer surface have smaller RMSD values and more
backbone H-bonds than the trimers in water (Fig. 6(a, b, d, €)). The results reveal that
membrane-bound protofibrillar 2BEG and 2LMN trimers are more stable than AP trimers in
aqueous solution, highlighting the role of POPG bilayer in stabilizing the structures of Ap
trimers. In the MD run starting from B,-to-lipid (green curve in Fig. 6(a)), the RMSD value
of the membrane-bound 2BEG trimer is almost the same as that of the isolated trimer in
water, due to the slow adsorption of the trimer on the bilayer surface (see Fig. 1(b)). We also
found that the RMSD values and the number of H-bonds of the membrane-bound 2M4J
trimer resembles those of the trimer in water (Fig. 6(c, f)), implying that the 2M4J trimer on
POPG has similar structural stability as in water. The small RMSD values (~0.5 nm) of
2M4J trimer in Fig. 6(c), together with the snapshots in Fig. 3 and Fig. 5(e), demonstrate
that the 2M4J trimer is structurally stable both on the POPG membrane surface and in water.
Thus, the POPG bilayer has minor influence on the structure of the 2M4J trimer. Overall,
POPG bilayers can stabilize the protofibrillar A trimers although the stabilization effect of
the bilayer on 2M4J is not as obvious as that on 2BEG and 2LMN.

To identify the residues that contribute most to the structural stability of each trimer in the
presence of POPG bilayers, we calculate the p-sheet propensity of each amino acid residue
(red curves in Fig. 7). For each trimer, residue-based p-sheet propensity is obtained by
averaging the B-sheet probability of each residue over the data in the four MD trajectories.
For comparison, the B-sheet propensity for each trimer in water without POPG bilayers are
also calculated (black curves in Fig. 7). We see from Fig. 7 that the B-sheet propensities of
most residues in the B, region of AB in the AB-POPG system are higher than those in water,
while the B-sheet propensities of most of the residues in the B, region are only slightly
affected. This can also be seen from the time evolution of the secondary structure of each
residue in the three MD runs for AB and in the 12 MD runs for Ap-POPG system (Fig. S3).
This result, together with the residue-based membrane binding probability in Fig. 4,
indicates that membrane binding stabilizes the p-sheet structure of the N-terminal residues,
which is favorable for the structural stability of Ap trimers, especially for 2BEG and 2LMN
trimers.
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Previous experimental and computational studies suggested that D23-K28 salt-bridges
enhance the fibrillization rate”3: 74 and stabilize A fibril structures® 24-26_ To examine
whether POPG bilayers affect the D23-K28 salt-bridges, we calculate the PDF (probability
density function) of the D23-K28 distance (including both intra- and inter-peptide D23-K28
distances) in isolated (black curves in Fig. 8) and in membrane-bound A trimers (red
curves in Fig. 8). The D23-K28 distance in AB-POPG system is the average of the four
different MD runs. The PDF of the D23-K28 distance in each MD run for Ap and AB-POPG
systems are presented in Fig. S4. Two peaks (Fig. 8(a, b), black curves) are observed for the
isolated 2BEG and 2LMN trimers: a small sharp peak centered at 0.28 nm and a broad peak
around 0.6 nm. The probability density distribution of the two peaks implies that the D23-
K28 salt-bridges in the isolated 2BEG and 2LMN trimers are almost lost. In the AB-POPG
system, the peak at 0.28 nm becomes much larger (red curves in Fig. 8(a, b)), implying that
most of the D23-K28 salt bridges are preserved in the membrane-bound trimers and the
interaction of Ap trimers with POPG bilayers protects the salt bridges. The peak at 0.28 nm
in the membrane-bound 2M4J trimer also becomes larger than that in the isolated trimer
(Fig. 8(c)), indicative of the stabilizing role of POPG bilayers on the D23-K28 salt-bridges
in the 2M4J trimer. These results demonstrate that POPG bilayers stabilize the D23-K28 salt
bridges that were reported to play a crucial role in A fibrillization’3: 74,

Altogether, our simulations demonstrate that protofibrillar Apg_49 trimers become much
more stable upon binding to the POPG bilayer. It is expected that the membrane-stabilized
trimers would enhance the fibril formation. Consistent with our prediction, recent studies
reported that A fibrillation can be accelerated in the presence of anionic lipid
membranes33: 34,

The influence of protofibrillar Ap trimers binding on POPG bilayers

Membrane integrity is essential for cellular activities. To investigate the perturbation of the
POPG bilayers incurred by binding of the trimers, we calculated the bilayer thickness
distribution in the x-y plane for each AB-POPG system in the MD runs starting from B1-to-
lipid, Bo-to-lipid, face-to-lipid and back-to-lipid. The bilayer thickness distribution map is
presented in Fig. 9. For comparison, the distribution map of a pure POPG bilayer is also
given (Fig. 9(a)). The color bar from red to white represents the bilayer thickness decreasing
from 3.7 to 3.2 nm. We see from Fig. 9(a) that pure POPG bilayer is almost uniform with a
thickness of 3.7 nm. In contrast, the Ap-POPG system exhibits obvious local membrane
thinning (the white region in Fig. 9(b—m)) except for the bilayer in Fig. 9(g) and (i). In the
two MD runs corresponding to Fig. 9(g) and (i), only the turn region is adsorbed on the
POPG bilayer surface (see the snapshots at t=200 ns in Fig. 2(b) and (d)), while both the N-
terminal B, region and the turn region bind to the bilayer surface in all other MD runs. This
observation, together with the different bilayer thickness distribution seen in Fig. 9 reveals
that the membrane binding of protofibrillar AB trimers results in bilayer thinning and that it
is the p1-POPG interaction that contributes mostly to the membrane thinning. This finding is
consistent with a recent study showing that the susceptibility of neuronal cells to different
types of oligomeric assemblies is directly related to the extent of binding of such oligomers
to the cellular membrane’®.
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We then calculated the lipid tail order parameter Scp for lipids in the upper leaflet using the
formula Scp=0.5 (3cos? 6-1), where 6 is the angle between the bilayer normal and the C-H
bond vector (in the simulations) or the C-D bond vector (in experiments)’®. The angular
brackets denote a time and lipid ensemble average’® 7. Figure 10(a, b) gives the absolute
Scp values of acyl chain 1 and 2 (i.e. sn-1 and s+2) of POPG lipids in each AB-POPG
system. The sr-1 and sr-2 chains and the carbon atoms in the two chains are labelled in Fig.
S2. For comparison, the Scp values of the two chains from a 200 ns MD run of a pure POPG
lipid bilayer are also given in Fig. 10(a, b). We see from Fig. 10(a) that the Scp values of
sn-1 chains in all AB-POPG systems are close to each other, but slightly smaller than those
in a pure POPG bilayer. We noted that 2M4J (green line) leads to the lowest Scp values,
indicating larger membrane perturbation. The differences among the Scp values of s1-2
chains in all systems are negligible. Consistent with the change of Scp values of sn-1 chains,
the lipid area in each AB-POPG system becomes slightly larger than that in the pure POPG
system, with 2M4J being the most obvious again (Fig. 10(c)). These results indicate that
while membrane binding of protofibrillar Ap trimers does not significantly impact the
ordering of the POPG bilayer within our simulation time scale, structural polymorphism
may still have different membrane perturbation effects. To examine whether the Ap-induced
membrane perturbation can cause water penetration into the POPG bilayer, we calculated the
water density distribution along the membrane normal (i.e. the z-axis direction) for each Ap-
POPG system (Fig. S5). For comparison, the water density distribution along the membrane
normal in a pure POPG bilayer is also given. The membrane center is at z=0 nm and the
thickness of the hydrophobic tail region is ~2.8 nm (from z = -1.4 to 1.4 nm). The trimer
binds on the upper surface (z = ~1.7 nm) of the POPG bilayer. As in the pure POPG system,
the water density in the central hydrophobic tail region (from z = -1.0 to 1.0 nm) of POPG
bilayer in the AB-POPG system is almost zero, indicating that membrane perturbation is not
able to cause water penetration into the POPG bilayer within our simulation time scale. This
finding suggests that binding alone is not sufficient for membrane permeabilization,
consistent with a previous Forster resonance energy transfer (FRET) study showing that A
membrane binding and permeabilization are distinct processes influenced separately by
membrane charge and fluidity3.

Membrane thinning, pore formation and membrane fragmentation have been considered as
three possible mechanisms of Ap-induced membrane disruption33-36, Qur simulations
demonstrate that binding of protofibrillar Ap trimers results in membrane thinning. Reduced
thickness regulates the aggregation and cytotoxicity of AB’8. As membrane binding is the
initial step of AB-membrane interaction, we propose that membrane thinning might be the
first step of Ap-induced membrane disruption and this will result in pore formation or
membrane fragmentation.

We note that there are some limitations in this work. For example, we used a fully anionic
POPG lipid bilayer to model the membrane in order to observe AB-membrane interactions
within relatively short time scale of simulations due to the large size of the simulated
system. We used ABg_40 (an elongated 2BEG and a truncated 2M4J) trimers to model the
full-length Ap trimers in order to facilitate comparison of the structural properties of the
three protofibrillar Ap trimers in the absence and presence of phospholipid bilayers and to
save computational cost. Finally, due to the short time scale of MD simulations, only the
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turn region of the 2LMN trimer binds to the POPG surface within the 200 ns of MD runs,
while most of part of the trimers are exposed to water (Fig. 2(b, d)). Thus, it is desirable to
study AB-protofibril-membrane interactions by employing a realistic model membrane (such
as a mixed POPC and POPG bilayer) and full-length Ap protofibrils and by performing long
time scale MD simulations. This remains to be determined in a future study.

Conclusions

We have systematically investigated the interactions between anionic lipid bilayers and
protofibrillar ABg_49 trimers constructed using the three NMR-derived fibril structures,
2BEG, 2LMN and 2M4J, by carrying out all-atom molecular dynamics simulations. We
particularly focused on the adsorption dynamics of the trimers, the effect of POPG lipid
bilayers on the stability of trimers, and the perturbation of the membrane induced by the
interactions of Ap with the lipid bilayers. Simulations starting from four states of each Ap-
POPG system reveal that irrespective of their structural details and initial orientations, the
three distinct protofibrillar AB trimers display similar adsorption dynamics. N-terminal
residues G9-K16 in B4 region preferentially bind to the membrane surface, followed by other
residues in the B, and turn regions, leading to the binding of B1+turn region of A trimer to
the lipid bilayers. This adsorption behavior is mostly dominated by the electrostatic
interaction between positively charged residues and negatively charged POPG lipid bilayers.
Lipid bilayers enhance the structural stability of Ap trimers by stabilizing the p-sheet
content and the D23-K28 salt-bridges. On the other hand, the POPG lipid bilayer is also
influenced by the binding of protofibril Ap trimers. AB binding decreases the local
thickness, leading to membrane thinning which is related to aggregation and toxicity of A
peptides’®. In particular, A structure found in Alzheimer’s disease brain tissue (2M4J) is
the most stable both in water solution and on membrane surface, and exhibits slightly
stronger membrane perturbation ability. This investigation shows that peptide-membrane
interaction can induce membrane thinning which is responsible for Ap toxicity and suggests
that the membrane may promote A fibril growth by enhancing the structural stability of AB
oligomers, ultimately providing insights into AB-lipid interaction and the mechanism of
lipid perturbation by A protofibrils at atomic level.
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Fig. 1.
Time evolution of the minimum distance between all atoms of each residue in the three

chains and the POPG lipid bilayer for the 2BEG-POPG system starting from four initial
states: B1-to-lipid (a), po-to-lipid (b), face-to-lipid (c) and back-to-lipid (d). Snapshots at five
time points are given to visualize the adsorption behavior of 2BEG timers on the POPG
bilayer surface.
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2LMN-POPG
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Time evolution of the minimum distance between all atoms of each residue in the three
peptide chains and the POPG lipid bilayer for the 2LMN-POPG system in MD runs starting
from four states: B1-to-lipid (a), po-to-lipid (b), face-to-lipid (c) and back-to-lipid (d). The
snapshots at five time points are also given to visualize the adsorption process of 2LMN

timers on the POPG bilayer surface.
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Time evolution of the minimum distances between all atoms of each residue in the three
chains and the POPG lipid bilayer for 2M4J-POPG system in MD runs starting from four
different initial states: B1-to-lipid (a), po-to-lipid (b), face-to-lipid (c) and back-to-lipid (d).
The snapshots at five different time points are given to visualize the adsorption dynamics of
2M4J timers on the POPG bilayer surface.
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Membrane binding probability of each amino acid residue for the three protofibrillar Ap
trimers in the AB-POPG system. The binding probabilities were calculated using all heavy
atoms over the last 50 ns for each AB-POPG system.
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Fig. 5.
Structural stability analysis of the three protofibrillar ABg.4q trimers in water. Time evolution

of the C,-RMSD (a) and the number of backbone hydrogen bonds (b) of each trimer.
Snapshots of A trimers generated at 0, 100 and 200 ns for 2BEG (c), 2LMN (d) and 2M4J
(e) systems are also shown. The snapshots at t=0 ns are the same as the initial states shown
in Table 1 for the AP system.
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Structural stability analysis of the three protofibrillar ABg.4g trimers in the presence of
POPG lipid bilayers. For each AB-POPG system (2BEG-POPG, 2LMN-POPG, 2M4J-
POPG), we show the time evolution of the C,-RMSD (a, b, ¢) and the number of backbone
hydrogen bonds (d, e, f) of AB trimer in MD runs starting from four states: p1-to-lipid (red),
Bo-to-lipid (green), face-to-lipid (blue) and back-to-lipid (pink). For comparison, the results
for each Ap trimer in water without POPG bilayers are also given (black).

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 October 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Dong et al.

Page 21

(a) —2BEG (b) —2LMN (©) —2M4]
——2BEG-POPG ——2LMN-POPG ——2MA4J-POPG
2 10t 1.0t
w
=
4]
j=T
e
2 05} 0.5}
51
[-}]
&=
w
ﬁ 0.0 1 1 1 ' OID L L " ' L 1 1 i L i 1
10 20 30 40 10 20 30 40 10 20 30 40
Residue index Residue index Residue index
Fig. 7.

The residue-based B-sheet propensity of each Apg.4¢ trimer in the absence and presence of
POPG lipid bilayers. The p-sheet propensity of each residue was calculated using the last 50

ns simulation data for both AR (black) and AB-POPG systems (red). For each AB-POPG
system, the B-sheet propensity is the average of the four MD trajectories.
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Fig. 8.

Efgfect of POPG bilayers on the D23-K28 salt-bridge. Probability density function of the
D23-K28 distance in Ap (black curve) and Ap-POPG (red curve) systems. The D23-K28
distance in AB-POPG system is the average of the four MD runs. All calculations were
based on the last 50 ns data of each MD run.
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Fig. 9.
The POPG bilayer thickness distribution map over the x-y plane for each AB-POPG system

in the MD runs starting from different initial states: p1-to-lipid, Bo-to-lipid, face-to-lipid and

back-to-lipid. For comparison, the bilayer thickness distribution map of a pure POPG bilayer
is also presented. The bilayer thickness was calculated using the last 50-ns data of each MD

run.

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 October 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dong et al.

(a)

CcD

—=—POPG ——2BEG-POPG
——2LMN-POPG — 2M4J-POPG

sn-1

0.05

2 4 6 8 101214

Carbon atom number

Fig. 10.

Page 24

(b) —=—POPG ——2BEG-POPG (C ) —POPG —2BEG-POPG
—==2LMN-POPG —2M4]-POPG —2LMN-POPG 2IMAI-POPG
= —~ 075
sn-
0.20 E_
=
3 = 070 [y
7] [
]
[=5
=]
a2
1 1 1 L ol < .65 1 1 L
3 6 9 12 15 0 50 100 150 200

Carbon atom number Time (ns)

Influence of membrane binding of protofibrillar Ap trimers on the order of the head and the
tail atoms of POPG lipids in the upper leaflet of the bilayer. The order parameter Scp for the
sn-1 chain (a) and sn-2 chain (b) of POPG as a function of carbon atom index. (c) Area per
lipid as a function of simulation time. For each AB-POPG system, both the Scp values and
the area per lipid are the average over the four different MD runs using the last 50 ns
simulation data. The Scp and the area per lipid of a neat POPG lipid bilayer are also given

for comparison.

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 October 18.



Page 25

Dong et al.

'g
9dOd-7INC u\\ﬂ.f_) N4A\t4
_ 5
=== = LY g ‘g
'g
/ _ : 9dOd-NN1Z | $— —<¢ | NW1Z
= & [ —» —%5 g
g
9d0d-939C | grumee=='s | 939C
e
=— =<3 === — — ‘g
pidij-01-30eq pidij-01-80e) pidij-01-g pidi-01-'g
aweN alels [eniu| aweN
Ssojels [ellu|
wes/s 9dod-dv wersfs gy

"UMOUS 10U 8Je S8|NJ8j0W J81eM pueR SUOLIBIUNOI ‘A1LIe|d 104 "A|aAdadsal ‘ueAd pue alym ‘ue)

‘paJ ul swore uogJed pue usboipAy ‘snioydsoyd ‘usbAxo yum ‘uoneiuasaidal aulj ur umoys ale spidij ayl “a1ayds anjq e Aq pajouap SI anpisal 69 Yaes Jo
wole D ayl "ueAd ul uIny 8yl pue a1ym Ui 1109 sy ‘ajdind ul 18ays-g ay1 Yyim ‘uolreIussaidal UoOLRI Ul UMOYS SI Jawil gy ayl "edepns JaAe|iq pidi| syl
0] 90e} JawL gy Jejj1iq1yoloid ay) JO Yoeq pue ade) ay) aJaym SWwialsAs ayy Ajaanodadsal wuasaidas pidij-03-oeq pue pidij-01-a9e) ay L a3ens Jakeiq pidi|
a1 01 30k S19ays-g [eulWwla)-D pue [eulwlal-N aUl alaym swialsAs om1 ayl Ajaandasdsal Juasaidal pidij-01-¢g pue pidi-01-Td ay ‘pidij-01-oeq pue pidi|
-01-808} ‘pIdi|-01-¢g ‘pidi-01-Tg se pajjaqe| aJe sa1els 9dOd-gv [eniul o syy ‘soepns 1ake|iq pidi| sy1 0 SAIIR|aI JSWLI YOBS JO SUONBIUSLIO [eliul 8y}
01 BuIpJ029Y "IayIp 89eLINns JaAe|1q ©dOd 3y} 01 193dsal Ylm siawi gy Jejiiqioloid ayy Jo suoIeIuSLIO 8y} ‘WalsAs 9d0d-gV Yoes Jo S$ajels [eniul noy
3y} U] ‘sidwiLs 07-6gyy sef11qi0)0.d PaIoNIISUOD 91U} BU) SAJOUSP [3POW [HAL Yoes JO dI 9Ad dYL SwaIsAs OdOd-gv pue gv Jo ajess [eniul pue sweN

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 October 18.



Page 26

Dong et al.

Author Manuscript

1% % %002 T00T6 L'ETXE'8XC'8 9dOd-[¥INe
% % %002 T00T6 L'ETXE'8xC'8 | 9dOd-NINTC
1% % %002 T00T6 L'ETXE'8XC'8 | 9d0d-O93de
T T 00¢ 6€L6V 0°6xG9'LxG°L [YINC
T T 002 69267 0'6xG'LxG’L NINTZ
T T 00¢ T19.6¥ 0'6xG9'LxG°L O3d¢
soless [elul Jo _qunN | sunl @il o equinn | (Su)awi uoireinwis | swoze jo equnu elo] | (cwu)azs xog weisis

"S8]e1S [eI1UI JO JaqUINU BY) pue sunJ Al JO Jaquinu sy} ‘s uonenwis
‘SWIOJE JO JBQINU [30} BY} XOQ UOIIRINWIS 8U} JO 9ZIS dU} ‘WaISAS 8y} JO aweu ay} Juasaid am ‘walsAs yaea 104 ‘s|ie3ap dnias QiAl au} Jo Arewwns

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 October 18.



	Abstract
	Introduction
	Materials and Methods
	Protofibrillar Aβ9–40 trimers
	POPG lipid bilayer
	Aβ-POPG system
	Simulation details
	Analysis

	Results and Discussion
	Adsorption dynamics of three protofibrillar Aβ trimers on POPG lipid bilayers
	The influence of POPG bilayers on the structural stabilities of the Aβ trimmers
	The influence of protofibrillar Aβ trimers binding on POPG bilayers

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Fig. 10
	Table 1
	Table 2

