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Abstract

Alzheimer’s disease (AD), a common neurodegenerative disease, is characterized by the 

aggregation of amyloid-β (Aβ) peptides. The interactions of Aβ with membranes cause changes in 

membrane morphology and ion permeation, which are responsible for its neurotoxicity and can 

accelerate fibril growth. However, the Aβ-lipid interactions and how these induce membrane 

perturbation and disruption at the atomic level and the consequences for the Aβ organization are 

not entirely understood. Here, we perform multiple atomistic molecular dynamics (MD) 

simulations on three protofibrillar Aβ9–40 trimers. Our simulations show that, regardless of the 

morphologies and the initial orientations of the three different protofibrillar Aβ9–40 trimers, the N-

terminal β-sheet of all trimers preferentially binds to the membrane surface. The POPG lipid 

bilayers enhance the structural stability of protofibrillar Aβ trimers by stabilizing inter-peptide β-

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 Aβ oligomers and the first step of Aβ-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 death1. 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 (Aβ) 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 brains3, 4. Aβ 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 readily5. Thus IDPs usually have higher 

aggregation propensity than folded proteins6.

Aβ peptide results from proteolysis of the amyloid precursor protein (APP) in the 

transmembrane region by β- and γ-secretase. Protease cleavage of APP at different positions 

by γ-secretase generates a variety of Aβ peptides such as Aβ1–37, Aβ1–40, Aβ1–42 and 

Aβ1–43
7. Previous solution NMR experiments reported that Aβ monomer is largely 

unstructured in aqueous solution8, 9, while it can also adopt a partially folded structure with 

a 310 helix from residues H13 to D23 (PDB ID: 2LFM)10. A recent NMR study showed that 

Aβ1–40 adopts a partially helical structure upon binding to zwitterionic lipid bilayers prior to 

amyloid formation11. Aβ monomers can readily undergoes aggregation by a nucleation–

elongation process leading to the formation of various oligomers and amyloid fibrils12. 

Aβ1–42 aggregates faster in vitro13 and is identified as more cellular toxic than the other 

alloforms14, while Aβ1–40 levels in human brains are nearly 5 times higher than Aβ1–42 

levels15. The main components of the senile plaques in the brains of AD patients are Aβ1–40 

and Aβ1–42 peptides16, with a wide range of Aβ1–40/Aβ1–42 ratios17. Both Aβ1–40 and 

Aβ1–42 are good model systems in the study of aggregation mechanism and neuronal 

toxicity of Aβ peptides18. As demonstrated by different experimental techniques such as 

solid-state nuclear magnetic resonance (ssNMR) and electron microscopy, Aβ fibrils are 

structurally polymorphic and exhibit significant differences in the extent and locations of 

stable β-sheets19–22. Several ssNMR-derived Aβ1–40/Aβ1–42 fibril models were 

reported15, 23–28. Three of them have been extensively studied and their PDB IDs are 2BEG 

(residues 17–42 for synthetic Aβ1–42 fibrils)25, 2LMN (residues 9–40 for synthetic Aβ1–40 

fibrils)26 and 2M4J (residues 1–40 for AD-brain-derived Aβ1–40 fibrils)15. More 

importantly, Aβ fibrils with variable structures display distinct levels of toxicity in neuronal 

cell cultures22, 29. 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)15 can illuminate important pathology-related occurrences.

Experimental studies reported that mature fibrils and intermediate aggregates of Aβ are 

cytotoxic30–32. 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 Aβ-induced membrane disruption 

mechanisms33–36. Aβ interacts preferentially with anionic phospholipids37, 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 Aβ oligomers with lipid 

bilayers by performing molecular dynamics (MD) simulations41–47. Jang et al examined the 

structural properties of modeled Aβ9–42/Aβ17–42 channels in zwitterionic POPC lipid 

bilayers and obtained Aβ channel conformations with diameters consistent with AFM 

measurements41, 48–50. Zhao et al studied the trimerization of helical Aβ1–42 peptide inside 

cholesterol-rich DPPC lipid bilayers and observed formation of short parallel β-sheet 
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structures43. MD simulations by Poojari et al. demonstrated that compared to 

transmembrane Aβ1–42 monomers, membrane-embedded β-sheet-rich tetramers increased 

the water flow through the POPC bilayers44. Brown et al. reported that the binding of 

disordered Aβ1–42 tetramers on POPC membranes resulted in a greater membrane 

perturbation than that on cholesterol-rich membranes47. Multiple 80-ns MD simulations by 

Yu et al showed that the interactions of protofibrillar Aβ17–42 pentamers with a mixed POPC 

and POPG membrane are stronger than those with POPC membranes45, indicative of the 

role of surface charge in Aβ-membrane interactions. Recently, Tofoleanu et al explored the 

influence of chemical compositions of POPC and POPE headgroups on the interactions of 

Aβ9–40 protofilaments with membranes by performing MD simulations ranging from 25–

150 ns. They found that POPC membranes exhibited weaker interactions with Aβ9–40 

protofilaments than POPE51. However, a systematic study of the interactions of protofibrillar 

Aβ oligomers with lipid bilayers that would evaluate and compare these is lacking.

In this study, we investigate how protofibrillar Aβ 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 Aβ1–42 

have special folds due to the K28-A42 salt bridge28, 52. We focus on the Aβ9–40 sequence 

which may capture the common features of Aβ40 and Aβ42. Three different Aβ9–40 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 β-sheet—turn—

β-sheet conformation15, 25, 26. 2M4J structure is found in the brain tissue of patients with 

Alzheimer’s disease22. Using the ssNMR-derived fibrils to construct the Aβ9–40 trimers 

allows us to investigate the interactions between Aβ protofibrils and membranes. These 

trimers were used to model the protofibrillar Aβ 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 Aβ1–40 oligomers in the anionic lipid bilayers and could be the origin of 

neurotoxicity53. A MD simulation work by Zhao et al. showed that protofibrillar Aβ trimers 

might be the smallest seeding nucleus on the self-assembled monolayer surfaces54. We 

carried out four independent 200-ns MD simulations for each protofibrillar Aβ9–40 trimer. 

The initial minimum distance of between the backbone of Aβ and the surface of the POPG 

lipid bilayer is ~0.8 nm. To avoid the bias of the initial orientation of Aβ9–40 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 Aβ9–40 trimers and their initial 

orientations relative to the membrane surface, the N-terminal β-sheet region of Aβ 
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 Aβ9–40 

trimers have higher β-sheet content and more salt-bridges than the trimers in water, 

demonstrating that the POPG membrane stabilizes the protofibrillar Aβ trimers. On the other 

hand, the Aβ trimers cause membrane perturbation by decreasing the local thickness of lipid 

bilayers.
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Materials and Methods

Protofibrillar Aβ9–40 trimers

The amino acid sequence of the 32-residue Aβ9–40 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 

Aβ9–40 peptide were extracted respectively from the three ssNMR-derived Aβ fibril models 

(PDB ID: 2BEG, 2LMN and 2M4J)15, 25, 26. Each peptide chain has a U-shaped 

conformation. 2BEG fibrils (residues 17–42) have β-strands at residues L17−S26 and 

I31−V40 and a turn region spanning residues N27-A3025, while 2LMN fibrils (residues 9–

40) have β-strands at Y10−D23 and A30−G38 and a turn at residues V24-G2926. 2M4J 

Fibrils (residues 1–40) show a deformed U-shaped conformation, with β-strand-like regions 

at residues V12−F19 and I31-V36, a turn at F20-A30, a bend at G37−G38 and a more 

ordered N-terminal region15. In order to facilitate comparison of the structural properties of 

the three protofibrillar Aβ trimers, in this study, the same amino acid sequence (i.e. Aβ9–40) 

was considered for the three trimers. Thus, residues 9–16 (with sequence GYEVHHQK in 

β-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 

Aβ9–40 trimer was constructed by in-register parallel stacking of the β-strands (Fig. S1). For 

convenience, we use the PDB ID (2BEG, 2LMN and 2M4J) of each NMR-derived fibril 

model to denote the three Aβ9–40 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 2×100 lipids (i.e., 100 lipids in each leaflet). The 

initial coordinates and force field parameters are obtained from lipidbook55, 56. The initial 

size of the POPG bilayer is ~8 nm×8 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 Å2 and the bilayer thickness is 36.7±0.7 Å57. 

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 films58. 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 membrane58. 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 activity59. Nevertheless, the use of 

a fully anionic lipid bilayer allows us to observe Aβ-membrane interactions within relatively 
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short simulation time scales as Aβ prefers to interact with anionic lipids37, 38, thus saving 

computational cost.

Aβ-POPG system

Each Aβ9–40 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 Aβ and the surface of 

the POPG lipid bilayer. To eliminate the bias of the initial orientation of Aβ9–40 trimers 

relative to the POPG surface on the simulation results, we chose four different initial 

orientations for each trimer (see Table 1): N-terminal β1-stand (β1 surface) or C-terminal β2-

strand (β2 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 (β1, β2, face and back) of the Aβ 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 Aβ-POPG system. The four initial Aβ-POPG states are 

labelled as β1-to-lipid, β2-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 package60. The Amber99SB force field61 was used for the 

Aβ9–40 trimers. The POPG lipids were described with the Jämbeck force field56, 62, 63. 

During the preparation stage for the MD simulations, the Aβ-POPG system was placed in 

the center of a rectangular box of 8.2×8.3×13.7 nm3, with the distance between Aβ trimer 

and the box wall being ~3.0 nm. Periodic boundary conditions were applied. Then the Aβ-

POPG system was fully solvated in simple point charge (SPC) water. Na+ and Cl− 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 LINCS64 

and SETTLE65 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 method66. The temperature of the system is kept close to 310 K, above the gel-

liquid crystal phase transition temperature (271 K) of POPG bilayers67. The pressure was 

kept at 1 bar using the Parrinello-Rahman method68 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 Aβ trimers in the presence of POPG membrane (Aβ-POPG system) (12 

simulations in total). For comparison, we also carried out a 200-ns MD simulation for each 

Aβ9–40 trimer in water without POPG membrane (Aβ system). The name and initial state of 

Aβ and Aβ-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 β-sheet content was calculated using the DSSP program69. A salt bridge is formed if the 

minimum distance between the side chain COO− group of D23 and the Nζ 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 distance70. 

All the snapshots are displayed using the VMD program71.

Results and Discussion

Adsorption dynamics of three protofibrillar Aβ trimers on POPG lipid bilayers

To explore the interaction mechanism of protofibrillar Aβ 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 β1-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 β1 and turn regions. This 

observation is not surprising as the simulation started from the β1-to-lipid state. In the MD 

runs initiating from β2-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 β1 region sequentially bind. This leads to the binding of the full β1 

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 Aβ trimer still rotates itself and the N-terminal residues bind to the 

lipid bilayer. Overall, irrespective of the initial orientations, it is the β1 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 

β1+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 β1-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 β1+turn region of the 2LMN trimer (snapshots in Fig. 

2(a, c)). When starting from β2-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 β1 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 β1-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 β2-to-lipid 

simulation (Fig. 3(b)), residues in β2 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 β1 region and of the turn region, leading to the β1+turn region binding. This 

binding event indicates that the β1 region has a preference to bind to the POPG bilayer 

although initially β2 and turn regions have atomic contacts with the bilayer. For the face-to-

lipid (Fig. 3(c)), it appears that the whole Aβ 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 β2 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 β1 region preferentially bind to the membrane 

surface, followed by other residues in the β1 and turn regions, leading to the binding of 

β1+turn region of Aβ trimer onto the lipid bilayers. This finding indicates that our 

simulation results do not depend on the initial states of Aβ-POPG systems. In term of 

absorption rate of the N-terminal β1 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-K16 (containing the positively charged N-terminal NH3
+ and residues 

K16) in the β1 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/bilayers45, 72. The relative higher membrane binding 

probabilities of the residues in the N-terminal β1 region also suggest strong interactions 

between N-terminal residues of Aβ trimers and POPG bilayers.

The influence of POPG bilayers on the structural stabilities of the Aβ 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 Aβ trimer generated at t=0, 100 

and 200 ns (Fig. 5(c, d, e)). 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(e)).

The structural stability of each protofibrillar Aβ9–40 trimer in the presence of POPG lipid 

bilayers are investigated by monitoring the time evolution of the Cα-RMSD and the number 

of backbone H-bonds of Aβ trimer in MD runs starting from four different initial states (Fig. 

6). For comparison, the time evolution of these two parameters for each Aβ trimer in water 

without POPG bilayers are also given (black curve). It can be seen from Fig. 6 that the Cα-

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, c) 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, e)). The results reveal that 

membrane-bound protofibrillar 2BEG and 2LMN trimers are more stable than Aβ trimers in 

aqueous solution, highlighting the role of POPG bilayer in stabilizing the structures of Aβ 
trimers. In the MD run starting from β2-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 Aβ 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 β-sheet propensity of each amino acid residue 

(red curves in Fig. 7). For each trimer, residue-based β-sheet propensity is obtained by 

averaging the β-sheet probability of each residue over the data in the four MD trajectories. 

For comparison, the β-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 β-sheet propensities of 

most residues in the β1 region of Aβ in the Aβ-POPG system are higher than those in water, 

while the β-sheet propensities of most of the residues in the β2 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 Aβ and in the 12 MD runs for Aβ-POPG system (Fig. S3). 

This result, together with the residue-based membrane binding probability in Fig. 4, 

indicates that membrane binding stabilizes the β-sheet structure of the N-terminal residues, 

which is favorable for the structural stability of Aβ 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 rate73, 74 and stabilize Aβ fibril structures15, 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 Aβ trimers (red 

curves in Fig. 8). The D23-K28 distance in Aβ-POPG system is the average of the four 

different MD runs. The PDF of the D23-K28 distance in each MD run for Aβ and Aβ-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 Aβ-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 Aβ 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 Aβ fibrillization73, 74.

Altogether, our simulations demonstrate that protofibrillar Aβ9–40 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 Aβ fibrillation can be accelerated in the presence of anionic lipid 

membranes33, 34.

The influence of protofibrillar Aβ 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 Aβ-POPG system in the MD runs starting from β1-to-

lipid, β2-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 Aβ-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 β1 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 Aβ trimers results in bilayer thinning and that it 

is the β1-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 membrane75.
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We then calculated the lipid tail order parameter SCD for lipids in the upper leaflet using the 

formula SCD=0.5 〈3cos2 θ−1〉, where θ is the angle between the bilayer normal and the C-H 

bond vector (in the simulations) or the C-D bond vector (in experiments)76. The angular 

brackets denote a time and lipid ensemble average76, 77. Figure 10(a, b) gives the absolute 

SCD values of acyl chain 1 and 2 (i.e. sn-1 and sn-2) of POPG lipids in each Aβ-POPG 

system. The sn-1 and sn-2 chains and the carbon atoms in the two chains are labelled in Fig. 

S2. For comparison, the SCD 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 SCD values of 

sn-1 chains in all Aβ-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 SCD values, 

indicating larger membrane perturbation. The differences among the SCD values of sn-2 

chains in all systems are negligible. Consistent with the change of SCD values of sn-1 chains, 

the lipid area in each Aβ-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 Aβ 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 Aβ-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 Aβ-

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 Aβ-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 Aβ 
membrane binding and permeabilization are distinct processes influenced separately by 

membrane charge and fluidity38.

Membrane thinning, pore formation and membrane fragmentation have been considered as 

three possible mechanisms of Aβ-induced membrane disruption33–36. Our simulations 

demonstrate that binding of protofibrillar Aβ trimers results in membrane thinning. Reduced 

thickness regulates the aggregation and cytotoxicity of Aβ78. As membrane binding is the 

initial step of Aβ-membrane interaction, we propose that membrane thinning might be the 

first step of Aβ-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 Aβ-membrane interactions 

within relatively short time scale of simulations due to the large size of the simulated 

system. We used Aβ9–40 (an elongated 2BEG and a truncated 2M4J) trimers to model the 

full-length Aβ trimers in order to facilitate comparison of the structural properties of the 

three protofibrillar Aβ 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 Aβ-protofibril-membrane interactions by employing a realistic model membrane (such 

as a mixed POPC and POPG bilayer) and full-length Aβ 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 Aβ9–40 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 Aβ with the lipid bilayers. Simulations starting from four states of each Aβ-

POPG system reveal that irrespective of their structural details and initial orientations, the 

three distinct protofibrillar Aβ trimers display similar adsorption dynamics. N-terminal 

residues G9-K16 in β1 region preferentially bind to the membrane surface, followed by other 

residues in the β1 and turn regions, leading to the binding of β1+turn region of Aβ 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 Aβ trimers by stabilizing the β-sheet 

content and the D23-K28 salt-bridges. On the other hand, the POPG lipid bilayer is also 

influenced by the binding of protofibril Aβ trimers. Aβ binding decreases the local 

thickness, leading to membrane thinning which is related to aggregation and toxicity of Aβ 
peptides78. In particular, Aβ 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 Aβ toxicity and suggests 

that the membrane may promote Aβ fibril growth by enhancing the structural stability of Aβ 
oligomers, ultimately providing insights into Aβ-lipid interaction and the mechanism of 

lipid perturbation by Aβ 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: β1-to-lipid (a), β2-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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Fig. 2. 
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: β1-to-lipid (a), β2-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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Fig. 3. 
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: β1-to-lipid (a), β2-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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Fig. 4. 
Membrane binding probability of each amino acid residue for the three protofibrillar Aβ 
trimers in the Aβ-POPG system. The binding probabilities were calculated using all heavy 

atoms over the last 50 ns for each Aβ-POPG system.
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Fig. 5. 
Structural stability analysis of the three protofibrillar Aβ9-40 trimers in water. Time evolution 

of the Cα-RMSD (a) and the number of backbone hydrogen bonds (b) of each trimer. 

Snapshots of Aβ 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 Aβ system.
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Fig. 6. 
Structural stability analysis of the three protofibrillar Aβ9-40 trimers in the presence of 

POPG lipid bilayers. For each Aβ-POPG system (2BEG-POPG, 2LMN-POPG, 2M4J-

POPG), we show the time evolution of the Cα-RMSD (a, b, c) and the number of backbone 

hydrogen bonds (d, e, f) of Aβ trimer in MD runs starting from four states: β1-to-lipid (red), 

β2-to-lipid (green), face-to-lipid (blue) and back-to-lipid (pink). For comparison, the results 

for each Aβ trimer in water without POPG bilayers are also given (black).
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Fig. 7. 
The residue-based β-sheet propensity of each Aβ9-40 trimer in the absence and presence of 

POPG lipid bilayers. The β-sheet propensity of each residue was calculated using the last 50 

ns simulation data for both Aβ (black) and Aβ-POPG systems (red). For each Aβ-POPG 

system, the β-sheet propensity is the average of the four MD trajectories.
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Fig. 8. 
Effect of POPG bilayers on the D23-K28 salt-bridge. Probability density function of the 

D23-K28 distance in Aβ (black curve) and Aβ-POPG (red curve) systems. The D23-K28 

distance in Aβ-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 Aβ-POPG system 

in the MD runs starting from different initial states: β1-to-lipid, β2-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.
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Fig. 10. 
Influence of membrane binding of protofibrillar Aβ trimers on the order of the head and the 

tail atoms of POPG lipids in the upper leaflet of the bilayer. The order parameter SCD 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 Aβ-POPG system, both the SCD values and 

the area per lipid are the average over the four different MD runs using the last 50 ns 

simulation data. The SCD and the area per lipid of a neat POPG lipid bilayer are also given 

for comparison.
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