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Abstract

The molecular pathogenesis of Alzheimer’s disease (AD) is complex and sparsely understood. The 

relationship between AD’s amyloid β (Aβ) peptides and neuronal membranes is central to Aβ’s 

cytotoxicity, and is directly modulated by the composition of the lipid headgroups. Molecular 

studies of the insertion of model Aβ40 protofilaments in lipid bilayers revealed strong interactions 

that can affect the structural integrity of both the membranes and the ordered amyloid aggregates. 

In particular, electrostatics plays a crucial role in the interaction between Aβ protofilaments and 

palmytoil-oleoyl-phosphatidylethanolamine (POPE) lipids, a common component of neuronal 

plasma membranes. Here, we use all-atom molecular dynamics and steered molecular dynamics 

simulations to systematically compare the effects that POPE and palmytoil-oleoyl-

phosphatidylcholine (POPC) headgroups have on the Aβ-lipid interactions. We find that Aβ 
protofilaments exhibit weaker electrostatic interactions with POPC headgroups, and establish 

significantly shorter-lived contacts with the POPC bilayer. This illustrates the crucial yet complex 

role of electrostatic and hydrogen bonding interactions in modulating the anchoring and insertion 

of Aβ into lipid bilayers. Our study reveals the atomistic details behind the barrier created by the 

lipid headgroup region in impeding solution-aggregated fibrillar oligomers to spontaneously insert 

into POPC bilayers, in contrast to the POPE case. While the biological reality is notoriously more 

complex (e.g., including other factors such as cholesterol), our results evidence a simple 

experimentally and computationally testable case for probing the factors that control the insertion 

of Aβ oligomeric aggregates in neuronal cell membranes - a process central to their neurotoxicity.
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Molecular interactions of Alzheimer’s amyloid fibrils with lipid membranes.
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1 Introduction

Amyloid β (Aβ) peptides are cleavage products of β- and γ-secretases upon the 

transmembrane amyloid precursor proteins. They have an amphipathic nature; their N-

terminus is part of the extracellular part of the precursor protein, whereas the more 

hydrophobic C-terminus is part of the membrane-spanning domain.(1) After its secretion, 

depending on its environmental conditions, monomeric Aβ adopts structures that are 

disordered(2) or partially folded.(3, 4) The structure of aggregated Aβ in solution has been 

shown in vitro to be different from aggregates formed in the presence of membranes.(5, 6) 

The role of electrostatic interactions in anchoring of amyloid proteins into membranes 

leading to their subsequent aggregation has been long established.(7–9) Recent experimental 

studies suggest that even at physiological concentrations, electrostatic interactions between 

Aβ40 and lipids can lead to peptides accumulating on the membrane surface at higher 

concentrations than in bulk solution, thus enhancing aggregation. At increased 

concentrations, this effect is more intense.(5, 10, 11) Upon aggregation, Aβ adopts a β-

sheet-rich structure, which disrupts lipid membranes.(12–16) Experimental studies have also 

shown that oligomers of Aβ and human islet amyloid polypeptide (hIAPP) cause membrane 

permeation for charged, as well as for neutral lipids.(17, 18) Both aggregated Aβ and IAPP 

were shown to have the tendency to bind irreversibly to both zwitterionic and anionic 

bilayers;(19, 20)

In this study, we report strong differences in the molecular interaction mechanism between 

Aβ fibrillar oligomers and palmytoil-oleoyl-phosphatidylethanolamine (POPE) and 

palmytoil-oleoyl-phosphatidylcholine (POPC) zwitterionic lipids with headgroups that are 

electrostatically neutral yet have different morphologies (Fig. 1(a)). In a previous study,(21) 

we employed all-atom molecular dynamics (MD) simulations to analyse the mechanism of 

interaction between solid state NMR-based models of Aβ fibrillar octamers(22–24) and a 

model membrane composed of zwitterionic POPE lipid molecules. The POPE lipids are a 

major component of plasma membranes (i.e., composing only about 25% of phospholipids 

in all living cells, but up to 45% in human neurons).(25) We identified the electrostatic 

Tofoleanu et al. Page 2

ACS Chem Neurosci. Author manuscript; available in PMC 2019 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



attraction between the proximal charged residues in the oligomer and lipid headgroups as the 

driving force that causes perturbations in the membrane, followed by a further insertion of 

the Aβ C-termini into the membrane hydrophobic core. The lipid tails in the upper 

(proximal) leaflet can reorient themselves towards the membrane surface and interact with 

the C-termini, which leads to a local membrane-thinning effect. This finding is in agreement 

with experimental studies evidencing that it is the oligomeric aggregates rather than the 

monomeric Aβ (19, 26) or the mature fibrils(27) that induce neuronal dysfunction.

2 Results and discussion

The Aβ protofilament structures (Fig. 1(b)) are based on solid-state NMR data,(22–24) and 

described in detail in our previous study.(21) While carefully avoiding steric clashes, the 

fibrillar oligomer was placed atop the membrane as close as possible to the lipids.

Based on our previous observations regarding the symmetry properties of Aβ 
protofilaments(21, 28), we generated four main types of initial conditions (denoted S1 to S4, 

described in our previous work, depicted in Fig. 2, and summarised in Table S1), that 

capture the most different possible fibril-membrane interaction modes. Each initial 

conformation is consisting of an Aβ fibrillar octamer and a POPE or POPC lipid bilayer. 

Additional MD runs for systems with the same initial conformation i, with i=1, 4, were 

labeled as Sia, Sib, etc. (see Table S1).

Our MD trajectories with explicit water molecules showed that the protofilament lost contact 

with the POPC membrane in S1a, S3a and S4a systems. In contrast, Aβ in the S2a system 

maintained contact with the membrane throughout the trajectory. The S2-type conformation 

also exhibited the strongest interaction with a POPE bilayer in our previous study.(21) In the 

S2-type system, the two-peptide plane is parallel to the membrane, thus our current results 

are consistent with the theory that fibrillar oligomers are more cytotoxic than fibrils, due to 

displaying a higher area of reactive ends.(29) This preliminary result lead us to infer that the 

interaction was conformation-dependent and that Aβ in the S2 conformation was the most 

prone to maintaining contact with the lipids. We tested this observation by simulating 

systems in all S1-S4 conformations with carefully constructed and equilibrated systems (see 

Table S1). The subsequent simulations showed consistent behavior for the S1-, S3- and S4-

type systems. In contrast to S2a, in the S2b and the S2c systems our fibrillar oligomer lost 

contact with the membrane, subsequent to a short interaction.

2.1 Changes in the structure of the protofilament during MD

The secondary structure of Aβ amyloid fibrils consists mostly of β-sheets(22), which are 

stabilized by backbone hydrogen bonds (HBs) between the layers in the fibril. Thus, the 

NHB between the layers is closely related to the secondary structure of the fibril; the more 

numerous the HBs, the higher the β-sheet content. We analyzed the effect of the lipid 

interaction on the secondary structure of the Aβ protofilament. Fig. 3 shows the percentage 

of residues that are part of β-sheets. According to experimental studies, β-sheets are formed 

for the F10-E22 and A30-V40 residues,(22, 23) which represents 84% of the total number of 

amino acids.
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The β-sheet content decreased from 80% to 50% in the case of S1- and S2-type 

conformations and to 75% in the case of S3- and S4-type conformations. By comparison, the 

β-sheet structure was preserved better than during Aβ-POPE simulations(21), which can be 

explained by the briefer interaction between the oligomer and the lipids. We observed no 

helical structure. The charged residues in either the N-terminus or turn region in S3-type and 

S4-type conformations initially in contact with the membrane, exhibited the shortest 

interaction with the lipids, therefore preserving the highest β-sheet structure. As other 

indicators of the overall change of structure, we analyzed the root mean square deviation 

(RMSD) for the Cα atoms with respect to the initial structure (RMSD0) plots and the 

number of the inter-strand contacts (Ncontacts) variation, shown in Figs. S1 and S2, 

respectively. The lowerer RMSD0 values and the high Ncontacts values compared to Aβ-

POPE systems are correlated with the higher preservation of β-sheet structure. Due to the 

interaction with the membrane, the RMSD0 values for either Aβ-POPE or Aβ-POPC 

systems are higher than the RMSD0 registered in previous simulations of fibrillar Aβ in 

solution.(24, 28)

2.2 Analysis of the Aβ-POPC interaction

POPE headgroups are well known for forming HBs acting as both donors and an acceptors.

(30) HBs between POPC-POPC headgroups or between POPC lipids and transmembrane 

proteins have been observed in previous computational studies.(31, 32) However, compared 

to POPE, POPC lipids show a decreased tendency to form HBs with the peptides, due to the 

fact that POPC has a more voluminous headgroup than POPE and it restricts the interaction 

between Aβ and the phosphate and carbonyl moieties. Similarly to the analysis of Aβ-POPE 

simulations, we compared the NHB between layer 1 and layer 2 with the NHB between layer 

1 and the lipids for the S1 and S2 conformations (see Fig. S3). Due to the geometry of the 

S3 and S4 conformations- the β-sheet planes parallel to the membrane plane, the possibility 

of creating HBs between the protofilament and the lipids is greatly reduced and thus 

disregarded. S1-type and S2-type systems exhibit the strongest peptide-lipid interaction, due 

to the positioning of the plane of the Aβ layers parallel to the plane of the membrane. This 

correlates well with previous theories stating that, subsequent to an initial electrostatic 

interaction between Aβ and the membrane, there is a peptide-lipid alignment such that the 

hydrophobic residues are oriented towards the core of the membrane.(33) But, unlike the 

sustained Aβ-POPE interaction, in the Aβ-POPC systems (except for S2a system), the HBs 

between the fibril and the lipids are relatively short-lived. The only case where the HBs are 

maintained is S2a; the increase in the NHB layer 1 in the protofilament and the lipids 

(represented by a black line in Fig. S3) leads to a decline in the NHB between layer 1 and 

layer 2 (red line in Fig. S3). This effect is noticed in the secondary structure plots. We chose 

S1b as a representative case of the interaction between Aβ oligomers and POPC bilayers, as 

it is a striking example of the reduced degree of interaction between Aβ and lipids. 

Throughout the simulation, as depicted in Fig. 4(a), the NHB between layer 1 and layer 2 

fluctuates between 40 and 60, whereas the initial 20-30 HBs between the protofilament and 

the lipids, decreases to zero. Nevertheless, both in S2a and in S1b systems, we observed a 

similar anti-correlation of the NHB due to the β-sheet preservation/lipid interaction interplay 

as in the Aβ-POPE simulations, albeit greatly reduced.
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The electrostatic energy (Ue) values (see Fig. 4(b) for system S1b and Fig. S4 for all 

systems) provide a quantitative measure of the effect the attraction between the charged 

residues and the lipid headgroups has upon the salt bridge formed in the initially ordered 

protofilament. The charged residues are E11, H13, K16 in the N-terminus and E22, D23, K28 

in the turn region. It has been suggested that the N-terminus plays a very important role in 

mediating the Aβ-lipid interaction(34), modulated by the electrostatic charges. Also, Aβ 
absorption to hydrophilic surfaces may also be mainly driven by electrostatic interactions.

(35) K28 has been shown to act as an anchor in POPC bilayers interacting with lipid 

headgroup and superficial waters(36) and to be part of a HB network that promotes Aβ 
oligomerization.(37) The salt bridge between D23 and K28 is an important structural element 

of Aβ fibrils, as demonstrated by several experimental and computational studies and 

supports the stability of the fibril.(20, 38, 39) We have previously shown that the D23 – K28 

salt bridge competes with the interaction between D23, K28 and the POPE lipids. Not only 

does the latter interaction break the salt bridge, it also disrupts the membrane, as shown in a 

previous computational study.(20)

An overview of the variation of the electrostatic energy Ue for all simulated systems is 

presented in Fig. S4. The lowest energy for the two stable D23-K28 salt bridges in layer 1 in 

the protofilament is −180 kcal/mol. In S1a the salt bridges remained fully formed for the 

entire 60-ns simulation. As a result of the weak electrostatic interaction between Aβ and 

POPC, the protofilament drifted away from the membrane and lost contact with the lipids, as 

shown in Fig. 5(b). We constructed S1b by placing the protofilament closer to the membrane 

and as a result it remained in the proximity of the membrane for longer due to a stronger 

electrostatic interaction between the charged residues and the headgroups, as shown in Fig. 

4(b). This clearly destabilized the salt bridge as energy values increased to −90 kcal/mol, 

indicating that one of the salt bridges broke. But, 20 ns into the simulation, due to the 

instability of the HBs between Aβ and the lipids, as shown by Fig. 4(a), and to the water 

inserting at the fibril/membrane interface which led to a screening of the charges, the Ue 

value for the D23, K28 and the lipids interaction increases to zero. The subsequent effect was 

that the salt bridge regenerates and Ue values return to −180 kcal/mol (Fig. 4(b)).

A detailed analysis of water dynamics at the Aβ-lipid interface in representative system S1b-

POPC (Fig. S8) shows that in only about 38 ns the water molecules accumulate between the 

fibril and the lipids such that the fibrillar oligomer becomes effectively solvated, as shown at 

the end of the simulation (55ns, Fig. S8c).

In the case of S2-type systems, the electrostatic interaction between the fibril and lipids is 

stronger and the disturbance of the salt bridge more pronounced than for the S1-type 

systems, as shown in Fig. S5. Although the salt bridges in system S2a were disturbed, the 

connection between D23 and K28 was not fully broken and the energy occasionally reached 

values of −90 kcal/mol or −180 kcal/mol even towards the end of the simulation. Positioning 

the protofilament closer to the lipids led to an initial decrease in the values for the charged 

residues-lipids interaction energy in the first 5 ns of the simulations of S2b and S2c. During 

these simulations the interaction between the salt bridge residues was also disturbed by the 

lipids, as indicated by the fluctuations of the D23-K28 Ue values. The peptide-lipid attraction 

tended to be unstable, as the energy increased towards zero or positive values, with rare 
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events of negative energy values. In S2b both salt bridges break and reform throughout the 

simulation, whereas in S2c, after 10 ns, one of the salt bridges breaks and remains so for the 

rest of the simulation. For the systems in the S3 and S4 conformations we plotted the values 

of Ue between lipids and the charged residues in all four layers in one N-terminus in S3 and 

in the N-terminus and turn regions in S4 (see conformation geometry in Fig. 2) and 

compared it to the interaction energy between the closest D23-K28 pairs to the membrane 

(black line and green line, respectively, in Fig. S4). Thus, each green line represents the Ue 

values for salt bridges in the four layers, the lowest value being −700 kcal/mol when all were 

stably formed. As shown in previous studies of Aβ protofilaments in solution (24, 28), there 

are both intramolecular and intermolecular salt bridges between adjacent peptide layers (i.e. 

the residues in layer i can also interact with the residues in i–1, and i+1 layers), thus the total 

energy is lower than for four isolated layers as the interaction network makes the salt bridges 

more stable. In S3b and S3c, Ue values for the D23-K28 interaction increased from −700 

kcal/mol to −490 kcal/mol, occasionally in discrete step-like jumps between the values 

which indicated that certain salt bridges are broken, which correlated with decreases in the 

Ue between D23, K28 and the lipids.

2.3 Representative differences between Aβ-POPE versus Aβ-POPC systems

The electrostatic interaction and the hydrogen bonding between Aβ and the lipids decided 

whether the protofilament remained in the proximity of the membrane. In our previous Aβ-

POPE simulations (21) we identified the electrostatic attraction as being the initial step of 

interaction between the fibril and the headgroups, followed by the hydrophobic effect 

between the C-termini and the lipid tails. We observed a reorganization of the 

headgroups(40) around the protofilament, whilst the C-terminus inserts into the lipid tail 

region. Fig. 5(a) depicts a clear interaction between the POPE lipids and the charged 

residues in the N-termini and turn regions, as the COM of these regions are just above the 

headgroup area (red lines and green lines, respectively). One of the C-termini gets inserted 

into the membrane core, as indicated by the negative values of the COM for this region 

(smooth blue line in Fig. 5(a)). In the current study we observed that a strong peptide-lipid 

interaction occurred only during the S2a simulation.

By contrast, in most Aβ-POPC systems, the protofilament lost contact with the membrane. 

As a clear example, we show the dynamics of system S1a (see Fig. 5(b). The fibril started at 

similar position as in the S1 Aβ-POPE system, about 5 Å above the phosphorus atoms plane. 

At around 25 ns, the system starts to drift away from the membrane into the bulk solution 

and towards the end of the simulation the COM of one of the N-termini reaches a z-value of 

over 45 Å; due to the twisting motion of the fibril, the opposed N-terminus was the last part 

to lose contact with lipids. This effect of the twisting motion occurred in all other Aβ-POPC 

systems (except for S2a and S3a).

2.4 Possible lipid tail extraction from the membrane in the S2a Aβ-POPC system

S2a was the only molecular system in which Aβ peptides maintained contact with the 

membrane and the C-termini interacted with the lipid tails. Initial visual inspection of the 

trajectory revealed that while the C-terminus was slightly protruding into the hydrophobic 

membrane core, two of the POPC lipid tails changed their downwards orientation and 
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ascended above the membrane plane to interact with the octamer. One oleoyl tail and one 

palmytoil tail from different lipids began to change their orientation and fully interacted with 

the protofilament after 10 ns of simulation. Fig. 6(a) shows the z-axis coordinates for the end 

carbon atoms of the palmitoyl and oleoyl tails of the upper lipid leaflet.

The palmitoyl tail positioned itself between the two strands in the C-termini region as shown 

in Fig. 6(c) and interacted chiefly with the hydrophobic M35 and the small polar G37 residue. 

After approximately 50 ns, probably due to the fact that it was not sterically feasible to 

maintain its position between the strands and to the high energy penalty for crossing the 

headgroup region, it regained its initial orientation. This protrusion between the Aβ strands 

affected the inter-strand contacts between the C-termini in the protofilament. As shown in 

Fig. S2, the Ncontacts decreased from 50 to 20, but After 80 ns, the contacts were 

reestablished, due to the palmitoyl tail retreating below the headgroup plane. The oleoyl tail 

started its upwards movement at the beginning of the simulation, but reached the maximum 

stretch at 40 ns, with the end carbon atom 20 Å above the phosphorus plane. At this point, 

the tail stretched along all four layers of the protofilament, maximizing the hydrophobic 

interaction. This tail interacted with a different part of the protofilament, namely the inner 

region of one of the hairpin-like cross-β unit, mainly with L17VFFA21 in the N-terminus on 

one side and residues G29AIIGLM35 in the C-terminus on the other. The residues in these 

Aβ segments are mainly hydrophobic, such that the penalty for leaving the membrane core 

was balanced by the hydrophobic interactions with these regions. The upward movement of 

the tails and their subsequent interaction with different parts of the protofilament had a 

stabilizing effect on the octamer, maintaining it atop the membrane. At the same time, it 

prevented the C-termini from interacting with the lipid tails below the headgroup region. As 

shown in Fig. 6(b), the COM of the C-termini in both strands were above the headgroup 

region until 50 ns into the simulation, when one of them started to protrude through the 

headgroups to interact with the tails beneath them. Fig. 6(c) is a representative snapshot of 

the interaction between different parts of the protofilament and the palmitoyl and oleoyl 

tails, from the beginning of the simulation until the palmitoyl tail retraction below the 

headgroup region. When the palmitoyl tail reassumed its initial orientation in the membrane 

core, it pulled down one of the C-termini in layer 1, indicated by the corroboration between 

the first two panels in Fig. 6. The C-terminus remains in contact with the lipids for the 

remainder of the simulation, as inferred from the low value of its z-axis coordinate in Fig. 

6(b). These data demonstrate that the protrusion of lipid tails above the hydrophilic region of 

the membrane and their subsequent hydrophobic interaction with the C-termini could 

enhance their protrusion through the headgroups, once the tails reassumed their initial 

downward orientation.

2.5 Dynamics of the fibril structure during the SMD simulations

We performed SMD simulations on Aβ-POPE and Aβ-POPC systems in the S2 

conformation (henceforth S2-POPE and S2-POPC). Pulling started After the equilibration 

stage. During the simulations the protofilament was pressed through the lipid headgroup 

region and we observed the subsequent Aβ-lipid interaction. The details of the approach are 

described in the Experimental section. We carefully monitored the structure of the fibril 

throughout the simulations. The RMSD0 plot for the Cα atoms (Fig. S6), indicates that 
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pulling restricts the overall movement of the protofilament, and thus it takes longer for the 

fibril to reach an equilibrated structure. The maximum RMSD0 value of 8 Å during the S2-

POPE SMD simulation is similar to the RMSD0 obtained in the MD simulations, whereas in 

the case of S2-POPC, the RMSD0 = 8 Å is higher than the registered value of 7 Å during the 

MD simulations. The increase in the RMSD0 translates in a variation of the β-sheet content 

registered in each case (as shown in Fig. S7). The β-sheet content of S2-POPE decreases 

from 80% to 50% for the first 35 ns of the simulation. The pulling speed was initially set to 

1 Å/ns for the first 4 ns for the fibril to travel to the surface of the membrane and then to 0.1 

Å/ns while pulling on the Cα atoms of E11, N27 and G38. The percentage of β-sheet 

increases when pulling speed is further reduced to 0.01 Å/ns and all the Cα atoms are 

selected. For the S2-POPC system we used a higher velocity than for S2-POPE in order to 

overcome the fibril drifting into bulk water, which in return hindered the equilibration and 

dynamics of the lipids around the protofilament, which would permit the lipids to 

reorganize, leading to more stable contacts between the protofilament and the lipids, as 

indicated by experiments.(19) During the simulation of S2-POPC, the content of β-sheet 

first dropped to 45% during the first 5 ns of pulling on the Cα atoms of E11, N27 and G38 

with a speed of v = 1 Å/ns. It further decreased until 15 ns, when selecting only the same 

atoms only in layer 3 and layer 4 and decreasing the speed to v=0.1 Å/ns. When selecting all 

the Cα atoms again at a speed of 0.1 Å/ns, the percentage increased to 50%. In both S2-

POPE and S2-POPC we observed a small percentage of helical structure. In S2-POPE it 

involved residues A21-S26 in the N-terminus and turn regions. In the S2-POPC simulation, 

the helix was formed in the turn and C-terminus regions, between residues G25-A30, similar 

to the helix observed in our previous MD simulations of Aβ-POPE bilayers.(21) The turn 

region has the lowest content of β-sheet followed by the C-terminus and both preserve 

relatively the same percentage of residues in this conformation.

2.6 Aβ-lipid interaction during SMD

The set goal of performing the SMD simulations is for the protofilament to pass the 

hydrophilic barrier of the headgroups and for the C-termini to interact with the lipid tails. 

The process is described in Fig. 7. We analyzed whether the decrease in the relative z-axis 

distance between the COM of the C-termini and that of the phosphorus (P) atoms plane 

correlated with the Ncontacts made between the C-termini and the tails. The plot of distance 

versus Ncontacts in Fig. 8 reveals that when z-distance values decreased, Ncontacts values 

increased. In the S2-POPE system, the protofilament passes through the headgroups more 

easily and thus most of the data is registered for distances between 0-2 Å. The lipids 

reoriented themselves and the tails hydrophobically interacted with the C-termini. In S2-

POPC the protofilament spent more time just above the P atoms plane making few contacts 

with the lipids, following which it passed the barrier and protrudes deeper into the core of 

the membrane reaching 5 Å below the P atoms plane.

2.7 Aβ-lipid interaction subsequent to SMD

After performing the SMD simulations we ran short MD simulations for each system in 

order to assess if the interaction with the membrane is maintained. The MD runs were 14-ns 

and 26-ns long for S2-POPE and S2-POPC, respectively. As shown in Fig. 8 (second row), 

in the S2-POPE system the Aβ C-termini continue their interaction with the lipid tails, 
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similarly to simulations in our previous study. However, in the S2-POPC case, the C-termini 

are expelled from the lipid tail region and move rapidly (10 ns) towards the surface of the 

membrane. Our SMD results offer a qualitative description of the behaviour of the 

protofilament interacting with the lipid bilayer hydrophilic barrier and highlight the 

difficulty of transferring a solution-formed β-sheet rich Aβ protofilament segment through 

the lipid headgroup region.

2.8 Conclusions

We studied molecular systems consisting of Aβ9–40 fibrillar octamers, constructed using 

atomistic constraints from solid-state NMR experiments,(22–24, 28) and POPE and POPC 

model lipid bilayers under a variety of initial conformations and relative orientations. We 

investigated how the different chemical composition and morphology of POPE and POPC 

headgroups influences the interaction between the protofilament and the lipids. In contrast to 

the strong, favorable electrostatic interaction between Aβ and POPE lipids observed in Ref. 

(21), our present study of the Aβ-POPC systems shows a significantly weaker affinity 

between the peptide protofilaments and the membrane. These results are illustrated clearly in 

the two animation movies provided in the SI. Interestingly, we find the S2-type 

conformation as the most prone to interacting directly with lipids, in agreement with our 

previous Aβ-POPE interaction studies.(21, 40) This is supported by the analysis of the 

number of hydrogen bonds, side chain contacts, hydration dynamics (Fig. S8) and 

interaction energies between the protofilament and the lipid headgroups for the S2 

conformation. However, while the protofilament-membrane interactions are the strongest 

during the S2a simulation, this system is the only one in which we observed the initiation of 

the Aβ C-termini protrusion through the hydrophilic headgroups barrier and their direct 

interaction with the lipid tails. The primarily hydrophobic association between the C-termini 

and the lipid tails stems from the upwards movement of the latter, rather than from the 

insertion of the C-termini into the membrane core (as previously observed for POPE lipids 

(21)). This process was triggered by a POPC lipid tail regaining its normal orientation in the 

membrane, After a direct interaction with the C-terminus of an Aβ peptide. The fact that it 

has been previously shown that hydrophobic exposure is required for cytotoxicity (41) is 

strenghtening our conclusion that the S2 conformation- exhibiting the hydrophobic C-

termini towards the membrane- is the ideal orientation for initiation of the interaction with 

the membrane. The upwards movement of the POPC lipid tails in the presence of the 

protofilament could be related to the detergent-like effect on membrane observed for 

amyloid-forming peptides, such as the hIAPP amyloid peptides,(42) which were shown to 

have the ability to extract lipids from membranes; this behaviour has been proposed also for 

Aβ.(43, 44) Our study brings the first computational evidence that Aβ peptides could also 

behave in such a manner when interacting with POPC lipids.

To further probe the weak affinity between Aβ protofilaments and the POPC membrane, we 

performed additional constant velocity pulling SMD simulations. The SMD runs were used 

to facilitate the protofilament insertion into the membranes consisting of both types of lipids. 

Once again, we used the conformation that exhibited the strongest interactions with two 

types of lipids: S2-POPC and S2-POPE. Although initial contacts had been established 

between Aβ peptides and the lipid tails, After SMD, the POPC lipids appear to expel the Aβ 
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protofilament from the membrane, once again bringing into focus the importance of the 

electrostatic interactions. The analysis of the SMD runs showed that, in both systems, the 

fibrils can make contact with the lipid tails when being actively pulled along the −z direction 

(i.e., towards the membrane core). However, in the MD runs following SMD, the contacts 

are maintained only for the S2-POPE system. In the latter, following the insertion of the Aβ 
protofilament into the bilayer during SMD, the headgroups reorganize themselves around 

the peptides to maximize the electrostatic interaction, while lipid tails make favourable 

contacts with their C-termini. This finding indicates clearly that the POPC headgroups 

impose a significantly higher energy barrier to the insertion of Aβ protofilaments as 

compared to POPE lipids.

We note that Aβ peptides aggregated in solution could present different structures and 

toxicity than when formed on or near membranes.(45) Experimentally observed amyloid 

channels (46, 47) could thus be formed through different pathways than by insertion of 

solution-formed oligomers into the membrane. Cellular membranes are complex 

heterogeneous systems, also involving many types of molecules other than the model 

phospholipids used in our simulations. Other studies summarized the key membrane 

characteristics involved in membrane-mediated aggregation, stressing the importance of the 

presence of cholesterol and gangliosides in rafts in neuronal cells, which interact with Aβ 
and, even preceding this, with the amyloid precursor protein,(48) as the C99 structure 

depends on the lipid bilayer composition.(49) The importance of cholesterol and 

sphingolipids in binding and oligomerization of amyloidogenic proteins has been stressed 

before(50) and strengthened by newer studies on the role cholesterol plays in amyloid 

binding to membranes(51) and in amyloid channel formation.(37) Also, gangliosides in lipid 

rafts exert a chaperone effect on amyloidogenic proteins.(16, 52) Our studies show that 

spontaneous insertion of the Aβ C-termini into a lipid membrane core may occur when the 

energetic barrier imposed by the hydrophilic headgroups is overcome by one of two possible 

mechanisms: (a) in the case of Aβ-POPE systems, the headgroups are sufficiently small such 

that the strong electrostatic attraction between the charged residues in the protofilament and 

the lipids overcomes the headgroup barrier to membrane insertion,(21) and (b) in the case of 

the more voluminous POPC lipids, through upwards movement of the lipid tail and direct 

interaction with the Aβ and the subsequent lipid retraction/Aβ insertion. Since in our 

simulations the later mechanism involving lipid tails changing their orientation and 

traversing the hydrophilic headgroups barrier to interact with the hydrophobic regions of Aβ 
was a rare event, its likelihood of occurrence can only be assessed in future studies. 

Nevertheless, our results using solution-stable Aβ fibrillar oligomers and simple models of 

lipid membranes demonstrate that even in the same class of phospholipids, relatively minor 

chemical differences in the headgroups molecular architecture can lead to striking 

differences in the lipid membrane interactions with amyloidogenic peptide aggregates such 

as amyloid protofilaments. While biological membranes are notoriously more complex (e.g., 

including other factors such as cholesterol, and cell cycle-dependent lipid composition(53)), 

our results evidence a simple experimentally and computationally testable case for probing 

the factors that control the insertion of Aβ protofilaments in neuronal cell membranes. These 

findings could advance the understanding of molecular mechanisms underlying membrane-
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mediated fibril nucleation or Aβ channel formation processes, which play central roles in 

AD, type II diabetes and other amyloid-related diseases.

3 Experimental

We carried out the simulations using the NAMD(54) program with the CHARMM27 force 

field.(55) Each Aβ-lipids system consisted of between 74,000 and 89,000 atoms (see Table 

S1). Simulations were performed in an NPT ensemble, at constant number of particles, 

constant pressure and constant temperature of 310 K, close to the physiological temperature. 

The pressure was maintained constant at 1 atm using the Langevin piston method, and the 

temperature was controlled with Langevin dynamics.(55, 56) The integration step was 1 fs. 

We used the TIP3P explicit solvent model.(57) Visual Molecular Dynamics(58) was 

employed for generating the initial conditions, for monitoring the simulations and for partly 

analyzing the obtained data.(21, 40)

3.1 MD simulations of model lipid bilayers

In this study we used model POPE and pure POPC lipid bilayers. Details on the construction 

of the POPE bilayers can be found in our previous work(21), and for the POPC bilayer in 

Table S1. We built the bilayer by arranging 9 × 9 POPC lipids per leaflet and adding water 

40 Å above (enough for later accommodating the fibril) and 10Å below the bilayer. To 

ensure their stability, the POPC bilayers were minimised (with fixed phosphorus atoms of 

the lipid headgroups), gradually heated, equilibrated (using restraints for the phosphorus 

atoms) and simulated in an NPT ensemble.

3.2 MD simulations of Aβ-POPC membrane systems

We used Aβ9–40 to model Aβ1–40, as experimental studies showed that the first eight 

residues in the peptide do not contribute to stabilizing the fibril structure. We placed the 

equilibrated fibrillar amyloid protofilament to the equilibrated lipid bilayers and removed the 

water molecules within 2.5 Å of the amyloid. We then minimized thoroughly the fibril-

membrane systems (i.e., using initially a fixed backbone and fixed lipid phosphorus atoms), 

and we gradually heated and equilibrated (using initially restraints on the Cα and lipid 

phosphorus atoms) and simulated the system in the NPT ensemble. After constructing and 

equilibrating our molecular systems using an system preparation steps similar to our 

previous MD studies of amyloid aggregates(21, 40, 59), we generated long all-atom 

molecular dynamics (MD) trajectories ranging from 25 ns to 150 ns (see Table S1), for a 

total of almost 500 ns. For most cases, simulations were stopped when the oligomer lost 

contact with the membrane.

3.3 SMD simulations of fibril-lipid membrane systems

Testing the insertion of a large molecular ensemble into a membrane with voluminous head-

groups would require a time scale that is not affordable by carrying out direct MD 

simulations. A method used to accelerate such processes is Steered Molecular Dynamics 

(SMD)(60, 61), that can be performed using the NAMD(54) package. SMD allows the 

application of controlled forces to selected atoms to drive them along a predefined direction, 

and has been use in other previous studies of amyloid fibrils.(62) We conducted SMD 
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simulations on two systems in the S2 conformation, one containing a POPE and the other a 

POPC bilayer (henceforth referred to as S2-POPE and S2-POPC, respectively). Following 

heating and equilibration, we applied SMD on selected protofilament atoms at constant 

velocities in the −z direction (towards the bilayer) to explore the possible permeation 

pathways of the oligomer through the headgroup region. We used the same bilayers in the 

same NPT conditions as in our preceding MD simulations of the S2 systems. The details of 

the simulations are given in Table S2. We ran 10-ns and 20-ns segments of simulations at 

pulling speeds between 0.01 Å/ns and 1 Å/ns on selected Cα atoms. The speed was altered 

depending on the result of the previous simulation segment: it was increased if in the 

previous simulation segment the oligomer was drifting away from the membrane; it was 

decreased, if the oligomer pressed against the bilayer. To prevent the lipid bilayer from 

drifting under the force applied by the pressing protofilament, the phosphorus atoms of the 

lipids in the lower leaflet are constrained in the (x,y) plane.

3.4 Analysis

The secondary structure was analysed using STRIDE.(63) In the analysis of the number of 

hydrogen bonds (NHB), either within the fibril or between the fibril and the lipids, we used 

the same donor-acceptor distance and angle cutoff as for the Aβ-POPE simulations.(21) For 

plotting the Ue, we employed VMD and calculated the energy in the same conditions as in 

our simulations (PME, 8.5 Å switching distance and 10 Å cut-off distance).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
(a) Morphological differences between POPE and POPC headgroups. The nitrogen atom in 

the POPE headgroup is surrounded by three hydrogens, whereas in POPC the nitrogen is 

surrounded by three methyl groups. (b) A cross-section through the Aβ9–40 fibril, showing a 

two-peptide layer. Each peptide consists of an N-terminus β-strand (red), a turn region 

(green) and a C-terminus β-strand (blue). In the N-terminus and turn regions there are both 

positive (H13, K16, K28; blue) and negative (E11, E22, D23; red) residues. Polar sidechains 

are represented in green and the hydrophobic in grey, respectively.
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Figure 2: 
Initial conditions for S1-S4 systems. The plane of the two-peptide layers (numbered 1 to 4 

from the membrane upwards) is oriented either parallel or perpendicular with respect to the 

plane of the membrane. The N-terminus region is represented in red, turn is in green and C-

terminus is in blue. The heavy atoms in the lipid headgroups (teal) and tail (gray) regions are 

represented as spheres.
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Figure 3: 
Secondary structure- the variation of the β-sheet content during the simulations. Compared 

to Aβ-POPE simulations, in Aβ-POPC simulations the fibril preserves a higher portion of its 

intrinsic β-sheet structure. The β-sheet content is maintained at 50% for S1 (panel a) and S2 

(b) systems, and at 70% for the S3 (c) and S4 (d) systems
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Figure 4: 
In system S1b, Aβ interacted with the membrane only transiently. (a) The number of 

hydrogen bonds, NHB, established between layer 1 and layer 2 (red) compared to the NHB 

between layer 1 and the lipids (black), and (b) the electrostatic energy (Ue) between D23 and 

K28 in layer 1 (green) and between D23, K28 in layer 1 and the lipids (black).
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Figure 5: 
Relative z-axis position for selected regions in layer 1 of Aβ in the S1-type conformation 

interacting with (a) a POPE bilayer, and (b) a POPC bilayer (system S1a). The COM 

positions of charged residues in the N-terminus region, of charged residues in the turn region 

and of the C-termini are depicted in red, green and blue, respectively. To distinguish between 

the two strands in the fibril we used a solid smooth line for one and a solid line with a 

circular markers for the other. The horizontal black line represents the phosporus atoms 

plane. The gray shaded area is occupied by the headgroups.
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Figure 6: 
a) z-axis coordinates versus time for the end carbon atoms in the lipid tails, oleoyl is shown 

in light grey, palmitoyl in dark grey, the dotted black line represents the phosphorus atoms 

plane. (b) z-axis coordinates for the COM of charged residues in the N-terminus, E11, H13, 

K16 (red lines), in the turn region, E22, D23, K28 (bright-green lines) and of the C-terminus 

(blue lines). The dark green zone represents the headgroup region and the grey region the 

hydrophobic core of the membrane. (c) The palmitoyl tail (left) and the oleoyl tail (right) 

interact with the hydrophobic residues in the protofilament. The former interacts with the C-

termini in the first two layers in the octamer, whereas the latter has the ability to interact 

with hydrophobic regions in all four layers.
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Figure 7: 
Left column: representation of the SMD simulation at constant speed, resulting in the fibril 

insertion into the lipid bilayer. Right column: final conformations for the S2-POPE and S2-

POPC systems, respectively.
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Figure 8: 
Upper panels: Contour plots for the distance versus Ncontacts histograms, showing maximum 

counts between 0-2 Å for S2-POPE (left) and between 5-10 Å for S2-POPC (right) 

simulations. Ncontacts during SMD simulations is evaluated between the C-termini in layer 1 

of the fibril and the lipid tails, with a cutoff of 2.7 Å between heavy atoms. Lower panels: z-

axis coordinates for charged residues in the N-terminus and turn region and for the C-termini 

versus time for S2-POPE (left) and S2-POPC (right) following the SMD simulations.
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