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Cholesterol Molecules Alter the Energy Landscape of Small Aβ1-42 Oligomers

Small amyloid-beta (Aβ) oligomers are believed to be key pathogenic species in Alzheimer's disease (AD). One suggested toxicity mechanism is the detergent model where oligomers remove lipid molecules from the bilayer. Senile plaques of AD patients also accumulate a ratio 1:1 of cholesterol/Aβ. What are the dominant structures of small Aβ42 oligomers with cholesterol molecules in aqueous solution? Here we answer this question by performing atomistic replica exchange molecular dynamics simulations of Aβ42 dimers and trimers. Our simulations demonstrate that the interactions with cholesterol molecules change completely the energy landscape of small Aβ42 oligomers. This result, which provides a mechanistic explanation for the observed enhanced effect of cholesterol in the aggregation of Aβ42, indicates that simulations in bulk solution cannot recapitulate aggregation in the brain extracellular space.

Introduction

Experimental studies have shown that the interactions between amyloid oligomers and membrane may lead to the carpeting model where accumulation of oligomers on the surface imparts unequal stress on bilayer, the detergent model where oligomers have a profound effect to remove lipids from the membrane as assessed by atomic force spectroscopy (AFM) and electron microscopy (EM), and the membrane-pore model where oligomers insert into the membrane and create a pore as assessed by AFM, EM, ion mobility-mass spectrometry and conductance studies. [START_REF] Lashuel | Neurodegenerative disease: Amyloid Pores from Pathogenic Mutations[END_REF][START_REF] Quist | Amyloid Ion Channels: A Common Structural Link for Protein-misfolding Disease[END_REF][START_REF] Jang | Models of beta-amyloid Ion Channels in the Membrane Suggest that Channel Formation in the Bilayer is a Dynamic Process[END_REF][START_REF] Jang | Mechanisms for the Insertion of Toxic, Fibril-like beta-Amyloid Oligomers into the Membrane[END_REF][START_REF] Berthelot | What Does Make an Amyloid Toxic: Morphology, Structure or Interaction with Membrane?[END_REF][START_REF] Österlund | Native Ion Mobility-Mass Spectrometry Reveals the Formation of β-Barrel Shaped Amyloid-β Hexamers in a Membrane-Mimicking Environment[END_REF] Both experimental and computational studies showed that binding of Aβ (linked to AD) and α-synuclein (linked to Parkinson's disease) varies with the membrane composition. [START_REF] Sahoo | Computational Insights into Lipid Assisted Peptide Misfolding and Aggregation in Neurodegeneration[END_REF][START_REF] Nasica-Labouze | Amyloid β Protein and Alzheimer's Disease: When Computer Simulations Complement Experimental Studies[END_REF] AFM images of α-synuclein, Aβ42 and Aβ14-23 revealed that self-assembly on 1-(3-aminopropyl) silatrane mica surfaces occurs at nanomolar concentrations and simulations reported that surface interactions stabilize the dimer assembly and could lead to more stable oligomers that remain intact after unbinding to the membrane. [START_REF] Banerjee | A Novel Pathway for Amyloids Self-assembly in Aggregates at Nanomolar Concentration Mediated by the Interaction with Surfaces[END_REF] Phospholipids can also be removed from the membrane, and it is has been shown that phospholipid/tau oligomers, tau being linked to AD, are toxic to primary hippocampal cultures. [START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF] It is known that the cholesterol and ganglioside lipids favor formation of Aβ and αS pores in the membrane of brain cells, [START_REF] Di Scala | Common Molecular Mechanism of Amyloid Pore Formation by Alzheimer's β-amyloid Peptide and α-synuclein[END_REF] and cardiolipin, phospholipid signature of mitochondrial membranes, enhances αS-lipid interaction and the membrane pore-forming activity of αS oligomers. [START_REF] Ghio | Cardiolipin Promotes Pore-Forming Activity of Alpha-Synuclein Oligomers in Mitochondrial Membranes[END_REF] Finally, a recent NMR study provided the first high-resolution structure of tetrameric Aβ42 β-barrels, [START_REF] Ciudad | Aβ(1-42) Tetramer and Octamer Structures Reveal Edge Conductivity Pores as a Mechanism for Membrane Damage[END_REF] and computational studies explained why Aβ42 and not Aβ40 peptides can form tetrameric β-barrels in membrane-mimicking environment. [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF][START_REF] Ngo | Impact of A2T and D23N Mutations on Tetrameric Aβ42 Barrel within a Dipalmitoylphosphatidylcholine Lipid Bilayer Membrane by Replica Exchange Molecular Dynamics[END_REF] It is well established that the level of plasma cholesterol is 10% higher in AD patients than in healthy individuals. [START_REF] Popp | Cerebral and Extracerebral Cholesterol Metabolism and CSF Markers of Alzheimer's Disease[END_REF] Using transmission EM, Harris et al. demonstrated that cholesterol micelles bind to Aβ protofibrils and fibrils. [START_REF] Harris | Cholesterol in Alzheimer's Disease and Other Amyloidogenic Disorders[END_REF] Accumulation of cholesterol was also assessed in microdissected AD senile plaques by mass spectrometry with a cholesterol/Aβ ratio of 1:1, [START_REF] Panchal | Enrichment of Cholesterol in Microdissected Alzheimer's Disease Senile Plaques as Assessed by Mass Spectrometry[END_REF] and cholesterol was found to enhance the primary nucleation rate of Aβ42 aggregation by up to 20fold in vitro. [START_REF] Habchi | Cholesterol Catalyses Aβ42 Aggregation through a Heterogeneous Nucleation Pathway in the Presence of Lipid Membranes[END_REF] All together these data indicate that a full understanding of the conformational ensemble of small Aβ42 oligomers in the brain interstitial space must integrate cholesterol.

While the equilibrium ensemble of Aβ42 monomer and dimer has been studied by experimental and computational means in bulk solution, [START_REF] Roche | Monomeric Aβ(1-40) and Aβ(1-42) Peptides in Solution Adopt Very Similar Ramachandran Map Distributions That Closely Resemble Random Coil[END_REF][START_REF] Vivekanandan | A Partially Folded Structure of amyloid-beta(1-40) in an Aqueous Environment[END_REF][START_REF] Rosenman | Aβ Monomers Transiently Sample Oligomer and Fibril-like Configurations: Ensemble Characterization using a Combined MD/NMR Approach[END_REF][START_REF] Rosenman | Characterization of Aβ Monomers through the Convergence of Ensemble Properties among Simulations with Multiple Force Fields[END_REF][START_REF] Liao | Aβ under Stress: The Effects of Acidosis, Cu 2+ -Binding, and Oxidation on amyloid β-peptide Dimers[END_REF][START_REF] Van Der Munnik | Determining the Potential of Mean Force for Amyloid-β Dimerization: Combining Self-Consistent Field Theory with Molecular Dynamics Simulation[END_REF][START_REF] Cao | Self-Assembly Pathways of β-Sheet-Rich Amyloid-β(1-40) Dimers: Markov State Model Analysis on Millisecond Hybrid-Resolution Simulations[END_REF][START_REF] Das | Alzheimer's Protective Cross-Interaction between Wild-Type and A2T Variants Alters Aβ42 Dimer Structure[END_REF][START_REF] Tarus | Structures of the Alzheimer's Wild-Type Aβ1-40 Dimer from Atomistic Simulations[END_REF][START_REF] Man | High-Resolution Structures of the Amyloid-β 1-42 Dimers from the Comparison of Four Atomistic Force Fields[END_REF][START_REF] Nguyen | Structures of the Intrinsically Disordered Aβ, tau and α-synuclein Proteins in Aqueous Solution from Computer Simulations[END_REF] and the interactions between Aβ42 aggregates and membranes with different cholesterol compositions have been investigated, [START_REF] Dias | Role of Cholesterol on Binding of Amyloid Fibrils to Lipid Bilayers[END_REF][START_REF] Karimi | The Interactions of an Aβ Protofibril with a Cholesterol-enriched Membrane and Involvement of Neuroprotective Carbazolium-based Substances[END_REF][START_REF] Owen | Physiologically-relevant Levels of Sphingomyelin, but not GM1, Induces a β-sheet-rich Structure in the amyloid-β(1-42) Monomer[END_REF][START_REF] Lockhart | Cholesterol Changes the Mechanisms of Aβ Peptide Binding to the DMPC Bilayer[END_REF][START_REF] Grouleff | The Influence of Cholesterol on Membrane Protein Structure, Function, and Dynamics Studied by Molecular Dynamics Simulations[END_REF][START_REF] Yu | Cholesterol Promotes the Interaction of Alzheimer β-amyloid Monomer with Lipid Bilayer[END_REF][START_REF] Azouz | Membrane Domain Modulation of Aβ1-42 Oligomer Interactions with Supported Lipid Bilayers: An Atomic Force Microscopy Investigation[END_REF] the impact of free cholesterol molecules on small Aβ42 oligomers is unknown. In this study, we have determined the impact of cholesterol with a ratio 1:1 on Aβ42 dimers, the first amyloid-β species known to be toxic, [START_REF] Lesné | Brain amyloid-β Oligomers in Ageing and Alzheimer's Disease[END_REF] by replica exchange molecular dynamics (REMD) simulations. By using the atomistic AMBER99SB-ildn force field [START_REF] Shaw | Atomic-level Characterization of the Structural Dynamics of Proteins[END_REF] and TIP3P water force field, [START_REF] Jorgensen | Comparison of Simple Potential Functions for Simulating Liquid Water[END_REF] it is possible to compare to previous REMD simulations in bulk solution. [START_REF] Man | High-Resolution Structures of the Amyloid-β 1-42 Dimers from the Comparison of Four Atomistic Force Fields[END_REF] We also report on REMD simulations of Aβ42 trimer, known to be more stable than Aβ42 dimer by AFM force spectroscopy, [START_REF] Maity | AFM Probing of Amyloid-Beta 42 Dimers and Trimers[END_REF] with cholesterol.

Materials and Methods

The cholesterol (Chol) molecule was geometrically optimized by quantum chemical calculation with the B3LYP functional at 6-31G(d,p) level of basis set, and the molecule was parameterized using general Amber force field (GAFF). [START_REF] Wang | Automatic Atom Type and Bond Type Perception in Molecular Mechanical Calculations[END_REF] In particular, the atomic charges were allocated via the Restrained Electrostatic Potential (RESP) method 42 computed with quantum chemical calculations at the B3LYP functional in combination with 6-31G(d,p) basis set. [START_REF] Wang | Development and Testing of a General Amber Force Field[END_REF] The initial structures of the Aβ42 dimer and trimer with β-hairpin were taken from an extensive atomistic simulation of a tetrameric Aβ β-barrel structure, made of two distinct motifs and an asymmetric arrangement of eight antiparallel β-strands, that showed that this barrel exists transiently for Aβ42, but not for Aβ40 in bulk solution. [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. II. In Aqueous Solution[END_REF] This β-hairpin propensity has also already been discussed in many simulations of the monomer. [START_REF] Nasica-Labouze | Amyloid β Protein and Alzheimer's Disease: When Computer Simulations Complement Experimental Studies[END_REF][START_REF] Rosenman | Aβ Monomers Transiently Sample Oligomer and Fibril-like Configurations: Ensemble Characterization using a Combined MD/NMR Approach[END_REF][START_REF] Rosenman | Characterization of Aβ Monomers through the Convergence of Ensemble Properties among Simulations with Multiple Force Fields[END_REF] The helical structure of the Aβ42 dimer was taken from the Aβ40 monomer PDB entry 2LFM, which displays a 3-10 helix from residues 13 to 23 in aqueous environment by NMR, [START_REF] Vivekanandan | A Partially Folded Structure of amyloid-beta(1-40) in an Aqueous Environment[END_REF] and the addition of the residues 41 and 42 in extended conformation.

The peptides were inserted into a dodecahedron periodic boundary condition water box with a volume ranging from 360 to 400 nm 3 (cf. Table 1) and the cholesterol molecules were randomly inserted, as shown in Figure 1. The AMBER99SB-ildn force field [START_REF] Shaw | Atomic-level Characterization of the Structural Dynamics of Proteins[END_REF] was employed for the Aβ42 peptide, and water was represented by the TIP3P model. [START_REF] Jorgensen | Comparison of Simple Potential Functions for Simulating Liquid Water[END_REF] All simulations were performed using GROMACS [START_REF] Van Der Spoel | GROMACS: Fast, Flexible, and Free[END_REF] and all parameters for the Van der Waals and electrostatic interactions described in Ref. 29. The peptides at pH 7 have NH3 + and CO2 -termini, deprotonated Glu and Asp, protonated Arg and Lys, and neutral His with a protonated Nε atom. All Aβ42/Chol systems were neutralized by sodium ions.

For analysis, a contact is considered formed between a cholesterol molecule and non-hydrogen atoms of a side chain and backbone residue when the distance is smaller than 0.45 nm. The DSSP protocol was used to determine the secondary structure of Aβ peptides. [START_REF] Kabsch | Dictionary of Protein Secondary Structure: Pattern Recognition of Hydrogen-bonded and Geometrical Features[END_REF] Using GROMACS tools, the free energy landscape (FEL) were projected on the first two principal components obtained after diagonalization of the positional fluctuation covariance matrix of the backbone peptide atoms.

The population of each minimum in the FEL was determined by counting all conformations within 1 kcal mol -1 of each minimum and the representative structure of each minimum was obtained by the Daura clustering method [START_REF] Smith | Assessing Equilibration and Convergence in Biomolecular Simulations[END_REF] .

Results and Discussion

All simulations performed in this study are summarized in Table 1. The secondary structure compositions of the dimer starting from β-sheet (run R1) and helix (run R2) structures was calculated at 315 K using the time interval 50-250 ns of the REMD simulations. A total of 250 ns per replica is not sufficient to obtain full equilibrium as the two simulations diverge in β-sheet (38% in R1 vs. 15% in R2) and helix (3% in R1 vs. 16% in R2) contents, while displaying similar coil (47% vs. 49%) and turn (12% vs. 20%) values. Though longer simulation times are needed for convergence, these simulations allow, however, to extract important trends. Average of the two REMD simulations with cholesterol gives 26% β-sheet, 48% coil, 16% turn and 10% helix to be compared to the REMD values of 24% β-sheet, 29% coil, 41% turn and 6% helix in bulk solution. [START_REF] Man | High-Resolution Structures of the Amyloid-β 1-42 Dimers from the Comparison of Four Atomistic Force Fields[END_REF] Cholesterol therefore favors coil over turn, while leaving the β-sheet and helix percentage invariant.

To investigate how the cholesterol molecule impacts the conformational ensemble, Figure 2 reports on the FEL of Aβ42 dimer at 315 K projected on the first two principal components using the time interval 50-250 ns of both REMD simulations. The representative structures of the eight minima designated as A-H with decreasing populations are shown in Figure 3. The eight minima totaling 71% of the full conformational space display three topologies.

The first topology with α/β composition, characterized by minimum A with population of 26%, displays a helix at residues 13-16 (chain A) and three helices at residues 7-15, 24-26, and 29-37 in chain B with a small intermolecular parallel β-sheet between the N-and C-termini and βhairpin ordering of the C-terminus of one chain (Figure 3A). The second topology of β class, consisting of minima B, C and D with populations of 20, 8 and 5% in Figures 3B-D The third topology, consisting of minima E to H (Figures 3E-H) with a total population of 12%, is largely disordered with both chains having small amounts of helix and β-sheet at different locations. The minimum E shows one chain with helix at positions 13-17 and one chain with a two-stranded β-sheet at residues 18-20 and 30-32, while the minimum H shows a helix at positions 28-32 in one chain and a three-stranded β-sheet at residues 19-20, 24-27 and 38-40 in the second chain. The minimum F forms a β-hairpin at the N-terminus (residues 4-5 and 10-11) of chain A, and two small 3-10 helices in chain B (residues 17-19 and 30-32). Interestingly, the minimum G forms an intermolecular parallel β-sheet spanning residues 29-30 and 31-32.

Comparison of this conformational ensemble to the simulation results of the Aβ42 dimer in bulk solution 29 reveals striking differences using the same protein and water force fields. Here the N-terminus spans residues 1-16, the central hydrophobic core (CHC) spans residues 17-21, the loop region spans residues 22-29, and the long hydrophobic core (LHC) spans residues 30-42. First, differences are observed at the single-molecule states, i.e., states of the intramolecular conformation of one chain in the presence of the other chain. Without cholesterol as described in Table S1 of Ref. 29, 34% of the s-m states have only helices in one of the following three regions: residues 24-27 (loop region), residues 9-11 and 15-17 (N-terminus), and residues 28-36 (loop and N-region of the LHC); 30% and 6% of the s-m states have a β-hairpin-like at the N-terminus (residues 4-6 and 10-12), and at residues 21-27 and 30-36, respectively; and 31% of the s-m states show short 3-10 helices at the N-terminus or the residues 31-35 with β-hairpins spanning residues 21-27 and 30-36, or residues 17-20 and 30-32. [START_REF] Man | High-Resolution Structures of the Amyloid-β 1-42 Dimers from the Comparison of Four Atomistic Force Fields[END_REF] In the presence of cholesterol, none of these single-molecule states are present in the minima A to G. Rather the intramolecular three-stranded β-sheet spanning the N-terminus -CHC -C-terminus is statistically populated (see minimum B), and multiple β-hairpins with various β-strand and loop lengths are identified from residues 11 to 37. Second, differences are also observed for the orientation and packing of each chain where many states are side-by side for the dimer free of cholesterol (see Figure 7 in Ref. 29) vs. entangled and compact as a result of the competition between the Aβ42 peptides and the cholesterol molecules (Figure 3).

Figure 4A shows the probability of contacts between the side-chains and backbone atoms of Aβ42 dimer and the cholesterol molecules at 315 K. As expected, the high hydrophobic character of cholesterol favors strong interactions with hydrophobic side-chains and notably the residues F4, H14, I31, I32, L34, M35 and the CHC region (binding probability > 40%). In contrast, the hydroxyl group of cholesterol favors interactions with hydrophilic residues and in particular the N-terminus Y10 residue (binding probability of 35%) and to a lesser extent the loop E22 and K28 residues (probability on the order of 20%). The role of the aromatic interaction with F19 was already noted in very short MD simulations of Aβ42 and its F19S variant with cholesterol. [START_REF] Zhou | Free Cholesterol Induces Higher β-sheet Content in Aβ Peptide Oligomers by Aromatic Interaction with Phe19[END_REF] Overall, it should be stressed that, like all simulations of Aβ dimer in bulk solution, [START_REF] Nasica-Labouze | Amyloid β Protein and Alzheimer's Disease: When Computer Simulations Complement Experimental Studies[END_REF][START_REF] Cao | Self-Assembly Pathways of β-Sheet-Rich Amyloid-β(1-40) Dimers: Markov State Model Analysis on Millisecond Hybrid-Resolution Simulations[END_REF][START_REF] Das | Alzheimer's Protective Cross-Interaction between Wild-Type and A2T Variants Alters Aβ42 Dimer Structure[END_REF] random orientation of the two chains with transient and very different secondary structures is still preferred over the antiparallel and perpendicular orientations of the chains with β-hairpins, but in the presence of cholesterol the populations of the two latter configurations become statistically significant (minima B, C and D). None of our conformations show high resemblance with the parallel U-shape fibril structure (i.e., with two β-strands at residues 10-23 and 30-38), [START_REF] Kreutzer | Elucidating the Structures of Amyloid Oligomers with Macrocyclic β-Hairpin Peptides: Insights into Alzheimer's Disease and Other Amyloid Diseases[END_REF] though the minimum G displays a short parallel intermolecular β-sheet. Whether this state or other conformations may have characteristics of the U-shape topology at very long time-scales, as reported by extensive simulation in bulk solution, [START_REF] Cao | Self-Assembly Pathways of β-Sheet-Rich Amyloid-β(1-40) Dimers: Markov State Model Analysis on Millisecond Hybrid-Resolution Simulations[END_REF] is a computational intense task. To understand the lifetime of aggregates in the presence of cholesterol, Figure 5 reports the evolution of the backbone RMSD starting from the configuration with two β-hairpins (shown in Figure 1A) using standard MD simulation at 310 K. Our results indicate that the lifetime of this topology with many distinct microstates is at least of 2 μs. Finally, besides the U-shape topology, Aβ42 fibrils can also form with a S-shape (i.e., with β-strands at residues 12-18, 24-33 and 36-40) in vitro. [START_REF] Kreutzer | Elucidating the Structures of Amyloid Oligomers with Macrocyclic β-Hairpin Peptides: Insights into Alzheimer's Disease and Other Amyloid Diseases[END_REF] In the presence of cholesterol molecules, we did not find any conformations displaying this motif.

As the conformational ensemble is sensitive to the force field, we performed a REMD simulation starting from the most populated state (minimum A, Figure 3) using the recently designed CHARMM36m/TIP3P-modified force field for intrinsically disordered proteins. [START_REF] Huang | CHARMM36m: An Improved Force Field for Folded and Intrinsically Disordered Proteins[END_REF] This force field was recently tested on Aβ16-22, Aβ40 and Aβ42 oligomers. [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. II. In Aqueous Solution[END_REF][START_REF] Man | Effects of All-Atom Molecular Mechanics Force Fields on Amyloid Peptide Assembly: The Case of Aβ16-22 Dimer[END_REF][START_REF] Samantray | Different Force Fields Give Rise to Different Amyloid Formation Pathways in Molecular Dynamics Simulations[END_REF] Averaged over the full 150 ns trajectory at 315 K, the secondary structure is 14% β-sheet, 40% coil, 24% turn and 22% helix, almost identical to that of the starting conformation. The dimer is highly dynamic, however, as evidenced by the distribution of the backbone RMSD with respect to the starting structure centered at 1.6 nm and the distributions of secondary structures, with both β-sheet and helices varying between 0 and 40% (Figure 6). Figure 7 reports the first five dominant clusters at 315 K, representing 33% of the full ensemble, using Daura algorithm and a backbone RMSD of 0.3 nm. These clusters, deviating by 1.5-1.7 nm from the minimum A, preserve however the α/β topology with a multitude of distinct conformations sharing a tendency to form a helix at the Cterminus in one chain and a β-hairpin at the C-terminus in the second chain.

Finally, we characterized the FEL of the Aβ42 trimer in the presence of cholesterol projected on the first two principal eigenvectors of the covariance matrix at 315 K using the REMD time interval 50-250 ns (Figure 8). Again, we cannot expect full convergence starting from our conformation, but interesting trends can be extracted. We observe that the content of β-sheet structure is enhanced from the dimer (26%) to the trimer (41%). This increase of β-sheet ordering was already noted in previous experiments and simulations of Aβ42 in bulk solution. [START_REF] Ono | Structure-neurotoxicity Relationships of Amyloid betaprotein Oligomers[END_REF][START_REF] Zheng | Comparing the Aggregation Free Energy Landscapes of Amyloid Beta(1-42) and Amyloid Beta(1-40)[END_REF] The representative 3D structures and the secondary structures of the eight minima designated as A2 to H2 and representing 65% of the full ensemble are described in Figure 9.

The FEL is dominated by the first two minima (A2 and B2, 40%) characterized by three individual chains forming a β-hairpin covering the CHC region and the C-terminus, and one hairpin laying above the plane formed by the other two hairpins. The F2 and H2 minima share the same topological characteristics, but in all minima, the β-hairpins display high variation from one unique conformation. For instance, the state A2 shows hairpins at residues 11-22 -26-33, 19-22 -31-38, and 17-21 -28-31 in the three chains, whereas the H2 minimum has a hairpin located at residues 17-19 and 34-36 in one chain. The FEL is also characterized by two individual chains with β-hairpin character perpendicular to each other and a third disordered chain stacked and attached with no preferred orientation and interface, see minima C2, D2, E2 and G2.

It is interesting that the Aβ42/cholesterol trimer displays such a small number of topologies with a high tendency of the peptides to form β-hairpins, and even three-stranded β-sheets covering the full sequence. The stability of these two motifs is enhanced from dimer to trimer owing to interpeptide and peptide-cholesterol interactions. It is found that the cholesterol molecules have a much higher probability (> 30%) to bind to residues K16, L17 to A21 (CHC region), and residues N27 to M35 (except G33) than the N-terminus and the amino acids 35-42 (Figure 4B). Note that the increased β-structure ordering of trimers in the presence of cholesterol is also observed for trimer simulations using the coarse-grained OPEP [START_REF] Chebaro | Structures of Aβ17-42 Trimers in Isolation and with Five Small-molecule Drugs using a Hierarchical Computational Procedure[END_REF][START_REF] Sterpone | The OPEP Protein Model: From Single Molecules, Amyloid Formation, Crowding and Hydrodynamics to DNA/RNA Systems[END_REF] and AWSEM [START_REF] Zheng | Comparing the Aggregation Free Energy Landscapes of Amyloid Beta(1-42) and Amyloid Beta(1-40)[END_REF] force fields in bulk solution, and we can anticipate the same β-structural effect on the conformational ensemble of tetramers, hexamers and dodecamers, which may form from the trimer seed, [START_REF] Kreutzer | Elucidating the Structures of Amyloid Oligomers with Macrocyclic β-Hairpin Peptides: Insights into Alzheimer's Disease and Other Amyloid Diseases[END_REF] and are important species during the lag phase of Aβ42 aggregation and in toxicity. [START_REF] Bernstein | Amyloid-β protein Oligomerization and the Importance of Tetramers and Dodecamers in the Aetiology of Alzheimer's Disease[END_REF][START_REF] Lesné | Brain Amyloid-β Oligomers in Ageing and Alzheimer's Disease[END_REF] 

Conclusions

In summary, we have shown that the Aβ42/cholesterol dimeric states are markedly different from the Aβ42 dimeric states in bulk solution. The presence of cholesterol molecules, which induces changes in the population of the intra-and inter-molecular states, enhances the population of multiple β-hairpins spanning the residues 11-37 and decreases the population of amorphous dimers. This tertiary and quaternary ordering is found to be enhanced from dimer and trimer. The role of the hairpin conformation being critical in defining amyloid pathways and in the conversion to fibril-like states, [START_REF] Nasica-Labouze | Amyloid β Protein and Alzheimer's Disease: When Computer Simulations Complement Experimental Studies[END_REF][START_REF] Kreutzer | Elucidating the Structures of Amyloid Oligomers with Macrocyclic β-Hairpin Peptides: Insights into Alzheimer's Disease and Other Amyloid Diseases[END_REF][START_REF] Abelein | The Hairpin Conformation of the Amyloid β Peptide is an Important Structural Motif along the Aggregation Pathway[END_REF] our simulations provide a mechanistic explanation for the reduced Aβ42 lag phase during primary nucleation upon cholesterol addition, observed experimentally. [START_REF] Habchi | Cholesterol Catalyses Aβ42 Aggregation through a Heterogeneous Nucleation Pathway in the Presence of Lipid Membranes[END_REF] Of note, it has also been shown that lipids significantly promote the destabilization of amyloid fibrils into toxic oligomers 60 by a lipid-promoted fibril fragmentation. [START_REF] Friedman | Amyloid Aggregation on Lipid Bilayers and its Impact on Membrane Permeability[END_REF] Our findings have two implications for AD and other neurodegenerative diseases. First, they indicate that the presence of phospholipids will shift equilibrium and therefore the populations of the oligomeric states of any amyloid proteins that are otherwise marginally populated in bulk solution. How these amyloid oligomers/phospholipids complexes will affect the communication with the cellular partners, such as the prion protein, remains to be determined. It interesting that tau/phospholipid complexes with five molecules of tau per complex share high structural similarities with fibrils, are taken up by neuronal cells, and may play important role in transporting tau between different neurons. [START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF] Second, our results also raise interesting questions regarding the impact of lipids on the conformations of amyloid oligomers in the presence of inhibitors and therefore in the design of effective drugs. [START_REF] Doig | Why Is Research on Amyloid-β Failing to Give New Drugs for Alzheimer's Disease?[END_REF][START_REF] Doig | Inhibition of Protein Aggregation and Amyloid Formation by Small Molecules[END_REF][START_REF] Cox | High-Throughput Screening at the Membrane Interface Reveals Inhibitors of Amyloid-β[END_REF][START_REF] Zhang | Atomic and Dynamic Insights into the Beneficial Effect of the 1,4-naphthoquinon-2-yl-L-tryptophan Inhibitor on Alzheimer's Aβ1-42 Dimer in terms of Aggregation and Toxicity[END_REF][START_REF] Zhang | Molecular Mechanism of the Inhibition of EGCG on the Alzheimer Aβ(1-42) Dimer[END_REF][START_REF] Lee | Discovery of Chemicals to Either Clear or Indicate Amyloid Aggregates by Targeting Memory-Impairing Anti-Parallel Aβ Dimers[END_REF][START_REF] Heller | Small-molecule Sequestration of Amyloid-β as a Drug Discovery Strategy for Alzheimer's Disease[END_REF] 

  , displays two β-hairpins of different lengths with various interfaces. The minimum B displays a three-stranded β-sheet at residues 5-7, 11-20, 30-37 (chain A) perpendicular to a β-sheet formed by the residues 4-5, 18-22, and 31-35 (chain B). The minimum C shows one β-hairpin in the N-terminus and one β-hairpin spanning residues 15-19 and 29-31 (chain A) anti-parallel to a β-hairpin spanning residues 18-23 and 31-35 (chain B), while minimum D displays two β-hairpins (residues 10-20 -30-35 and residues 18-24 -29-34 ) in between the antiparallel and perpendicular orientation.

Figure 1 .

 1 Figure 1. Initial REMD conformations. (A) Aβ42 dimer in hairpin + 2 Chol form a β-sheet at residues 12-19 and 30-36 of chain A (red) and residues 16-23 and 30-37 of chain B (green). (B) Aβ42 dimer with helix + 2 Chol form helices at residues 13-23 in both chains A (red) and B (green). (C) Aβ42 trimer + 3 Chol form β-sheets at residues 13-21 and 29-35 of chain A, residues 16-22 and 31-37 of chain B, and residues 13-21 and 27-35 of chain C. Red, green, and yellow colors show chains A, B, and C, respectively, and the N-terminus is shown by a blue ball.

Figure 2 .

 2 Figure 2. FEL of Aβ42 dimers + 2 Chol molecules using the interval 50-250 ns of the two REMD simulations at 315 K. The eight minima A, B, C, D, E, F, G, and H are shown.

Figure 3 .

 3 Figure 3. Representative structures of the eight minima obtained using the time interval 50-250 ns of the two REMD simulations. The blue ball shows the N-terminus. The population of the eight minima A, B, C, D, E, F, G, and H is 26, 20, 8, 5, 3, 3, 3, and 3 %, respectively.

Figure 4 .

 4 Figure 4. Probability of contacts between the cholesterol molecules and the side-chains and backbone atoms of Aβ42 at 315 K. (A) Aβ42 dimer + 2 Chol, (B) Aβ42 trimer + 3 Chol.

Figure 5 .

 5 Figure 5. MD simulation of Aβ42 dimer in hairpin + 2 Chol at 310 K. (𝐿𝑒𝑓𝑡) 𝐶 ! RMSD, (right) snapshot at 2000 ns, where a β-sheet is located at residues 3-4, 13-22 and 26-38 in chain A (red) and residues 19-22 and 31-34 in chain B (green), and a helix forms at residues 11-13 of chain B.The blue ball shows the N-terminus. Over the full trajectory, the averaged secondary structure is 36% β-sheet, 54% coil, 8% turn and 2% helix.

Figure 6 .

 6 Figure 6. Distributions of 3D and 2D properties sampled by REMD simulation using the CHARMM36m/TIP3P-modified force field at 315 K. (A) RMSD with respect to the initial structure, (B) beta-sheet, (C) helix, (D) turn and (E) coil.

Figure 7 .

 7 Figure 7. First five dominant clusters of Aβ42 dimer + 2 Chol system using REMD and the CHARMM36m/TIP3P-modified force field. For clarity, the cholesterol molecules are not shown.

Figure 8 .

 8 Figure 8. FEL of Aβ42 trimer + 3 Chol from PCA using the time interval 50-250 ns of REMD simulation at 315 K.

Figure 9 .

 9 Figure 9. Representative structures of eight Aβ42 trimer + 3 Chol minima. The populations of the A2, B2, C2, D2, E2, F2, G2 and H2 minima are 12, 28, 2, 6, 4, 8, 1, 3 and 2%, respectively. Red, green, and yellow colors show chains A, B, and C. Blue ball shows the N-terminus. Minimum A2 forms a β-sheet at residues 2-5, 11-22, and 26-33 of chain A, 19-22 and 31-38 of chain B, and 3-5, 17-21, and 28-31 of chain C. Minimum B2 displays a β-sheet at residues 5-6, 10-11, 13-22 and 26-35 of chain A, residues 16-22 and 31-37 of chain B, and residues 15-22 and 26-33 of chain C. Minimum C2 has a β-sheet at residues 4-5, 14-20, and 28-34 of chain A, residues 4-5, 18-20, and 34-35 of chain B, and residues 16-20, 28-32 and 39-40 of chain C. Minimum D2 forms a β-sheet spanning 2-5, 11-21, 27-34 and 39-40 of chain A, 2-3, 19-23, and 30-34 of chain B, and 13-23, 26-35, 39-40 of chain C. Minimum E2 forms a β-sheet at positions 2-6, 10-20, 30-34 of chain A, 18-19, 34-35, 39-41 of chain B, and 6-7, 12-13, 15-22 of chain C. Minimum F2 forms a β-sheet at residues 13-22, 26-35 of chain A, residues 4-6, 16-24, 29-35 of chain B, and residues 2-6, 9-11, 13-22, 27-35 of chain C. Minimum G2 forms a β-sheet at the residues 5-6, 15-22, 26-33, 38-39 of chain A, and residues 3-6, 9-10, 15-23, 31-38 of chain B. Minimum H2 forms a β-sheet at residues 14-20, 29-34, and 40-41 of chain A; 17-19 and 34-36 of chain B; 13-20, 28-35, and 38-40 of chain C, and a helix at residues 25-27 of chain A.

Table 1 .

 1 Simulations summary with a Aβ/Chol ratio of 1:1.

	System	Simulation	Time	Replicas	T range	Volume	Water
		Method/Force Field	(ns)		(K)	(nm 3 )	molecules
	Aβ42 dimer	MD	2000	--	310	368.57	11567
	(β-hairpin)	AMBER99SB-ildn					
	Aβ42 dimer	REMD	250	96	300-450	368.57	11567
	(β-hairpin)	AMBER99SB-ildn					
	Aβ42 dimer	REMD	250	96	300-450	402.24	12723
	(Helix)	AMBER99SB-ildn					
	Aβ42 dimer (Helix/β-	REMD	150	96	idem	idem	Idem
	hairpin)	CHARMM36m					
	Aβ42 trimer	REMD	250	96	300-450	402.24	
		AMBER99SB-ildn					
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