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Impact of the Rat R5G, Y10F and H13R Mutations on Tetrameric Aβ42 β-barrel in a Lipid Bilayer Membrane Model

Three amino acid substitutions distinguish rat and human Aβ42 peptides and contribute to the difference in toxicity properties. Indeed, aged rodents rarely develop the characteristics lesions of Alzheimer's disease in contrast to humans. Both peptides form, however, amyloid fibrils in buffer solution, but their affinities to membrane vary. In particular, there is experimental evidence that the rat Aβ42 peptide does not induce Ca 2+ fluxes in cells. We recently designed a tetrameric βbarrel structure and showed this model is severely destabilized for Aβ40 human compared to its Aβ42 human counterpart, explaining the absence of ionic currents of Aβ40 in planar lipid bilayers.

In this study, we asked whether our model is destabilized for the rat Aβ42 peptide by using extensive replica exchange molecular dynamics simulation in a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer membrane. Our results show that the much lower propensity of aged rodents to develop Alzheimer's disease symptoms might be correlated to its tetrameric β-barrel stability in the cell membrane.

Introduction

The role of Aβ amyloid formation and notably of the deleterious effect of small Aβ oligomers, in the so-called amyloid cascade, is still the leading hypothesis of Alzheimer's disease, [START_REF] Hardy | The Amyloid Hypothesis of Alzheimer's Disease: Progress and Problems on the Road to Therapeutics[END_REF] despite repetitive failures of drugs and antibodies targeting these oligomers. [START_REF] Nasica-Labouze | Amyloid beta Protein and Alzheimer's Disease: When Computer Simulations Complement Experimental Studies[END_REF][START_REF] Doig | Inhibition of Protein Aggregation and Amyloid Formation by Small Molecules[END_REF][START_REF] Doig | Why Is Research on Amyloid-β Failing to Give New Drugs for Alzheimer's Disease?[END_REF][START_REF] Bullain | What Works and What doesn't Work in Alzheimer's Disease? From Interventions on Risk Factors to Anti-amyloid Trials[END_REF] The amyloid precursor protein (APP), from which Aβ is derived, is well conserved between species, with >96% of the amino acid sequence identical between rat, monkey, and human. [START_REF] Shivers | Alzheimer's Disease Amyloidogenic Glycoprotein: Expression Pattern in Rat Brain Suggests a Role in Cell Contact[END_REF][START_REF] Yamada | Complementary DNA for the Mouse Homolog of the Human Amyloid beta Protein Precursor[END_REF] Only, three amino acid substitutions distinguish rat and human Aβ42 peptides, and these differences are located in the Nterminus of the Aβ peptide, Arg-5→Gly, Tyr-10→Phe, and His-13→Arg. Soluble Aβ40 and Aβ42 are produced by rats in neuronal tissues [START_REF] Bush | Rapid Induction of Alzheimer Aβ Amyloid Formation by Zinc[END_REF] and both human and rat Aβ peptides form amyloid fibrils in aqueous buffers [START_REF] Hilbich | Human and Rodent Sequence Analogs of Alzheimer's Amyloid beta A4 Share Similar Properties and can be Solubilized in Buffers of pH 7.4[END_REF][START_REF] Fung | Interaction of Human and Mouse Abeta Peptides[END_REF] ; yet, amyloid deposition is not a feature of aged-rat brains. [START_REF] Selkoe | Biochemistry of Altered Brain Proteins in Alzheimer's Disease[END_REF] Several hypotheses have been proposed to explain why aged-rats do not develop characteristics of Alzheimer's disease. These include the short lifespan of rodents relative to humans, [START_REF] Jankowsky | Mutant Presenilins Specifically Elevate the Levels of the 42 residue beta-amyloid Peptide in vivo: Evidence for Augmentation of a 42-specific gamma Secretase[END_REF] differences in processing of mouse and human APP by β-site APP-cleaving enzyme 1 [START_REF] Cai | BACE1 is the Major beta-secretase for Generation of Abeta peptides by Neurons[END_REF] and differences in solubility and localization of the resulting rat and human aggregates. [START_REF] Jankowsky | Rodent A beta Modulates the Solubility and Distribution of Amyloid Deposits in Transgenic Mice[END_REF] Cofactors also provide other explanations. The replacement of His13 for Arg disrupts the zinc coordination site, which makes rodent Aβ much less prone to zinc-induced aggregation than human Aβ in vitro at submicromolar concentrations of Zn 2+ . [START_REF] Bush | Rapid Induction of Alzheimer Aβ Amyloid Formation by Zinc[END_REF] Through a combination of several spectroscopic and analytical methods, mutations His13Arg and Arg5Gly were found to induce different coordination sites for Zn(II) ions. [START_REF] Aliès | Mutations of Histidine 13 to Arginine and Arginine 5 to Glycine Are Responsible for Different Coordination Sites of Zinc(II) to Human and Murine Peptides[END_REF] Cu 2+ ions promote limited aggregation of human Aβ, but not of rat Aβ. [START_REF] Atwood | Dramatic Aggregation of Alzheimer Aβ by Cu(II) is Induced by Conditions Representing Physiological Acidosis[END_REF] The replacement of three amino acids alters the affinity of Aβ for heme and prevents the formation of Aβ-heme complex with peroxydase activity. [START_REF] Atamna | Human and Rodent Amyloid-beta Peptides Differentially Bind Heme: Relevance to the Human Susceptibility to Alzheimer's Disease[END_REF] In addition, to the binding to metal ions, Aβ interactions with cell membranes are well documented. Membranes containing gangliosides have been shown to play an important role in Aβ aggregation, [START_REF] Matsuzaki | Aβ Polymerization through Interaction with Membrane Gangliosides[END_REF] and GM1 ganglioside-bound Aβ has been discovered in the brain of AD patients. [START_REF] Yanagisawa | GM1 Ganglioside-bound Amyloid βprotein (Aβ): A Possible Form of Preamyloid in Alzheimer's Disease[END_REF] There is increasing experimental evidence that human Aβ42 peptides can form amyloid channels from tetramers, octamers and larger aggregates, [START_REF] Serra-Batiste | Aβ42 Assembles into Specific β-barrel Pore-forming Oligomers in Membrane-mimicking Environments[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][START_REF] Lashuel | Neurodegenerative Disease: Amyloid Pores from Pathogenic Mutations[END_REF][START_REF] Arce | Polymorphism of Amyloid β Peptide in Different Environments: Implications for Membrane Insertion and Pore Formation[END_REF] and this is not the case for human Aβ40 peptides. [START_REF] Bode | Ion Channel Formation by Amyloid-β42 Oligomers but Not Amyloid-β40 in Cellular Membranes[END_REF] Albeit alpha-helical and other topologies cannot be totally excluded, [START_REF] Serra-Batiste | Aβ42 Assembles into Specific β-barrel Pore-forming Oligomers in Membrane-mimicking Environments[END_REF][START_REF] Arispe | Zn2+ Interaction with Alzheimer Amyloid beta Protein Calcium Channels[END_REF][START_REF] Ngo | Probable Transmembrane Amyloid α-Helix Bundles Capable of Conducting Ca 2+ Ions[END_REF] several β-sheet structures were proposed in micelles, liposomes and membrane models. [START_REF] Strodel | Transmembrane Structures for Alzheimer's Aβ(1-42) Oligomers[END_REF][START_REF] Lee | Amyloid β Ion Channels in a Membrane Comprising Brain Total Lipid Extracts[END_REF][START_REF] Ciudad | Aβ(1-42) Tetramer and Octamer Structures Reveal Edge Conductivity Pores as a Mechanism for Membrane Damage[END_REF][START_REF] Tarus | Structures of the Alzheimer's Wild-Type Aβ1-40 Dimer from Atomistic Simulations[END_REF] Of particular interest is the NMR structure of Aβ42 tetramers in a membrane mimicking environment (micelle) at pH 9 which revealed edge conductivity pores. [START_REF] Ciudad | Aβ(1-42) Tetramer and Octamer Structures Reveal Edge Conductivity Pores as a Mechanism for Membrane Damage[END_REF] The second model is based on size exclusion chromatography, transmission electron microscopy, electric recording, circular dichroism and NMR information on the structural environment experienced by the Q15, N27 and M35 side chains of Aβ42 peptides in micelles, [START_REF] Serra-Batiste | Aβ42 Assembles into Specific β-barrel Pore-forming Oligomers in Membrane-mimicking Environments[END_REF] as well structural modelling results of Aβ40 and Aβ42 dimers in bulk solution. [START_REF] Tarus | Structures of the Alzheimer's Wild-Type Aβ1-40 Dimer from Atomistic Simulations[END_REF][START_REF] Man | Conformational Ensembles of the Wild-Type and S8C Aβ1-42 Dimers[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] Using extensive replica exchange molecular dynamics (REMD) simulations in a DPPC lipid bilayer, we showed that our 3D β-barrel model made of two distinct β-hairpins and an asymmetric of eight antiparallel β-strands is severely destabilized for Aβ40 human compared to its Aβ42 human counterpart, [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] explaining the absence of ionic currents of Aβ40 in planar lipid bilayers. [START_REF] Serra-Batiste | Aβ42 Assembles into Specific β-barrel Pore-forming Oligomers in Membrane-mimicking Environments[END_REF] Crossing of Ca 2+ ions through amyloid pores is believed to be among the earliest steps in Alzheimer's disease but also in Parkinson's disease. [START_REF] Kawahara | Disruption of Calcium Homeostasis in the Pathogenesis of Alzheimer's Disease and Other Conformational Diseases[END_REF][START_REF] Pollard | A New Hypothesis for the Mechanism of Amyloid Toxicity, based on the Calcium Channel Activity of Amyloid beta Protein (A beta P) in Phospholipid Bilayer Membranes[END_REF] Interestingly, there is experimental evidence that rat Aβ42 peptides does not induce Ca 2+ fluxes in cells, as assessed by fluorescence miscroscopy. [START_REF] Di Scala | Broad Neutralization of Calcium-permeable Amyloid Pore Channels with a Chimeric Alzheimer/Parkinson Peptide Targeting Brain Gangliosides[END_REF] In this study we therefore questioned whether the replacement of the three residues at positions 5, 10 and 13 in the rat sequence destabilizes the propensity of our tetrameric β-barrel structure by computational means. To this end, we performed REMD simulations on the rat Aβ42 peptide in a DPPC lipid bilayer membrane and compared to the results of its human sequence counterpart. [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] 

Materials and Methods

The rat barrel structure, generated from the human barrel 33 by using PyMOL software, [START_REF] Delano | DeLano Scientific[END_REF] was centered in a rectangular box of (8.72, 8.72, 8.28 nm), with lipid bilayer dimensions of (8.72, 8.72, 4.00 nm) solvated using the SPC water model. [START_REF] Berendsen | Intermolecular Forces[END_REF] As for the human barrel, the peptide was modelled using the GROMOS96 53a6 force field [START_REF] Oostenbrink | A Biomolecular Force Field Based on the Free Enthalpy of Hydration and Solvation: The GROMOS Force-Field Parameter Sets 53A5 and 53A6[END_REF] and the Berger force field was used for the DPCC lipid bilayer. [START_REF] Berger | Molecular Dynamics Simulations of a Fluid Bilayer of Dipalmitoylphosphatidylcholine at Full Hydration, Constant Pressure and Constant Temperature[END_REF] The peptides at pH 7 have CO2 -and NH3 + termini, deprotonated Asp and Glu, protonated Lys and Arg, and neutral His with a protonated Ne atom. In total, the transmembrane rat system contains 202 DPPC molecules, 7573 water molecules, and 12 Na + ions (total atoms of 34 427).

The GROMACS version 5.1.3 41 was employed to perform REMD simulations with all parameters regarding time step and force calculations described elsewhere. [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] The system, first minimized by steepest descent, and relaxed by NVT and NPT MD simulations for 1 ns at 300 K, was subsequently sampled with 48 replicas at 310.0, 312.2, 314. 3, 316.6, 318.8, 321.0, 323.2, 325.4, 327.7, 329.9, 332.2, 334.5, 336.8, 339.1, 341.4, 343.8, 346.1, 348.5, 350.8, 353.2, 355.6, 358.0, 360.4, 362.9, 365.3, 367.8, 370.3, 372.8, 375.3, 377.8, 380.3, 382.9, 385.4, 388.0, 390.6, 393.2, 395.8, 398.4, 401.0, 403.7, 406.4, 409.0, 411.7, 414.5, 417.2, 419.9, 422.7, and 425.5 K.

The rat barrel was explored by 250 ns REMD in the NPT ensemble with the Nosé-Hoover thermostat and the semi-isotropic Parinello-Rahman coupling algorithm, [START_REF] Bussi | Isothermal-isobaric Molecular Dynamics using Stochastic Velocity Rescaling[END_REF] and the first 50 ns were excluded from analysis. Comparison with the REMD results of the human wild-type (WT) [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] was monitored over the time interval 50-250 ns at 310 K. It is known that the gel-liquid transition temperature of pure DPPC bilayer is 314 K. [START_REF] Chen | Determination of the Main Phase Transition Temperature of Phospholipids by Nanoplasmonic Sensing[END_REF] As our REMD sampling of the DPPC bilayer is performed much above the lipid phase transition temperature, our computed results at 310 K are physically relevant.

For analysis, we used the same metrics as described elsewhere, namely the DSSP tool for secondary structure compositions, [START_REF] Touw | A Series of PDB-related Databanks for Everyday Needs[END_REF] the free energy landscape (FEL) projected on the root-mean square deviation (RMSD) using all backbone heavy atoms of residues 9-40 with respect to the MD-refined structure and the mean number of intermolecular side chain contacts per pair (NSC) using residues 9-40. [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] We also determined the number of peptide contacts with water molecules using a cutoff of 0.3 nm, and with the DPPC lipid head groups using a cutoff of 0.6 nm between any heavy atom of all head groups and any non-hydrogen atoms of a residue. A hydrogen bond (H bond) between the residues and head groups was considered formed if the acceptor-donor-H angle is < 30 degrees and the acceptor-donor distance is < 0.35 nm. The FEL was also projected on the first two principal components obtained from the diagonalization of the positional fluctuation covariance matrix of the backbone atoms. [START_REF] Ngo | Cholesterol Molecules Alter the Energy Landscape of Small Aβ1-42 Oligomers[END_REF] 

Results and Discussion

The convergence of the REMD simulation at 310 K was assessed by several metrics, including the propagation of the third and forty-three replicas over the temperature index (Figure S1 in the Supporting Information), and the quasi superposition of the turn, coil and β-strand profiles along the sequence as the simulation is extended from 200 ns to 250 ns (data not shown). Using the time intervals 50-150 ns and 50-250 ns, the secondary structure composition deviates by 2% (i.e., within statistical errors) and the FEL is slightly modified (Figure S2). The average of exchange rates between consecutive replicas is 22%. Upon Arg5Gly, Tyr10Phe and His13Arg mutation, the β-strand content shifts to 42% and the coil content to 56% compared to 48% and 48% for the human sequence. In contrast the turn (2%) content and helix (almost 0%) content remain identical. For both sequences, the β-strand profile (Figure 1A) shows two dominant regions spanning residues 12-22 and 29-42, but upon mutation, the signal is much weaker at positions 37-42 (e.g., 60% vs. 25% for residue 38) and is increased at residues 22-23 and 4-5 (reaching almost 30% for residue 5). This is accompanied by an increase of turn and coil content of residues 37-42 and coil content of the N-terminus (residues 1-10), see Figures 1B-1C.

A better understanding of the impact of the mutations on the conformational ensemble is assessed by the comparison of the FEL of the human and rat tetramers projected on the backbone RMSD with respect to the MD-refined structure and the mean number of intermolecular side-chain contacts per pair (NSC). Whereas the human FEL displays a small conformational space with six free-energy minima characterized by the RMSD varying between 0.42 and 0.67 nm (see Figure 4B in Ref. 33), the rat FEL reveals six free-energy minima, with four minima representing 98% of the total population with RMSD varying between 0.9 and 1.25 nm. The free energy minima on the rat FEL (Figure 2) are denoted by M1, M2, M3, M4, M5, M6 with (RMSD, NSC) values of (1.14, 24.6), (0.96, 28.0), (0.95, 23.3), (0.88, 22.3), (0.75, 25.9) and (0.61, 31.8). Representative structures of M1-M6 are shown in Figure 3. As our RMSD criterion tells us deviation from the reference structure, but does not tell to which direction is the deviation, we also calculated the RMSD between all six free-energy minima. We found the RMSD ranges from a lowest value of 0.72 nm (between the states M4 and M5) to 0.81 nm (M2-M5, M2-M6; M4-M6) and to more than 0.9 nm (between M1-M2, M1-M3, M1-M4, M1-M5, M1-M6; M2-M3, M2-M4; M3-M4, M3-M5,

M3-M6).

We previously reported that the dominant free-energy minimum for the human sequence has a population of 48% and is a perfect closed barrel with an inner pore diameter of 0.75 nm and a tilt angle (angle of the β-strands relative to the axis of the barrel) of 37.5 degrees. [START_REF] Nguyen | Tetrameric Aβ40 and Aβ42 β-Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] This topology represents less than 1% for the rat sequence, and the corresponding M6 state has a tilt angle of 37.8 degrees and an inner pore diameter of 0.55 nm.

Rather the rat sequence is dominated by a disordered topology (RMSD of 1.2 nm) characterized by a five stranded β-sheet (made of two chains and the C-terminus of the third chain) perpendicular to a three stranded β-sheet (made of the fourth chain and the N-terminus of the third chain) with only three chains adopting β-hairpins. This M1 state with a population of 53% is characterized by intermolecular Phe20-Phe20 side-chain contacts between the chains 1 and 3, and between the chains 2 and 4. The M2 state, with a population of 41% and a RMSD of 0.95 nm, is also a highly twisted eight-stranded β-sheet. This tetramer is stabilized by hydrophobic packing interactions between the C-terminus (residues 37-41) of chains 1 and 3, and between the CHC domain of chain 2 and the C-terminus of chain 4.

The three other states for rat, M3 to M5, with a total population of 4% and a RMSD of 0.93, 0.90 and 0.77 nm are also twisted irregular β-sheets with a minimum of 2 to 5 hydrogen bonds between consecutive β-strands. These three non-barrel states differ in their intermolecular side chain contact maps. Looking at the interactions between chains 1 and 3, state M3 shows a high density of contacts between the N-terminus (residues 6-14) and residues 39-41, the two N-termini, and the two C-termini; and states M4 and M5 display contacts between the end of the two Nterminus (residues 14-16) and the C-terminus (residues 32-40) with different probabilities.

Altogether, the M2 to M5 states, characterized by changes in the pattern of interactions within the hairpins and their interfaces, are highly disorganized β-sheets.

Altogether there are significant differences in the conformational properties of the rat and human systems and this is also captured by the FELs using principal component analysis based on the residues 9-40 (Figure S3 in Supporting Information).

Next, we analyzed the interactions of rat Aβ42 peptides with water molecules and DPPC lipid bilayer. As seen in Figure 4, the three mutations do not change the propensity of the N-terminus and of the loop region to reside in the bulk water, the number of water molecules interacting with the residues 1-9 and 22-28 being similar for the human and rat sequences with the exception of the mutated residue Arg5Gly which deletes water-binding and electrostatic sites. We find very similar profiles in the numbers of amyloid-β contacts considering all side-chain and main chain atoms with the DPPC lipid head groups along the sequence between the two species, the exception being the mutated residue His13Arg with an expected increase of contacts (Figure 5). The three mutations do not alter the distribution of the number of transient H-bonds between the DPPC lipid head groups and each Aβ42 amino acid, considering both main-chain and side-chain H bond sites, the exception being at the mutated residues Arg5Glys and Tyr10Phe. We also have calculated the mean and standard deviation of the electrostatics and Lennard Jones energies between the residues 11-42 of Aβ and the tail or head group lipid bilayers. We found that each energy component between the rat and human systems varies by about 3%, i.e., within statistical errors. Of note also, the order parameters of the bilayer membrane (tails) are identical between the rat and human systems within our time scales.

Overall, the tetrameric β-barrel conformation is completely destabilized for the rat sequence compared to the human sequence. This destabilization comes from a reduced β-strand and βhairpin propensity, and change in the intermolecular side-chain interactions, in which the density of contacts between the two CHC's and between the two C-termini is reduced in the rat sequence (Figure 6). Our computational study is therefore fully consistent with experimental data showing that, at nanomolar concentrations, rat Aβ42 does not induce Ca 2+ fluxes in SH-SY5Y cells. [START_REF] Di Scala | Broad Neutralization of Calcium-permeable Amyloid Pore Channels with a Chimeric Alzheimer/Parkinson Peptide Targeting Brain Gangliosides[END_REF] It is interesting that the replacement of three mutations located in the N-terminus change the ability of the Aβ42 peptide to form tetrameric β-barrels in model membranes. Indeed, biophysical studies do not reveal any differences between the rat and human sequences to form amyloid fibrils [START_REF] Hilbich | Human and Rodent Sequence Analogs of Alzheimer's Amyloid beta A4 Share Similar Properties and can be Solubilized in Buffers of pH 7.4[END_REF] and the two species also cross-seed to form mixed Aβ amyloid fibrils in buffer solution. [START_REF] Fung | Interaction of Human and Mouse Abeta Peptides[END_REF] There are experimental and theoretical evidence reporting that the Ala2Thr mutation [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] and deletion of residues Asp1 and Ala2 with replacement of Glu3 by a pyroglutamate (Aβp3-42 peptide) do not affect pore conductance. [START_REF] Gillman | Activity and Architecture of Pyroglutamate-modified Amyloid-β (AβpE3-42) Pores[END_REF] The sequence differences at positions 5, 10 and 13 are not completely without consequence, however, with respect to the interactions with membranes. It has been demonstrated by MD simulations that the Arg5Gly mutation influences Aβ42 monomer-membrane interaction and differences in lipid affinity and degree of membrane disruption [START_REF] Brown | Influence of Sequence and Lipid Type on Membrane Perturbation by Human and Rat Amyloid β-peptide (1-42)[END_REF] and we indeed found a slight difference in the number of H-bonds between the N-terminus and the membrane and the solvation of the N-terminus upon mutation. Experimentally, human Aβ peptides form toxic, mature amyloid fibrils, whereas rat Aβ peptides produced less toxic protofibrils on cell membranes, and raftlike membranes with monosialoganglioside GM1 clusters. These results led to the ganglioside clustermediated amyloidogenesis hypothesis to explain the immunity of rodents from cerebral Aβ amyloid deposition. [START_REF] Ueno | Comparison between the Aggregation of Human and Rodent Amyloid β-proteins in GM1 Ganglioside Clusters[END_REF] As the recognition motif between Aβ40 and the GM1-glycan cluster involves the segment His13-His14-Gln15, [START_REF] Tachi | Conformational Change of Amyloid-β 40 in Association with Binding to GM1-Glycan Cluster[END_REF] the His13Arg mutation in rat will impact the recognition motif and the early steps of aggregation.

While the Arg5Gly mutation impacts Aβ binding to the membrane, the residue 5 is outside of the β-sheet region in our model and the NMR structure in micelles [START_REF] Ciudad | Aβ(1-42) Tetramer and Octamer Structures Reveal Edge Conductivity Pores as a Mechanism for Membrane Damage[END_REF] , we expect that this single mutation will not change the β-barrel population. Similarly, the single Tyr10Phe mutation, which increases the β-strand character, should slightly increase or leave invariant the β-barrel population as our model consists of two distinct β-hairpins with one hairpin spanning residues 9-39 (Hairpin 1). Hairpin 2 spanning residues 15-40 in our model should not be impacted. We emphasize that the NMR tetrameric structure in micelles also shows a β-hairpin with two β-strands spanning residues 9-21 and 28-40. [START_REF] Ciudad | Aβ(1-42) Tetramer and Octamer Structures Reveal Edge Conductivity Pores as a Mechanism for Membrane Damage[END_REF] It is therefore very likely that the destabilization of the barrel in rat results for the most part of the His13Arg mutation.

Naked mole-rat (the longest-lived rodent) Aβ, which differs from human Aβ by the single H13R mutation, and mouse Aβ have a very similar propensity to aggregate. Like mouse, naked mole-rats do not accumulate amyloid plaques, even if their brains contain high concentrations of Aβ peptide. [START_REF] Edrey | Amyloid beta and the Longest-lived Rodent: the Naked Mole-rat as a Model for Natural Protection from Alzheimer's Disease[END_REF] Whether naked mole-rat destabilizes the tetrameric Aβ42 barrel remains to be determined. Though several protective mechanisms to the development of harmful effects of Aβ have been proposed for naked mole-rat, [START_REF] Edrey | Amyloid beta and the Longest-lived Rodent: the Naked Mole-rat as a Model for Natural Protection from Alzheimer's Disease[END_REF] it was recently found that the lipodomic profiles in mouse and naked mole-rat are very different and the naked mole-rat should be less sensitive to lipid oxidation than mouse. [START_REF] Frankel | Cholesterol-rich Naked Mole-rat Brain Lipid Membranes are Susceptible to Amyloid beta-induced Damage in vitro[END_REF] 

Conclusions

We have investigated the influence of the rat mutations on the stability of tetrameric Aβ42 βbarrel embedded in a DPPC lipid bilayer by performing extensive REMD simulation. The simulation shows that rat Aβ42 has a very negligible β-barrel populations, consistent with the absence of Ca 2+ fluxes in cells as measured by fluorescence experiments. This finding provides another plausible explanation for the absence of Alzheimer's disease symptoms in rats, and might be extrapolated to naked mole-rats as the mutation His13Arg play a critical role. To this end, it is important however that simulations go beyond pure DPPC bilayer as real neuronal membranes contain high fraction of unsaturated and polysaturated lipids which create different environment for the incorporated peptides affecting also their conformational and aggregation properties. [START_REF] Frankel | Cholesterol-rich Naked Mole-rat Brain Lipid Membranes are Susceptible to Amyloid beta-induced Damage in vitro[END_REF][START_REF] Nguyen | Amyloid Oligomers: A Joint Experimental/Computational Perspective on Alzheimer's Disease, Parkinson's Disease, Type II Diabetes, and Amyotrophic Lateral Sclerosis[END_REF] Including also a physiological concentration of Ca 2+ and not only Na + ions to neutralize the system would also increase the biological relevance of our simulations. 
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 4 Figure 4. Water molecules interacting with the residues 1-9 and 23-28 using a cutoff distance of 0.3 nm in the rat system (blue) at 310 K averaged over the four peptides and in the wild-type human system (red).
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 5 Figure 5. Averaged number of Aβ42 contacts and H-bonds with the head groups of the lipid bilayer membrane along the sequence using the rat and WT (human) data at 310 K.
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 6 Figure 6. Intermolecular side-chain probability contact maps overaged over the four interfaces of the wild-type (human) and rat systems at 310 K with the two most populated structures of the human (Minima A and B) and rat (Minima M1 and M2) systems.
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