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Nonequilibrium Molecular Dynamics Simulations of Infrared Laser-Induced Dissociation of a tetrameric Aβ 42 β -Barrel in a Neuronal Membrane Model

Experimental studies have reported that the amyloid-β proteins can form pores in cell membranes, and this could be one possible source of toxicity in Alzheimer's disease. Dissociation of these pores could therefore be a potential therapeutic approach. It is known that

Introduction

The aggregation of the amyloid-β (Aβ ) proteins, composed primarily of 40 and 42 amino acids, into transient oligomers and ordered amyloid fibrils is one hallmark of Alzheimer's disease (AD). [START_REF] Dobson | Protein-misfolding diseases: Getting out of shape[END_REF] Although the molecular mechanisms of the toxicity are still debated, a growing body of studies has suggested that the interaction between Aβ proteins and cell membranes is a source of AD pathogenicity. [START_REF] Eisenberg | The amyloid state of proteins in human diseases[END_REF][START_REF] Butterfield | Amyloidogenic protein-membrane interactions: mechanistic insight from model systems[END_REF][START_REF] Kayed | Permeabilization of lipid bilayers is a common conformation-dependent activity of soluble amyloid oligomers in protein misfolding diseases[END_REF][START_REF] Lashuel | Amyloid pores from pathogenic mutations[END_REF][START_REF] Jang | Mechanisms for the Insertion of Toxic, Fibril-like β -Amyloid Oligomers into the Membrane[END_REF][START_REF] Zhang | Molecular Simulations of Amyloid Structures, Toxicity, and Inhibition[END_REF][START_REF] Kotler | Differences between amyloid-β aggregation in solution and on the membrane: insights into elucidation of the mechanistic details of Alzheimer's disease[END_REF][START_REF] Chang | Interactions of Aβ 25-35 β -Barrel-like Oligomers with Anionic Lipid Bilayer and Resulting Membrane Leakage: An All-Atom Molecular Dynamics Study[END_REF] It has been proposed that the electrostatic interactions drive the binding of Aβ proteins to the membrane and the initial insertion. Then, mainly hydrophobic interactions drive the formation of pores with different topologies, [START_REF] Jang | Disordered amyloidogenic peptides may insert into the membrane and assemble into common cyclic structural motifs[END_REF][START_REF] Strodel | Transmembrane Structures for Alzheimer's Aβ 1-42 Oligomers[END_REF][START_REF] Chandra | Fluorescence quenching by lipid encased nanoparticles shows that amyloid-β has a preferred orientation in the membrane[END_REF][START_REF] Hernandez | The diphenylpyrazole compound anle138b blocks Aβ channels and rescues disease phenotypes in a mouse model for amyloid pathology[END_REF][START_REF] Sciacca | Two-Step Mechanism of Membrane Disruption by Aβ through Membrane Fragmentation and Pore Formation[END_REF][START_REF] Serra-Batiste | Aβ 42 assembles into specific β -barrel pore-forming oligomers in membrane-mimicking environments[END_REF] though this process is modulated by lipid composition. For instance, Carulla and colleagues showed that the Aβ 42, but not Aβ 40, assembles into β -barrels, [START_REF] Serra-Batiste | Aβ 42 assembles into specific β -barrel pore-forming oligomers in membrane-mimicking environments[END_REF] and they recently proposed a NMR-derived model for a tetrameric Aβ 42 β -barrel in membrane models. [START_REF] Ciudad | Aβ (1-42) tetramer and octamer structures reveal edge conductivity pores as a mechanism for membrane damage[END_REF] Based on low-resolution experimental data and extensive atomistic replica exchange molecular dynamics (MD) simulations, we have proposed the 3D structure of a Aβ 42 barrel consisting of four subunits with an inner pore diameter of ∼ 0.7 nm. The simulation showed that this β -barrel exists with a small probability in bulk solution or in a membrane environment.

In contrast, the same tetrameric barrel made of Aβ 40 peptides does not exist in bulk solution or in a membrane environment, [START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF][START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. II. In Aqueous Solution[END_REF] in full agreement with all experimental data. Interestingly, the A2T and D23N mutations do not change the probability of this Aβ 42 β -barrel in a lipid bilayer as reported by replica exchange MD simulations. [START_REF] Ngo | Impact of A2T and D23N Mutations on Tetrameric Aβ 42 Barrel within a Dipalmitoylphosphatidylcholine Lipid Bilayer Membrane by Replica Exchange Molecular Dynamics[END_REF] The formation of Aβ pores could create an unbalance between the inside and outside of the cell, enabling Ca 2+ influx through pores. [START_REF] Arispe | Giant multilevel cation channels formed by Alzheimer disease amyloid beta-protein [A beta P-(1-40)] in bilayer membranes[END_REF][START_REF] Kawahara | Alzheimer's beta-amyloid, human islet amylin, and prion protein fragment evoke intracellular free calcium elevations by a common mechanism in a hypothalamic GnRH neuronal cell line[END_REF][START_REF] Sciacca | Cations as switches of amyloid-mediated membrane disruption mechanisms: calcium and IAPP[END_REF] The increase of Ca 2+ level inside cells causes several biological effects, including cell apoptosis, [START_REF] Mattson | Calcium orchestrates opoptosis[END_REF] endoplasmic reticulum stress response [START_REF] Alberdi | Ca(2+) -dependent endoplasmic reticulum stress correlates with astrogliosis in oligomeric amyloid β -treated astrocytes and in a model of Alzheimer's disease[END_REF] and acceleration of the generation of reactive oxygen species, [START_REF] Huang | The A beta peptide of Alzheimer's disease directly produces hydrogen peroxide through metal ion reduction[END_REF] which contribute to the pathology of AD. [START_REF] Tabner | Nonequilibrium all-atom molecular dynamics simulation of the bubble cavitation and application to dissociate amyloid fibrils[END_REF] Therefore, small drugs that block the formation of the Ca 2+ channel should represent a potential therapeutic approach for AD. [27][28][29][30][31][32] However, despite intensive studies, we still lack effective drugs targeting amyloid-beta that can restore cognitive impairment of AD. 33 This repetitive failure has motivated the search for alternative methods. For example, ultrasound has been demonstrated to be a promising method to destabilise amyloid fibrils in insilico, 34,35 in-vitro [START_REF] Chatani | Ultrasonicationdependent production and breakdown lead to minimum-sized amyloid fibrils[END_REF][START_REF] Yagi | Acceleration of the depolymerization of amyloid β fibrils by ultrasonication[END_REF] and in-vivo studies. [START_REF] Leinenga | Scanning ultrasound removes amyloid-β and restores memory in an Alzheimer's disease mouse model[END_REF] Protein modification is another approach in which molecular photoswitches, such as azobenzene chromophore, are included into the amyloid proteins. This guarantees that a light excitation can switch the system from favorable to unfavorable aggregates, resulting in protein disassembly. [START_REF] Waldauer | Photocontrol of reversible amyloid formation with a minimal-design peptide[END_REF][START_REF] Johny | Modulating the Phe-Phe dipeptide aggregation landscape via covalent attachment of an azobenzene photoswitch[END_REF][START_REF] Deeg | Light-triggered aggregation and disassembly of amyloid-like structures[END_REF][START_REF] Measey | Light-triggered disassembly of amyloid fibrils[END_REF][START_REF] Hoppmann | Light-controlled toxicity of engineered amyloid β -peptides[END_REF][START_REF] Deeg | Amyloid-like structures formed by azobenzene peptides: light-triggered disassembly[END_REF][START_REF] Doran | An azobenzene photoswitch sheds light on turn nucleation in amyloid-β self-assembly[END_REF] Mid-infrared free electron laser (FEL) experiment with specific oscillation characteristics of a picosecond pulse structure and a tunable wavelength has also been developed and applied to dissociate amyloid fibrils of lysozyme, insulin and short peptide fragments of the thyroid and calcitonin hormones in in-vitro. [START_REF] Kawasaki | Effect of mid-infrared free-electron laser irradiation on refolding of amyloid-like fibrils of lysozyme into native form[END_REF][START_REF] Kawasaki | Mid-infrared free-electron laser tuned to the amide I band for converting insoluble amyloid-like protein fibrils into the soluble monomeric form[END_REF][START_REF] Kawasaki | Use of a mid-infrared free-electron laser (MIR-FEL) for dissociation of the amyloid[END_REF][START_REF] Kawasaki | Synchrotron-infrared microscopy analysis of amyloid fibrils irradiated by mid-infrared free-electron laser[END_REF][START_REF] Kawasaki | Dissolution of a fibrous peptide by terahertz free electron laser[END_REF] The molecular dissociation mechanisms from amyloid fibril to oligomers have been studied by laser-induced NEMD simulations. We confirmed that the resonance between the laser field and the amide I vibrational band of the fibril causes fibril dissociation. [START_REF] Man | Picosecond dissociation of amyloid fibrils with infrared laser: A nonequilibrium simulation study[END_REF][START_REF] Kawasaki | Infrared Laser Induced Amyloid Fibril Dissociation: A Joint Experimental/Theoretical Study on the GNNQQNY Peptide[END_REF] The dissociation starts in the core of the fibrils by fragmenting the intermolecular hydrogen bonds and separating the peptides, and then propagates to the fibril extremities leading to the formation of unstructured expanded oligomers. [START_REF] Kawasaki | Infrared Laser Induced Amyloid Fibril Dissociation: A Joint Experimental/Theoretical Study on the GNNQQNY Peptide[END_REF] Importantly, these NEMD simulations showed that the surrounding water, nonamyloid proteins with well-defined topologies and DNA molecules are hardly affected by laser irradiation, demonstrating the laser frequency selectivity for amyloid fibril dissociation. [START_REF] Man | Picosecond dissociation of amyloid fibrils with infrared laser: A nonequilibrium simulation study[END_REF] Motivated by the strong hypothesis that Aβ oligomer pores in cell membrane is related to neurotoxicity in AD, and the absence of experimental and theoretical evidences that laser irradiation can destabilize structured pore oligomers in a micelle and a vesicle, we have carried out laserinduced NEMD simulations on a tetrameric Aβ 42 β -barrel in a neuronal membrane model. Our NEMD simulations show that the resonance between the laser field and the amide I vibrational mode converts the initial topology to a random-coil rich disordered structure. Starting from this disordered structure, extensive standard MD simulations show sampling of disordered Aβ 42 states without any increase of β -sheets and reports that the orientational order of the lipids is minimally affected. Interestingly, the frequency to be employed to dissociate this β -barrel is specific to the amino acid sequence.

The simulation method

The laser-induced simulation method

It is useful to recall some aspects of the laser-induced simulation method here, and the readers are referred to Refs. [START_REF] Man | Picosecond dissociation of amyloid fibrils with infrared laser: A nonequilibrium simulation study[END_REF][START_REF] Kawasaki | Infrared Laser Induced Amyloid Fibril Dissociation: A Joint Experimental/Theoretical Study on the GNNQQNY Peptide[END_REF][START_REF] Man | Picosecond melting of peptide nanotube with infrared laser: A nonequilibrium study[END_REF][START_REF] Man | Comparative melting and healing of B-DNA and Z-DNA by an infrared laser pulse[END_REF][START_REF] Man | Picosecond infrared laser-induced all-atom nonequilibrium molecular dynamics simulation of dissociation of viruses[END_REF][START_REF] Domin | Breaking down cellulose fibrils with a mid-infrared laser[END_REF] for more details. In the simulation, a time-dependent electric field

E(t) = E 0 exp[- (t -t 0 ) 2 2σ 2 ] cos[2πcω(t -t 0 )], (1) 
is applied to mimic a laser micro-pulse. Here, E 0 represents the amplitude of the electric field, σ is the pulse width, t is the time after the pulse maximum t 0 , c is the speed of light and ω is the frequency. The parameters of each pulse are σ = 2 ps, t 0 = 8 ps, E 0 = 3 V/nm and ω = 1681 cm -1 . The reason of choosing this frequency is discussed below. For each trajectory of 200 ps, we use 10 laser pulses with a delay time of 20 ps between two consecutive pulses (Figure 1(A)). To mimic the experiment conditions, in which water is added periodically to the suspension during the irradiation process in order to prevent excessive evaporating, in the simulation only waters are coupled to the heat bath in order to maintain the temperature of 303 K with a coupling constant of 0.1 ps. The equations of motion are integrated with a short time step of 0.2 fs using the leapfrog algorithm to ensure the stability of the simulation.

In all simulations, the GROMACS program [START_REF] Hess | GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable molecular simulation[END_REF] is employed. The electrostatic interactions are calculated using the particle mesh Ewald method and a cutoff of 1.2 nm. [START_REF] Darden | Particle mesh Ewald: An N log(N) method for Ewald sums in large systems[END_REF] A cutoff of 1.2 nm is used for the van der Waals interactions. The nonbonded pair lists are updated every 10 fs. The temperature and pressure are controlled by the Berendsen thermostat and barostat. [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] The barrel system

The construction and MD-refinement of the Aβ 42 β -barrel described in Ref. [START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] The whole system was then solvated into a water box with edge lengths (L x , L y , L z ) = (14, 14, 13) nm, leading to 245919 atoms in total. Then, 169 potassium and 85 chloride ions were added to neutralize the system. We use the CHARMM36 force field [START_REF] Mackerell | Comparison of simple potential functions for simulating liquid water[END_REF] to model the lipids and peptides, and the TIP3P water model 61 to describe water. The system was simulated for 2 µs at 303 K, and the snapshot of the last structure is shown in Figure 1(B).

A total of 100 conformations were then selected statistically from the last 100 ns of this equilibrium trajectory, and used as initial structures for the normal mode analysis and laser-induced NEMD simulations presented below. We also carried out 1-µs MD simulations at 303 K starting from five different structures obtained after laser irradiation. These simulations also use the CHARMM36 force field and the same technical aspects as reported in Ref. [START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] . 

Results and discussion

Determination of the resonance frequency for the Aβ 42 β -barrel

As we know that the resonance between the laser field and the amide I band of the fibril leads to dissociation, 51,52 we first identified the amide I bands of the Aβ 42 β -barrel. Normal mode analysis in gas phase using an all-atom representation of the 100 MD-generated structures results in an averaged IR spectrum shown in (Figure 2A). It displays a dominant peak around 1681 cm -1 which is assigned to the stretching vibration of the C=O bonds pertaining to the β -sheets. Then, we scan the frequency of the laser field, Eq. ( 1), in the range ω ∈ [1600

• • •1720] cm -1 with a step of 2 cm -1 ,
and for each value we carried out one NEMD simulation using a single pulse of 20 ps duration.

We find that at frequency ω = 1681 cm -1 , the fluctuation of the C=O bond length is maximum and the system absorbs most energy as shown in Figure 2(B) and Figure 2(C), respectively. Various structural quantities such as radius of gyration, number of inter-and intramolecular hydrogen bonds also undergo large changes at this frequency [Fig. S1]. This confirms that ω = 1681 cm -1 is the resonance frequency between the laser field and the amide I band vibration of the β -barrel.

Dissociation process of the Aβ 42 β -barrel

Having identified the resonance frequency, we then carried out 100 laser-induced simulations, each 200 ps, using 10 laser pulses with a resonance frequency ω = 1681 cm -1 . As discussed in previous works, the dissociation mechanism of amyloid fibrils does not depend on the laser intensity, but on the resonance frequency. [START_REF] Kawasaki | Infrared Laser Induced Amyloid Fibril Dissociation: A Joint Experimental/Theoretical Study on the GNNQQNY Peptide[END_REF] Therefore, given the large size of our system and the need of many simulations, we selected an high laser intensity of E 0 = 3.0 V/nm as reported in Ref. [START_REF] Kawasaki | Infrared Laser Induced Amyloid Fibril Dissociation: A Joint Experimental/Theoretical Study on the GNNQQNY Peptide[END_REF] such that the dissociation can occur within a reasonable timescale. hydrogen bonds (H-bond), respectively. Here, a H-bond is considered formed when the acceptordonor distance is not more than 0.35 nm, the acceptor-donor-hydrogen angle is not more than 30 degrees and H-bonds are only calculated between the β -strands forming β -hairpins of the barrel. The eight STRIDE structures are grouped into four structures: β -sheet = extended + bridge, helix = α-helix + 3 10 -helix, turn = turn + bend, and coil = coil + PII-helix. After the first pulse, the βsheet content decays from 50% to 43%, the coil content increases from 33% to 42%, and the turn content remains constant. After four laser pulses (t ≥ 73 ps), the β -sheet content reaches ( 2%), and the turn and coil values converge to ∼ 32 and 63%, respectively. A small the helix content starts to appear after 30 ps, reaching a value within error-bars of 1% at 200 ps.

Figure 5 shows ten snapshots of the β -barrel at different times when the laser intensity is at its maximum. To make a direct connection to experiment, we calculate the CD spectra of these structures using the PDBMD2CD web server, [START_REF] Drew | PDBMD2CD: providing predicted protein circular dichroism spectra from multiple molecular dynamics-generated protein structures[END_REF] and results are also shown in Figure 5.

As seen, the minima of the spectra shift from ∼ 200 nm, corresponding to the partially formed barrel-like structures (snapshots at 8, 28 and 48 ps) to ∼ 207 nm, corresponding to full dissociated structures (snapshots from 68-188 ps). Recently, high-resolution disordered Aβ oligomers have been characterized using NMR, and CD spectra show that Aβ 1-40 oligomers are disordered with minima at ∼ 195 nm. The CD spectrum of the freshly dissolved monomers is similar, but the CD minimum is shifted to ∼ 200 nm. [START_REF] Kotler | High-resolution NMR characterization of low abundance oligomers of amyloid-β without purification[END_REF][START_REF] Sahoo | High-resolution probing of early events in amyloid-β aggregation related to Alzheimer's disease[END_REF] Qualitatively, these experimental data support our finding that laser has converted the perfect β -barrel to random coil structures, and this is reflected in the shift of CD spectra. We note that the progressive destabilization of the β -barrel does not occur at a particular region, in contrast to the dissociation of the amyloid fibrils which starts in the core of the fibrils by fragmenting the intermolecular hydrogen bonds and separating the peptides and then propagates to the fibril extremities. [START_REF] Kawasaki | Infrared Laser Induced Amyloid Fibril Dissociation: A Joint Experimental/Theoretical Study on the GNNQQNY Peptide[END_REF] To characterize these structures in more details, we calculate their secondary contents which are shown in Table 1. The snapshots at 8-48 ps show that the structures are slightly deformed from the perfect β -barrel with the secondary contents vary from 34-51% for β -sheet, 16-17% for turn and 40-50% for coil. The subsequent laser irradiation leads to more disordered structures (snapshots at 68 and 88 ps) with high random coil content of 57-67%, but the β -sheet structure is still considerably populated, 12-24%, and the turn content is about 19% (Table 1). These secondary structures are qualitatively similar to those obtained by recent multiscale simulation study of Li and colleagues, [START_REF] Nguyen | Structure and Physicochemical Properties of the Aβ 42 Tetramer: Multiscale Molecular Dynamics Simulations[END_REF] which shows that the populations of the Aβ 42 tetramer in solution is dominantly in the disordered state with the secondary contents of 12-22% for β -sheet, 33-48% for coil and 35-41% for turn, and consistent with experimental observations. [START_REF] Chiti | Protein Misfolding, Amyloid Formation, and Human Disease: A Summary of Progress over the Last Decade[END_REF] After a longer time, these disordered structures are converted to full random structures which are populated mostly by random coil (65-68%), very little β -sheet content (2-7%), some turn content (25-31%) and no helix.

These secondary structure populations are similar to that of Aβ 42 monomers observed by experiments and some simulations, [START_REF] Sgourakis | The Alzheimer's Peptides Aβ 40 and 42 Adopt Distinct Conformations in Water: A Combined MD / NMR Study[END_REF][START_REF] Sgourakis | Atomic-Level Characterization of the Ensemble of the Aβ (1-42) Monomer in Water Using Unbiased Molecular Dynamics Simulations and Spectral Algorithms[END_REF][START_REF] Cote | Distinct Morphologies for Amyloid Beta Protein Monomer: Aβ 1-40, Aβ 1-42, and Aβ 1-40(D23N)[END_REF] indicating that the laser irradiation finally converts the perfect β -barrel to random coil monomers with the insertion of the lipids into the free space between monomers (see snapshots at 128 -188 ns and Table 1). This is consistent with the shifts in the position of minima of the CD spectra shown in Figure 5.

We also calculate the collision cross sections (CCS) of these ten structures. Here, the CCS is calculated by using the trajectory method implemented in the Mobcal software. [START_REF] Mesleh | Structural Information from Ion Mobility Measurements: Effects of the Long-Range Potential[END_REF][START_REF] Shvartsburg | An Exact Hard-Spheres Scattering Model for the Mobilities of Polyatomic Ions[END_REF] Because the first three structures derivate slightly from the elongated perfect barrel shape, it is not surprising that their CCS values are much larger than those of Aβ 42 tetramers in the solution, which are disk-shaped configurations as observed by experiments (CCS ∼ 2135 Å 2 ) [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] Zheng | Amyloid β -Protein Assembly: Differential Effects of the Protective A2T Mutation and Recessive A2V Familial Alzheimer's Disease Mutation[END_REF] as well as obtained by simulations (CCS ∼ 1978 -2159 Å 2 ). [START_REF] Nguyen | Structure and Physicochemical Properties of the Aβ 42 Tetramer: Multiscale Molecular Dynamics Simulations[END_REF][START_REF] Barz | Pathways of Amyloid-β Aggregation Depend on Oligomer Shape[END_REF] Subsequent configurations, however, have even larger CCS values, meaning that these oligomers have very extended 3D structures, in contrast to compact structures of oligomers in solution. We calculate the height of these structures from the semiaxes (a, b, c) of the tetramer: a 2 = 5(I 2 + I 3 -I 1 )/(4m), b 2 = 5(I 1 + I 3 -I 2 )/(4m), c 2 = 5(I 1 + I 2 -I 3 )/(4m), where I 1 , I 2 , I 3 are the moments of inertia of the tetramer, and m = 18.024 kDa is the total mass of the tetramer. The height is the smallest half-axis multiplied by 2. [START_REF] Nguyen | Structure and Physicochemical Properties of the Aβ 42 Tetramer: Multiscale Molecular Dynamics Simulations[END_REF] The results shown in in significant structural changes in lipids. To this end, we calculated the order parameters of the lipid acyl chain tails during the laser irradiation. Here, an order parameter is defined as

S CH = 3 cos 2 θ -1 /2
, where θ is the angle between a C-H bond vector and the bilayer normal. [START_REF] Vermeer | Acyl chain order parameter profiles in phospholipid bilayers: computation from molecular dynamics simulations and comparison with 2H NMR experiments[END_REF] The angular brackets represent molecular and temporal ensemble averages. For the DOPC and DOPS lipids, each tail consists of 17 order parameters, and for PSM lipids, each tail consists of 15 order parameters. The results are shown in Figure 6. For comparison, we also report the values obtained using all structures of our previous 2 microseconds MD simulation, [START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] and all structures of our five new MD simulations of 1 microsecond at 303 K started from irradiated structures. As seen, the values are superposable between the two MD simulations and are similar to those reported in literature, [START_REF] Vermeer | Acyl chain order parameter profiles in phospholipid bilayers: computation from molecular dynamics simulations and comparison with 2H NMR experiments[END_REF] indicating that the lipid orientational order is fully recovered. In contrast, the lipids are marginally destabilized during laser irradiation and this change impacts the first two layers of lipids surrounding the barrel.

To investigate why lipids are marginally impacted, we calculated the infrared spectrum of each lipid and cholesterol, and as shown in Figure 2(A), the spectra of the DOPS, DOPS, PSM and CHL do not exhibit any peaks around the resonance frequency ω = 1681 cm -1 of the β -barrel.

This indicates that the frequency of the laser at 1681 cm -1 does not resonate with the frequencies of the lipids. From the velocity of atoms, we calculate the temperatures of the membrane and barrel, and found that during the irradiation, the temperature of the barrel reaches the maximum value of ∼ 1500 K at a maximum laser amplitude, and then rapidly cools down to ∼ 400 K after the laser pulse is vanished [Fig. S2]. This temperature decrease is due to the fast intramolecular energy redistribution within the barrel, which is on the picosecond timescale, and subsequent intermolecular energy transfer to surrounding waters and lipids on the a nanosecond timescale. [START_REF] Nguyen | Nonequilibrium molecular dynamics simulation of a photoswitchable peptide[END_REF][START_REF] Nguyen | Photoinduced conformational dynamics of a photoswitchable peptide: A nonequilibrium molecular dynamics simulation study[END_REF][START_REF] Botan | Energy transport in peptide helices[END_REF][START_REF] Backus | Energy transport in peptide helices: A comparison between high-and low-energy excitations[END_REF][START_REF] Park | Molecular dynamics simulation of cooling: Heat transfer from a photoexcited peptide to the solvent[END_REF][START_REF] Nguyen | Nonequilibrium molecular dynamics simulation of the energy transport through a peptide helix[END_REF] As a consequence, the temperature of the membrane increases, and reaches a maximum value of 350 K, causing the disorder in the orientation of lipids. Note that because the water is coupled to the heat bath to mimic experimental condition, its temperature is well maintained around 303 K.

This confirms that the decrease in the order parameters of lipids shown in Figure 5 is primarily due to heat. Nevertheless, these order parameters are only ∼ 15% smaller than their equilibrium counterparts.

The second important question is to determine what happens to the disordered oligomer after irradiation. To this end, we analyse five equilibrium MD trajectories, each 1 µs, at 303 K, starting from five dissociated structures at 200 ps. The secondary contents of the Aβ peptides, shown in Figure 4, indicate that the β -sheet content increases marginally from 1 to 7% after 200 ns, the turn content decreases from 32 to 24 %, and the helix content remains marginal. There are no significant increases in the number of intra-and inter-molecular H-bonds [Fig. S2]. We acknowledge that our simulation time, 1 microsecond, is too short to see if chains will fold and aggregate to reform the initial β -barrel structure after a long time. Nevertheless, we know that lipid bilayer can pro-foundly alter protein structure and dynamics via hydrophobic, electrostatic, and hydrogen-bonding interactions. These interactions may increase the relative strengths of intermolecular forces that stabilise the protein aggregates, thus significantly enhance protein aggregation potential. Thus, we believe that after a long time, the disordered chains will aggregate to reform oligomers. However, because the population of the β -barrel-like structure in the membrane is ∼ 48 % as estimated from our previous simulations, [START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF] there are no reasons to guarantee that chains will reassembly to the original β -barrel configuration, but can form other structures such as dimer, trimer or tetramer with different topologies and populations.

The third important question from this study is to determine whether other functional β -barrels formed by non-amyloid proteins are impacted by our resonance frequency of 1681 cm -1 . In our previous work, we employed the NMR structure of the outer membrane enzyme PagP consisting of an eight-stranded anti-parallel beta-barrel and 170 amino acids (PDB:1MM4) [START_REF] Hwang | Solution structure and dynamics of the outer membrane enzyme PagP by NMR[END_REF] as a template to build our tetrameric Aβ 42 β -barrel of 168 amino acids. [START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. I. In a Bilayer Mimicking a Neuronal Membrane[END_REF][START_REF] Nguyen | Tetrameric Aβ 40 and Aβ 42 β -Barrel Structures by Extensive Atomistic Simulations. II. In Aqueous Solution[END_REF] Given the similarity between the two barrels, we wish to test whether the laser frequency of 1681 cm -1 also destablizes the PagP barrel. To this end, we calculated the normal modes, and as shown in 

Conclusions

In summary, we have carried out a laser-induced NEMD simulation to determine whether we could destabilise the tetrameric Aβ 42 β -barrel in a neuronal membrane model. We show that the barrel is fully dissociated due to the resonance between the laser field with the amide I vibrational mode of the barrel. Overall, the dissociated structures are quite different from the oligomers in solution as observed by experiments and simulations. Our structures posses highly random coil population with very elongated shapes, whereas oligomers in solution are disordered but still contain some β -sheet contents and formed compact disc-shape. In this context, our dissociated structures are more similar to monomers than oligomers.

Our method is based on the resonance between the laser frequency with that of the amide I of the molecular system. The amide I mode is basically the combination of all C=O bonds pertaining in the system. Although the system can be dissociated but the current method does not allow us to control the dissociation mechanism. For examples, we can not dissociate only given areas of interest, or dissociate to obtain desired structures. To achieve controlled dissociation, we suggest combining the site-specific isotope labelling for aminoacids in the areas to be dissociated, or aminoacids that play important roles in the stabilization of the system. The laser frequency can then be adjusted to resonate only with the frequency of the C=O bonds of labelled residues. This approach may provide a detailed view and controlled manner of the dissociation pathway of the system. We are testing this idea for some amyloid systems.

Starting from the fully disordered random/coil oligomers after free electron laser excitation, equilibrium MD simulations show that the membrane bilayer properties are similar to those before laser irradiation and the oligomers do not have any tendency to return to barrel structures at least within our simulation timescales. There is no experimental folding time for Aβ 42, but the folding time of OmpA with 171 residues in the β -barrel domain in a diC12:0 PC vesicle of 30-100 nm is on the order of 250 minutes. [START_REF] Kleinschmidt | Folding of β -barrel membrane proteins in lipid bilayers -Unassisted and assisted folding and insertion[END_REF] This indicates that if the formation of amyloid pores in cell membranes is indeed a main source of cytotoxicity, then for medical purpose, free electron laser experiments should be performed at a given frequency per week, and a duration for each treatment of several minutes to destabilise the amyloid pores, thus to retard the progression of the disease. This is fully consistent with transcranial laser therapy that improves cognition and attenuates amyloid-β peptide neuropathology in the brain of Alzheimer's disease mouse models [START_REF] Hamblin | Photobiomodulation for Alzheimer's Disease: Has the Light Dawned?[END_REF][START_REF] Saltmarche | Significant Improvement in Cognition in Mild to Moderately Severe Dementia Cases Treated with Transcranial 29 Plus Intranasal Photobiomodulation: Case Series Report[END_REF][START_REF] De Taboada | Transcranial Laser Therapy Attenuates Amyloid-β Peptide Neuropathology in Amyloid-β Protein Precursor Transgenic Mice[END_REF][START_REF] Grillo | Non-invasive Infra-red Therapy (1072 nm) Reduces β -amyloid Protein Levels in the Brain of an Alzheimer's Disease Mouse Model[END_REF][START_REF] Purushothuman | Photobiomodulation With Near Infrared Light Mitigates Alzheimer's Disease-related Pathology in Cerebral Cortex -Evidence from Two Transgenic Mouse Models[END_REF] 

Figure 1 :

 1 Figure 1: (A) The chain of 10 laser pulses separated by 20 ps used in NEMD simulation. The structure of the tetrameric Aβ 42 β -barrel embedded within the membrane obtained before (B) and after (C) laser-induced simulation. (D) The structure of the system at 1 µs of an equilibrium trajectory after irradiation. For clarity, each structure is viewed from two directions (xz and xy).

  are briefly recalled. The barrel consists of two distinct β -hairpins, and an asymmetrical arrangement of eight antiparalllel β -strands stabilized by different interfaces. The barrel was inserted into a bilayer membrane with the lipid compositions: dipalmitoylphosphatidylcholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), sphingomyelin (PSM) and cholesterol (CHL), and the molar ratio (DOPC:DOPS:CHO:PSM)=(40:10:25:25), and a number of (288, 72, 180 and 180) molecules.

Figure 2 :

 2 Figure 2: (A) The amide I bands from normal mode analysis of Aβ 42 barrel (thick black), PagP barrel (thick red), DOPS lipid (green), DOPC lipid (orange), PSM lipid (blue) and cholesterol (magenta). Note that we use a single molecule for each lipid. (B) The total fluctuation of C=O bond lengths of the Aβ 42 barrel. (C) The total energy absorption of the Aβ 42 barrel system.

Figure 3 (

 3 Figure 3(A) and Figure 3(B) show the time evolution of the number of intra-and inter-molecular

Figure 3 :Figure 4 :

 34 Figure3: Time evolution during the laser irradiation of the total number of intra-molecular Hbonds (A), the total number of inter-molecular H-bonds (B), the barrel tilt angle (C) and the βbarrel probability (D). Shown are results obtained from all 100 NEMD simulations using laser intensity E 0 = 3 V/nm and frequency ω = 1681 cm -1 .

Figure 5 :

 5 Figure 5: Ten snapshots viewed from the top of the membrane of the system at different times when the laser intensity of a laser pulse is maximum. For clarity, waters are not shown. Lipids and cholesterols are shown in different colors. The CD spectra of these structures are also shown.

Figure 6 :

 6 Figure 6: The order parameters averaged over two acyl chain tails sn-1 and sn-2 of the DOPC (A), DOPS (B) and PSM (C) lipids. Shown are results obtained from trajectories before laser irradiation (black), during irradiation (red) and after laser irradiation (green).

Figure 2 ,

 2 the amide I band of the PagP barrel exhibits a peak around 1677 cm -1 , a blueshift of 4 cm -1 compared to the peak of the amide I band of the Aβ 42 barrel. These results indicate that although the topology of two barrels are identical, their amide I bands are different due to the difference in their amino acid sequences. Then, we performed NEMD simulations for the PagP barrel embedded in the same lipid bilayer membrane, using the same force field and technical aspects which were used for the NEMD simulations of the Aβ 42 β -barrel. Fig.S3 shows, as an example, that at 1681 cm -1 , the β -sheet content of PagP barrel is slightly reduced after 200 ps under 10 laser pulses irradiation, whereas at 1678 cm -1 , the β content is completely vanished. This confirms again the laser frequency selectivity for amyloid fibril dissociation 51 .

Table 1 :

 1 Table 1indicate clearly that laser has converted the original barrel structure into more elongated structures. In summary, although there are some similarities in the secondary structures but in overall our oligomers are quite different from those obtained by experiments and simulations in solution. The secondary structure contents (in %), CCS values (in Å) and height (in nm) of ten structures at different times when the laser intensity of a laser pulse is maximum. The 3D snapshots of these structures are shown in Figure5.

	Structure	β α turn coil CCS height
	S1( 8 ps)	51 0 16	37 2566 2.00
	S2( 28 ps) 45 0 16	40 2599 2.02
	S3( 48 ps) 34 0 15	50 2708 1.97
	S4( 68 ps) 24 0 19	57 2760 2.21
	S5(88 ps)	12 0 20	67 2695 2.10
	S6(108 ps)	8 0 25	66 2773 2.10
	S7(128 ps)	8 0 28	65 2859 2.37
	S8(148 ps)	4 0 30	68 2807 2.34
	S9(169 ps)	4 0 30	68 2756 2.52
	S10(188 ps) 2 0 31	67 2747 2.30
	The first important question from this simulation study is whether the laser irradiation results

  with for instance a 2 minutes duration of each FEL treatment, 3 times per week for three weeks, or 90 secondes duration of each FEL treatment and 5 five days per week over 4 consecutive weeks. from aggregating proteins implicated in Alzheimer's disease, Parkinson's disease and other neurodegenerative diseases. Curr. Top. Med. Chem. 2001, 1, 507-517. (27) Anekonda, T.; Quinn, J. Calcium channel blocking as a therapeutic strategy for Alzheimer's disease: the case for isradipine. Biochim. Biophys. Acta 2011, 1812, 1584-1590. (28) Anekonda, T.; Quinn, J.; Harris, C.; Frahler, K.; Wadsworth, T.; Woltjer, R. L-type voltagegated calcium channel blockade with isradipine as a therapeutic strategy for Alzheimer's disease. Neurobiol. Dis. 2011, 41, 62-70. (29) Diaz, J.; Simakova, O.; Jacobson, K.; Arispe, N.; Pollard, H. Small molecule blockers of the Alzheimer Abeta calcium channel potently protect neurons from Abeta cytotoxicity. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 3348-3353. Psychopharmacology 2016, 233, 599-613. (31) Kato-Negishi, M.; Kawahara, M. Neurosteroids block the increase in intracellular calcium level induced by Alzheimer's beta-amyloid protein in long-term cultured rat hippocampal neurons. Neuropsychiatr. Dis. Treat. 2008, 4, 209-218. (32) Arispe, N.; Diaz, J.; Durell, S.; Shafrir, Y.; Guy, H. Polyhistidine peptide inhibitor of the Abeta calcium channel potently blocks the Abeta-induced calcium response in cells. Theoretical modeling suggests a cooperative binding process. Biochemistry 2010, 49, 7847-7853. (33) Doig, A. J.; del Castillo-Frias, M. P.; Berthoumieu, O.; Tarus, B.; Nasica-Labouze, J.; ; Sterpone, F.; Nguyen, P. H.; Hooper, N. M.; Faller, P. et al. Why is research on amyloid-β failing to give new drugs for Alzheimer's disease? ACS Chem. Neurosci. 2017, 8, 1435-1437.
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