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The aggregation of tau protein plays a significant role in Alzheimer's disease and the tau R3-R4 domain spanning residues 306-378 was shown to form the amyloid fibril core of full-length tau.

The conformations of the tau R3-R4 monomer in the bulk solution and at the surface of membranes are unknown. In this study, we address these questions by means of atomistic molecular dynamics. The simulations in the bulk solution show a very heterogeneous ensemble of conformations with low β and helical contents. Tau R3-R4 monomer has the propensity to form transient β-hairpins within the R3 repeat and between the R3 and R4 repeats, and parallel β-sheets spanning the R3 and R4 repeats. The simulations also show that the surface of the membrane does not induce β-sheet insertion and lead to an ensemble of structures very different from in the bulk solution. They also reveal the dynamical properties of the membrane-bound state of tau R3-R4 monomer enabling insertion of the residues 306-318 and 376-378.

INTRODUCTION

The aggregation of the intrinsically disordered protein (IDP) tau into neurofibrillary tangles is observed in the brain of Alzheimer's disease (AD) patients. Full-length tau encoding 441 amino acids is composed of a projection domain followed by a microtubule-binding domain of four repeats (labeled R1-R4), and a basic C-terminal. Tau has been shown to fibrillize in vitro in the presence of polyanionic substances. [START_REF] Fichou | The Elusive Tau Molecular Structures: Can we Translate the Recent Breakthroughs into New Targets for Intervention?[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] The domain repeat R1-R4 termed K18 and spanning residues 244-368 contains two hexapeptides called PHF6* (VQIINK, residues 275-280 in R2) and PHF6 (VQIVYK, residues 306-311 in R3) that are essential for amyloid formation. [START_REF] Spillantini | Pathology and Neurodegeneration[END_REF][START_REF] Von Bergen | Assembly of Tau Protein into Alzheimer Paired Helical Filaments Depends on a Local Sequence Motif ((306)VQIVYK(311)) Forming beta Structure[END_REF] Inhibitors targeting PHF6 motif were shown to block fibrillation. [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][START_REF] Paul | Inhibition of Tau Amyloid Formation and Disruption of its Preformed Fibrils by Naphthoquinone-Dopamine Hybrid[END_REF] Numerous simulations with distinct protein representations explored the conformations of tau441, 6,7 K18, K19 (which contains R1, R3 and R4 repeats), [START_REF] Li | The Distinct Structural Preferences of Tau Protein Repeat Domains[END_REF][START_REF] Nguyen | Structures of the Intrinsically Disordered Aβ, tau and αsynuclein Proteins in Aqueous Solution from Computer Simulations[END_REF] and R1 to R4 monomers, [START_REF] He | Misfolding and Self-Assembly Dynamics of Microtubule-Binding Repeats of the Alzheimer-Related Protein Tau[END_REF][START_REF] Liu | The Misfolding Mechanism of the key Fragment R3 of Tau Protein: a Combined Molecular Dynamics Simulation and Markov State Model Study[END_REF] R1 to R4, [START_REF] He | Misfolding and Self-Assembly Dynamics of Microtubule-Binding Repeats of the Alzheimer-Related Protein Tau[END_REF] and R3-R4 dimers, [START_REF] Derreumaux | Tau R3-R4 Domain Dimer of the Wild Type and Phosphorylated Ser356 Sequences. I. In Solution by Atomistic Simulations[END_REF] and PHF6 oligomer [START_REF] Arya | Terminal Capping of an Amyloidogenic Tau Fragment Modulates Its Fibrillation Propensity[END_REF][START_REF] Smit | Primary Fibril Nucleation of Aggregation Prone Tau Fragments PHF6 and PHF6[END_REF] in pure buffer. These simulations show that full-length tau and tau fragments do not behave as a random coil and adopt locally many transient secondary structures.

The precise mechanism of tau-mediated neurotoxicity remains to be explored. [START_REF] Sallaberry | Tau and Membranes: Interactions That Promote Folding and Condensation[END_REF][START_REF] Barré | Structural Transitions in Tau k18 on Micelle Binding Suggest a Hierarchy in the Efficacy of Individual Microtubule-binding Repeats in Filament Nucleation[END_REF][START_REF] Georgieva | Tau Binds to Lipid Membrane Surfaces via Short Amphipathic Helices Located in its Microtubule-binding Repeats[END_REF][START_REF] Jones | Interaction of Tau Protein with Model Lipid Membranes Induces Tau Structural Compaction and Membrane disruption[END_REF][START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF][START_REF] Fanni | Membranemediated Fibrillation and Toxicity of the Tau Hexapeptide PHF6[END_REF] It is known that the interactions of full-length tau protein with membranes, anionic vesicles and micelles increase the nucleation and growth of fibrils. [START_REF] Sallaberry | Tau and Membranes: Interactions That Promote Folding and Condensation[END_REF][START_REF] Barré | Structural Transitions in Tau k18 on Micelle Binding Suggest a Hierarchy in the Efficacy of Individual Microtubule-binding Repeats in Filament Nucleation[END_REF][START_REF] Georgieva | Tau Binds to Lipid Membrane Surfaces via Short Amphipathic Helices Located in its Microtubule-binding Repeats[END_REF] Accumulation of tau oligomers on membrane surfaces remodels lipid membranes (carpeting model), disrupts membranes and extracts lipids (detergent model). [START_REF] Jones | Interaction of Tau Protein with Model Lipid Membranes Induces Tau Structural Compaction and Membrane disruption[END_REF][START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF] Interestingly, the carpeting and detergent models, and enhanced fibrillation kinetics were reported for the hexapeptide PHF6 on its own in interaction with model lipid membranes. [START_REF] Fanni | Membranemediated Fibrillation and Toxicity of the Tau Hexapeptide PHF6[END_REF] Recent cryo-electron microscopy (cryo-EM) studies showed that the amyloid fibril core of full-length tau spans the R3-R4 domain (residues 306-378) with a C-shaped architecture in the brain of an individual with AD. This topology consists of eight β-strands and a β-helix motif spanning residues 336-354. [START_REF] Fitzpatrick | Cryo-EM Structures of Tau Filaments from Alzheimer's Disease[END_REF] As the fragment tau297-391 also spontaneously forms fibrils under physiological conditions similar to those found in AD brain tissues, [START_REF] Al-Hilaly | Forms Filaments that Structurally Mimic the Core of Paired Helical Filaments in Alzheimer's Disease Brain[END_REF] the R3-R4 domain appears particularly relevant model to investigate full-length tau properties.

In the first step of this study, the misfolding of tau R3-R4 monomer was investigated in the bulk solution by means of atomistic molecular dynamics (MD) simulations. The predicted ensemble of conformations may explain why the aggregation kinetics of tau304-380 in pure buffer at physiological pH and in the absence of polyanions has slow primary nucleation. [START_REF] Rodriguez Camargo | Proliferation of Tau 304-380 Fragment Aggregates through Autocatalytic Secondary Nucleation[END_REF] Knowledge of the monomer ensemble may also facilitate our understanding of the structural conversion to dimers. Indeed, dimers are observed in cells [START_REF] Wegmann | Formation, Release, and Internalization of Stable Tau Oligomers in Cells[END_REF] and in the cerebrospinal fluid of AD patients, [START_REF] Takeda | Seed-competent High-molecular-weight Tau Species Accumulates in the Cerebrospinal Fluid of Alzheimer's Disease Mouse Model and Human Patients[END_REF] and their formation are the rate-limiting step of tau aggregation in vitro. [START_REF] Schweers | Oxidation of Cysteine-322 in the Repeat Domain of Microtubule-associated Protein Tau Controls the in vitro Assembly of Paired Helical Filaments[END_REF] Little is known on the interactions of tau protein with lipid membrane models at atomiclevel detail as soluble tau is not amenable to NMR spectroscopy . [START_REF] Sallaberry | Tau and Membranes: Interactions That Promote Folding and Condensation[END_REF] A biophysical study of tau K19 binding to anionic micelles composed of lyso-1-palmitoyl-phosphatidylglycerol (LPPG) and liposomes composed of 1:1 molar ratio of noncharged/negatively charged lipids (POPC/POPS) showed that K19 monomer forms three helices spanning residues L253-G261, L315-G323 and F346-G355. [START_REF] Georgieva | Tau Binds to Lipid Membrane Surfaces via Short Amphipathic Helices Located in its Microtubule-binding Repeats[END_REF] Other experimental data suggested that R2 and R3 repeats and PHF6 motif mediate interactions of tau with negatively charged porcine brain phosphatidylserine (BPS) vesicles and lead to the formation of tau K18/phospholipid oligomers with five molecules of tau per complex. [START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF] In this study, we explored the early steps of the binding process of tau R3-R4 monomer at the surface of a bilayer membrane composed of 1:1 molar ratio of DOPC (neutral) and DOPS (negative charge) lipids by MD simulations, as this interaction was not studied by experimental and simulation means. This runs in contrast to the very large number of studies focusing on the interactions of Aβ peptides with model membranes. [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][START_REF] Liu | Molecular Simulation Aspects of Amyloid Peptides at Membrane Interface[END_REF][START_REF] Dong | Binding of Protofibrillar Aβ Trimers to Lipid Bilayer Surface Enhances Aβ Structural Stability and Causes Membrane Thinning[END_REF][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

MD simulations were performed using the GROMACS package [START_REF] Van Der Spoel | GROMACS: Fast, Flexible, and Free[END_REF] with the CHARMM36 protein and lipid field and the TIP3P water model. [START_REF] Pastor | Development of the CHARMM Force Field for Lipids[END_REF] At pH 7, the peptide has NH3 + and CO2 - termini, neutral His with a protonated Nε atom, deprotonated Glu and Asp, and protonated Arg and Lys. Tau306-378 contains 19 charged amino acids (10 K, 1R, 4E, 5D), 9 G and 3 P. Because the unstructured ensemble of tau306-308 monomer cannot be obtained from randomly chosen states in atomistic environments, we used the cryo-EM fibril structure [START_REF] Fitzpatrick | Cryo-EM Structures of Tau Filaments from Alzheimer's Disease[END_REF] as the starting point of our simulations.

The tau R3-R4 fibril monomer was centered into a cubic box of (10, 10, and 10 nm) containing 32,000 water molecules. The peptide was also positioned at a distance of 1.3 nm from the lipid bilayer, with tau structure parallel to the bilayer plane. The bilayer contains 320 DOPC and 320 DOPS lipids, and is immerged in a cubic box of (15, 15 and 9 nm) containing 34000 water molecules. Each tau system was neutralized by sodium ions leading to a total number of about 97,000 and 188,000 atoms in the bulk solution and membrane environments, respectively. CHARMM-GUI was used to set up the tau/membrane system. [START_REF] Lee | CHARMM-GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the CHARMM36 Additive Force Field[END_REF] Each system was minimized with harmonic restraints on the backbone tau atoms, and then equilibrated with harmonic restraints by MD for 1 ns in the NVT ensemble and then 1 ns in the NPT. We used an integration timestep of 2 fs, van der Waals interactions were truncated at 1.1 nm, and the electrostatic interactions were calculated using the particle mesh Ewald method using a cutoff of 1.2 nm. MD simulations of both systems were performed for 5 μs at 303 K in the NPT ensemble using the velocity-rescaling thermostat. [START_REF] Bussi | Canonical sampling through velocity rescaling[END_REF] Unless specified, we used the full trajectories for analysis. Figure 1 shows the tau initial structures in both systems after equilibration. It is noted that the fibrillar structure does not remain parallel to the membrane after equilibration, but rather bends.

The DSSP protocol was used to determine the secondary structure of tau, [START_REF] Kabsch | Dictionary of Protein Secondary Structure: Pattern Recognition of Hydrogen-bonded and Geometrical Features[END_REF] and the predicted β-strands in both environments were compared to the eight β-strands or sheets observed in the cryo-EM fibril structure encompassing residues V306-K311 (strand β1), V313-C322 (β2), N327-K331 (β3), Q336-S341 (β4), K343-K347 (β5), R349-I354 (β6), S356-V363 (β7) and N368-F378 (β8). A contact between two side-chains was considered formed if there is at least one distance smaller than 0.45 nm between all heavy atoms. We counted all contacts between a side-chain and the lipid head (glycerol, hydrophobic tail1 or hydrophobic tail2) groups when the distance between heavy atoms is smaller than 0.45 nm. The conformations were also characterized by their radii of gyration (Rg) and Cα end-to-end distances. The multidimensional energy landscape was approximated by a two-dimensional energy landscape. The trajectory of each system was projected on the first two principal components obtained after diagonalization of the positional fluctuation covariance matrix of the backbone tau peptide using the combined in aqueous solvent and membrane simulations. [START_REF] Nguyen | Effect of Cholesterol Molecules on Aβ1-42 Wild-Type and Mutants Trimers[END_REF] The 2D free energy landscape was constructed from the previous data using the formula -RT × log(H(x,y)), where H(x,y) is the histogram of the order parameters x and y. [START_REF] Lu | Thermodynamics and Dynamics of Amyloid Peptide Oligomerization are Sequence Dependent[END_REF] The number of clusters, the population and the center of each cluster were determined using k-means algorithm. [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] Nguyen | Familial Alzheimer A2V Mutation Reduces the Intrinsic Disorder and Completely Changes the Free Energy Landscape of the Aβ1-28 Monomer[END_REF] 

RESULTS and DISCUSSION

It is important to assess whether MD conformational sampling is adequate. To this end, we compared three properties using the first 4 μs and the full 5 μs trajectories of tau in both environments. We observe that the secondary structure content along the sequence (Figure 2), the Rg distribution and the Cα end-to-end distance distribution (Figure 3) vary little for both systems by using the two-time intervals. We also checked that the binding interface between tau and the bilayer did not change (data not shown). All these data indicate that if full convergence to equilibrium is not reached, interesting trends can be extracted.

The Rg and end-to-to distance distributions in Figure 3 show that the membraneadsorbed tau structures are more compact than the tau structures available in the bulk solution The Rg peak is centered at 1.37 nm in the bulk solution vs. 1.48 nm with the membrane, but the membrane restricts the conformational diversity of the peptide, as the tail of Rg distribution stops at 1.8 nm in the membrane environment vs 2.5 nm in the bulk solution (Figure 3A). This higher compaction in the membrane simulations is also reflected by the end-to-end distance distribution which shows two dominant peaks at 3.8 and 5.4 nm in the membrane simulation vs 1.5 and 2.2 nm in aqueous solution (Figure 3B). This is in agreement with previous studies of fulllength tau. [START_REF] Jones | Interaction of Tau Protein with Model Lipid Membranes Induces Tau Structural Compaction and Membrane disruption[END_REF] The (β, helix, coil and turn) contents amount to (13.6, 2.9, 55.8 and 27.7 %) and (9.5, 0.7, 68.4 and 25.0%) in the bulk solution and at the membrane surface, respectively. Standard errors using different time windows give ± 3% for β, coil and turn contents. Both environments favor coil/turn conformations over structures with β-content. The coil character is enhanced by 13 units and the β-content is reduced by 4 units from in aqueous solution to membrane environment. The results indicate that the surface of the membrane inhibits β-sheet formation in the early steps of binding compared to tau monomer in the bulk solution. This result is in agreement with recent 6 × 2 μs MD simulations of Aβ42 dimer adsorbed on the surface of a neuronal membrane. [START_REF] Fatafta | Amyloid-β Peptide Dimers Undergo a Random Coil to β-Sheet Transition in the Aqueous Phase but not at the Neuronal Membrane[END_REF] The β, helix, coil and turn contents along the sequence in the bulk solution are shown in Figure 2A. Among all residues forming strands in cryo-EM, only residues V309, Y310, N327, H330 and K370 keep a β character > 50%, the remaining residues having strong turn/coil characters.

The high β-character (62%) of the residues S324 and L325 located between the β1-and β2strands in the cryo-EM structure is observed. Of note there is no evident correlation on how the different amino acids contribute to the structural preferences of tau, even though glycine or proline residues are present between all strands, the exception being between strands β4 and β5, and strands β5 and β6. We observe two regions spanning residues D314-T319 and S341-L344 with a helical structure content on the order of 15%. These amino acids were reported to form two transient helical structures for tau K19 interacting with liposomes. [START_REF] Barré | Structural Transitions in Tau k18 on Micelle Binding Suggest a Hierarchy in the Efficacy of Individual Microtubule-binding Repeats in Filament Nucleation[END_REF] All remaining residues, and notably the residues V306-I308 constituting the PHF6 motif and the residues K370-F378 constituting most of the β8 strand in cryo-EM structure have very strong coil/turn characters.

The small propensity of the PHF6 motif for a strand was reported by two previous monomer simulations. [START_REF] Liu | The Misfolding Mechanism of the key Fragment R3 of Tau Protein: a Combined Molecular Dynamics Simulation and Markov State Model Study[END_REF][START_REF] Eschmann | Signature of an Aggregation-Prone Conformation of Tau[END_REF] This property is shared by many amyloid peptide monomers in aqueous solution. [START_REF] Santini | Pathway Complexity of Alzheimer's Beta-amyloid Abeta16-22 Peptide Assembly[END_REF][START_REF] Nasica-Labouze | Amyloid β Protein and Alzheimer's Disease: When Computer Simulations Complement Experimental Studies[END_REF][START_REF] Ilie | Simulation Studies of Amyloidogenic Polypeptides and Their Aggregates[END_REF] The profiles of β, helix, turn and coil contents along the sequence are impacted when tau monomer interacts with the membrane (Figure 2B). Only the four residues V313, S320, V350 and K370 have a β-content > 60% (note it is 100% for the residues 320 and 350), and helical structure is only formed 10% of the time at residues Q336-V339. The residues V313-T319 and N368-F378 have lost their turn character in going from in solution to membrane environment. It is interesting that the PHF6 motif is devoid of any β-character, and the helical content of residues D314-T319 vanishes to 0% and that of residues S341-L344 is reduced to 7% when interacting with the membrane compared to the bulk solution. This conformational conversion of the PHF6 motif towards coil/turn preference is expected because PHF6 is known to mediate interaction of tau K18 with liposomes. [START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF] Furthermore, our simulations cannot capture the self-assembly of β-rich oligomers upon binding the membrane, but only the misfolding of the monomer.

The misfolded ensemble of tau306-378 monomer is very different in both environments as evidenced by the side chain contact probability maps where the structures are stabilized by different long-range contact pairs. The difference can be illustrated by the number of contact pairs separated by at least four residues and a probability > 60%: zero pair in the bulk solution (Figure 4A) and 13 pairs in the membrane simulation which involve interactions between residues K311-D314, S316, V318-K321 and residues R349, V350, Q352, N368, K370 and I371 (Figure 4B).

The presence of many contacts throughout the maps clearly indicates that tau306-378 monomer behaves as a true IDP in the two environments.

To probe the tau conformational ensemble of tau306-378 monomer, Figure 4 shows the two FELs using the combined MD trajectories in the bulk solution and with the membrane to compute the first two principal components. The two FELs share very little similarity between the eight free energy minima in aqueous solution (Figure 5A) and the six free minima with the membrane (Figure 5B). The minima i in aqueous solution are designated as Sai and those with the membrane designated as Smi. The structures of the center of each cluster are shown in Figures 6 and7. The secondary structure characteristics of each cluster and the population of each cluster are given in Tables S1 andS2 in the Supporting Information.

The eight identified clusters in aqueous solution can be classified into two classes. The first class of conformations with a population of 39.3% has a Rg varying between 1.66 and 1.81 nm and includes expanded shapes (Sa1, population of 16%; Sa5, population of 12.4% and Sa6 of 11%) with little secondary structure (Table S1). They have an averaged β content of 12% and an averaged helical content of 2%. The center of the first cluster Sa1 is devoid of secondary structure, the center of the cluster Sa5 has a β-hairpin spanning I328-H330 and Q336-V337, and the centroid of the cluster Sa6 has a β-hairpin with strands spanning V313-C322 and L357-K369 separated by a loop of 34 residues (Figure 6).

The second class of conformations in pure buffer with a population of 60.7% consists of compact conformations, Rg varying between 1.34 and 1.43 nm. They essentially display short βharpins; residues V309-Y310 and S324-L325 in Sa3, Sa4 and Sa8, residues V309-Y310 and D314-L315, and residues V318-T320, and S324-L326 in S7a. The cluster Sa2 with a population of 14% is characterized by an α-helix at residues D314-T319, and a parallel β-sheet covering residues K321-L325 and I360-H363 (Figure 6).

Overall, in the bulk solution tau306-378 monomer has the propensity to form β-hairpins within the R3 repeat and between the R3 and R4 repeats, and to form parallel β-sheet between the R3 and R4 repeats. The full analysis of the FEL also indicates that the monomer has a low but non-negligible probability to encode a β-hairpin like conformation with a long loop between the strands that places the N-and C-termini in close proximity (Sa6). The role of a β-hairpin in amyloid-β fibril formation was discussed in previous experimental and computational means. [START_REF] Fichou | The Elusive Tau Molecular Structures: Can we Translate the Recent Breakthroughs into New Targets for Intervention?[END_REF] Tau R3-R4 monomer has a negligible probability to form the C-shaped topology (the aggregationprone state) and the β-helix motif spanning the residues 336-354 described in the cryo-EM structure of the fibrils.

Comparison of the R3-R4 conformational ensemble in the bulk solution to the REMD simulation results on R3 repeat (residues 306-336) in the same buffer [START_REF] Liu | The Misfolding Mechanism of the key Fragment R3 of Tau Protein: a Combined Molecular Dynamics Simulation and Markov State Model Study[END_REF] makes it clear that the R3 domain, although able to form amyloid fibrils by its own without the presence of heparin, [START_REF] Von Bergen | Mutations of Tau Protein in Frontotemporal Dementia Promote Aggregation of Paired Helical Filaments by Enhancing Local Beta-Structure[END_REF] does not recapitulate the misfolding and aggregation of full-length tau. This result is supported by two experimental data. Thioflavin T fluorescence assay showed the absence of signal fluorescence of the R2-R3 fragment over a time scale of 96 hours. [START_REF] Chen | Tau Local Structure Shields an Amyloid-Forming Motif and Controls Aggregation Propensity[END_REF] All six human isoforms contain the three R1, R3 and R4 repeats. [START_REF] Fichou | The Elusive Tau Molecular Structures: Can we Translate the Recent Breakthroughs into New Targets for Intervention?[END_REF] It is of interest that our conformational ensemble in the bulk solution shares two structural similarities with the centroid structure of the most populated cluster of the full-length tau monomer generated by discrete MD guided by proteomics data in solution, this cluster capturing only part of the full conformational ensemble. [START_REF] Popov | Insight into the Structure of the "Unstructured[END_REF] The similarities include the absence of β-strand at the PHF6 motif and the formation of a β-hairpin spanning residues I328-V337.

The six identified clusters in the simulation with the membrane cannot be classified into distinct classes, as they are compact, have similar Rg values (varying from 1.46 to 1.57 nm) and are characterized by a majority of coil structure (varying from 49% in Sm1 to 70% in Sm2) and turn structure (varying from 21% in Sm4 to 32.3% in Sm5) as seen in Table S2. The cluster Sm5 with a population of 14.1%, has a much higher β character and a lower coil character than the other five clusters. It is characterized by two small antiparallel β-sheet structures, encompassing residues S320-K321 and K369-K370, and residues K325-H330 and V364-G365 (Figure 7). In all clusters, the propensity of tau to form α-helices upon membrane binding is small. This runs in contrast to biophysical characterization of tau K19 interacting with vesicles where two transient helices were detected in the R3-R4 domain. [START_REF] Barré | Structural Transitions in Tau k18 on Micelle Binding Suggest a Hierarchy in the Efficacy of Individual Microtubule-binding Repeats in Filament Nucleation[END_REF] It is possible that the absence of the hydrophilic R1 region impacts the modelling results and the sample of tau K19 species studied by biophysics include monomers and small oligomers as aggregation is fast. Furthermore, the binding and folding process varies from one membrane composition to another, and the formation of transient helical structures may occur on a much longer time scale. This needs to be further explored as the induction of helical structure upon membrane binding is a common feature that has been observed for other disordered proteins, such as amyloid-β and αsynuclein. [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] Although tau306-378 monomer can be described by a few clusters upon membrane binding based on clustering of the R3-R4 domain, the interactions with the lipid bilayer are complex. Figure 8A reports the time-averaged number of contact pairs between each side-chain residue and each lipid component using the full trajectory. The residues V306-S320, D348-K353, K370 and K370-F378 interact strongly with the head lipid groups. The residues V306-V318 and to a lesser extent the residues L376-F378 interact with the glycerol lipid groups and the lipid tail1 group. Only residues Q307-D314 and L376 interact with the lipid tail2 group. Overall, the residues V306-S318 and T373-V378 have a high propensity to insert deeply into the membrane; the residues K343-S352 adsorb on the membrane surface and the remaining residues are free to move in aqueous solution.

The insertion occurs very rapidly as the tau-membrane interactions pattern in the time interval 1 ns -1 μs is very similar to that obtained using the full trajectory (see Figure S1 in Supporting Information). In order to describe the early steps of insertion, electrostatic and van der Waals energies between each side-chain residue and all atoms of the membrane in the time window 150-200 ns (Figure 9) show that the insertion is driven by the N-terminus, mainly by electrostatic interactions with K311 and to a lesser extent K317, and van der Waals interactions with the residues I310-L305. In these early binding steps, there is a non-negligible contribution of the hydrophilic residues S320, K333, K342 and K370.

Whether this adsorption-insertion mechanism, summarized in Figure 10, is dependent on the CHARMM36-TIP3P force field remains to be determined. However, two experimental data support insertion. Tau K18 interacting with negatively charged liposomes is able to extract lipids and the PHF6 motif mediates this phenomenon. [START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF] The peptide NH3 + -PHF6 fully inserts into a negatively charged DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol) monolayer. [START_REF] Fanni | Membranemediated Fibrillation and Toxicity of the Tau Hexapeptide PHF6[END_REF] 

CONCLUSIONS

In summary, we have gained atomistic-level insights into the folding of tau R3-R4 domain monomer in the bulk solution and at the surface of a DOPC/DOPS bilayer membrane model. Our simulation results in the bulk solution indicate that tau R3-R4 monomer explores expanded and compact disordered forms. The R3-R4 domain has some propensity to form transient β-hairpins and parallel β-sheets, but no C-shaped aggregation-prone state.

Our simulations with the membrane, together with experimental studies, [START_REF] Ait-Bouziad | Discovery and Characterization of Stable and Toxic Tau/phospholipid Oligomeric Complexes[END_REF][START_REF] Fanni | Membranemediated Fibrillation and Toxicity of the Tau Hexapeptide PHF6[END_REF] support partial insertion of tau R3-R4 monomer into membranes, that may allow lipids extraction on a longer time scale lipids extraction. The binding and insertions modes we observe are driven essentially by the PHF6 motif (residues 306-311) and its flanking residues K312-S318. It is interesting that three disease-causing mutations are located at positions 315 (L315R), 317 (K317M) and 318 (S318L). [START_REF]Alzforum Mutation[END_REF] Overall, our studies suggest that the V306-S318 amino acid region might be more appropriate for therapeutic strategies than the single PHF6 motif. [START_REF] Fichou | The Elusive Tau Molecular Structures: Can we Translate the Recent Breakthroughs into New Targets for Intervention?[END_REF][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] We emphasize that our 5 μs simulation cannot capture all adsorption and insertion modes. Multiple MD simulations should be performed starting from different tau conformations and starting separation distances between tau and the membrane bilayer. Also, to recapitulate in vivo conditions, the membrane should include cholesterol and sphingomyelin components, [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] Fatafta | Amyloid-β Peptide Dimers Undergo a Random Coil to β-Sheet Transition in the Aqueous Phase but not at the Neuronal Membrane[END_REF] and the presence of free phospholipids in the extracellular milieu may be taken into account. 
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 1 Figure 1. R3-R4 conformations. (A) Initial conformation of tau306-378 at the surface of the membrane. The membrane is represented by P atoms. The residue 306 is visualized by a ball. The MD equilibrated structure of tau in the bulk solution deviates by 0.2 nm from this structure. (B) The equilibrated structure of tau306-378 at the surface of the membrane.
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 2 Figure 2. Time-averaged secondary structure contents along the sequence. (A) In the bulk solution. (B) At the membrane surface.
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 3 Figure 3. Structural distributions using different time windows. (A) Distributions of Rg values. (B) Distributions of end-to-end distances.

Figure 4 .

 4 Figure 4. Side-chain contact map probabilities. (A) In the bulk solution. (B) with the membrane.

Figure 5 .

 5 Figure 5. Free energy landscape (in kcal/mol) of tau306-378 monomer. (A) In the bulk solution simulations with the Sai (i=1 to 8) free energy minima. (B) In the membrane simulation with the Smi (i=1 to 6) free energy minima.

Figure 6 .

 6 Figure 6. Centers of the eight free energy minima of tau in the bulk solution. The ball indicates the position of the V306 N-terminus residue.

Figure 7 .

 7 Figure 7. Centers of the six free energy minima of tau in the membrane simulation. The ball shows the position of the V306 N-terminus residue. For clarity, we neglect the orientation of the peptide with respect to the membrane.

Figure 8 .

 8 Figure 8. Total number of contact pairs between the side-chain of each residue and each lipid component (head, glycerol, tail 1 and tail 2) using the full trajectory.

Figure 9 .

 9 Figure 9. Total van der Waals potential (black) and electrostatic potential (red) between the side-chains of residues 306-378 and the all-atom membrane in the time interval 150-200 ns.

Figure 10 .

 10 Figure 10. Mechanistic cartoon of tau-membrane interactions. The residue V306 is represented by a ball.
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