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INTRODUCTION

Six isoforms of the microtubule associated protein Tau are produced from the alternative splicing of the pre-mRNA encoded by the 16 exons of the MAPT gene. Those isoforms differ from each other by the absence or the presence of 1 or 2 N-terminal inserts that modulate Tau interaction with cell membranes and tyrosine kinase. The protein is then termed 0, 1 or 2 N Tau. They also differ by the number of repeated amino-acid stretches located within the C-terminal domain of the protein through which they bind to microtubules. When Tau exon 10, that encodes the second of four microtubule-binding domains, is lacking, Tau isoform comprises 3 instead of 4 microtubule-binding domains. The proteins are termed 3R and 4R, respectively [START_REF] Goedert | Multiple isoforms of human microtubule-associated protein tau: sequences and localization in neurofibrillary tangles of Alzheimer's disease[END_REF].

The aggregation of Tau into high molecular weight assemblies that exhibit characteristics phosphorylation patterns is intimately linked to several tauopathies, ranging from Alzheimer's disease (AD) to Pick's disease (PiD), Tangle only dementia, Progressive Supranuclear Palsy, Frontotemporal dementia, Corticobasal neurodegeneration (CBD), Argyrophilic grain disease or Chronic traumatic encephalopathy (CTE) [START_REF] Spillantini | Tau pathology and neurodegeneration[END_REF]. All Tau isoforms assemble into high molecular weight particles that have fibrillar shape when extracted in the presence of detergents from the brains of patients. The latter fibrils are believed to possess prion-like properties. They spread and seed the aggregation of endogenous Tau, thus leading to increased pathology [START_REF] Brundin | Prion-like transmission of protein aggregates in neurodegenerative diseases[END_REF]. The aggregation of recombinant Tau into long unbranched fibrils can be achieved in vitro in the presence of the glycosaminoglycan heparin [START_REF] Goedert | Assembly of microtubule-associated protein tau into Alzheimer-like filaments induced by sulphated glycosaminoglycans[END_REF]. The structure of the protease resistant amyloid core of fibrillar Tau purified in the presence of detergents from the brains of patients who developed AD, PiD, CBD and CTE has been recently solved by cryo-electron microscopy [START_REF] Falcon | Structures of filaments from Pick's disease reveal a novel tau protein fold[END_REF][START_REF] Goedert | Distinct Conformers of Assembled Tau in Alzheimer's and Pick's Diseases[END_REF][START_REF] Zhang | Heparin-induced tau filaments are polymorphic and differ from those in Alzheimer's and Pick's diseases[END_REF].

The core of AD and CTE patients-derived fibrils is built from the microtubule-binding repeats R3 and R4 and ten additional amino acids from the C-terminal flanking region. It spans residues 273/304-380 (2N4R Tau numbering). The core structure of CBD spans residues K274-E380 e.g. the last residue of R1, the repeats R2, R3 and R4, as well as the 12 following C-terminal amino acid residues [START_REF] Zhang | Novel tau filament fold in corticobasal degeneration[END_REF][START_REF] Arakhamia | Posttranslational Modifications Mediate the Structural Diversity of Tauopathy Strains[END_REF]. For PiD-derived Tau filaments, the core is longer. It spans residues 254-378, includes the 20 C-terminal amino-acids of R1, in addition to the R3 and R4 repeats and the ten residues following the R4 repeat [START_REF] Falcon | Structures of filaments from Pick's disease reveal a novel tau protein fold[END_REF][START_REF] Fitzpatrick | Cryo-EM structures of tau filaments from Alzheimer's disease[END_REF]. Furthermore, while fibrils purified from AD are made of two protofilaments, arranged in two different manners, those purified from PiD and CBD brains are made sometimes of a single protofilament, sometimes of two. The structure of fibrillar Tau generated in the presence of heparin has also been assessed by cryo-electron microscopy [START_REF] Zhang | Heparin-induced tau filaments are polymorphic and differ from those in Alzheimer's and Pick's diseases[END_REF].

Besides spanning fewer (47-58) amino acid residues, the pronase-resistant core of fibrils made de novo from Tau 2N3R and 2N4R isoforms appears to adopt different folds, distinct from that of patient-derived fibrillar particles, and to be made of a single protofilament for 4R Tau as opposed to two protofilaments for 3R Tau.

Here we assessed the physical properties of fibrils assembled from the 6 different Tau isoforms by atomic force microscopy in air and buffer. We show that all fibrils exhibit PHF-like structures consisting of two protofibrils aligned together and separated by a shallow groove. We show that the N-terminal inserts, most probably constituting the fibrils "fuzzy coat", do not contribute to fibril height and width. A statistical analysis of the shape and thermal shape fluctuations [START_REF] Usov | FiberApp: An Open-Source Software for Tracking and Analyzing Polymers, Filaments, Biomacromolecules, and Fibrous Objects[END_REF][START_REF] Lamour | Easyworm: an opensource software tool to determine the mechanical properties of worm-like chains[END_REF][START_REF] Lamour | High intrinsic mechanical flexibility of mouse prion nanofibrils revealed by measurements of axial and radial Young's moduli[END_REF] is presented. Tau isoforms with 4 microtubules repeats exhibited a persistence length ranging from 2.0 to 2.8 µm, almost two fold higher than those with 3 repeats (~ 1 µm). Overall, Tau fibrils exhibit very low axial and radial Young's moduli compared to other amyloid fibrils.

MATERIALS AND METHODS

Tau isoforms purification and assembly

Recombinant wild-type, full-length human Tau isoforms were expressed and purified as described previously [START_REF] Tardivel | Tunneling nanotube (TNT)-mediated neuron-to neuron transfer of pathological Tau protein assemblies[END_REF]. Tau protein concentration was determined by spectrophotometry using an extinction coefficient of 7,450 per M/cm at 280 nm. Aliquots of pure Tau proteins at concentrations of 50-100 μM in PBS buffer supplemented with 1mM ß-mercaptoethanol were stored at -80°C. Fibrillation of Tau was achieved at 40 μM in PBS in the presence of 10 μM heparin by shaking 0.5 ml solution aliquots at 37°C in an Eppendorf Thermomixer set at 600 rpm for 4 days. Assembly completion was assessed by Thioflavin T fluorescence measurement.

Transmission electron microscopy (TEM)

The shape of fibrillar Tau isoforms was assessed using a JEOL 1400 transmission electron microscope following adsorption onto carbon-coated 200-mesh grids and negative staining with 1% uranyl acetate. The images were recorded with a Gatan Orius CCD camera (Gatan).

Atomic force microscopy imaging

The different fibrillar Tau assemblies (20 µM) were first diluted in milli-Q water to a final concentration of ~ 10 μg/ml. Afterwards, 100 μl of the diluted fibrils solutions were deposited on either freshly cleaved mica (muscovite mica, grade V1 from Ted Pella Inc.) substrates and left overnight to allow the evaporation of water at a constant temperature (25 °C).

The AFM imaging of Tau fibrils was performed in ambient conditions at room temperature (25 °C) using a JPK Nanowizard Ultraspeed AFM from JPK instruments in amplitude modulation AFM (AM-AFM) with low force settings (80-90% of the free amplitude A ~10 nm). Gold coated silicon ACTG cantilevers (nominal spring constant ~37 nN/nm, tip radius < 10 nm) from AppNano (USA) have been used.

For each sample, a large number of fibrillar assemblies were systematically imaged at high resolution (3 µm x 3µm or 5 μm × 5 μm at 1024 × 1024 pixels) with AFM and their morphology (height and width) were analyzed manually with the JPK Data Processing software (JPK Instruments) using the line profile measurement option.

The width of Tau fibrils was determined manually from images recorded in phase modulation AFM (PM-AFM) (15-16) using ultrasharp AFM tips cantilevers Hi'Res-C15/Cr-Au-5 with a tip radius of ~1 nm (Mikromasch) and a spring constant of ~42 N/m [START_REF] Makky | Nanomechanical properties of distinct fibrillar polymorphs of the protein alpha-synuclein[END_REF]. The image size in this case was not higher than 1 μm × 1 μm to preserve the tip sharpness and only few numbers of images at high resolution (1 μm × 1 μm, 512 x 512 or 1024 × 1024 pixels) have been performed with the same tip to minimize tip convolution effect. In PM-AFM, the constant amplitude was kept at ~15 nm and the phase setpoint was 1°. Images were recorded at a scan rate of 0.5-1 Hz. Despite the use of ultrasharp tips, the determined width values were higher than those derived from transmission electron micrographs (TEM). Thus, we have adopted the latter for the calculation of the second moment of areas as shown in figure S1, table S1 and explained in the supporting methods. In addition, it should be noted that fibrils exhibited higher heights (table S2) as determined from AFM images obtained with JPK Quantitative imaging mode (QI) in PBS which could be due to the swelling of the fuzzy coat. As Tau fibrils hydration did not impact significantly their persistence length and in order to avoid any potential underestimation of the axial Young's modulus, we have used the measured height from AFM images in air and the measured width from TEM images for the calculation of the second moment of area as explained in the next section.

Persistence length, bending rigidity and axial Young's modulus calculation

The persistence length (P l ) of Tau fibrils imaged in air, was analyzed using the open source software "Easyworm" developed by Lamour et al. [START_REF] Lamour | Easyworm: an opensource software tool to determine the mechanical properties of worm-like chains[END_REF] as described in our previous work [START_REF] Makky | Nanomechanical properties of distinct fibrillar polymorphs of the protein alpha-synuclein[END_REF].

Only intact and isolated fibrils of at least 600 nm in length were included in the analysis. The contour lengths distributions of the analyzed fibrils are shown in Figure S2.

The calculation of the P l can be done using three different expressions (the bond correlation functions <cos θ>, mean square of the deviations <δ 2 > 2D to secant midpoints as a function of the distance) and the mean-squared end-to-end distance <R 2 > 2D all derived from Worm-like chain (WLC) model for semi-flexible polymers (11-12, 15, 17). However, as most of the analyzed contour lengths of fibrils were lower than their persistence lengths as shown in Figure S2, only those obtained with secant midpoints method were used for the determination of the bending rigidity (κ) and the axial Young's modulus [START_REF] Lamour | Easyworm: an opensource software tool to determine the mechanical properties of worm-like chains[END_REF][START_REF] Lamour | High intrinsic mechanical flexibility of mouse prion nanofibrils revealed by measurements of axial and radial Young's moduli[END_REF]. All the details about these calculations can be found in the supporting methods.

From the persistence length, the bending rigidity (κ) was calculated using the following equation:

 = 𝐾 𝐵 . 𝑇. 𝑃 𝑙 ( 1 
)
Where T is the room temperature (298 °K) and K B is the Boltzmann constant.

The axial Young's modulus (E) was then calculated from the bending rigidity using the following equation:

𝐸 =  I ( 2 
)
Where I is the second moment of area (or moment of inertia), which was calculated using the tape-like model because Tau fibrils exhibited lower heights compared to their widths. As the bending energy is proportional to the thermal energy (K B .T) needed to bend the fibrils, it reflects the lowest energy bending mode that corresponds to the one obtained with the lowest moment of inertia. The latter was calculated using the tape-like model depending on the geometry of the cross-sectional area of the imaged fibrils (12-13, 15, 18) as explained in the supporting methods and table S3.

Impact of water evaporation on the persistence lengths of Tau fibrils

To assess the impact of water evaporation on the persistence lengths of Tau assemblies, we performed AFM imaging in buffer conditions. To do so, 100 µL of fibrillar Tau assemblies at a concentration of 30 µg/mL in milli-Q water were deposited onto mica substrate and incubated for 60 minutes at room temperature. The excess of Tau fibrils was then gently removed by exchanging the sample solution against PBS buffer. Afterwards, AFM imaging was carried out using Gold coated nitride Lever (SNL-A) probes (Bruker, Santa Barbara, CA) with a nominal spring constant of ~0. [START_REF] Goedert | Assembly of microtubule-associated protein tau into Alzheimer-like filaments induced by sulphated glycosaminoglycans[END_REF]. Moreover, 1N3R and 1N4R Tau fibrils in PBS displayed persistence length values similar to those obtained in ambient air. This implies that the preparation conditions we used, allowed the fibrils to equilibrate on mica surface when imaged in ambient air.

Radial Young's modulus determination from nanoindentation experiments

To assess the reliability of the axial Young's modulus values calculated from the persistence lengths, we studied the radial modulus of Tau fibrils using JPK Quantitative imaging (QI) mode with a resolution of 3.5 μm × 3.5 μm (or 5 x 5 µm) , 512 × 512 pixels, as described above.

The Young's modulus associated with each pixel was determined with the JPK Data Processing software using the Hertz model. To do so, the approaching part of the force-indentation curves was fitted using the force-indentation relationship described in the Hertz model for the spherical indenter, as described by the following equation ( 3)

𝐹 = 4 3 . 𝐸 1-ν 2 . √𝑟 . 𝛿 3 2 (3) 
where  is the Poisson's ratio set at 0.5 (a typical value retained for incompressible isotropic materials),  the sample deformation induced by the indentation, r the tip radius estimated at 2 nm, F the force applied during sample indentation and E the elastic modulus also called apparent Young's modulus. This allowed the generation of the corresponding elasticity map. In these experiments, the force setpoint was fixed to 0.7-0.8 nN at an indentation speed of 16.7 µm/s.

As the Hertz model is valid for small indentations going up to 20 % of the material's height, and given that fibril height is ~10 nm, the approach force curves were fitted up to a force setpoint of 0.2 nN which maintains a sample deformation of approximately 2 nm. At such small deformations, the result is not biased by the underlying substrate's rigidity and the contact area between the tip and the indented material does not exceed the tip radius (Figure S5).

RESULTS AND DISCUSSION

Analysis of the morphology of Tau fibrils isoforms

In this work we assessed the morphological properties by TEM and AFM in ambient air of six Tau fibrils isoforms that were assembled in vitro. Tau isoforms (Figure 1) are named 0N3R, 0N4R, 1N3R, 1N4R, 2N3R and 2N4R, based on the number of amino-terminal exon inserts (0N, 1N, and 2N) or carboxyl-terminal microtubule binding domain repeats (3R and 4R). These isoforms are normally expressed in the central nervous system. Whereas 0N Tau are seen solely in the fetal brain, the other isoforms are found in the adult brain [START_REF] Goedert | Cloning and sequencing of the cDNA encoding an isoform of microtubule-associated protein tau containing four tandem repeats: differential expression of tau protein mRNAs in human brain[END_REF]. First, we used ultrasharp AFM probes in order to assess the structural morphology of tau isoforms in ambient air in PM-AFM imaging mode. Indeed, several studies have pointed out that Tau proteins can assemble into fibrillar aggregates commonly referred to as paired helical filaments (PHFs) [START_REF] Kidd | Paired Helical Filaments in Electron Microscopy of Alzheimer's Disease[END_REF][START_REF] Von Bergen | The Core of Tau-Paired Helical Filaments Studied by Scanning Transmission Electron Microscopy and Limited Proteolysis[END_REF][START_REF] Barghorn | Tau Paired Helical Filaments from Alzheimer's Disease Brain and Assembled in Vitro Are Based on β-Structure in the Core Domain[END_REF], others reported that they consisted in ribbon-like structures [START_REF] Wegmann | Human Tau Isoforms Assemble into Ribbon-like Fibrils That Display Polymorphic Structure and Stability[END_REF].

As shown in Figures 1 and2, all Tau isoforms fibrillar assemblies exhibited PHFs structure which consists of two protofibrils aligned together and separated by a shallow groove throughout the length of Tau fibril. In some cases, the separating grooves between the two protofibrils were not seen (Figure 1b-f, green arrows) and Tau fibrils appeared thinner with higher height than those exhibiting separating grooves. This could be due to the orientation of adsorbed particles onto mica. Indeed, whereas most fibrils lie flat on their largest surface, others may lie on their edge. Moreover, while some fibrils did not show any twist, others exhibited some twists along their length as depicted in the TEM images (Figure 3). Furthermore, and independently of the Tau isoform, fibrils adopted straight, curved or wavy conformation when adsorbed on either mica or the carbon film of the electron microscopy grid.

Next, we analyzed the morphological characteristics of the fibrils assembled from the six isoforms and results are presented in table 1. Tau fibrils imaged by AFM in air, revealed widths between 18-20 nm and heights comprised between 5 and 7 nm. TEM images revealed lower widths in the order of ~12-13 nm for all tau fibrils (Figure S1, table S1). This may be due to tip convolution effect despite the use of ultrasharp tips. Hence only widths measured by TEM were used in the calculation of the second moment of area of Tau fibrils.

The measured height values in air are very low compared to those determined by other authors who reported Tau fibrils thickness ranging from 11 to 18.5 nm [START_REF] Wegmann | Human Tau Isoforms Assemble into Ribbon-like Fibrils That Display Polymorphic Structure and Stability[END_REF][START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF] for the same sample of Tau 2N4R depending on the AFM imaging conditions (i.e. in air or liquid, ionic strength) and imaging mode. Furthermore, it should be noted that the same authors ( 27) observed within the same sample two different fibril shapes, that were classified either into thin or thick fibrils. Thin and thick Tau 2N4R fibrils exhibited heights ranges 9.8-14.5 nm and 11.5-18.5 nm, respectively.

Such difference could be related to fibrils polymorphism that mainly depends on the preparation method of fibrils. We did not observe thin and thick fibrils [START_REF] Wegmann | Human Tau Isoforms Assemble into Ribbon-like Fibrils That Display Polymorphic Structure and Stability[END_REF][START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF] in our fibrillar preparations.

The fibrils were highly homogenous instead. This may explain the lower measured height values presented here. Besides, the height reduction of Tau fibrils imaged in air may be caused by fibrils drying artifacts and/or by the AFM imaging mode and conditions [START_REF] Lamour | High intrinsic mechanical flexibility of mouse prion nanofibrils revealed by measurements of axial and radial Young's moduli[END_REF][START_REF] Moreno-Herrero | Characterization by atomic force microscopy of Alzheimer paired helical filaments under physiological conditions[END_REF][START_REF] Sweers | Structural model for [small alpha]-synuclein fibrils derived from high resolution imaging and nanomechanical studies using atomic force microscopy[END_REF]. Thus, in order to evaluate the impact of drying on fibril height, we have imaged the same fibrils in PBS buffer using QI imaging mode by applying low imaging forces (~ 550-600 pN). Our results demonstrated a significant increase in Tau fibril height when imaged in buffer (Table S2).

Depending on the Tau isoform, the height ranged from 8 to 11 nm (Table S2). Interestingly, 4R tau isoforms exhibited a higher thickness (height) than their 3R counterparts independently from the number of amino-terminal inserts (0N, 1N or 2N). This suggests that the carboxyl-terminal microtubule binding domain repeats (3R or 4R), but not the N-terminal inserts, contribute significantly to fibril height. This is in agreement with the widely accepted view that Tau Nterminal domain is unstructured and flexible, constituting the "fuzzy coat" surrounding Tau fibril amyloid core [START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF]. Such disordered domains, cannot be directly measured by conventional AFM imaging techniques (i.e. AM-AFM or contact modes) [START_REF] Wegmann | Human Tau Isoforms Assemble into Ribbon-like Fibrils That Display Polymorphic Structure and Stability[END_REF]. In fact, Wegmann et al. [START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF] could measure the height differences between fibrils of recombinant full-length 2N4R and fibril amyloid core lacking most of the terminal Tau domains only by analyzing their deformation maps either in different ionic strength conditions or different force setpoints using PeakForce

Tapping mode [START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF].

Nanomechanical properties of the different Tau fibrillar isoforms

As the AFM analysis of the different Tau isoforms either in air or buffer did not reveal significant differences in fibrils shapes and morphological characteristics (Figure S4), we decided to measure their persistence lengths (P l ) and their cross-sectional second moment of area (I). This allows determining their Bending rigidity (κ) and their axial Young's modulus (K) respectively, thus providing a better understanding of their nanomechanical properties (12-13, 15, 18). Indeed, fibril rigidity influences the frequency with which they break, which in turn has an impact on the kinetics of fibrils growth. To this aim, we performed a statistical analysis of the shape thermal fluctuations of the different Tau fibrillar isoforms adsorbed onto mica substrate and imaged with AFM in ambient air. The contour length of isolated fibrillar assemblies from topographical images were tracked semi-automatically using Easyworm software and the persistence length [START_REF] Lamour | Easyworm: an opensource software tool to determine the mechanical properties of worm-like chains[END_REF] (Pl) was calculated using the mean square of the deviations <δ 2 > 2D to secant midpoints approach derived from the WLC model for semi-flexible polymers as reported previously [START_REF] Lamour | Easyworm: an opensource software tool to determine the mechanical properties of worm-like chains[END_REF][START_REF] Lamour | High intrinsic mechanical flexibility of mouse prion nanofibrils revealed by measurements of axial and radial Young's moduli[END_REF].

Figures 4 and5 show AFM height images (4a-4c, 5a-5c) of the six Tau isoforms fibrillar assemblies in air, their contour lengths (4d-4f, 5d-5f) and the mean square of the deviations <2>

2D to secant midpoints plots as the function of the length (4g-4i, 5g-5i). The calculated P l values are listed in Table 1. The P l values demonstrated that the distinct fibrillar assemblies exhibit different mechanical properties depending on the carboxyl-terminal microtubule binding domain repeats (either 3R or 4R) of Tau isoforms. Indeed, Tau isoforms with 4 domains repeats exhibited a P l ranging from 1.9 to 2.8 µm, in agreement with those measured by Wegmann et al [START_REF] Wegmann | Human Tau Isoforms Assemble into Ribbon-like Fibrils That Display Polymorphic Structure and Stability[END_REF], which are almost two fold higher than those with 3 repeats (1.1 -1.2 µm) independently of the amino-terminal inserts (0N, 1N or 2N). In addition, the bending rigidity followed the same trend suggesting that 4R Tau fibrils were more rigid than 3R Tau fibrils.

Next, we aimed to determine Tau fibrils axial Young's modulus. Thus, we calculated the second moment of area (I) from the average heights measured in air and widths of fibrils measured by TEM. As shown in table 1, the cross-sectional assessment (average height of ~6 nm and width of ~12 nm) of the imaged fibrils fits with "ribbon-like" particles with rectangular cross section. The results presented in Table 1, revealed that Tau fibrils exhibit very low axial Young's modulus compared to other amyloid fibrils showing values ranging from 2 to 14 GPa [START_REF] Adamcik | Measurement of intrinsic properties of amyloid fibrils by the peak force QNM method[END_REF][START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF][START_REF] Smith | Characterization of the nanoscale properties of individual amyloid fibrils[END_REF][START_REF] Adamcik | Single-step direct measurement of amyloid fibrils stiffness by peak force quantitative nanomechanical atomic force microscopy[END_REF][START_REF] Adamcik | Understanding amyloid aggregation by statistical analysis of atomic force microscopy images[END_REF][START_REF] Adamcik | Study of amyloid fibrils via atomic force microscopy[END_REF]. Such difference could not be only related to potential errors in the cross sectional measurements of the fibrils which may lead to an underestimation of the calculated axial Young's modulus but rather to different intrinsic structures between the different amyloids and to the intermolecular interactions [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF] between Tau monomers that stabilize fibrils structure [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF][START_REF] Fitzpatrick | Nanomechanics and intermolecular forces of amyloid revealed by four-dimensional electron microscopy[END_REF]. Indeed, by measuring the persistence lengths of eight different types of amyloids fibrils, Knowles et al. [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF] highlighted the relative importance of backbone hydrogen bonding in modulating fibrils rigidities. In addition, distinct fibrils were sorted into different classes of biomaterials upon plotting their bending rigidities as a function of their moment of inertia [START_REF] Lamour | High intrinsic mechanical flexibility of mouse prion nanofibrils revealed by measurements of axial and radial Young's moduli[END_REF][START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF]. It should be noted that the stiffness can vary significantly between amyloid fibrils depending on the density of intermolecular hydrogen bonding [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF][START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF]. Importantly, Nassar et al [START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF] have recently studied the relation between the nanomechanical properties of amyloid fibrils, the intermolecular H-Bonds density and their size. By plotting the axial Young's moduli as a function of the rectangular cross-sectional area of seventeen different amyloids, the authors found that the axial Young's modulus is inversely correlated with their cross-sectional area [START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF]. With the aid of molecular dynamics simulations (MDs), authors also found that compared to amyloids with large cross sections, fibrils with narrow ones can optimize the packing densities of residues and intermolecular H-bonds and exhibited higher stiffness [START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF].

Following the same line of thoughts and since the studied Tau fibrils isoforms have large crosssectional area compared to other amyloids described in the literature, the intermolecular H-bonds as well as the packing densities between the residues in Tau fibrils should be lower than other narrower amyloids thus providing lower Young's modulus. Thus, by implementing the measured rectangular cross sectional areas of Tau fibrils in the inverse correlation equation uncovered by Nassar et al. [START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF], we found that the calculated Young's modulus values were strongly consistent with the predicted ones (Figure 6A). This demonstrates the reliability of the determined Young's moduli calculated in this work.

Next, we represented in Figure 6B the bending rigidity values as a function of their moment of inertia (I) for ribbon-like particles. The plot reveals that Tau fibrils made of the six isoforms exhibit Young modulus values below 0.03 GPa and lie between the (i) region where the molecules are held together within a particle by amphiphilic interactions (region labeled in green) and (ii) the region, labeled yellow, that corresponds to entropic elasticity (Figure 6B).

The nanomechanical properties of Tau fibrils were further assessed by determining their radial Young's modulus using JPK Quantitative imaging (QI) mode [START_REF] Smolyakov | High speed indentation measures by FV, QI and QNM introduce a new understanding of bionanomechanical experiments[END_REF][START_REF] Chopinet | Imaging living cells surface and quantifying its properties at high resolution using AFM in QI™ mode[END_REF]. The spring constant of the imaged fibrils and their Young's modulus were determined by fitting the slope and the approach curves, respectively. As shown in Figures 78and Table S5, the measured Young's moduli are within the same order of magnitude of those determined from the persistence length measurements and the spring constant values we measured are similar to those determined by other authors [START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF]. It should be noted, that the slightly higher values obtained by nanoindentation experiments could be due either to the mechanical anisotropy due to the heterogeneity of the inner structure of amyloids fibrils [START_REF] Nassar | Mechanical Anisotropy in GNNQQNY Amyloid Crystals[END_REF] or to the finite sample thickness compared to the indentation depth, where the cantilever 'feels' not only the sample but also the underlying substrate with subsequent overestimation of the radial Young's modulus.

Taken together, our results thus suggest that Tau molecules are held together within the fibrillar assemblies by relatively weak intermolecular forces compared to intramolecular ones [START_REF] Fitzpatrick | Nanomechanics and intermolecular forces of amyloid revealed by four-dimensional electron microscopy[END_REF].

Similar properties were described for less-organized protofibrillar structures such as lactalbumin (-lac) and B-crystallin (B) [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF] but also for mouse prion nanofibrils (PrP) [START_REF] Lamour | High intrinsic mechanical flexibility of mouse prion nanofibrils revealed by measurements of axial and radial Young's moduli[END_REF] that exhibited high intrinsic flexibility. Such weak intermolecular forces may play an important role in Tau molecules association into high molecular weight assemblies, into the dissociation of those assemblies, in their persistence and clearance in cells and their propagation [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF][START_REF] Engel | Membrane damage by human islet amyloid polypeptide through fibril growth at the membrane[END_REF][START_REF] Knowles | An analytical solution to the kinetics of breakable filament assembly[END_REF][START_REF] Prusiner | Cell biology. A unifying role for prions in neurodegenerative diseases[END_REF]. The weakness of the intermolecular forces within Tau fibrillar scaffold were further supported by the observation that the fibrils disassemble during AFM imaging in PBS at high loading forces (> 700 pN) as shown in Figure S6. Similar results were obtained by Wegmann et al. [START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF] who observed that increasing the applied force during AFM imaging led to the disassembly of 2N4R

Tau fibrils into small fragments with the presence of thread-like connections between the remaining fibrils. Such disassembly was also observed by changing the ionic strength or by adsorption of Tau fibrils to HOPG hydrophobic surfaces [START_REF] Wegmann | The fuzzy coat of pathological human Tau fibrils is a two-layered polyelectrolyte brush[END_REF].

CONCLUSIONS

In this work, we generated Tau amyloid fibrils assembled in vitro from six Tau protein isoforms.

The different Tau fibrils were then imaged at high resolution by AFM either in air or in buffer.

We show that independently from the protein isoform, all fibrils exhibited paired helical filaments (PHFs) structure. Interestingly, whereas the N-terminal inserts that most probably constitute the fibrils "fuzzy coat", do not contribute to any morphological or mechanical difference between the isoforms with the same carboxyl-terminal microtubule binding domain repeats, isoforms with 4 microtubules repeats (4R) exhibited persistence lengths almost two fold higher than those with 3 repeats (3R). In addition, the derived axial Young's modulus values are very low compared to other amyloid fibrils, thus shedding light on the weak intermolecular interaction acting between the paired β-sheets of Tau proteins that would play an important role in their association/dissociation but also in their toxicity and propagation mechanisms. However, to validate this hypothesis and in order to correlate the determined nanomechanical properties with structural differences between the six isoforms, further structural and functional characterization are necessary.

SUPPORTING MATERIAL

Supplementary methods, six figures and five tables are available as supporting material. Figure 6: a. Inverse correlation between Young's modulus and the rectangular sectional area of amyloids fibrils as reported by Nassar et al. [START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF] The dashed line represents the fitting curve described as Y=C  with Y = Young's modulus, C= rectangular cross sectional area, =1.31x10 - 28 and =2.2). The black squares correspond to the morphological and mechanical properties of experimental measurements for different amyloids [START_REF] Makky | Nanomechanical properties of distinct fibrillar polymorphs of the protein alpha-synuclein[END_REF][START_REF] Nassar | Inverse Correlation between Amyloid Stiffness and Size[END_REF][START_REF] Lamour | Mapping the Broad Structural and Mechanical Properties of Amyloid Fibrils[END_REF][START_REF] Pan | Amyloid-like fibrils formed from intrinsically disordered caseins: physicochemical and nanomechanical properties[END_REF][START_REF] Bortolini | Mechanical properties of amyloid-like fibrils defined by secondary structures[END_REF][START_REF] Wang | Nano-mechanical characterization of disassembling amyloid fibrils using the Peak Force QNM method[END_REF]. The blue triangles and red circles represent the predicted and experimental Young's moduli of tau fibrils, respectively. b.

Bending rigidity values (κ) as a function of the second moment of area (I) of Tau fibrillar isoform considered as tape-like-model. The diagonal colored bands correspond to the range of the axial Young modulus (K) as determined by Knowles et al. [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF]. The background coloring has been adapted from Knowles et al. [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF] for comparison purposes. The gray region is representative of elastic moduli of materials held together by strong intermolecular forces such as covalent bonds in metals. The dark blue region corresponds to hydrogen-bonded protein nanostructures and represents the range of Young moduli of non-prion amyloid fibrils as determined in previous studies [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF][START_REF] Smith | Characterization of the nanoscale properties of individual amyloid fibrils[END_REF]. The green region represents materials that are held together by amphiphilic interactions which are defined as defined as "intermolecular interactions that are mediated by the variable side chains in the absence of a rigid framework provided by intermolecular hydrogen bonding" [START_REF] Knowles | Role of intermolecular forces in defining material properties of protein nanofibrils[END_REF][START_REF] Fitzpatrick | Nanomechanics and intermolecular forces of amyloid revealed by four-dimensional electron microscopy[END_REF]. The yellow region is the region corresponding to entropic elasticity. 

  [START_REF] Fitzpatrick | Nanomechanics and intermolecular forces of amyloid revealed by four-dimensional electron microscopy[END_REF] N/m and a tip radius of 2 nm, in a homemade fluid cell containing 200 µL of PBS buffer, at room temperature in JPK Quantitative imaging (QI) mode[START_REF] Smolyakov | High speed indentation measures by FV, QI and QNM introduce a new understanding of bionanomechanical experiments[END_REF][START_REF] Chopinet | Imaging living cells surface and quantifying its properties at high resolution using AFM in QI™ mode[END_REF] with a resolution of 3.5 μm × 3.5 μm, 512 × 512 pixels. The force setpoint was fixed to 550-800 pN at an indentation speed of 15 µm/s. In order to avoid the tip damage, the cantilever sensitivity was determined at the end of the AFM experiments by performing force curve spectroscopy on mica substrate in PBS buffer. The spring constant of the cantilever was then measured in PBS buffer at room temperature and determined using the equipartition theorem (thermal noise)[START_REF] Hutter | Calibration of atomic-force microscope tips[END_REF][START_REF] Lévy | Measuring the spring constant of atomic force microscope cantilevers: thermal fluctuations and other methods[END_REF] implemented in the JPK software Calibration Manager. QI is a multiparametric mode that collects force-distance (FD) curves in each pixel of a high-resolution image with information about height, sample stiffness and adhesion. At each scanned pixel, the cantilever approached the surface until the vertical deflection reached the setpoint value, inducing sample's deformation, before being retracted away[START_REF] Chopinet | Imaging living cells surface and quantifying its properties at high resolution using AFM in QI™ mode[END_REF]. This movement algorithm thus prevents the lateral forces which are problematic for loosely attached samples. As shown in figureS4, the AFM images obtained in PBS or in air demonstrate that Tau fibrils exhibit similar shapes and orientation (Figures1, 2

  ,

Figure 1 :

 1 Figure 1: (a,b,c) PM-AFM topography images in ambient air of (a) 0N3R, (b) 1N3R, (c) 2N3R, (d) 0N4R, (e) 1N4R, (f) 2N4R Tau fibrils adsorbed onto mica substrate. Below each topography image is represented the corresponding Tau protein structures showing the number of amino-terminal inserts (0N, 1N, and 2N) or carboxyl-terminal microtubule binding domain repeats (3R and 4R). Green arrows indicate fibrils where the protofibrils separation was not seen.

Figure 2 :

 2 Figure 2: High resolution PM-AFM topography images in ambient air of the studied six tau isoforms 0N3R, 1N3R, 2N3R, 0N4R, 1N4R, and 2N4R fibrils adsorbed onto mica substrate. The images and the line profiles (dashed lines) show clearly the PHF-like aspect of the different Tau isoform fibrillar assemblies.

Figure 3 :

 3 Figure 3: Electron micrographs of 0N3R, 1N3R, 2N3R, 0N4R, 1N4R, 2N4R Tau fibrils adsorbed onto carbon coated copper grid after negative staining with Uranyl acetate. The boxed regions labeled in each electron micrograph (left panel) were enlarged (right panels) to show that Tau fibrils are flat particles, resembling ribbons, that twist and that are most likely made of two protofilaments. Scale bar, 100nm.

Figure 4 :

 4 Figure 4: (a,b,c) AM-AFM topography images in air of 0N3R, 1N3R and 2N3R Tau fibrils respectively, adsorbed onto mica substrate. (d,e,f) The contour length plots of the different Tau fibrils imaged by AFM, where initial tangents were aligned. (g,h,i) Blue open circles corresponds to the deviations <δ 2 >2D to secant midpoints as a function of the distance for Tau fibrils adsorbed on mica. Fits of the worm-like chain model to the data are shown as red lines.

Figure 5 :

 5 Figure 5: (a,b,c) AM-AFM topography images in air of 0N4R, 1N4R and 2N4R Tau fibrils respectively, adsorbed onto mica substrate. (d,e,f) The contour length plots of the different Tau fibrils imaged by AFM, where initial tangents were aligned. (g,h,i) Blue open circles corresponds to the deviations <δ 2 >2D to secant midpoints as a function of the distance for Tau fibrils adsorbed on mica (blue open circles). Fits of the worm-like chain model to the data are shown as red lines.

Figure 7 :

 7 Figure 7: Topography image (first column), Spring constant map (second column) and the Young modulus map of Tau 0N3R, 1N3R and 2N3R fibrils, obtained with QI mode in PBS buffer at a force setpoint of 0.55 nN at an indentation speed of 15 µm/s.

Figure 8 :

 8 Figure 8: Topography image (first column), Spring constant map (second column) and the Young modulus map of Tau 0N4R, 1N4R and 2N4R fibrils, obtained with QI mode in PBS buffer at a force setpoint of 0.55 nN at an indentation speed of 15 µm/s.

  

Table 1 :

 1 Morphological and mechanical properties of the different Tau fibrils type. The persistence lengths were determined by the mean square of the deviations <δ 2 > 2D to secant midpoints approach from AFM images of Tau fibrils adsorbed onto mica and performed in air at room temperature. The tape model was used to calculate the second moment of area (I) of fibrils using the lowest energy bending mode.

		Morphological properties		Nanomechanical properties	
	Tau fibril isoforms	AFM Height (nm)	TEM Width (nm)	Pl (µm) in air	I min (.10 -34 m 4 )	Κ (.10 -27 N.m 2 )	E (MPa)
	0N3R	5.7 ± 0.9 (n=157)	12.3± 0.5 (n=34)	1.2±0.5 (n=140)	1.9	4.9±2.0	26.0
	0N4R	5.9 ± 0.9 (n=196)	13.8±2 (n=40)	2.0±0.4 (n=133)	2.4	8.2±1.6	34.8
	1N3R	6.6 ± 1.2 (n=90)	12.1±1.1 (n=36)	1.1± 0.2 (n=119)	2.9	4.5±0.8	15.6
	1N4R	7.0 ± 1.0 (n=168)	12.3±0.8 (n=35)	2.8±0.5 (n=137)	3.5	11.5±0.2	32.8
	2N3R	5.2 ± 1.1 (n=241)	12.4±1.1 (n=32)	1.2±0.2 (n=284)	1.4	4.9±0.8	34.0
	2N4R	6.7 ± 1.0 (n=108)	13.4±0.7 (n=31)	1.9±0.4 (n=206)	3.3	7.8±1.6	23.3
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