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STATEMENT OF SIGNIFICANCE

The aggregation of the protein tau is intimatelyoasated with tauopathies such as Alzheimer’s
disease. This study shows that the six different &aforms form fibrils consisting of two
protofibrils separated by a shallow groove. We shihat Tau N-terminal inserts do not
contribute to any morphological or mechanical défece among isoforms. Fibrils made of Tau
molecules with four carboxylterminal microtubule binding domains have a pegsist¢ length
two-fold higher than those with three domains. Tdeal and radial Young's moduli we

determined are significantly lower than those dfeotamyloids suggesting weak intermolecular



interaction between the pair@asheets within Tau fibrils. The results show thauTibrils are

labile, a property essential for their prion-likepagation propensity.

ABSTRACT

The amyloid fibrillar form of the protein Tau isviolved in a number of neurodegenerative
diseases, also known as tauopathies. In this wairk different fibrillar Tau isoforms were
assembled in vitro. The morphological and nanomaicha properties of these isoforms were
studied using atomic force microscopy at high nesmh in air and buffer. Our results
demonstrate that all Tau isoforms fibrils exhib#tired helical filaments (PHF)-like structures
consisting of two protofibrils separated by a shallgroove. Interestingly, whereas the N-
terminal inserts do not contribute to any morphwalgor mechanical difference between the
isoforms with the same carboxyterminal microtubule binding domain repeats, isofemwith 4
microtubules repeats (4R) exhibited a persisteaggth ranging from 2.0 to 2.8 um, almost two
fold higher than those with 3 repeats (3R). In &ddj the axial Young’s modulus values derived
from the persistence lengths as well as their Fadiees determined via nanoindentation
experiments, were very low compared to amyloidilBbmade of other proteins. This sheds light
on the weak intermolecular interaction acting betwthe paire@-sheets within Tau fibrils. This
may play an important role in their associatiorihigh molecular weight assemblies, into their

dynamics, their persistence, their clearance iis egld their propagation.

INTRODUCTION

Six isoforms of the microtubule associated profean are produced from the alternative splicing
of the pre-mRNA encoded by the 16 exons of MAPT gene. Those isoforms differ from each
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other by the absence or the presence of 1 or 2riftal inserts that modulate Tau interaction
with cell membranes and tyrosine kinase. The pnatethen termed 0, 1 or 2 N Tau. They also
differ by the number of repeated amino-acid strefclocated within the C-terminal domain of
the protein through which they bind to microtubul#en Tau exon 10, that encodes the second
of four microtubule-binding domains, is lacking, urasoform comprises 3 instead of 4

microtubule-binding domains. The proteins are te3R and 4R, respectively (1).

The aggregation of Tau into high molecular weigkseablies that exhibit characteristics
phosphorylation patterns is intimately linked tovesal tauopathies, ranging from Alzheimer’s
disease (AD) to Pick’s disease (PiD), Tangle ondyndntia, Progressive Supranuclear Palsy,
Frontotemporal dementia, Corticobasal neurodegéarréCBD), Argyrophilic grain disease or
Chronic traumatic encephalopathy (CTE)(2). All Tisoforms assemble into high molecular
weight particles that have fibrillar shape whenrasted in the presence of detergents from the
brains of patients. The latter fibrils are belietegossess prion-like properties. They spread and
seed the aggregation of endogenous Tau, thus tpaminincreased pathology (3). The
aggregation of recombinant Tau into long unbrancfiedls can be achieved in vitro in the
presence of the glycosaminoglycan heparin (4). Sthecture of the protease resistant amyloid
core of fibrillar Tau purified in the presence oétergents from the brains of patients who
developed AD, PiD, CBD and CTE has been recenilyesioby cryo-electron microscopy (5-7).
The core of AD and CTE patients-derived fibrilbislt from the microtubule-binding repeats R3
and R4 and ten additional amino acids from the r@teal flanking region. It spans residues
273/304-380 (2N4R Tau numbering). The core striectdrCBD spans residues K274-E380 e.g.
the last residue of R1, the repeats R2, R3 ancaR4ell as the 12 following C-terminal amino

acid residues (8-9). For PiD-derived Tau filametits, core is longer. It spans residues 254-378,



includes the 20 C-terminal amino-acids of R1, idiadn to the R3 and R4 repeats and the ten
residues following the R4 repeat (5, 10). Furtheemwhile fibrils purified from AD are made of
two protofilaments, arranged in two different marsnéhose purified from PiD and CBD brains
are made sometimes of a single protofilament, somestof two. The structure of fibrillar Tau
generated in the presence of heparin has also &&sssed by cryo-electron microscopy (7).
Besides spanning fewer (47-58) amino acid residhespronase-resistant core of fibrils made de
novo from Tau 2N3R and 2N4R isoforms appears t@tdiferent folds, distinct from that of
patient-derived fibrillar particles, and to be made single protofilament for 4R Tau as opposed

to two protofilaments for 3R Tau.

Here we assessed the physical properties of fiastembled from the 6 different Tau isoforms
by atomic force microscopy in air and buffer. We\wstthat all fibrils exhibit PHF-like structures
consisting of two protofibrils aligned together aseparated by a shallow groove. We show that
the N-terminal inserts, most probably constitutthg fibrils “fuzzy coat”, do not contribute to
fibril height and width. A statistical analysis thfe shape and thermal shape fluctuations (11-13)
is presented. Tau isoforms with 4 microtubules aépexhibited a persistence length ranging
from 2.0 to 2.8 um, almost two fold higher thansavith 3 repeats (~ 1 um). Overall, Tau

fibrils exhibit very low axial and radial Young’saduli compared to other amyloid fibrils.

MATERIALS AND METHODS

Tau isoforms purification and assembly

Recombinant wileype, fulFlength human Tau isoforms were expressed and edrés
described previously (14). Tau protein concentratias determined by spectrophotometry using

an extinction coefficient of 7,450 per M/cm at 28én. Aliquots of pure Tau proteins at



concentrations of 50-100M in PBS buffer supplemented with 1mM 3-mercaptasth were
stored at-80°C. Fibrillation of Tauwas achieved at 40M in PBS in the presence of 1M
heparin by shaking 0.5 ml solution aliquots at 3#t1@n Eppendorf Thermomixer set at 600 rpm

for 4 days. Assembly completion was assessed yff@kin T fluorescence measurement.

Transmission electron microscopy (TEM)

The shape of fibrillar Tau isoforms was assessawjusJEOL 1400 transmission electron
microscope following adsorption onto carbon-co&28@-mesh grids and negative staining with

1% uranyl acetate. The images were recorded w&htan Orius CCD camera (Gatan).

Atomic force microscopy imaging

The different fibrillar Tau assemblies (20 uM) wéirst diluted in milli-Q water to a final
concentration of ~ 10g/ml. Afterwards, 10@ of the diluted fibrils solutions were deposited o
either freshly cleaved mica (muscovite mica, gr&defrom Ted Pella Inc.) substrates and left

overnight to allow the evaporation of water at astant temperature (2€).

The AFM imaging of Tau fibrils was performed in aett conditions at room
temperature (2%C) using a JPK Nanowizard Ultraspeed AFM from JRIStruments in
amplitude modulation AFM (AM-AFM) with low force #engs (80—-90% of the free amplitude A
~10nm). Gold coated silicon ACTG cantilevers (nomisgpting constant ~37 nN/nm, tip radius

< 10 nm) from AppNano (USA) have been used.

For each sample, a large number of fibrillar asdmsbrere systematically imaged at high

resolution (3 pm x 3um or@En x5um at 1024x 1024 pixels) with AFM and their morphology



(height and width) were analyzed manually with thieK Data Processing software (JPK

Instruments) using the line profile measuremenioopt

The width of Tau fibrils was determined manuallgrfr images recorded in phase modulation
AFM (PM-AFM) (15-16) using ultrasharp AFM tips cdavers Hi'Res-C15/Cr-Au-5 with a tip
radius of ~Inm (Mikromasch) and a spring constant of Nféh (15). The image size in this case
was not higher thandm x 1 um to preserve the tip sharpness and only few nusnifemages at
high resolution (umx1um, 512 x 512 or 10241024 pixels) have been performed with the
same tip to minimize tip convolution effect. In PMFM, the constant amplitude was kept at
~15nm and the phase setpoint was 1°. Images weredet@t a scan rate of 0.5-1 Hz. Despite
the use of ultrasharp tips, the determined widtlues were higher than those derived from
transmission electron micrographs (TEM). Thus, aeehadopted the latter for the calculation of
the second moment of areas as shown in figure @&ile S1 and explained in the supporting
methods. In addition, it should be noted that Ebiexhibited higher heights (table S2) as
determined from AFM images obtained with JPK Quatitie imaging mode (QI) in PBS which
could be due to the swelling of the fuzzy coat. Bau fibrils hydration did not impact
significantly their persistence length and in ortteravoid any potential underestimation of the
axial Young's modulus, we have used the measurgghh&om AFM images in air and the
measured width from TEM images for the calculatbbthe second moment of area as explained

in the next section.

Persistence length, bending rigidity and axial Yagis modulus calculation

The persistence lengthP} of Tau fibrils imaged in air, was analyzed usiihg open source

software “Easyworm” developed by Lamour et al.(d8)described in our previous work(15).



Only intact and isolated fibrils of at least 6@ in length were included in the analysis. The

contour lengths distributions of the analyzed fgare shown in Figure S2.

The calculation of thd® can be done using three different expressions lfthed correlation
functions <co$>, mean square of the deviation¥>%p to secant midpoints as a function of the
distance) and the mean-squared end-to-end disteRtep all derived from Worm-like chain
(WLC) model for semi-flexible polymers (11-12, 157). However, as most of the analyzed
contour lengths of fibrils were lower than theirgistence lengths as shown in Figure S2, only
those obtained with secant midpoints method wesal dsr the determination of the bending
rigidity (k) and the axial Young’s modulus (12-13). All theaidls about these calculations can be

found in the supporting methods.
From the persistence length, the bending rigidiyn(as calculated using the following equation:

k= Ky.T.P, 1)

Where T is the room temperature (289 and Kg is the Boltzmann constant.

The axial Young's modulus (E) was then calculatedifthe bending rigidity using the following

equation:

E=1 (2)
Where | is the second moment of area (or momemnetia), which was calculated using the
tape-like model because Tau fibrils exhibited lovaerghts compared to their widths. As the
bending energy is proportional to the thermal enékg.T) needed to bend the fibrils, it reflects
the lowest energy bending mode that correspontisetone obtained with the lowest moment of

inertia. The latter was calculated using the talpe-inodel depending on the geometry of the



cross-sectional area of the imaged fibrils (121153, 18) as explained in the supporting methods

and table S3.

Impact of water evaporation on the persistence lérgyof Tau fibrils

To assess the impact of water evaporation on thsispence lengths of Tau assemblies, we
performed AFM imaging in buffer conditions. To do, 400 pL of fibrillar Tau assemblies at a
concentration of 30 pg/mL in milli-Q water were depied onto mica substrate and incubated for
60 minutes at room temperature. The excess of Taulsfwas then gently removed by
exchanging the sample solution against PBS buff#erwards, AFM imaging was carried out
using Gold coated nitride Lever (SNL-A) probes (Bry Santa Barbara, CA) with a nominal
spring constant of ~0.35 N/m and a tip radius oin? in a homemade fluid cell containing 200
puL of PBS buffer, at room temperature in JPK Quatitie imagin@” (QI) mode (19-20) with a
resolution of 3..umx 3.5um, 512 x 512 pixels. The force setpoint was fix@8%0-800 pN at an
indentation speed of 15 um/s. In order to avoidtthedamage, the cantilever sensitivity was
determined at the end of the AFM experiments byopeting force curve spectroscopy mica
substrate in PBS buffefhe spring constant of the cantilever was then oredsin PBS buffer at
room temperature and determined using the equipartitheorem (thermal noise) (21-22)
implemented in the JPK software Calibration Mana@@if is a multiparametric mode that
collects force-distance (FD) curves in each pixehdigh-resolution image with information
about height, sample stiffness and adhesion. At seanned pixel, the cantilever approached the
surface until the vertical deflection reached tb&asint value, inducing sample’s deformation,
before being retracted away (20). This movemerdrdtgn thus prevents the lateral forces which
are problematic for loosely attached samples. Asvshin figure S4, the AFM images obtained
in PBS or in air demonstrate that Tau fibrils exthdimilar shapes and orientation (Figures 1, 2,
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4). Moreover, 1IN3R and 1N4R Tau fibrils in PBS diged persistence length values similar to
those obtained in ambient air. This implies that pineparation conditions we used, allowed the

fibrils to equilibrate on mica surface when imagedmbient air.

Radial Young’s modulus determination from nanoind&tion experiments

To assess the reliability of the axial Young’'s mioduvalues calculated from the persistence
lengths, we studied the radial modulus of Tau IBbrising JPK Quantitative imagifyg(Ql)

mode with a resolution of 3i5nx 3.5um (or 5 x 5 um) , 512 x 512 pixels, as describeaab

The Young’s modulus associated with each pixel determined with the JPK Data Processing
software using the Hertz model. To do so, the aggrimg part of the force-indentation curves
was fitted using the force-indentation relationstigscribed in the Hertz model for the spherical

indenter, as described by the following equation (3

3
F=2—=Jr.s (3)

1-v2 °
wherev is the Poisson’s ratio set at 0.5 (a typical valeined for incompressible isotropic
materials),d the sample deformation induced by the indentatiche tip radius estimated at 2
nm, F the force applied during sample indentatioth B the elastic modulus also called apparent
Young's modulus. This allowed the generation af torresponding elasticity map. In these

experiments, the force setpoint was fixed to 08N at an indentation speed of 16.7 pum/s.

As the Hertz model is valid for small indentatiaga@ng up to 20 % of the material’s height, and
given that fibril height is ~10 nm, the approaclhcéocurves were fitted up to a force setpoint of

0.2 nN which maintains a sample deformation of apjpnately 2 nm. At such small



deformations, the result is not biased by the uUwithgy substrate’s rigidity and the contact area

between the tip and the indented material doegxa#ed the tip radius (Figure S5).

RESULTS AND DISCUSSION

Analysis of the morphology of Tau fibrils isoforms

In this work we assessed the morphological progety TEM and AFM in ambient air of six
Tau fibrils isoforms that were assembledvitro. Tau isoforms (Figure 1) are named ON3R,
ON4R, 1N3R, 1N4R, 2N3R and 2N4R, based on the numbamindterminal exon inserts
(ON, 1IN, and 2N) or carboxylterminal microtubule binding domain repeats (3R 4RJ. These
isoforms are normally expressed in the central mes\system. Whereas ON Tau are seen solely
in the fetal brain, the other isoforms are foundha adult brain (23). First, we used ultrasharp
AFM probes in order to assess the structural mdggyoof tau isoforms in ambient air in PM-
AFM imaging mode. Indeed, several studies havetpdiout that Tau proteins can assemble into
fibrillar aggregates commonly referred to as paitedical flaments (PHFs) (24-26), others

reported that they consisted in ribbon-like struesu27).

As shown in Figures 1 and 2, all Tau isoforms fiériassemblies exhibited PHFs structure
which consists of two protofibrils aligned togettaerd separated by a shallow groove throughout
the length of Tau fibril. In some cases, the sapayayrooves between the two protofibrils were
not seen (Figure 1b-f, green arrows) and Tau §ibaihpeared thinner with higher height than
those exhibiting separating grooves. This coulddbe to the orientation of adsorbed particles
onto mica. Indeed, whereas most fibrils lie flattbeir largest surface, others may lie on their
edge. Moreover, while some fibrils did not show awyst, others exhibited some twists along

their length as depicted in the TEM images (FigByreFurthermore, and independently of the
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Tau isoform, fibrils adopted straight, curved omyaonformation when adsorbed on either mica
or the carbon film of the electron microscopy grid.

Next, we analyzed the morphological characterisbEsthe fibrils assembled from the six
isoforms and results are presented in table 1.fibails imaged by AFM in air, revealed widths
between 18-20 nm and heights comprised betweend57amm. TEM images revealed lower
widths in the order of ~12-13 nm for all tau fikri{Figure S1, table S1). This may be due to tip
convolution effect despite the use of ultrashagpg.tHence only widths measured by TEM were
used in the calculation of the second moment af afd au fibrils.

The measured height values in air are very low @ to those determined by other authors
who reported Tau fibrils thickness ranging fromt®118.5 nm (27-28) for the same sample of
Tau 2N4R depending on the AFM imaging conditions. (in air or liquid, ionic strength) and
imaging mode. Furthermore, it should be noted thatsame authors (27) observed within the
same sample two different fibril shapes, that wetassified either into thin or thick fibrils. Thin
and thick Tau 2N4R fibrils exhibited heights ran§e8-14.5 nm and 11.5-18.5 nm, respectively.
Such difference could be related to fibrils polyptasm that mainly depends on the preparation
method of fibrils. We did not observe thin and khfibrils (27-28) in our fibrillar preparations.
The fibrils were highly homogenous instead. This/ragplain the lower measured height values
presented here. Besides, the height reduction wffibals imaged in air may be caused by fibrils
drying artifacts and/or by the AFM imaging mode amohditions (13, 29-30). Thus, in order to
evaluate the impact of drying on fibril height, Wwave imaged the same fibrils in PBS buffer
using QI imaging mode by applying low imaging fac¢~ 550-600 pN). Our results
demonstrated a significant increase in Tau fibeight when imaged in buffer (Table S2).
Depending on the Tau isoform, the height rangethfdoto 11 nm (Table S2). Interestingly, 4R

tau isoforms exhibited a higher thickness (heigin their 3R counterparts independently from

11



the number of aminoterminal inserts (ON, 1N or 2N). This suggests thatcarboxyllterminal
microtubule binding domain repeats (3R or 4R), hot the N-terminal inserts, contribute
significantly to fibril height. This is in agreemewith the widely accepted view that Tau N-
terminal domain is unstructured and flexible, canghg the “fuzzy coat” surrounding Tau fibril
amyloid core (28). Such disordered domains, cabedlirectly measured by conventional AFM
imaging techniques (i.e. AM-AFM or contact mode&y)( In fact, Wegmann et al. (28) could
measure the height differences between fibrils efombinant full-length 2N4R and fibril
amyloid core lacking most of the terminal Tau damsaonly by analyzing their deformation
maps either in different ionic strength conditiamsdifferent force setpoints using PeakForce

Tapping mode (28).

Nanomechanical properties of the different Tau fillar isoforms

As the AFM analysis of the different Tau isoforniher in air or buffer did not reveal significant
differences in fibrils shapes and morphological rabteristics (Figure S4), we decided to
measure their persistence lengthg @ad their cross-sectional second moment of djedtis
allows determining their Bending rigiditx) and their axial Young's modulus (K) respectively,
thus providing a better understanding of their ma@chanical properties (12-13, 15, 18). Indeed,
fibril rigidity influences the frequency with whidfey break, which in turn has an impact on the
kinetics of fibrils growth. To this aim, we perfoeah a statistical analysis of the shape thermal
fluctuations of the different Tau fibrillar isofosradsorbed onto mica substrate and imaged with
AFM in ambient air. The contour length of isolatédrillar assemblies from topographical
images were tracked semi-automatically using Easynanftware and the persistence length(12)
(P) was calculated using the mean square of the tievia<s®>,p to secant midpoints approach

derived from the WLC model for semi-flexible polyrees reported previously (12-13).
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Figures 4 and 5 show AFM height images (4a-4c, §aeb the six Tau isoforms fibrillar
assemblies in air, their contour lengths (4d-4t58dand the mean square of the deviatiod®><
2D to secant midpoints plots as the function oflémgth (4g-4i, 5g-5i). The calculat&y values
are listed in Table 1. ThB, values demonstrated that the distinct fibrillaseamblies exhibit
different mechanical properties depending on tiibaeyll /terminal microtubule binding domain
repeats (either 3R or 4R) of Tau isoforms. Inddeudl isoforms with 4 domains repeats exhibited
a P, ranging from 1.9 to 2.8 um, in agreement with ghoeasured by Wegmann et al(27), which
are almost two fold higher than those with 3 repedtl — 1.2 um) independently of the
amino Jterminal inserts (ON, 1N or 2N). In addition, thenkling rigidity followed the same trend
suggesting that 4R Tau fibrils were more rigid tB&Tau fibrils.

Next, we aimed to determine Tau fibrils axial Yolsngnodulus. Thus, we calculated the second
moment of areal) from the average heights measured in air andhaidf fibrils measured by
TEM. As shown in table 1, the cross-sectional assest (average height of ~6 nm and width of
~12 nm) of the imaged fibrils fits with “ribbon-kK particles with rectangular cross section. The
results presented in Table 1, revealed that Tailsfibxhibit very low axial Young's modulus
compared to other amyloid fibrils showing valuesgiag from 2 to 14 GPa (17-18, 31-34). Such
difference could not be only related to potentrabes in the cross sectional measurements of the
fibrils which may lead to an underestimation of ttadculated axial Young’s modulus but rather
to different intrinsic structures between the déf@ amyloids and to the intermolecular
interactions (18) between Tau monomers that srabilibrils structure (18, 35). Indeed, by
measuring the persistence lengths of eight diftetygres of amyloids fibrils, Knowles et al.(18)
highlighted the relative importance of backbone rbgén bonding in modulating fibrils

rigidities. In addition, distinct fibrils were sed into different classes of biomaterials upon
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plotting their bending rigidities as a function tbieir moment of inertia (13, 18). It should be
noted that the stiffness can vary significantlywestn amyloid fibrils depending on the density of
intermolecular hydrogen bonding (18, 36). Impotigmiassar et al(36) have recently studied the
relation between the nanomechanical propertiestofl@d fibrils, the intermolecular H-Bonds
density and their size. By plotting the axial Yolsnghoduli as a function of the rectangular
cross-sectional area of seventeen different amyldite authors found that the axial Young's
modulus is inversely correlated with their crosstismal area (36). With the aid of molecular
dynamics simulations (MDs), authors also found tt@npared to amyloids with large cross
sections, fibrils with narrow ones can optimize tpacking densities of residues and
intermolecular H-bonds and exhibited higher sti§€36).

Following the same line of thoughts and since teisd Tau fibrils isoforms have large cross-
sectional area compared to other amyloids desciibduk literature, the intermolecular H-bonds
as well as the packing densities between the residu Tau fibrils should be lower than other
narrower amyloids thus providing lower Young’'s mhau Thus, by implementing the measured
rectangular cross sectional areas of Tau fibriltha inverse correlation equation uncovered by
Nassar et al. (36), we found that the calculatedngs modulus values were strongly consistent
with the predicted ones (Figure 6A). This demorterahe reliability of the determined Young's
moduli calculated in this work.

Next, we represented in Figure 6B the bending itigidalues as a function of their moment of
inertia (1) for ribbon-like particles. The plot reals that Tau fibrils made of the six isoforms
exhibit Young modulus values below 0.03 GPa andbktween the (i) region where the
molecules are held together within a particle byhiphilic interactions (region labeled in green)

and (ii) the region, labeled yellow, that corresgi®io entropic elasticity (Figure 6B).
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The nanomechanical properties of Tau fibrils wenghler assessed by determining their radial
Young’s modulus using JPK Quantitative imagh¢Ql) mode (19-20). The spring constant of

the imaged fibrils and their Young’s modulus wergtedmined by fitting the slope and the

approach curves, respectively. As shown in Fig@r@&sand Table S5, the measured Young's
moduli are within the same order of magnitude alsthdetermined from the persistence length
measurements and the spring constant values weuredaare similar to those determined by
other authors (28). It should be noted, that tighl/ higher values obtained by nanoindentation
experiments could be due either to the mechanie@btiopy due to the heterogeneity of the
inner structure of amyloids fibrils (37) or to thHmite sample thickness compared to the
indentation depth, where the cantilever ‘feels’ oty the sample but also the underlying

substrate with subsequent overestimation of thelrad@ung’s modulus.

Taken together, our results thus suggest that T@aaules are held together within the fibrillar
assemblies by relatively weak intermolecular forcesnpared to intramolecular ones (35).
Similar properties were described for less-orgahigwotofibrillar structures such aa-
lactalbumin ¢-lac) andaB-crystallin @B) (18) but also for mouse prion nanofibrils (P(R3)
that exhibited high intrinsic flexibility. Such wikeantermolecular forces may play an important
role in Tau molecules association into high molacweight assemblies, into the dissociation of
those assemblies, in their persistence and cleaiiareells and their propagation (18, 38-40). The
weakness of the intermolecular forces within Tawilfar scaffold were further supported by the
observation that the fibrils disassemble during AFiaging in PBS at high loading forces (>
700 pN) as shown in Figure S6. Similar results wabtained by Wegmann et al. (28) who
observed that increasing the applied force durif@/Amaging led to the disassembly of 2N4R

Tau fibrils into small fragments with the presengk thread-like connections between the
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remaining fibrils. Such disassembly was also olesrioy changing the ionic strength or by

adsorption of Tau fibrils to HOPG hydrophobic soda (28).

CONCLUSIONS

In this work, we generated Tau amyloid fibrils asbkd in vitro from six Tau protein isoforms.
The different Tau fibrils were then imaged at hrglsolution by AFM either in air or in buffer.
We show that independently from the protein isofora fibrils exhibited paired helical
filaments (PHFs) structure. Interestingly, wheréfas N-terminal inserts that most probably
constitute the fibrils “fuzzy coat”, do not contuite to any morphological or mechanical
difference between the isoforms with the same ocaibderminal microtubule binding domain
repeats, isoforms with 4 microtubules repeats @#Rbited persistence lengths almost two fold
higher than those with 3 repeats (3R). In addittbe,derived axial Young’s modulus values are
very low compared to other amyloid fibrils, thusedding light on the weak intermolecular
interaction acting between the paif@édheets of Tau proteins that would play an impdrtale

in their association/dissociation but also in thexicity and propagation mechanisms. However,
to validate this hypothesis and in order to coteethhie determined nanomechanical properties
with structural differences between the six isofernfurther structural and functional

characterization are necessary.

SUPPORTING MATERIAL

Supplementary methods, six figures and five tahtesavailable as supporting material.
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FIGURE LEGENDS

Figure 1: (a,b,c) PM-AFM topography images in ambient aiafON3R, (b) 1N3R, (c) 2N3R,
(d) ON4R, (e) IN4R, (f) 2N4R Tau fibrils adsorbettamica substrate. Below each topography
image is represented the corresponding Tau prostinctures showing the number of
amino terminal inserts (ON, 1N, and 2N) or carboxtérminal microtubule binding domain
repeats (3R and 4RRkreen arrows indicate fibrils where the protofioskeparation was not seen.

Figure 2: High resolution PM-AFM topography images in ambiair of the studied six tau
isoforms ON3R, 1IN3R, 2N3R, ON4R, 1N4R, and 2N4Ril8adsorbed onto mica substrate. The
images and the line profiles (dashed lines) shaartf the PHF-like aspect of the different Tau
isoform fibrillar assembilies.

Figure 3: Electron micrographs of ON3R, 1N3R, 2N3R, ON4R, RNZN4R Tau fibrils
adsorbed onto carbon coated copper grid after imegstaining with Uranyl acetate. The boxed
regions labeled in each electron micrograph (lefigh) were enlarged (right panels) to show that
Tau fibrils are flat particles, resembling ribbotisat twist and that are most likely made of two
protofilaments. Scale bar, 100nm.

Figure 4: (a,b,c) AM-AFM topography images in air of ON3R, 1N3R anN3R Tau fibrils
respectively, adsorbed onto mica substrétge,f) The contour length plots of thdifferent Tau
fibrils imaged by AFM, where initial tangents wezkgned.(g,h,i) Blue open circles corresponds
to the deviations &>2D to secant midpoints as a function of the distafor Tau fibrils
adsorbed on mica. Fits of the worm-like chain madehe data are shown as red lines.

Figure 5: (a,b,c) AM-AFM topography images in air of ON4R, 1N4R anN4R Tau fibrils
respectively, adsorbed onto mica substrétge,f) The contour length plots of thdifferent Tau
fibrils imaged by AFM, where initial tangents wexkgned.(g,h,i) Blue open circles corresponds
to the deviations €>>2D to secant midpoints as a function of the distafor Tau fibrils
adsorbed on mica (blue open circles). Fits of tbemvlike chain model to the data are shown as
red lines.

Figure 6: a. Inverse correlation between Young’'s modulus d®&lrectangular sectional area of
amyloids fibrils as reported by Nassar et al.(36f Tdashed line represents the fitting curve
described as YaCP with Y = Young's modulus, C= rectangular crosstieeal areap=1.31x10
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28 andB=2.2). The black squares correspond to the morgizaband mechanical properties of
experimental measurements for different amyloids, @6, 41-44). The blue triangles and red
circles represent the predicted and experimentalngs moduli of tau fibrils, respectively.
Bending rigidity valuesk) as a function of the second moment of area (Tjaaf fibrillar isoform
considered as tape-like-model. The diagonal coltwatls correspond to the range of the axial
Young modulus (K) as determined by Knowles et 8).(I'he background coloring has been
adapted from Knowles et al. (18) for comparisorppaes. The gray region is representative of
elastic moduli of materials held together by stramg@rmolecular forces such as covalent bonds
in metals. The dark blue region corresponds to dgein-bonded protein nanostructures and
represents the range of Young moduli of non-priarylaid fibrils as determined in previous
studies (18, 31). The green region represents ratdhat are held together by amphiphilic
interactions which are defined as defined as “nt#decular interactions that are mediated by the
variable side chains in the absence of a rigid é&ork provided by intermolecular hydrogen
bonding”(18, 35). The yellow region is the regiaresponding to entropic elasticity.

Figure 7: Topography image (first column), Spring constargpn{second column) and the
Young modulus map of Tau ON3R, 1IN3R and 2N3R fbrdbtained with QI mode in PBS
buffer at a force setpoint of 0.55 nN at an ind&oh speed of 15 pum/s.

Figure 8: Topography image (first column), Spring constantpnfaecond column) and the
Young modulus map of Tau ON4R, 1IN4R and 2N4R &brdbtained with QI mode in PBS
buffer at a force setpoint of 0.55 nN at an indeotespeed of 15 um/s.

Table 1: Morphological and mechanical properties of the edé#ht Tau fibrils type. The
persistence lengths were determined by the meaarsof the deviations &>,p to secant
midpoints approach from AFM images of Tau fibrilsarbed onto mica and performed in air at
room temperature. The tape model was used to edéctiie second moment of area (1) of fibrils
using the lowest energy bending mode.

Morphological Nanomechanical properties

properties
Tau AFM TEM
isgg;irlms l-i(fllr%;]t V(Vrll(:,:;] Piln(girp) (.1(|7n§|4nm4) (.102§N.m2) (ME’a)
e ?}17:%507'? 1(2624?)5 (15325:; 1.9 4.9+2.0 26.0
. ?ﬁiigoé;; (1r135§11€>§ (2,;2?2'33 2.4 8.2+1.6 34.8
HR 6(-§:9352 1(2n.:l?i:éjl (1n::_;§)9§ 2.9 4.5+0.8 15.6
HaR 7(}10:1;6155? 1(%3;:258 (Z,;Eig'f; 35 11.540.2 32.8
R ?}12:;411')1 1(2r{:§;jl (1532;% 1.4 4.9+0.8 34.0
onan ?n7:ir018§) 1(?;1.35_:%7 (1n2§8§4) 3.3 7.8+1.6 23.3
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