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Abstract

Protein aggregation is involved in many diseases, including Parkinson’s and Alzheimer’s ones. The latter is
characterized by intraneuronal deposition of amyloid aggregates composed of the tau protein. Although large and
insoluble aggregates are typically found in affected brains, intermediate soluble oligomers are thought to
represent crucial species for toxicity and spreading. Nanopore sensors constitute an emerging technology that
allows the detection of the size and populations of molecular assembly present in a sample. Here, we employed
conical nanopores to obtain the particle distributions during tau aggregation. We identified three distinct
populations, monomers, oligomers and fibrils, which we could quantify along the aggregation process. By
comparing tau wild type with a mutant carrying the disease-associated P301L mutation, we showed that the
latter mutation promotes the formation of oligomers. We furthermore highlighted that the P301L mutation
promotes fibril breakage. This work demonstrates that conical nanopore is a powerful tool to measure and
quantify transient protein aggregate intermediates.
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The tau protein is identified as a major component of proteinaceous deposition in abnormal brain characteristic
of several neurodegenerative diseases termed tauopathies, including Alzheimer’s disease’. Several studies have
pointed out that prefibrillar soluble aggregates or oligomers are toxic species and that their presence in the brain
correlates with cognitive deficits’™. Despite the large body of evidence supporting the critical role played by tau
oligomers in initiation and progression of the disease’, their structural and molecular identity are still scarcely
described, in part due to a lack of suitable methods for their detection.

Tau is an intrinsically disordered protein (IDP) found in neurons where it regulates microtubules polymerization®’.
It is present in different isoforms that contain three or four repeat regions (R1 to R4), which form most of the core
of the aggregate amyloid core®°. Tau is highly hydrophilic and is therefore stable under physiological conditions
and across a wide range of pH and temperatures. In vitro aggregation of tau is typically triggered by cofactors,
most commonly heparin®, but also other cofactors such as RNA' or arachidonic acid™. Although heparin-induced
tau filaments were shown to be heterogeneous and different from existing brain-derived aggregates
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structures ™, it still represents a suitable model to study the mechanisms of tau amyloid filament formation.

Before forming stable amyloid fibrils, tau self assembles in heterogeneous and transient species with different

#1718 Individual tau mutations, which are involved in familial

structures, conformations and properties
tauopathies and can promote in vitro aggregation®®, promote aggregation and confer the ability to aggregate into
conformationally distinct assemblies®®. However, the detailed structural mechanisms by which disease-associated
mutations promote aggregation is complex and not well understood. The ability to elucidate the kinetics of tau
oligomerization harboring mutations is expected to provide new insights into the mechanisms modulating tau
aggregation. There are numerous techniques to characterize protein aggregation’’. The fluorescence of
intercalant agents (such as thioflavine T) allows following the kinetic of fibrillation based on the presence of cross-
B structures. Correlation methods (DLS and FCS) assess the size distributions®® but cannot easily provide
information about the aggregate morphology. Super-resolution microscopy, (Cryo-)TEM, AFM and ssNMR allow to
characterize the structure of amyloid fibrils in a near-atomic-resolution®>. However, these characterizations are
not suitable to follow the kinetic of amyloid growth.” And P3 “The nanopore technology provides information
about the aggregation kinetics as well as about the size of aggregates at a single molecule level, without the need
of to add a label or a die.

To address this issue, the nanopore technology represents a promising approach®. The resistive pulse sensing
method” entails measuring current perturbation due to the presence of a single molecule inside the nanopore.
The current perturbation is defined by a duration, an amplitude, a frequency and a shape that encode a signature

or finger printing of the detected molecule®®?’

. In this field, the biological nanopores are the most extensively
studied. They are sensitive, but have been limited to the characterization of very small peptides oligomers***. As
an example, the a-hemolysin was used to detect the aggregation of inhibition AB(1-42). However, when the
aggregates become too large, they do not translocate through the nanopore inducing only bumping events. In
that case, it is impossible to obtain information about their size and their structures®. Solid-state nanopores are
more suitable than the biological ones to detect protein aggregates, but they have to be functionalized since
aggregation enhances the protein adsorption and thus their fouling®™. Mayer’s group has developed a new
promising approach relying on SiN nanopores decorated with a lipid bilayer adsorbed on the SiN nanopore
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wall**?

. Using this strategy, they successfully detected small amyloids of B-peptide. The functionalization of SiN
by tween 20 were employed by Hu R. et al.**. The surfactant allows inhibiting non-specific adsorption and allows
to oligomerization of a-synuclein. Similarly, PEG-coated SiN nanopores have been shown to be suitable to
discriminate between the morphology of BSA and lysozyme aggregates®®. Quartz glass nanopore was also

employed to characterize prion®,lysozyme*®® and B—peptide® aggregates without functionalization. However, the



main limitations of the aforementioned technologies are (i) their sizes that do not allow the detection of large
assemblies, (ii) their short lifetime and (iii) the difficulties to be functionalized. To tackle these bottlenecks, we
recently reported that conical nanopore in polyethylene terephthalate (PET) obtained by track-etched methods
and pore-functionalized with polyethylene glycol 5kDa (PEGs,) is likely the most suitable candidate to investigate
the early stage oligomerization®. Indeed, this new design was shown to be capable of following the amyloid
growth of B-lactoglobulin while discriminating between oligomers and fibrils population®. Compared to the
conventional technique, the nanopore can provide under continuous measurement the information about the
kinetic aggregation given in at the same time information about the size of aggregate at single molecule level.

Following this proof of concept, the present study aims to characterize the transient species formed during the
heparin-induced aggregation of tau with and without a disease mutation using conical track-etched nanopore in
PET. In particular, we have investigated taul87, a truncated version of the longest human tau protein isoform
(residues 255 to 441), in the absence and presence of the disease mutation P301L*. This truncation includes all
four microtubule-binding repeat domains as well as the C-terminal region. We followed the kinetic of different
populations of tau aggregation using the single conical nanopore technology. We could extract from the signal
numerous information about the aggregates such as the relative size and conformational flexibility*.

Materials and methods
Materials

Polydisperse heparin (15 kDa) was purchased from Galen Laboratory Supplies (HEPOO1). . AminoPEG 5 kDa
(PEGs-NH,) was purchased from Nanocs (PG1-AM-5K). 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, E7750), MES hydrate (M8250), ammonium acetate (NH4Ac), potassium chloride (KCI, P3911),
sodium hydroxide (NaOH, S5881) and sodium chloride (NaCl, 71380), were purchased from Sigma-Aldrich.
Minisart syringe filters (16553-K) 0.1 um were purchased from Sartorius stedim.

Protein production

Purified DNA consisting of residues 255-441 of tau isoform 2N4R was used to express taul87. Site-directed
mutagenesis was used to introduce the P301L mutation into the taul87 plasmid. . The success of the mutagenesis
was ensured by Sanger sequencing, performed at Genewiz. The proteins were expressed in E. coli BL21 (DE3),
followed by purification steps as described elsewhere®. Briefly, BL21 (DE3) cells transfected with a pET28a vector
including the taul87 genes with and without P301L were grown in 1 L cultures of LB broth (Fisher Scientific) until
an optical density of 0.6-0.8 at 600 nm was achieved. Then expression was induced through addition of 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG, Fisher Scientific) and incubated for 3 h. Cells were harvested by
centrifugation at 6000 xg (Beckman J-10) for 20 min. Purification was carried out by lysing the cells with 2 mg.mL
! lysozyme (Sigma Aldrich) while performing 3 cycles of freeze fracture in liquid nitrogen, before pelleting cell
debris through centrifugation. Subsequently, the supernatant was heated to 65°C for 12 min and precipitated
proteins were removed by centrifugation. Tau was extracted from the supernatant by binding to nickel affinity
resin and subsequently removed by washing with increasing concentration of imidazole buffers. . For each batch,
the protein purity was verified to be above ~80% by performing SDS-page electrophoresis.

Heparin induced taul87WT and taul87P301L fibrillation

Taul87WT and Taul87P301L (19.6 uM) and heparin (5 pM) in 20 mM NH4Ac, 100 mM NaCl pH 7.2 were prepared
as a stock solution. The samples were filtered (0.1 um) before used. The fibrillation of taul87WT and



taul87P301L was performed at 25 °C by addition of a protein solution (9.8 uM) with heparin (2.6 uM)
corresponding to a tau: heparin molar ratio of 3.8 : 1. For each time point, aliquots were taken.

Thioflavin T fluorescence experiment.

Protein aggregation was monitored by Thioflavin T (ThT) fluorescence using 20 UM ThT in a plate reader Biotek
synergy 2. Both taul87P301L and taul87WT were measured in the same plate at a concentration of 10 uM after
addition of 2.5 uM heparin. Colored area around the curves represents standard deviation over three repeats.

Transmission electron microscopy

Taul87WT and P301L were incubated with heparin for 24h. A TEM grid, FORMVAR Carbon film on 300 meshes
copper (Electron Microscopy Sciences), was floated on 10 pL of the sample for 1 min and then blotted on filter
paper. The grid was touched to 10 uL of deionized water, blotted, touched to 10 pL of the stain solution, 2%
Uranyl Acetate (Electron Microscopy Sciences), blotted and then floated on 10 pL of 2% Uranyl Acetate for 1
minute before blotting and setting aside to dry for 24 h. Imaging was carried out at room temperature using a
JEOL JEM-1230 TEM.

Fabrication and caracterisation of Single Conical Nanopore by the Track-Etching Technique.

Single tracks were produced by Xe irradiation (8.98 MeV u™) of PET film (6 um) (GANIL, SME line, Caen, France).
The activation of the track was performed by UV exposition for 8 h for the tip side and 11 h for the base side,
(Fisher bioblock; VL215.MC, A=312 nm) before the chemical etching process. The etching of the conical nanopore
was performed under dissymmetric conditions as previously reported***®. After the nanopore etching, the film
was stabilized over-night in 18MQ water. The approximate tip diameter was obtained by conductance
measurement. After the chemical etching, the current-voltage (I-V) curve was measured at pH 5.6 (black square,
Figure S-1). Then the nanopore was functionalized with PEGs-NH, using 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride as previously reported in order to prevent the unspecific adsorption and improve the
nanopore lifetime®®. The success of the grafting was confirmed by the decrease of I-V curve slope due to the
replacement of COO- by the PEG which diminished diameter of the nanopore.

Nanopore sensing of taul87WT and taul87P301L

The nanopore functionalized with PEG moieties was mounted between two compartments of a Teflon cells filled
with buffered 1 M KCl aqueous solution (pH = 5.6). The tau187WT or taul87P301L at different aggregation times
(from 0 to 376 min) was added to the base side to reach a concentration of 8.2 nM (monomer equivalent). The
resistive pulse experiments were performed using a patch-clamp amplifier (EPC 10, HEKA electronics, Germany)
with Ag/ AgCl electrodes. A voltage of -200 mV was applied to the working electrode located in the tip side
compartment to drive the positively charged protein tau, (isoelectric point of 8.24*) to pass through the
nanopore from the base to tip side. The ionic currents were recorded at 20 kHz. The signal filtered at 2.9 kHz by a
Bessel filter. The resistive pulse detection was recorded on fly during 1 minute at least 10 times.The current traces
were further analyzed to detect events using lab-made software “Peak Nano Tools” developed using Labview.
First the signal was filtered using Bessel filter 1kHz. The threshold for the event detection was defined as follow:
(i) correct the baseline using Stavinsky-Golay filter (ii), define the noise levels by the global standard deviation
methods (iii) define the threshold. In this work, the threshold has been fixed at about 5c.

Results and discussion



Detection of taul87WT and taul87P301L monomer and aggregates using conical nanopores

The characterization of heparin-induced aggregates of truncated variant taul87 without (taul187WT) and with the
P301L mutation (taul87P301L ; figure 1a) was performed through a single nanopore using the resistive pulse
method®. We used conical nanopores in PET obtained by track-etched methods* and pore-functionalized with
PEGs, chains since it prevents the protein adsorption, and thus ensures a long lifetime of the nanopore®*** (Figure
SI-1). Tau aggregation was induced by mixing tau187 with heparin'* and was followed by thioflavin T fluorescence
(ThT) (Figure 1b). ThT characterizes the cross B-sheet structure formation but does not provide information of the
different species in the mixture. The formation of fibrillary assemblies was confirmed by transmission electron
microscopy (Figure 1c, d). We measured the protein samples by nanopore at various incubation times from 0 min
to 372 min, as indicated in figure 1b, during the fibrillation process.
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Figure 1. a) Taul87 consists of four repeat domains indicated as R1-R4. The position at the mutated proline P301L is indicated in red. b)
ThT fluorescence curves of heparin-induced aggregation for taul87WT and taul87P301L. The red dash lines represent the approximate
times at which aliquots were extracted for nanopore measurements. The faint areas around the curves represent the standard deviation
over 3 replicates of the aggregation reaction. The formation of fibrils 24h after incubation with heparin was confirmed by TEM for
taul87WT (c) and tau187P301L (d). The scale bar is 100 nm.

The heparin-induced aggregates were detected from the base to the tip side of the nanopore under applied
voltage -200 mV at 1M KCl and pH 5.6 (Figure 2a). Several examples of current traces obtained for Taul87WT and
taul87P301L before and after heparin addition are reported on figure 2b-g and 2h-m respectively. The passage of
an object inside the detection zone induces a current blockade characterized by the amplitude (4//l,) and the

dwell time (At), as previously described™.



Figure 2. Electric field-driven translocation of tau protein. (a) Sketch of resistive pulse experiments: the positively charged tau is driven
through the nanopore by the applied negative voltage (-200 mV). Current traces obtained for taul87WT before heparin addition (b) and
after 70 min (c), 130 min (d), 198 min (e), 256 min (f) and 372 min (g) and for tau187P301L before heparin addition (h) and after 60 min
(i), 140 min (j), 198 min (k), 260 min (l) and 346 min (m). These traces were obtained for a protein concentration (C= 8.2 nM) under 1M
KCl pH 5.6 at -200 mV through conical nanopore ry,, = 90 nm and r;j, = 6 nm, L=6 um
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Figure 3. Scatter plot of translocation events for taul87WT (a) and taul87P301L (b) before (violet circles) and after 198 min heparin
incubation (black circle). The reported Gaussian areas are obtained from a fit of the populations as reported in figure 4 (figure 4a and 4d
for taul87WT and figure 4g and 4j for taul87P301L).

We report the 2D event maps (Figure 3, SI-2 and SI-3) that characterize how the At vs Al/l, of taul87WT and
taul187P301L vary between before and after heparin addition. The dwell time (At) slightly increases with Al/l, until
a value about 0.12. Then, when the Al/l, is above ~0.12, the events become significantly longer. This means that
there is not a simple dependence between the aggregate size and their dwell time inside the nanopore as shown
for the translocation of macromolecule through biological nanopore®*®. This experimental result, which might
seem counter intuitive, was previously reported experimentally for B-lactoglobulin and explained by modelling®.

It was shown that with the increase of aggregate length the electric force and the hydrodynamic drag acting on



the aggregates have opposite effects. The first one induces a decrease of dwell time whereas the hydrodynamic
drag increases the dwell time. The event maps reported for taul87WT and taul87P301L (Figure 3a and 3b
respectively) allow us to distinguish between the different populations of aggregates. The monomers of
taul87WT and taul87P301L (violet Gaussian) population are characterized by Al/l, < 0.045 and At < 10" ms. After
heparin addition, populations of events possessing different Al/l, can be discriminated, which can be assigned to
different sizes of aggregate (see next section). From the events map, we can therefore distinguish whether the
events belong to taul87 monomers or higher order assemblies. This is consistent with a previous study reporting
the coexistence of different aggregates™®*”*%,

We analyze next the distribution of the relative current blockade before heparin addition (corresponding to
monomers) and after various incubation times. Before heparin addition, the Al/l, distribution obtained for
taul87WT is narrow and fits well to a monomodal Gaussian distribution centered to 0.039 for taul87WT (figure
4a). After 70 min of incubation, the distribution is still monomodal centered on 0.046, suggesting that
oligomerization has occurred (figure 4b). Although we observed an overlap between the Al/l, distributions of
monomer and after 70 min of incubation (figures 4a and 4b respectively), the distribution centers are clearly
distinct, indicating that a part of the monomers are oligomerized after 70 min, in agreement with previous
reports'®. Attempts to fit the distribution observed at 70 min with two Gaussians (intended to represent the
monomeric and oligomerized populations) failed given the narrow distribution and the low resolution of the
nanopores for small objects. After 130 min of incubation (figure 4c), the Al/l, distribution requires two
components centered on 0.040 and 0.057, revealing the presence of two distinct populations of taul87WT. The
first Al/l, component (violet, figure 4c) represents the monomer population, while another component reflect an
additional population representing oligomers (red, figure 4c). After 198 min of incubation (Figure 4d), the Al/l,
distribution requires also two Gaussian components centered respectively on 0.071 and 0.17 that can be assigned
to different aggregate populations, referred to as oligomers and fibrils. The first distribution does not overlap with
the monomer one (figure 4a) showing that the monomer population is completely converted to aggregates. The
Al/l, distributions are also broad indicating that heterogeneous aggregates were passing through the nanopore.
After 256 min (figure 4e), the majority the two distributions are centered about 0.11 and 0.16, where the
oligomer population (red, fig 4e) is growing. Interestingly, after 372 min (figure 4f), 4l/l, distributions reveals one
population centered to 0.064, suggesting a resolution artefact and/or a fibril breakage (see discussion below).

For the mutant tau187P301L (figure 4g-k), the heparin-induced aggregation also reveals several populations that
however follow distinct kinetic compared to taul87WT. Before heparin addition (Figure 4g), the relative current
blockade distribution is monomodal centered to 0.031, close the one obtained for taul87WT (0.039). After 60
min (figure 4h), one populations centered around 0.041 cannot be distinguished from the monomer (Figure 3g).
After 130 min incubation time (figure 4i), two populations are detected. In contrast with taul87WT, the Al/l,
distribution does not overlap at all with the monomer distribution (figure 3g), showing that all monomers are
converted at 130 min. This confirms a faster formation of large oligomers for the mutant P301L than for WT. For
the longer time, 198 min (figure 4j) to 346 min (figure 4l), the Al/l, distributions remain bimodal, with a fibril
population (bleu Gaussian) fitted around 0.2. The centers of Al/l, distributions remain similar, about 0.13 and 0.2.
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Figure 4. Nanopore-based analysis of taul87WT (a-f) and tau187P301L (g-1). Relative current blockade (Al/l,) histograms of translocation
of before (t=0 min) and after various incubation time with heparin at 25°C. The applied voltage is -200 mV. The histograms were fitted
by multi-Gaussian function. The vertical dash line correspond to the end of (Al/l,) distribution of monomer, in order to guide eyes. N
corresponds to the ne number of events.

The apparent reduction for taul87WT at longer time (figure 4f) of aggregate size might originate from two
phenomena, (i) fibril breakage occurring in the sample® and (ii) the impossibility to detect large fibrils. The effect
(ii) is detailed as follow. The detection is triggered by the entrance of aggregate inside the nanopore. As
previously demonstrated, the capture rate (f) is mainly due to the diffusion process (equation 1)**°%**.

f =2nDcR, (1)

where D is the diffusion coefficient of the aggregate, ¢ the concentration and R, the capture radius that is a little
bit bigger than the nanopore radius. So the aggregate growth involves (i) a decrease of the object concentration
due to the consumption of monomer and oligomer and (ii) a decrease of the diffusion coefficient. In this case, the
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probability of a large fibril to enter inside the nanopore becomes lower that the acquisition time. Additionally, to
enter inside nanopore, the aggregates have to overcome an energy barrier that is not negligible as soon as the
amyloid fibril size becomes close to the nanopore base diameter (about 230 nm). Given that the fully grown tau
fibrils are on the order of a um*, we expect the large fibrils to be almost invisible to our technique. This is
corroborated by the decrease of frequency of event at 372 min (Figure SI-4).

We observed that at long time taul87P301L (figure 4l) exhibits larger populations than taul87WT (figure 4i). We
interpret this result by an enhanced fragmentation of P301L fibrils, compare to WT fibrils, that converts large
fibrils (undetected) into the detectable oligomers/aggregates. This finding is in good agreement with previous
single-molecule fluorescence study® show more fragmentation for tau P301L. We also observe that the
frequency of event obtained for P301L increases with the heparin incubation time (Figure SI-4) conversely to the
WT. In addition, at long time, the frequencies of events are higher for tau187P301L than taul87WT (2.8 events s
and 0.64 events s respectively). In other words, we detect more events for P301L compare to WT, confirming
that P301L fibrils fragment into detectable aggregates, as opposed to WT where less detectable aggregates (lower
effective concentration) are present.

Kinetic of taul87WT and taul87P301L fibrillation

The kinetics of each of the two populations identified in figure 4, referred to as oligomers (red) and fibrils (blue),
were analyzed. We report in figure 5 the time evolution of the mean value of each Al/l, (which report on the size
of the aggregates) for taul87WT and tau187P301L.

In both cases, the populations of aggregates could be fitted with a sigmoidal growth, which is typical of protein
amyloid aggregation >*~’(equation 2).
Al Al
o) iy @
Io Iy/; 1+exp(—k(t—t1/2))

where (Al /Iy)is the final value for the observed population, t;/, is the midpoint and k is an apparent growth rate

(noted k, and k; for oligomers and fibrils respectively).
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Figure 5. Kinetic of tau aggregation induced by heparin. Mean values of relative current blockade (Al/l,) for the oligomers (red, circle),
and fibrils (blue, triangle) versus the time of incubation with heparin for taul87WT (a) and tau187P301L (b). The error bars are the full
width at half maximum of Gaussian distributions. The lines represent the fits of the different population using equation 2.

The result of the experimental data fitted by equation 2 are reported Table 1. The apparent elongation rate of
taul87WT fibrils (k; = 7.8 102 min™) is similar to the one reported, based on absorption, for the tau 244-372
fragment (for molar ratio tau/heparin of 4, k=10 10> min*)*®. The elongation rate constant of oligomers are faster
for tau187P301L (k, =4.5 10 min) than for taul87WT (k,= 1.7 10”min™). In contrast, the formation rate
constants of fibrils k; are higher for tau187WT than for tau187P301L (k= 7.8 10° min™ and k,= 6.9 10 min™
respectively), although the difference is rather small. We can therefore see that the P301L mutation has its most
prominent effects on efficiently converting monomers to oligomers. This explains why after 130 min there is no

11



detectable monomer population of taul187P301L (figure 4i), while it takes 198min for tau187WT (figure 4d). This

/. 49

result is consistent with the previous report by Kundel et al.*® and Shammas et al."® showing that P301 mutation

induce a faster fibril growth compared to the WT.

Table 1. Kinetic parameters extracted from fitting the relative current blockade versus time by using equation 2 and 3. k, and k; are the
apparent growth rate of oligomers and fibrils, respectively and t;/, is the midpoint.

taul87WT | taul87P301

Oligomers | t;/,(min) 271 152

k,(min-1) |1.7 102 45107

Fibrils ti/>(min) 172 138

K:(min?) |7.810° 6.9 10

To further investigate the mechanisms of both taul87WT and taul87P301L aggregation, we report on the
evolution of the relative areas of each component during the amyloid formation (figure 6). This relative area
provides information about the ratio of events detected for each population. Note that this parameter is related,
but not directly proportional to the concentration of each population. Indeed, to correlate the area with the
concentration, several parameters have to be taken into account, such as the diffusion coefficient of the
aggregates and the energy barrier of entrance into the detection zone®®. However, the relative area can still
provide meaningful qualitative information. The populations at 70 and 80 min are not represented because it is
not possible to discriminate the monomer from the oligomer populations (see figure 4), and thus we cannot plot
their respective rate areas.

For taul87WT, the population of oligomers after 120 min represents 57 %, while the remaining 43% are
monomers (figure 6a). The fibrils population observed at 198 min and 256 min are low (7% and 5% respectively).
This population of fibrils disappears at 372 min, letting only oligomers detectable. For taul87P301L, the
population of oligomers increases at low time and quickly converts to higher order assemblies. At 138 min, the
momomer population is completely transformed into oligomers (43 %) and fibrils (57 %). Note that these two
populations did not reach their final size according to their intermediate values of Al/l, (see figure 5b). From 138
min to 200 min, the population of fibrils drastically reduces from 53% to 2%, before slightly increasing to 11 % at
longer time.

These population variations can be interpreted in the following way. At short times (~ 130 min), most of the
species have not overgrown the size of the nanopore (see previous discussion) and are therefore detected. The
faster conversion rate to oligomer found for P301L compared to WT (figure 5) are reflected by the complete
disappearance of P301L. At ~130 min, for tau1l87P301L we detected 43% of oligomers and 57 % or fibrils while the
taul87WT samples was composed of ~¥43 % monomer and 57% oligomers. At intermediate times, fibrils overgrow
the nanopore size and therefore give rise to a diminution of the apparent fibril population (from 57% to 2%
between 130 and 200 min for P301L). At longer time, although mature fibrils are no longer detected, broken
fibrils can significantly contribute to the observed population of larger aggregate population. Because fibrils
breakage is more prominent for P301L*, the populations of broken fibrils contribute to the increase of fibrils
(from 2 % to 200 min to 11 % at 350 min) population with the time, while it decreases for the WT.

12



0 50 100 150 200 250 300 350

Time (min)
1 T T T T I I N I v
100 - - b
I.’.-’ ._T—'—___\ _: ]
80' '\ ] _
— ;I
0 I
o~ 60 . o 4
g ;_‘3(1
// }
g A
[l 40 A "_V/ . N .
< L. \
P \
20 - | -
///” . ‘\ B A—-m=T JAN
042’ Y A-TT |

0 50 100 150 200 250 300 350
Time (min)

Figure 6. Analysis of the area determined for the data in figure 3. The ratio of monomers (violet, square) oligomer (red, circle), fibrils
(blue, triangle) are reported as a function of the time for taul87WT (a) and taul87P301L(b).

Comparison of long event structures between taul87WT and taul87P301L

The nanopore sensing can also provide information about the structure or conformation of the detected objects.
Indeed, the current blockade structure can be assigned to a fingerprint, as previously shown for other proteins

2631 |In Figure 1c, the amplitude of relative

including streptavidin, monoclonal and polyclonal antibody and A
current blockade obtained before heparin addition could be associated to a monomer. We can estimate its
hydrodynamic radius at about 3 nm using the model previously proposed by Giamblanco et al*®®, in good

agreement with the hydrodynamic radius of tau K18 (244—372) measured by dynamic light scattering®".
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Figure 7. Examples of medium current blockades (100 ms to 1 sec) recorded at -200mV after various incubation times for taul87WT
(a,b,c) taul87P301L (d,e,f). g Box plots displaying the variance of current blockade signal, the green boxes represents the quartile 25%-

75%, the mean value (white, square), the median (black line) and whiskers are the standard deviation over N=45.
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Figure 8. Examples of long current blockades (greater than 1 sec) recorded at -200mV after various incubation times for taul87WT
(a,b,c,d) taul87P301L (e,f,g,h). (i) Box plots displaying the variance of current blockade signal, the green boxes represents the quartile
25%-75%, the mean value (white, square), the median (black line) and whiskers are the standard deviation over N=45.

Translocation of amyloid through the nanopore produces typical resistive pulse reported in figure 7, 8, SI-5 to SI-
8. The amplitude and the duration are related to the size of the protein aggregates. However, a deeper analysis of
the current blockade can reveal other interesting information. For example, Mayer’s group has reported that the
current fluctuation in the case of spheroid proteins anchoring to a wall lipid bilayer evidences their rotation®.
Here, the details of the blockage signal reflect the conformational stability within the aggregates confined in the
sensing volume. In our experiment, the medium (between 100 ms and 1 s) and long events (several seconds)
contain two interesting information (figures 7-8 and SI-5-SI-8). First, for the medium events, we observe larger
current fluctuations (greater than 40 pA) for taul87P301L (figure 7d-f and Si-6) than for taul87WT (figure 7a-c
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and SI-5). This is confirmed by the larger variance of the blockade signal obtained for tau187P301L (mean value =
2.99 10™) than taul87WT (mean value = 0.76 10 ) (Figure 7g). Because amyloid structure are very stables,
conformational fluctuations mostly occurred in the part of the protein that remain unstructured in the fibrils, so-
called fuzzy coat®, which is expected to be composed of the 100 c-terminal amino acids of tau187. Although
more in depth measurements are necessary to obtain a precise structural picture, our results suggest that
taul87P301L fiber possess a more stiff/restrain fuzzy coat than taul87WT fibers. For the long events (several
seconds) additionally to the fluctuations, we observe for the taul87P301L many spikes relative to the current
enhancement (Figure 8e-h and SI-8) due to a quick increase of the concentration of mobile ion inside the
detection zone. Conversely the long events recorded for taul87WT (figures 8a-d and SI-7) did not exhibit such
spikes. The current spikes might reflect fibril breakage occurring in the sensing regions, supporting our
interpretation of the populations (figure 4) that fibril breakage is much more prominent for taul87P301L than
taul87WT.

Conclusions

To sum up, we used conical nanopores to characterize heparin-induced aggregation of a tau construct, taul87,
with and without P301L mutation. From the relative current blockade and the dwell time, we have differentiated
three populations, which we assigned to monomers, oligomers and fibrils. The kinetic analysis of aggregation
growth of each population allows to extract growth rates and highlights that the taul187P301L is more prone to
form oligomer as compared to taul87WT. Indeed, the total transformation of monomer is faster for the
taul87P301L than taul87WT. A fragmentation mechanism for tau187P301L fibrils is also reported both from the
population analysis and the current enhancement observed in the current blockade. Furthermore, we suggest
that the fluctuation observed in the blockade current for taul87P301L can be assigned to a structural flexibility
higher in tau187P301L than in taul87WT aggregates. Together these results confirm that the conical nanopore is
a powerful tool to characterize amyloid growth and improve our understanding of amyloid formation,
fragmentation and accumulation.
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