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a b s t r a c t

Tauopathies are characterised by intracellular deposits of fibrillar tau tangles. However, the interneuronal
spread of pathological tau species precedes the development of major tau burdens. Two amyloid motifs,
VQIINK in repeat 2 and VQIVYK in repeat 3, of tau repeat domain, assemble into b-sheet-rich fibrils on
their own but alone do not form seed-competent fibrils. In contrast, the entire R3 region self-aggregates
and forms seed-competent fibrils. Our study aimed to identify the minimal regions in the tau repeat
domain that define seeding and its impact on intracellular tau phosphorylation and aggregation. Using
peptides of individual repeats, we show that R2, like R3, forms seed-competent fibrils when assembled in
the presence of heparin. However, R3, but not R2, forms seed-competent fibrils when assembled without
heparin, even though both R2 and R3 have identical N-terminal hexapeptide and cysteine residue se-
quences. Moreover, cysteine to alanine substitution in R3 abrogates its self-aggregation and seeding
potency. Tau RD P301S biosensor cells and Tau P301L (0N4R)-expressing HEK293 cells seeded with R2
and R3 fibrils show the induction of pathological phosphorylation of tau at Ser262/Ser396/Ser404 po-
sitions and oligomerisation of native tau. Protein fractions of biosensor cells seeded with R2 and R3 fibrils
reseed endogenous tau aggregation when introduced into a fresh set of biosensor cells. Our findings
suggest that R3 may be the minimal region for pathological seed generation under physiological con-
ditions, whereas R2 might need polyanionic cofactors to generate pathogenic seeds. Lastly, R2 and R3
fibrils induce template-induced misfolding and pathological hyperphosphorylation of intracellular tau,
making intracellular tau seed-competent.

© 2022 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

Tauopathies, such as Alzheimer's disease (AD), are defined by
intracellular deposits of microtubule-associated tau protein and
transcellular propagation of tau seeds. Hyperphosphorylation is
one of the critical disease-associated posttranslational modifica-
tions (PTMs) of tau in AD that affects its structure, distribution, and
functions [1]. However, some specific phosphoepitopes are
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exclusively present in AD brains [2]. Evidence supports the role of
soluble and highly phosphorylated toxic prion-like tau strains in
mediating synaptic dysfunctions and neuronal loss [3e5]. When
injected into the hippocampus of transgenic mice expressing hu-
man tau, AD brain samples generate reducing agent-resistant
hyperphosphorylated fibrils of seeded tau [6]. The formed fibrils
are also resistant to dephosphorylation by protein phosphatase 2A
[6]. Dephosphorylation of AD-derived hyperphosphorylated tau
strongly reduces seeding following intracerebral injection in hTau
mice that express all six isoforms of nonmutated human tau
encoded by the genomic human tau transgene [7]. However, this
could be due to the less susceptibility of wild-type tau to hyper-
phosphorylation than mutant tau.
aire (SFBBM). All rights reserved.
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Several cell models and in vivo studies show that tau fibrils from
mutant P301S tau-expressing mice or tauopathy patients result in
detergent-insoluble hyperphosphorylated fibrils of seeded tau
[8e10]. Furthermore, the detergent-insoluble native human P301S
tau fibrils in transgenic mice are more potent in seeding than fibrils
of unphosphorylated or hyperphosphorylated recombinant tau
[11]. Overall, evidence proves that pathological hyper-
phosphorylations induce changes that affect tau seeds and the
seeded tau, contributing to tau propagation and its consequences in
AD.

Tau forms self-replicating seeds that create unique pathological
patterns in cells and animal models [12e15]. These uniquely
structured seeds escape from affected cells and act as functional
templates to trigger native tau aggregation when internalised by
neighbouring cells [16]. Transcellular propagation of tau fibrils is a
common feature of several tauopathies, including AD, where syn-
aptic tau seeding precedes the spread of tau pathology [16e18]. The
microtubule-binding domain of tau is essential for its aggregation
[19,20] and phosphorylation at Ser202/Thr205/Ser208 sites in the
proline-rich domain drives rapid fibrillisation [21]. Data indicate
that two amyloid motifs, VQIINK in repeat 2 (R2) and VQIVYK in
repeat 3 (R3), in tau repeat domain (RD) assemble in vitro into b-
sheet-rich fibrils, but these fibrils are not seed-competent [22].
However, 31-amino acid peptides of the R3 region self-assemble
into seed-competent fibrils [23,24]. Deleting VQIINK or VQIVYK in
recombinant full-length tau impairs the seeding ability, suggesting
that the amyloid motifs are necessary for seeding [11].

We used peptides of individual tau repeats to study each
Fig. 1. Aggregation of tau repeat peptides and seeding. (A) Amino acid sequences of differen
RD P301S FRET biosensor cells and HEK293 Tau 0N4R P301L cells are shown. The sequen
residues). The N-terminal hexapeptide regions are marked in red, the cysteine residues are
(C322A) peptide is shown in green in the amino acid sequences. (B) AFM images of R2 and R3
concentration in the presence of heparin (C), 25 mM R2 and R3 peptides in the absence of hep
in C-E are mean ± SEM of 3 independent replicates. (F) Seeding of Tau RD P301S in biosenso
and R3 (C322A) samples or fibrils assembled in the presence of heparin. Scale bar: 50 mm.
treatment as indicated in (H). Data are mean ± SEM of 3 independent experiments. ***p <
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repeat's aggregation and seeding potency using cell lines express-
ing aggregation-prone P301S and P301L tau (Fig. 1A). Cells seeded
with extracellular R2 and R3 fibrils induce intracellular tau aggre-
gation, and the formed intracellular tau fibrils are majorly triton-
insoluble and phosphorylated at AD-specific sites. Furthermore,
reseeding cells with intracellular fibrils extracted from R2 and R3
fibrils-seeded biosensor cells continue to propagate tau aggrega-
tion. Our findings suggest that b-sheet-rich R2 and R3 fibrils induce
templated misfolding and pathological hyperphosphorylation of
seeded tau into seed-competent intracellular inclusions.
2. Materials and methods

2.1. Cell culture and DNA transfection

Tau RD P301S FRET biosensor cells (Biosensor cells; ATCC® CRL-
3275™) were cultured in Dulbecco's Modified Eagle's medium
(Lonza, Cat. # 12e604F) supplemented with 1% GlutaMAX (Gibco,
Cat. #35050-061), 10% fetal calf serum (Gibco, Cat. # 10270) and 1%
penicillin/streptomycin (Diagnovum, Cat. # 910). Human embry-
onic kidney HEK293 cells (ATCC® CRL-1573™) were cultured in
Eagle's Minimum Essential Medium (Lonza, Cat. # 12e611F) sup-
plemented with 10% fetal calf serum and 1% penicillin/strepto-
mycin. The cell lines were maintained at 37 �C in a 5%-CO2
incubator and routinely tested for mycoplasma contamination.

Tau P301L (0N4R) plasmid cloned in pCMV6was a kind gift from
Dr Jose F Abisambra of the University of Kentucky (Lexington, KY,
USA). HEK293 cells were plated at a density of 1 x 106/mL plated in
t tau peptides used in the study and schematic representation of tau constructs in Tau
ce numbering in the peptides is according to the 2N4R tau isoform (441 amino acid
marked in bold red, and the cysteine to alanine substitution at position 322 in the R3
fibrils formed after 24 and 48 h of aggregation. (CeE) Aggregation of peptides at 25 mM
arin (D), and 10 mM R3 (C322A) peptide in the absence or presence of heparin (E). Data
r cells after 72 h of treatment with buffer (containing heparin) or 50 nM R1, R2, R3, R4
(GeH) The number of seeded intracellular Tau RD P301S aggregates (G) and cells after
0.001, **p < 0.01 vs buffer-treated cells, one-way ANOVA, Dunnett's posthoc test.
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a 100mm tissue culture Petri dish and transfectedwith 2 mg/mLTau
P301L plasmid diluted in jetPRIME® buffer supplemented with
jetPRIME® reagent following the manufacturer's protocol for 18 h.

2.2. Tau aggregation assay

Tau R1 (Cat. # AS-65433-1), R2 (AS-65434-1), R3 (AS-65435-1),
and R4 (AS-65436-1) peptides were purchased from AnaSpec
(Fremont, CA, USA), and mutant R3 (C322A) peptides were pur-
chased from Genscript Biotech (Piscataway, NJ, USA) dissolved in
sterilised deionised water, and stored at �80 �C until further use.
Peptide aggregation was monitored by an in vitro Thioflavin T (ThT)
binding assay. Briefly, the peptide solution stored at �80 �C was
thawed on ice and centrifuged at 13000 rpm for 45 s on a benchtop
centrifuge. A reaction mixture containing 0e50 mМ peptides and 15
mМ ThT (Sigma-Aldrich, Cat. #T3516-5G) was prepared in peptide
aggregation buffer [20 mM Tris (pH 7.4), 100 mMNaCl, 1 mM EDTA]
with or without 5 mМ heparin (Sigma-Aldrich, Cat. #H4784-1G) in
an ice-chilled 1.5 mL Eppendorf tube. The reaction mixture was
then dispensed into a black, clear-bottom 384-well assay plate
(CellCarrier, Cat. # 6007550; PerkinElmer, Waltham, MA, USA),
followed by sealing the plate with a TopSealA-PLUS (PerkinElmer)
Clear Adhesive Seal to prevent evaporation. Throughout sample
preparation, reagents and the assay plate were kept on ice.
Following the addition of reagents, the assay plate was placed in an
EnSpire Multimode Plate Reader (PerkinElmer), with the temper-
ature of the measurement chamber set to 37 �C. To prevent
condensation in the sealed plate, the upper heater temperaturewas
set to 2 �C warmer than the lower heater temperature. The plate
reader was set to maintain the assay plate under constant agitation
(1000 rpm) during the resting period. The fluorescence of ThT
binding to aggregated peptides was recorded every 5 min up to
48 h (lexc ¼ 460e490 nm, lem ¼ 500e550 nm).

For the 8-anilino-1-naphthalenesulfonic acid (ANS) fluores-
cence assay, 25 mM peptides were aggregated in peptide aggrega-
tion buffer containing 40 mM ANS (Sigma-Aldrich, Cat. #A1028-5G)
with or without 5 mMheparin under similar aggregation conditions
as described in ThTassay. The change in ANS fluorescence (lexc 390
nm/lem 475 nm) was recorded using EnSpire Multimode Plate
Reader (PerkinElmer).

2.3. Fluorescence and atomic force microscopy

To visualise the formation of peptide fibrils, the content of wells
from assay plates following the end of the ThT binding assay was
embedded in 0.05% low-melting agarose (Sigma-Aldrich) cooled to
40 �C for 10e15 min at room temperature. The images of ThT-
stained fibrils were captured on an Operetta™ High-Content Im-
aging System (PerkinElmer) using a 2 � objective (numerical
aperture: 0.08) and 488-laser line (lex/lem: 488 nm/509 nm).

The morphology of fibrils formed 24 and 48 h after aggregation
was confirmed by atomic force microscopy (AFM). Collected sam-
ples were added dropwise onto a freshly cleaved 10 mm-sized AFM
mica disc (Ted Pella, Inc., Redding, CA) and air-dried for 10 min at
room temperature. The mica discs were washed 5 � times with a
0.22 mm sterile syringe filter (Merck Millipore, Burlington, MA)-
sterilised deionised water and dried for 10e15 min at room tem-
perature. The discs were strapped on a glass slide using transparent
cello tape to prevent them from moving during imaging. Images
were acquired on an Olympus IX81/Veeco BioScope™ Catalyst™
Atomic Force Microscope (Bruker, Billerica, CA, USA) using a
10 � objective under ambient conditions at a scan rate of 0.7 Hz
(line/sec) and Peak Force amplitude of 150 nm. Antimony doped
silicon cantilever probewith a typical resonant frequency of 150 Hz
and spring constant of 5.1 Nm�1 were employed, and acquired
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images were processed in Gwyddion 2.40 freeware developed by
the Czech Metrology Institute, Brno, Czech Republic.

2.4. Coomassie gel staining

R2 and R3 fibrils collected after 24 and 48 h of aggregation assay
were centrifuged at 65000�g on a benchtop centrifuge for 60 min
at 4 �C to pellet insoluble fractions. The soluble fractions were
removed, and the pellet fractions were washed twice with 1 � PBS
by centrifugation at 65000�g for 5 min. The pelleted samples were
then electrophoresed and processed for Coomassie staining, as
described elsewhere [25].

2.5. Tau seeding assay

Tau RD P301S biosensor cells and Tau P301L (0N4R)
HEK293 cells were plated at a density of 50,000 cells/mL in a
CellCarrier 96-well plate (PerkinElmer, Cat. # 6005550) for imaging
experiments or at a density of 1 x 106 cells/mL for cellular frac-
tionation in TPP Ø96mm, 60 cm2 tissue culture Petri dishes (TPP
Techno Plastic Products AG, Trasadingen, Switzerland). The next
day, cells were transfected with 50 nM or 100 nM peptide fibrils,
collected from the in vitro aggregation assay carried out in the
absence of ThT, premixed in jetPRIME® Buffer (Polyplus-trans-
fection SA, New York, NY, USA) supplemented with jetPRIME® re-
agent (Polyplus-transfection SA) as described elsewhere [25]. A
mixture of transfection reagents without tau peptides in peptide
aggregation buffer was used as a negative seeding control. Twenty-
four hours after transfection, the old medium was replaced with a
fresh complete growth medium. The cells were allowed to grow for
48 h before processing for imaging and Triton X-100 fractionation
cell fractionation experiments.

2.6. Imaging and quantification of aggregate and cell number

Prior to imaging, the biosensor cells were stained with 10 mM
Hoechst-33342 nuclear dye (Invitrogen, Cat. #H21492) for
10e15 min at 37 �C in a humidified incubator, and the cells were
replaced with phenol red-free growth media and imaged on an
Operetta™ High-Content Imaging System (PerkinElmer) using a
20x objective as described elsewhere [25]. The intracellular CFP/
YFP Tau RD P301S fibrils and cell numbers were quantified using
Harmony Image Analysis Software as described in our previous
work [25]. For morphology, the cells were imaged on Cell Voyager
CV7000S microscope (Yokogawa, Tokyo, Japan) using a 60x objec-
tive. Cells were maintained at 37 �C and 5% CO2/atmospheric air
throughout imaging in a live-cell chamber.

2.7. Quantification of internalised R3 fibrils

R3 fibrils were stained with 50 nM X-34 (Sigma-Aldrich, Cat. #
SML1954) for 5 min at room temperature. HEK293 cells were then
transfected with R3 fibrils prestained with X-34 premixed with or
without transfection reagent as described above. After 12 h of
transfection, cells were washed with 1 � PBS containing 20 U/mL
heparin (Cat. #H4784-1G, Sigma-Aldrich) and then 0.25% trypsin
(Gibco) in PBS for 2e3 min to remove any cell membrane-bound
fibrils that were not internalised. Prior to imaging, the cells were
stained with 1x BioTracker 650 Red Nuclear Dye (Merck Millipore,
Cat. # SCT119), and the old medium was replaced with a phenol
red-free medium. Cells were imaged on a ZEISS Cell Observer SD
Spinning Disk Confocal Microscope (Carl Zeiss AG, Oberkochen,
Germany) using an oil-immersion 63 � objective (numerical
aperture: 1.4). Images were acquired using ZEN 2 (blue edition)
software (Carl Zeiss AG). X-34 was excited with a 405-nm laser line
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(lexc 350 nm/lem 470 nm), and BioTracker 650 Red Nuclear Dye
was excited using a 639-nm laser line (lexc 650 nm/lem 665 nm).
The laser intensity and exposure time were kept constant between
different samples. The acquired images were processed using ZEN
2012 Black Edition imaging software (Carl Zeiss).
2.8. Triton X-100 cell fractionation and Western blot analysis

Cells were harvested and resuspended in 1 � Tris-Buffered Sa-
line (TBS) containing 0.05% Triton X-100 supplemented with pro-
tease (Roche, Cat. # 04693116001) and phosphatase inhibitors
(Roche, Cat. # 04906837001). The cell lysate was then clarified by
centrifuging at 500�g for 5 min and 1000�g for another 5 min at
4 �C on a benchtop centrifuge. The supernatant was collected, and
20% of the supernatant fraction was stored as a total fraction. The
remaining supernatant was centrifuged at 65,000�g for 30 min at
4 �C to collect the supernatant as Triton X-100-soluble fraction and
pellet as Triton X-100-insoluble fraction. Finally, the pellet fraction
was resuspended in RIPA buffer supplemented with protease and
phosphatase inhibitors. Thirty-five mg of total fraction and the equal
volume of Triton-soluble and -insoluble fractions were electro-
phoresed by 4e12% gradient PAGE and 10% SDS-PAGE.

Electrophoresed proteins were transferred onto a PVDF mem-
brane (Blot™ 2 Transfer Stacks, PVDF, regular size, Invitrogen, Cat. #
IB24001) using an iBlot™ 2 Gel Transfer Device (Thermofisher
Scientific). The blots were blocked in 5% BSA in 1 � TBS containing
0.1% Tween® 20 Detergent (TBST) for 1 h at room temperature and
incubated with primary antibodies, anti-tau A10 antibody (1:1000;
SCBT, Cat. #sc-390476) and anti-tau Tau-5 antibody (1:1000; Invi-
trogen, Cat. #AHB0042), anti-phospho Ser202/Thr205 tau (1:1000;
Invitrogen, Cat. #MN1020), anti-phospho Ser262 tau (1:1000;
Invitrogen, Cat. #OPA1-03142), anti-phospho Ser396 tau (1:1000;
Invitrogen, Cat. #44-752G), anti-phospho Ser404 tau (1:1000; CST,
Cat. #20194S) and anti-oligomeric tau T22 (1:1000; Merck Milli-
pore, Cat. #ABN454), overnight at 4 �C and anti-GAPDH antibody
(1:4000; SCBT, Cat. #sc-32233) for 1 h at room temperature. Pri-
mary antibody-stained blots were developed using anti-mouse
(Cat. #A1134) or anti-rabbit (Cat. #A21202) Alexa Fluor 488-
conjugated secondary antibodies (Invitrogen) at 1:2000 dilution
for 1e2 h at room temperature in the dark. The blots were then
imaged using a Gel Doc XR þ Gel Documentation System (Bio-Rad)
with appropriate filters for Alexa Fluor 488 to visualise protein
bands.
2.9. Cellular reseeding assay

Biosensor cells were plated at a density of 100,000 cells/ml in a
CellCarrier 96-well plate (PerkinElmer). The next day, cells were
transfected with 1 mg/well total and Triton-soluble and -insoluble
fractions prepared from biosensor cells, as described previously.
After 24 h of transfection, cells were replaced with fresh complete
growth media, incubated further for 48 h, and then imaged on an
OperettaTM high-content imaging system described above to
quantify the cell number and intracellular Tau RD aggregates.
2.10. Statistical analysis

All statistical analyses were performed using Graphpad Prism
Software, and differences were considered significant at P < 0.05.
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3. Results

3.1. Self-assembling R3 is the minimal region of tau RD essential for
aggregation

R2 and R3 peptides assembled time-dependently into b-sheet-
rich fibrils in the presence of heparin, as evident by changes in fibril
morphology and ThT fluorescence (Fig. 1B and C). Both R2 and R3
showed concentration-dependent growth kinetics (Fig. S1A). The
aggregation data also show that R2 aggregates faster than R3, as
indicated by the differences in t1/2 values (R2 vs R3, p < 0.001,
paired t-test, n ¼ 3; Fig. 1C). R1 and R4 did not assemble into fibrils
under the tested aggregation conditions (Fig.1C; Figs. S1A and B).
The formation of b-sheet-rich fibrils of R2 and R3was also validated
by fluorescence imaging (Fig. S1C). These findings support a prior
work that indicates VQIINK in R2 is a more powerful driver of tau
aggregation than VQIVYK in R3 [26]. Nonetheless, both R2 and R3
formed dimers when aggregated in the presence of heparin
(Fig. S2A). Surprisingly, despite having the amyloid VQIINK motif
and a cysteine residue, R2 did not self-assemble into fibrils in the
absence of heparin (Fig. 1D, Fig. S2B). R3 formed fibrils of highly-
aggregated morphology with twists when aggregated in the
absence of heparin compared to a mixture of shorter and longer
fibrils without a twist in the presence of heparin (Fig. 1B, Fig. S2B).

To find if the cysteine residue is necessary for the self-assembly
of R3, we used a cysteine to alanine substituted R3 peptide (C322A)
(Fig. 1A). R3 (C322A) aggregated and formed fibrils in the presence
but not in the absence of heparin (Fig. 1E; Fig. S2C). The fibrils
comprised of a mixture of shorter and longer fibrils, morphologi-
cally similar to those of R3 fibrils formed in the presence of heparin
(Fig. 1B, Fig. S2C). R3 (C322A) also showed concentration-
dependent growth kinetics (Fig. S2D). This data indicates that
cysteine residue in R3 is essential for self-assembly, which is
accordant with the findings from Zweckstetter lab showing KXGS
motifs in tau repeats promote aggregation [27].

We confirmed ThT data by ANS assay, which assess changes in
hydrophobicity during protein aggregation, and noted a similar
time-dependent increase in ANS fluorescence when peptides were
aggregated in the presence [R2, R3, and R3 (C322A)] or absence (R3)
of heparin (Figs. S2E and F).

3.2. R2 and R3 fibrils induce tau RD P301S aggregation in biosensor
cells

Next, we performed an in-cell seeding assay using biosensor
cells to check the seeding potential of repeat peptides collected
48 h after in vitro assembly. R2 and R3 fibrils, but not R1 and R4
samples, collected 48 h after assembly, seeded the aggregation of
Tau RD P301S in cells (Fig. 1F and G). The aggregation buffer (con-
taining transfection reagents) with or without heparin did not
affect seeding or cell number (Fig. 1FeH; Fig. S3C). We previously
observed that seeding requires the accumulation of exogenous
seeds within the cell [25]. However, we did not quantify the per-
centage of R3 fibrils internalised by cells. Our data now show that in
the presence of transfection reagent, a significant fraction of R3
fibrils is taken up by the cells (Figs. S3A and B). There is slowcellular
uptake of fibrils in the absence of transfection reagents (Fig. S3B),
which is presumably not enough to trigger seeding, as noted in our
previous study [25].

Self-assembled fibrils of R3 demonstrated considerable seeding
activity, in contrast to R2 and R3 (C322A) formed without heparin,
which did not seed Tau RD P301S aggregation (Figs. S3C and D).
Interestingly, despite C/A substitution, R3 (C322A) aggregated in
the presence of heparin showed seeding activity (Fig. 1F and G).
Nonetheless, R3 and R2 assembled with heparin were consistently
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more seed-competent than fibrils of R3 assembled in the absence of
heparin or R3 (C322A) in the presence of heparin. Overall, R2, R3
and R3 (C322A) fibrils assembled in the presence of heparin and R3
fibrils assembled in the absence of heparin resulted in intracellular
tau seeding. This data highlights the importance of the VQIVYK
hexapeptide and cysteine-containing R3 repeat region on the
prion-like seeding potential of tau in tauopathies.

Cell treatment with buffer alone (containing transfection re-
agents), R2 and R3 fibrils or R1 and R4 samples did not affect cell
number (Fig. 1H) or morphology (Fig. S3E). None of the peptides in
monomeric forms affected seeding or cell number (data not
shown).
3.3. Fibrils of minimal regions increase triton-insoluble phospho-
tau levels and reseed intracellular tau

To examine tau phosphorylation changes, we collected
biosensor cells 72 h after seeding with peptides assembled in the
presence of heparin and fractionated them into Triton X-100-
soluble and -insoluble fractions. Although there was no change in
tau phosphorylation in total protein (Fig. S4A), the presence of
Ser262-phosphorylated tau was evident in triton-insoluble frac-
tions of cells treated with R2 and R3 fibrils (Fig. 2A). These results
indicate that extracellular R2 and R3 fibrils increase the insolubility
of intracellular tau following pathological phosphorylation that
enhances the accumulation of seeded tau inclusions. However, this
result did not answer whether the phosphorylation per se
enhanced intracellular tau aggregation following seeding with
extracellular R2 and R3 fibrils.

Biosensor cells express only the RD of tau (244e372 amino
acids), and therefore, phosphorylation changes outside this domain
cannot be examined. To overcome this limitation, we transiently
expressed P301L Tau (0N4R) in HEK293 cells and then seeded them
with peptide fibrils/samples for 72 h before cellular fractionation as
described above. Similar to biosensor cells, there was no visible
difference in tau phosphorylation in total protein (Fig. S4B). How-
ever, evident changes in total tau (Tau-5) and phosphorylated tau
(Ser262, Ser396, Ser404) were noticeable in triton-insoluble
Fig. 2. Changes in intracellular tau phosphorylation. (AeB) Representative western blots of tr
Tau P301L (0N4R) HEK293 cells (B) with R1, R2, R3 and R4 samples/fibrils collected after 48
buffer containing heparin.
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fractions of cells treated with R2 and R3 fibrils (Fig. 2B). Addition-
ally, both R2 and R3 fibrils resulted in tau oligomer (T22) formation
in Tau P301L (0N4R) HEK293 cells. These findings suggest that only
a small percentage of tau seeds derived from the minimum region
are required to cause the formation of intracellular hyper-
phosphorylated tau aggregates.

Many reports suggest that the size and conformation of seeds
impact the seeding activity of extracellular seeds [11,15,28].
Therefore, we next performed a reseeding assay to seed a new set of
biosensor cells with total, triton-soluble, and -insoluble fractions of
biosensor cells that had previously been seeded with peptide fi-
brils/samples. The reseeding assay revealed that all three fractions
of R2 and R3 fibrils-treated cells resulted in intracellular Tau RD
P301S aggregation (Fig. 3). This data indicates the fibrils of seeded
tau acquired seeding potency similar to extracellular R2 and R3
fibrils.
4. Discussion

Tauopathies can be distinguished based on tau isoforms present
in the filaments. While corticobasal degeneration, argyrophilic
grain disease and progressive supranuclear palsy show 4R tau,
Pick's disease (PiD) is characterised by the presence of only 3R
isoform [29]. On the contrary, AD and chronic traumatic encepha-
lopathy show the presence of both 3R and 4R tau isoforms [29].
Cryo-EM structural analysis of core filaments from brain tissues of
tauopathy patients revealed that they all have a similar core area
but diverse conformations [30]. The core structure is comprised of
R3 and R4 along with 10e13 amino acids of the C-terminal domain,
with different N-terminal extensions [30]. Structural and confor-
mational differences between tau polymorphs in AD, PiD and other
tauopathies, along with the effect of non-protein cofactors on tau
aggregation, might affect the stability and propagation of aggre-
gates [31]. Therefore, it is critical to identify tau regions that may
play critical roles in differential tau aggregation and spread.

The hexapeptide amyloid motifs on R2 and R3 have been shown
to assemble in vitro independently; however, they do not produce
seed-competent fibrils [22]. Using peptides of individual repeats,
iton-soluble and -insoluble fractions after seeding Tau RD P301S biosensor cells (A) and
h of aggregation. n ¼ 3. S, Triton-Soluble; IS, Triton-Insoluble. Buffer is the aggregation
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Fig. 3. Cellular reseeding assay. Quantification of intracellular Tau RD P301S aggregates in biosensor cells reseeded with the total, triton-soluble, and triton-insoluble fractions of
cells seeded with buffer (containing heparin) or R1, R2, R3 and R4 samples or fibrils collected 48 h after heparin-supplemented in vitro aggregation assay. Data is mean ± SEM of 3
independent experiments. ***p < 0.001 vs buffer-treated cells, one-way ANOVA, Dunnett's posthoc test.
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we show that R2, like R3, forms seed-competent fibrils, indicating
that R2 may be a separate nucleus for tau aggregation. Although R2
aggregation was faster than R3, there was no difference in intra-
cellular seeding by R2 and R3 fibrils. This suggests that the aggre-
gation rate does not give differential potency to R2 and R3 seeds.
Additionally, R3, but not R2, fibrils assembledwithout heparinwere
seed-competent, even though both R2 and R3 have identical N-
terminal hexapeptide sequences and cysteine residues. These
suggest that R3 may be the minimal region for pathological seed
generation under physiological conditions, whereas R2 might need
polyanionic cofactors to generate pathogenic seeds. The self-
assembling R3 may nucleate tau aggregation in the absence of
polyanionic cofactors, with R2 contributing in the later stages of the
aggregation process. Additionally, R3 (C322A) formed fibrils when
aggregated in the presence but not in the absence of heparin,
explaining the role of heparin in remodelling the R3 or tau towards
fibril-prone conformations, as highlighted in a recent in silico study
[32]. Aggregates that are seed-competent may contain a mixture of
monomers, oligomers, and fibrils. Since monomers do not seed
intracellular tau aggregation, as demonstrated by us, further
studies are required to identify and characterise the species type,
oligomers or fibrils, in the aggregated sample responsible for the
seeding effect.

Heparin-induced tau fibrils are polymorphic and different from
fibrils derived from AD and PiD brains [33]. Several polyanionic
cofactors such as RNA, lipids, and, recently DNA from several spe-
cies of bacteria were found to promote tau aggregation in vitro
[34e37]. The potential role of RNA in producing unique tau strains
and their stability is also suggested in a recent preprint article byM
Diamond's group [38]. Interaction of tau with cofactors enables the
formation of metastable complexes that remain inert and revers-
ible until the interaction with seeds, which triggers the formation
of b-sheet containing species [39]. Despite studies demonstrating
co-localisation of cofactors such as heparan sulfate and RNA with
NFTs, Pick bodies, and neuritic plaques of AD and PiD, the role of
polyanionic cofactors on tau pathological alterations has been
overlooked [40,41].

A conserved motif in the middle of each RD of tau, KXGS, is
required for tau binding to microtubules, local structural stabili-
sation, and oligomerisation [27]. In vivo, intermolecular disulfide
bonds are formed when two cysteine residues in KXGS motifs,
Cy291 in R2 and Cys322 in R3, oxidise, leading to tau dimerisation
and fibrillisation. The two cysteine residues are functionally distinct
and contribute differently to tau pathology [42]. Further, their po-
sitions differ in the fibrillar core, with R3 located in the fibril core
and R2 in the fuzzy coat of fibrils [43]. Our data showing that R3
(C322A) fibrils formed in the presence of heparin are seed-
competent suggests that C322 at the KXGS motif may play a role
in tau seed generation under pathological conditions.
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Tau propagation following seeding occurs either by template-
dependent conformational changes or other unknown mecha-
nisms [44]. Although PTMs are essential for a full-length tau to
aggregate [45], it is unclear whether hyperphosphorylation is
necessary for the seeded tau to aggregate. Our study aimed to
investigate the hyperphosphorylation or solubility changes in
endogenous seeded tau following cell seeding with fibrils of R2 and
R3. Serine 262 phosphorylation appears early in AD pathogenesis
[46], suggesting this phosphorylation may contribute to tau seed
formation. Although we do not know which phosphorylations
appeared first in our study, we can confirm that AD-specific
phosphorylations in seeded tau appear in response to exogenous
R2 and R3 fibrils. Our cell fractionation data show that cells seeded
with R2 and R3 fibrils cause Ser262 phosphorylation in Tau RD
P301S biosensor cells and other AD-specific phosphorylation,
including Ser262, in Tau P301L (0N4R) HEK293 cells. In addition to
phosphorylation, there is also oligomerisation of seeded P301L Tau.
The presence of soluble phosphorylated tau in both the cell types
suggests that mutation enhanced the phosphorylation (Fig. 2A and
B), presumably making abnormally phosphorylated cytosolic tau
prone to aggregate into insoluble inclusions upon exposure to seed-
competent R2 and R3 fibrils. These findings suggest that patho-
logical phosphorylation is one of the unknown factors contributing
to the aggregation of intracellular seeded tau.

Our reseeding assay confirms that cell fractions (total or Triton-
soluble and -insoluble) of cells previously seeded with R2 and R3
fibrils continue to display seeding activity. This data reconfirms that
tau propagation is dependent not only on the initially generated
fibrils but also on the newly formed tau inclusions. The intracellular
tau inclusions with pathological phosphorylations presumably
result from the failure of cell clearance mechanisms and phos-
phatase functions that define the ageing-associated molecular
mechanisms involved in AD and other tauopathies. Altogether,
evidence from our previous study [25], this study and other studies
[26,42,43,47] support the importance of targeting the N-terminal
hexapeptides or cysteines in R2 or R3 when developing tau ag-
gregation and hyperphosphorylation inhibitors [48] or antibodies
(Reviewed in Ref. [49]) for tau-targeted therapies. Since tau adopts
disease-specific fibril polymorphs [15], a single inhibitor may not
be capable of blocking seeding by all disease-associated poly-
morphs, possibly because both hexapeptide sequences contribute
to differential seeding under different conditions.

5. Conclusion

Herein, we show that the two minimal tau regions, R2 and R3,
are sufficient to seed intracellular tau aggregation, possibly via
altering the composition of soluble hyperphosphorylated tau. R2
and R3 fibrils formed in the presence of heparin are seed-
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competent. However, only R3 self-aggregates into seed-competent
fibrils in the absence of heparin. Substitution of cysteine to alanine
(C322A) in R3 affects its self-aggregation, inhibiting its seeding
activity. Intriguingly, despite the substitution, R3 (C322A) assem-
bles into seed-competent fibrils in the presence of heparin. These
findings underline the importance of N-terminal hexapeptides and
cysteine residues of R2 and R3 on tau aggregation, seeding and
propagation. Our brief study sheds light on potential molecular
mechanisms of seeded tau aggregation by tau repeat peptides of
the microtubule-binding domain.
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