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ABSTRACT: Tau filaments are the pathological hallmark of monomers
>20 neurodegenerative diseases including Alzheimer’s disease.

3R tau 4R tau

Six tau isoforms exist that can be grouped into 4-repeat (4R) tau  templated

and 3-repeat (3R) tau based on the presence or absence of the oWt

second of four microtubule binding repeats. Recent evidence =

suggests that tau filaments can transfer between cells and spread f"sae'::: . w

through the brain. Here we demonstrate in vitro that seeded
filament growth, a prerequisite for tau spreading, is crucially dependent on the isoform composition of individual seeds. Seeds of 3R
tau and 3R/4R tau recruit both types of isoforms. Seeds of 4R tau recruit 4R tau, but not 3R tau, establishing an asymmetric barrier.
Conformational templating of 4R tau onto 3R tau seeds eliminates this barrier, giving rise to a new type of tau filament. These

findings provide fundamental mechanistic insights into the seeding, propagation, and diversification of tau filaments.

he intracellular deposition of filamentous tau is a common

feature of numerous fatal neurodegenerative diseases includ-
ing Alzheimer’s disease, Pick’s disease, and progressive supra-
nuclear palsy." Through transcription from a single gene and
alternative mRNA splicing six different tau isoforms are pro-
duced, ranging in size from 352 to 441 amino acids. The isoforms
can be divided into two major groups: (1) 4R tau, which contains
4 microtubule binding repeats (each 31—32 amino acids long),
and (2) 3R tau, which contains 3 microtubule binding repeats
(lacking repeat 2) (Figure 1A). In the adult human brain 3R and
4R tau coexist at equimolar ratios.” This ratio is reflected in the
tau proteins found in the filamentous inclusions of Alzheimer’s
disease. In contrast, filaments in progressive supranuclear palsy
contain only 4R tau and filaments in Pick’s disease contain only
3R tau.* The molecular basis for the differences in tau deposition
is not understood.

Soluble tau is an intrinsically disordered protein with a net
positive charge and a low tendency to aggregate.” The addition of
negatively charged cofactors such as heparin greatly accelerates
aggregation.® Upon fibrillization the repeat region becomes struc-
tured, forming a protease resistant core.”® The regions
flanking the filament core form a fuzzy coat that remains largely
unfolded.” In tau monomers these regions are thought to fold
back onto the repeats.'” Removal of the flanking regions, as
exemplified by the constructs K18 and K19 (Figure 1B), further
accelerates aggregation.” The assembly of tau monomers into
filaments results in the formation of cross-f structure,'"'? a
defining architectural feature of all fibrils belonging to the amyloid
class."® Tau filament formation (as that of other amyloid fibrils)
depends on the assembly of a critical nucleus onto which individual
monomers can grow.'* This event marks the rate-limiting step of
aggregation and can be circumvented by the addition of filament
seeds."*'® Recent experiments have demonstrated that tau
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filaments can transfer among neighboring cells in tissue culture'”
and that insoluble tau aggregates can spread from the site of
injection in mouse brain.'® Together, these properties are
reminiscent of prions'” and have raised the question of whether
prionlike mechanisms might be responsible for tau path-
ogenesis.zo’21 Prion diseases, unlike tauopathies, are infectious.?>
However, infectivity and interneuronal transmissibility of prions
are thought to be based on a single molecular principle: recruit-
ment of monomeric proteins onto the fibril ends.”> Understanding
this recruitment process for tau may provide important molecular
insights into the interneuronal spreading of tauopathies.

We have recently demonstrated that based on composition
three distinct types of tau filaments exist: (1) 3R tau, (2) 4R tau,
and (3) 3R/4R*>* Here we have used these filaments to
investigate tau-seeded fibrillization. Our findings show important
mechanistic parallels to prions that could help explain pheno-
typic variations in human tauopathies.

B EXPERIMENTAL PROCEDURES

Plasmid Constructs. All constructs used in this study have
been described previously.”* Briefly, K18 and K19 were cloned
into pET28b via the Ncol/Xhol cleavage sites. Natural cysteines
(1 in K19 and 2 in K18) were replaced by serines. These
constructs and their corresponding proteins are referred to as
“cysteine-free”. Single cysteines were subsequently introduced by
site-directed mutagenesis using the QuikChange method from
Stratagene/Agilent Technologies.
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Figure 1. Tauisoforms and constructs. (A) Tau isoforms are defined by
the presence or absence of two inserts (striped) in the N-terminal half
and the inclusion or exclusion of the second microtubule binding repeat
(marked as 2) in the C-terminal half. (B) The constructs K18 and K19
encompass the repeat region. 4R = 4-repeat, 3R = 3-repeat.

Protein Expression and Purification. All tau proteins were
expressed and purified as previously described,** exploiting their
heat stability and high isoelectric points. In brief, Escherichia coli
bacteria (strain BL21(DE3)) with overexpressed tau proteins
were pelleted by centrifugation and resuspended in extraction
buffer (500 mM NaCl, 20 mM Pipes, pH 6.5, 1 mM EDTA,
50 mM 2-mercaptoethanol). After storage at —80 °C, bacteria
were heated for 20 min at 80 °C and further treated by
sonification. Soluble tau protein was separated from bacterial
debris after 15 min centrifugation at 15 000g. Precipitation of tau
occurred by the addition of 60% (mass per volume) ammonium
sulfate. After 1 h incubation at 25 °C, each protein sample was
sedimented for 15 min at 15000g, resolubilized in dH,O (2 mM
DTT), passed through a syringe filter and applied onto a MonoS$
cation exchange column (GE Healthcare). Tau protein was
eluted from the column by a NaCl gradient. Enriched fractions,
as judged by SDS PAGE, were pooled and further purified via
passage over a Superdex 200 gelfiltration column. All K18 and
K19 constructs were precipitated overnight with a 3-fold volu-
metric excess of acetone. In all cases, 2.5 mM DTT was present
during precipitation to avoid oxidation damage. Subsequently,
proteins were pelleted by centrifugation, aliquoted, and washed
with acetone in the presence of 2 mM DTT. All proteins were
stored at —80 °C until further use.

Acrylodan Labeling. Single cysteine mutants of tau (4—6 mg)
were taken up in 8 M guanidine hydrochloride and labeled for 1 h
with a ~10-fold molar excess of acrylodan (Invitrogen). In order
to remove denaturant and excess dye, each protein sample was
passed over a PD-10 desalting column from GE Healthcare.
Cysteine-free proteins were treated the same way, except that no
label was added after uptake in guanidine hydrochloride. All
protein concentrations were determined by the BCA method
(Pierce).

Seed Production. 25 uM of cysteine-free K18 and K19 (or a
combination of 12.5 M K18 and 12.5 uM K19) were mixed with
S0 uM heparin (average molecular mass of 5000 Da, Celsus,
Cincinnati, OH) and allowed to grow under agitation for 3 days

at 25 °C. Subsequently, the filaments (500 #L) were sonified for
20 s at power setting 3 in a Fisher Scientific Sonifier (150 Series).
Seed morphology was verified by negative stain electron micro-
scopy. Reactions that involved multiple cycles of seeding and
elongation were sonified after 1 h incubation.

Seeding Assay and Fluorescence Detection. All reactions
were performed in 100 mM NaCl, 10 mM Hepes, pH 7.4. The
following mole percentages were used for all reactions: 2%
acrylodan-labeled tau, 98% cysteine-free tau. The final concen-
tration of monomeric proteins K18 and K19 was 10 uM. Also
present was a 2-fold molar excess of heparin to tau. Seeding
reactions were initiated by the addition of 3 mol % seeds.
Experiments that involved multiple cycles of seeding and elonga-
tion contained higher concentrations of monomers (25 #M) and
larger mole percentages of seeds (8%). These increases were
performed to accelerate aggregation. After 1 h, each reaction was
sonified to produce seeds for the next reaction cycle. The final
seeding step in this multicycle procedure contained 3 mol %
seeds and 10 4uM monomers. All reactions were monitored in a
Fluorolog 3 system (Horriba, Jobin). Temperatures were set at
37 °C using a solid state Pelletier element. Excitation occurred at
360 nm. Single emission spectra ranging from 400 to 600 nm
were collected with excitation and emission slit widths set
at S nm.

Negative Stain Electron Microscopy (EM). 250-mesh carbon
coated copper grids were placed for 40 s onto 10 4L drops of tau
filaments (10 uM) for 30 s on 10 #L drops of 2% uranyl acetate
and subsequently air-dried on filter paper. All images were taken
with a Philips/FEI Tecnai-12 electron transmission microscope
at 80 keV and equipped with a Gatan CCD camera.

B RESULTS

Seeds of 3R/4R Tau Nucleate the Formation of 3R and 4R
Tau Filaments. We have previously shown that upon mixing
monomers of 3R and 4R tau do not segregate into separate
aggregates, but instead coassemble into heterogeneous
filaments.”* 3R and 4R tau incorporate into these filaments with
similar probability and distribute evenly over the length of the
fiber.”* Whether the filaments can effectively seed the propaga-
tion of individual 3R and 4R tau monomers is not known. In
order to address this question, we used the environment sensitive
dye acrylodan® to monitor the recruitment of monomeric tau
into the filaments. Specifically, acrylodan was cross-linked to a
single cysteine (Figure 2A) at position 310 in the third repeat of
K19. This site was chosen as it is located in the core of the
filament***® and as such undergoes large conformational
changes upon aggregation. Furthermore, spin-labeling of the site
had no measurable effect on overall structure.** Cross-linking
with acrylodan resulted in a new side chain, henceforth referred
to as Al. In preparation for filament formation, the labeled
protein was mixed with a 50-fold molar excess of cysteine-free
K19. Upon excitation at 360 nm, the emission spectrum revealed
amaximum at 523 nm (Figure 2B), characteristic for an aqueous
solvent exposed site.”” This result is in good agreement with tau
being intrinsically disordered.”®* The addition of seeds
(produced through ultrasonic shearing of K18/K19 filaments)
initiated aggregation. Upon completion, the spectrum had
blue-shifted to a new emission maximum at 462 nm
(Figure 2B), indicating label exposure to a more hydrophobic
environment.”” The shift in the inverse emission wavelength
was plotted as a function of time revealing the elongation kinetics
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Figure 2. Seeds of K18/K19 effectively template growth of K18 and K19. (A) Scheme for acrylodan labeling of cysteine side chain. (B) Addition of 3%
K18/K19 seeds to a mixture of monomers of 98% K19 and 2% K19 310A1 (total concentration: 10 #M) results in a time-dependent blue shift in the
emission maximum. Traces from right to left represent reactions after 0, 0.5, S, 10, and 80 min. Excitation: 360 nm; emission: 400—600 nm. (C) The
inverse wavelength plotted as a function of time reveals the progression of K19 (closed triangles) and K18 (open circles) aggregation. In the absence of
seeds no changes are observed. Values represent mean +s.d. (n = 3 experiments). (D, E) Electron micrographs of K18 and K19 filaments produced

through K18/K19-seeded reactions.

of K19 (Figure 2C). In a next step an equivalent set of
measurements was carried out for K18. The same seeds produced
similar elongation kinetics (Figure 2C). In the absence of seeds,
neither K18 nor K19 aggregated (Figure 2C). The presence of
filaments in the seeded reactions was confirmed by negative stain
electron microscopy (Figure 2D,E). Together, these findings
reveal that filaments of 3R/4R tau serve as seeds for the
formation of 3R and 4R tau filaments.

Cross-Seeding Barrier Prevents Growth of 3R Tau onto 4R
Tau Seeds. K18 and K19 differ by the inclusion or exclusion of
the second microtubule binding repeat (Figure 1B). To deter-
mine whether this variation in sequence affects filament con-
formation, we tested the seeding properties of K18 and K19
filaments. In a first set of experiments, we prepared seeds from
K18 filaments and monitored the elongation of K18 and K19
monomers onto these seeds. As before, acrylodan was cross-
linked to position 310 and served to report filament growth.
Again, a 50-fold molar excess of the respective cysteine-free
construct was mixed into each reaction. While K18 monomers
grew onto K18 seeds, K19 monomers did not (Figure 3A).
Importantly, a 3- or 5-fold increase in seed concentration did
not lead to any measurable incorporation of K19 monomers
(Figure S1A), indicating a robust conformational barrier. The
inability of K19 monomers to grow onto K18 seeds did not
originate from acrylodan labeling at position 310, as monomers
labeled in different positions (317, 322) failed to integrate as well
(Figure S1B). Electron micrographs confirmed this seeding
behavior as filaments were observed for K18 (Figure 3B), but
not for K19 (Figure 3C). In a next step we produced seeds from
K19 filaments. To our surprise both K18 and K19 monomers

added onto these seeds (Figure 3D). However, the addition of
K19 monomers was markedly more efficient. The filamentous
nature of the aggregates was confirmed by electron microscopy
(Figure 3E,F). In order to independently verify the seeding
properties of K18 and K19 filaments, we repeated all experiments
using an extrinsic thioflavin T based assay (Figure S1C,D).
The same asymmetric barrier was observed. Furthermore, re-
placement of the truncated monomers with full-length versions
of tau (htau23 and htau40) produced similar seeding character-
istics, albeit with slower kinetics (Figure S1E,F). Combined,
these data suggest that conformational differences between
filaments of 3R and 4R tau allow growth of 4R tau onto 3R tau
seeds but prevent growth of 3R tau onto 4R tau seeds.
Cross-Seeding Gives Rise to a New Type of 4R Tau
Filament. The observation that 4R tau can grow onto 3R tau
seeds raised the question of whether the resulting filaments have
the ability to seed 3R tau. Such a property would be expected if
the monomers of 4R tau assumed the conformation of the seeds
of 3R tau. In order to address this question, we carried out a three
step seeding experiment (Figure 4A). In the first step K18
monomers were grown onto K19 seeds. In the second step three
cycles of seeding and elongation produced an enriched popula-
tion of K18 filaments. In the third step seeds of these K18
filaments were added to K19 monomers. Remarkably, the K18
seeds had the ability to seed the formation of K19 filaments
(Figure 4B, top trace). As a result of the multistep procedure the
concentration of K19 seeds was reduced from 2.0 x 10~ ° M in
the first reaction to 3.1 x 10~ "' M in the final reaction. At this
final seed concentration K19 does not accelerate aggregation
(not shown), and therefore the growth of K19 monomer was not
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Figure 3. Asymmetric barrier for K18 and K19 cross-seeding. (A) Aggregation of K18 monomers (98% K18, 2% K18 310A1) and K19 monomers
(98% K19, 2% K19_310A1) in the presence of 3% K18 seeds. (B) Electron micrograph of K18 filaments seeded with K18. (C) Electron micrograph of
K19 grown onto K18 seeds. (D) Aggregation of K19 monomers (98% K19, 2% K19_310A1) and K18 monomers (98% K18, 2% K18_310Al) in the
presence of 3% K19 seeds. (E) Electron micrograph of K18 grown onto K19 seeds. (F) Electron micrograph of K19 grown onto K19 seeds. Protein
concentrations were 10 #M. All values represent mean = s.d. (n = 3 experiments).
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Figure 4. Tau filament diversification. (A) Experimental design of multicycle seeding reactions. (B) Aggregation of K19 monomers (98% K19,
2% K19_310A1) in the presence of 3% K18 seeds (last step in A) monitored as a change in inverse emission wavelength over time (top trace). When
instead of K19 seeds K18 seeds were present in the initial seeding step, no aggregation occurred (bottom trace). (C) Electron micrograph representing
the end point of the top trace in (B).

affected by any residual K19 seeds. The presence of filaments was
visually confirmed by EM (Figure 4C). Importantly, when the
initial seeds in the multistep seeding procedure were composed
of K18, seeding of K19 in the final step did not occur (Figure 4B,

4333

bottom trace). Corresponding results were obtained when full-
length tau was used in the final elongation step (Figure S2A,B).
These observations are important as they demonstrate that
the same protein, K18, can produce filaments with different
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Figure 5. Templated filament growth of tau. Monomers of 3R and 4R
tau (top) can only grow onto the ends of 3R (square), 3R/4R (oval), and
4R filaments (triangle and hexagon) if their sequence is compatible with
the conformation of the seed (arrows). Structural incompatibility gives
rise to a seeding barrier (crossed out arrow).

seeding properties, depending on the initial template, and further-
more that these properties can be propagated over multiple
generations.

W DISCUSSION

The identification of three compositionally distinct types of tau
filaments that share a common core with parallel, in-register
arrangement of -strands”****" has raised the question of whether
these filaments could be conformationally distinct. Variations in
packing interactions could impart different biophysical properties.
Here, we set out to identify such differences between the three
types of filaments by investigating their seeding characteristics.
Recent evidence suggests that caspase-cleaved fragments,®* and
other truncated forms of tau,>> may play a critical role in the
initiation of filament formation. These smaller forms show greatly
accelerated kinetics and seeds thereof may serve as templates onto
which full-length isoforms bind.**** For seeds, we chose the
constructs K18 and K19, which are truncated versions of tau that
contain the core-forming repeat region (Figure 1B). We made
following key observations irrespective of whether truncated
(K18 and K19) or full-length versions of tau (htau23 and htau40)
were used for filament growth (summarized in Figure $): First,
seeds of 3R tau and 3R/4R tau recruit both types of isoforms.
Second, seeds of 4R tau recruit 4R tau, but not 3R tau, establishing
an asymmetric barrier. Third, conformational templating of 4R tau
onto 3R tau seeds abolishes this barrier giving rise to a new type of
tau filament. These results indicate the existence of at least four
conformationally distinct types of filaments.

Conformationally distinct fibrils are a hallmark of prions and
are thought to be the basis for strain (or phenotype) variations in
mammals**** and yeast.***” Strain identity is thought to be
maintained by imprinting the conformation of the prion fibril
onto the soluble prion proteins via seeded conversion.***” Prion
proteins that vary in sequence may also be recruited giving rise to
the transmission of prions from one species to another or, in the
case of polymorphisms, the transmission within species.”> This
processs can lead to the emergence of new strains as exemplified
by the appearance of variant Creutzfeld Jacob’s disease, which has
been linked to the transmission of bovine prions to humans.*® If
the primary structure of the variant is incompatible with the
conformation of the seed, a transmission barrier occurs. The
seeding barrier that prohibits 3R tau from growing onto 4R tau
seeds is reminiscent of such a barrier, suggesting that the primary
structure of 3R tau is incompatible with the conformation of 4R
tau seeds. The primary structure of 4R tau, however, is compa-
tible with the conformation of 3R tau seeds, leading to the
emergence of a new type of filament. A similar asymmetry in
seeding specificity observed for 3R and 4R tau has been described

for the tau disease mutant P301L.*" While seeds of this mutant
recruited its respective monomers, wild type monomers were not
recruited. Wild type seeds, on the other hand, were able to recruit
both mutant and wild type tau. Whether P301L that had been
grown onto the wild type seeds resembled a new type of filament
that was able to seed wild type tau had not been addressed.
Regardless, these findings demonstrate that the coexistence of
different tau isoforms and the presence of tau mutants could have
intricate effects on the propagation.

On the basis of their seeding properties, we have identified
four conformationally distinct types of filaments (Figure S). It is
likely that additional types of filaments exist. Previous experi-
ments have demonstrated that 4R tau can adopt different
conformations when grown onto distinct seeds, revealing a
structural plasticity of tau akin to that of other amyloid proteins
(see for example refs 35, 36, and 43—45). The in vitro conditions
that are used for filament formation arguably do not recapitulate
the complex biochemical environment in the human brain.
Cofactors, chaperones, and post-translational modifications
could affect filament formation in a cell-dependent manner. In
fact, in the case of prions it has been shown that different cell lines
can favor different prion strains*® and that selective pressures can
cause the amplification of new strains and the disappearance of
old ones.*” Despite their deficiencies, our in vitro experiments
have demonstrated that tau filaments have the ability to seed,
propagate, and diversify and that conformational barriers can
determine isoform recruitment. Our experiments suggest that
the initial nucleation event may have a profound effect on
subsequent filament formation. Nuclei that contain 3R and 4R
tau could establish templates that recruit all isoforms. Such a type
of recruitment could be important in Alzheimer’s disease where
all isoforms are deposited.’ Nuclei that contain only 4R tau could
establish templates that recruit only 4R tau. Importantly, such a
conformational barrier could explain the preferential deposition
of 4R tau in progressive supranuclear palsy, corticobasal degen-
eration, and other 4R tauopathies. Although our in vitro experi-
ments do not explain the preferential deposition of 3R tau in
Pick’s disease, it is possible that inefficient growth of 4R tau onto
3R tau seeds leaves these filaments prone to cellular clearance.
Alternatively, an additional type of 3R tau filament may exist that
is conformationally incompatible with 4R tau. Despite this lack of
understanding, the molecular mechanisms that explain strain
diversity, transmission barriers, and strain emergence in prion
diseases are clearly inherent in tau, suggesting that similar
phenomena might exist in tauopathies.

B ASSOCIATED CONTENT

© Ssupporting Information. Independent data confirming
asymmetric seeding barrier between 3R and 4R tau (Figure S1)
and data corroborating filament diversification of 4R tau
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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