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The intracellular deposition of fibrils composed of the micro-
tubule-associated protein Tau is a characteristic feature of Alz-
heimer’s disease (AD) and other fatal neurodegenerative disor-
ders collectively known as tauopathies. Short Tau fibrils spread
intracerebrally through transfer between interconnected neu-
rons. Once taken up by a recipient cell, Tau fibrils recruit Tau
monomers onto their ends. Based on the number of microtu-
bule-binding repeats, there are two distinct groups of Tau iso-
forms: three-repeat (3R) Tau and four-repeat (4R) Tau. In AD,
all Tau isoforms are deposited, whereas in other tauopathies,
only 3R or 4R Tau isoforms are deposited. The molecular basis
for these isoform-specific depositions is poorly understood,
although conformation-based cross-seeding barriers are key.
Here, we used sedimentation assays, EPR spectroscopy, and
other structural readouts to better understand the cross-seeding
barriers of 4R Tau fibrils. We observed that fibrils formed from
truncated Tau (K18), but not full-length Tau (htau40), exhibit a
barrier that inhibits 3R Tau recruitment. Investigating an
array of differently sized fragments, we found that the Tau C
terminus modulates the cross-seeding barrier and that the N
terminus plays a synergistic role. Two disease-associated Tau
variants, P301S and P301L, also established strong cross-
seeding barriers. EPR analysis indicated that fibrils seeded
with truncated and mutated Tau, but not htau40, are struc-
turally disordered in the second half of repeat four and
onward. These findings suggest that the disorder in this
region diminishes the ability of 4R Tau fibrils to recruit 3R
Tau monomers, revealing a new mechanism for Tau cross-
seeding barriers.

Intracellular deposits of the microtubule associated protein
Tau are the pathological hallmark of Alzheimer’s disease (AD)2

and other fatal neurodegenerative disorders including progres-
sive supranuclear palsy (PSP), corticobasal degeneration
(CBD), and Pick’s disease (PID) (1, 2). The majority of tauopa-
thies are sporadic. However, mutations in the Tau gene, MAPT,
can cause hereditary forms of disease, known as frontotemporal
dementia linked to chromosome 17 (FTDP-17). Some of the
mutations cause phenotypes similar to those of the sporadic
cases (3). A common characteristic of tauopathies is the succes-
sive appearance of Tau pathology in defined brain regions
(4 –8). There is increasing evidence that this is not a cell-auton-
omous process, but that instead short Tau fibrils and other
aggregates transfer between synaptically connected neurons
and then recruit endogenous Tau monomers onto their ends (9,
10). Remarkably, brain homogenates and isolated aggregates
from different tauopathies induce disease-characteristic inclu-
sions in cells and mouse brain (11–13), supporting the idea that
conformational variants of Tau fibrils result in different strains.
The seeded conversion and cell-to-cell spreading of different
Tau conformers shares similarities with the propagating prin-
ciples of prions (14 –17).

In the adult human brain, six different Tau isoforms are
expressed, ranging in size from 352 to 441 amino acids (18).
These isoforms vary by the inclusion or exclusion of one or two
inserts in the N terminus and the presence or absence of the
second of four semiconserved microtubule-binding repeats in
the C terminus. Latter distinction results in three isoforms with
three repeats (3R) and another three isoforms with four repeats
(4R). The isoforms from each group are expressed at similar
levels (19), and all of them are deposited into fibrils in AD (20).
On the contrary, in PSP and CBD only 4R Tau is deposited (21,
22); in PID, 3R Tau predominates in the inclusions (23). Tau
fibrils are characterized by a cross–�-fold, in which �-strands
run perpendicular to the long fibril axis (24) and are arranged
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parallel, in-register (25). The cryo-EM structure of paired heli-
cal and straight filaments from AD (26) reveals a C-shaped
cross-�/�-helical core (residues 306 –378) made from the third
and fourth microtubule-binding repeats and an extra 10 resi-
dues in the adjacent C-terminal region. The fully matching core
residues between 3R and 4R Tau in these filaments offer an
explanation for the co-recruitment of all isoforms (26). The
recently solved structure of Tau filaments from PID demon-
strates a fold distinct from that observed in AD. The filaments
are composed of only 3R Tau isoforms with a core (residues
254 –378) of four cross–�-packed stacks, but no �-helical
arrangement. The ordered core is larger than that of AD fila-
ments because it also includes residues from the first microtu-
bule-binding repeat. Structural incompatibilities with residues
in the second repeat of 4R Tau offer an explanation for the
selective recruitment of 3R Tau into these filaments (27). Cur-
rently, there are no 4R Tau filaments solved to atomic resolu-
tion. Although preferential deposition of 4R Tau is observed in
a number of different diseases, it is unknown whether these
fibrils vary in conformation. Utilizing the 4R Tau construct K18
(28), which comprises residues 244 –372, we identified a seed-
ing barrier that prevents the growth of 3R Tau (29). This barrier
was ascribed to conformational heterogeneity in the fibril pop-
ulations (30). Because the core region of filaments from AD
extends six residues beyond the length of K18, the question
arises whether residues outside the sequence of K18 influence
the seeding properties of Tau fibrils. In this study we evaluated
the effects of 4R Tau’s N-terminal and C-terminal regions on
seeding, assessed the conformational consequences of muta-
tions, and determined structural features in the core of different
4R Tau filaments that prevent 3R Tau growth. The findings
have important implications for the spreading of Tau pathology
in 4R tauopathies.

Results

htau40 fibrils recruit htau23 monomers

In a first set of experiments, we sought to determine the
seeding properties of htau40 (largest isoform, 4R Tau) (18). For
this purpose, monomeric htau40 was incubated for 8 days at
37 °C with heparin as an inducer. The fibrils were then sheared
for 30 s with a tip sonicator to produce seeds. The breakage of
long, unbranched fibrils into short fibrillar species was visual-
ized by negative stain transmission EM (TEM) (Fig. 1, A and B).
Tau seeds had an average length of 39 nm (Fig. 1C). The seeds
remained in the supernatant when centrifuged at 130,000 � g,
different from unsonicated fibrils, which were found in the pel-
let (Fig. 1D). To test the ability of htau40 seeds to recruit Tau
monomers, 10% seeds were mixed with either htau40 or htau23
(shortest isoform, 3R Tau) (18) monomers and allowed to grow
for 20 –24 h. Fig. 2 provides a schematic depiction of these
isoforms. Remarkably not only htau40 but also htau23 was
incorporated into the fibrils. Both proteins were exclusively
found in the pellets (Fig. 1E). Notice that htau40 seeds appeared
in the pellet when incubated with htau23 monomers. We
ascribe this characteristic to the extension of the originally
short seeds to elongated sedimentable fibrils. The seeding
properties of htau40 fibrils were highly reproducible as judged

by the combined data of �40 biological replicates for each reac-
tion (Fig. 1F). To examine the kinetics of Tau fibril elongation,
we next employed a widely used thioflavin T (ThT) assay that is
based on the characteristic fluorescence changes of this dye
(31). Conversion of Tau monomers into fibrils results in an

Figure 1. Seeding properties of htau40 fibrils. A and B, htau40 fibrils
formed in the presence of heparin were analyzed by EM before (A) and after
(B) sonication. Scale bars, 100 nm. C, the size distribution of sonicated fibrils
reveals an average (AVG) seed length of 39 nm. D, sonicated and unsonicated
fibrils were sedimented by centrifugation and analyzed by SDS–PAGE and
Coomassie staining. Equivalent amounts of pellets and supernatants were
loaded onto the gel. P, pellet; S, supernatant. htau40 seeds (10% monomer
equivalents) were mixed with 10 �M Tau monomers and allowed to grow for
20 –24 h at 37 °C. Fibrils were sedimented by ultracentrifugation. E, monomer
incorporation was assessed by SDS–PAGE and Coomassie staining. F, quanti-
tative analysis of seeding properties using gel densitometry depicted as box-
and-whisker plot (Tukey method). n, number of biological replicates. G, ThT
fluorescence measurements of htau40 (blue trace) and htau23 (red trace)
growth onto htau40 seeds (10 �M monomers, 5% seeds) in triplicate. The t1⁄2

values for these reactions were 27 and 25 min, respectively. Triplicate ThT
measurements of htau23 and htau40 monomers in the absence of seeds
(overlapping green traces). Error bars represent means � S.D. H, negative stain
EM images of htau40 (left panel) and htau23 (right panel) fibrils after seeding.
Scale bars, 200 nm. Collectively, the results demonstrate growth of htau23
and htau40 monomers onto htau40 seeds.

Cross-seeding barriers in four-repeat Tau fibrils

J. Biol. Chem. (2018) 293(45) 17336 –17348 17337



increase in ThT fluorescence because of binding of the dye to
the fibril core. Both htau23 and htau40 exhibited similar elon-
gation kinetics when added to htau40 seeds (Fig. 1G). The dif-
ferences in fluorescence intensity are likely due to differences in
dye incorporation. When the two Tau monomers were incu-
bated under identical conditions, but in the absence of seeds, no
changes in fluorescence intensity were observed (Fig. 1G), sug-
gesting that these proteins remained largely monomeric, in
agreement with previous observations (32). The fibrillar nature
of aggregates that formed upon seeding was confirmed by TEM
(Fig. 1H).

Because previous experiments with K18 fibrils were per-
formed at 25 °C and utilized protein constructs in which the
native cysteines were replaced by serines (29), we next asked
whether these variations could be responsible for the difference
in seeding properties between full-length versus truncated Tau.
The aggregation experiments were repeated under new condi-
tions. Sedimentation revealed that neither a change in temper-
ature (Fig. S1A) nor a substitution of cysteines (Fig. S1B) or a
simultaneous change in both parameters (Fig. S1C) altered the
seeding characteristics of full-length Tau. In all cases htau23
was robustly recruited onto the seeds. Collectively, the results
suggest that truncations in 4R Tau alter the fibril structure and
thereby affect its cross-seeding properties with 3R Tau.

Effect of truncations at either N or C terminus of htau40 on
seeding

To identify which regions are responsible for altering the
seeding properties of 4R Tau, we next generated 11 different
Tau variants with truncations at either the N or C terminus or
both (Fig. 2). Proteins with truncations at a single end were
assessed first. N-terminal truncations included variants 151–
441 and 244 – 441. C-terminal truncations encompassed vari-
ants 1– 421, 1–391, and 1–372. Fibril formation, seed genera-
tion, and growth were carried out as before using short fibrils

composed of Tau variants as seeds and full-length Tau mono-
mers for growth. Sedimentation revealed that neither of the two
truncations at the N terminus resulted in a barrier that pre-
vented htau23 from growing onto the seeds. In both cases
htau23 was found in the fibril containing pellet (Fig. 3, A and B).
When the seeding properties of fibrils composed of C-termi-
nally truncated Tau were assessed (Fig. 3, C–E), only fibrils
composed of the 1–372 variant showed a significant barrier
toward htau23 recruitment (Fig. 3E). Importantly, in all cases
recruitment of htau40 was unperturbed. Together, the results
suggest that the C-terminal region in Tau affects seeding
competency.

Effect of combined truncations at the N and C terminus of
htau40 on seeding

To better understand the structural implications of C-termi-
nal truncations and to test for potential synergism between the
N- and C-terminal regions, we next investigated the seeding
properties of Tau variants in which the N terminus was
removed and the C terminus was systematically shortened.
Specifically, fibrils of the following 4R Tau variants were exam-
ined: 244 – 421, 244 –391, 244 –384, 244 –378, 244 –372, and
244 –368 (Fig. 2). As before, seeding efficiency was assessed by
comparing the protein contents in pellets versus supernatants.
All seeds effectively recruited htau40. After sedimentation only
marginal quantities of protein were detected in the superna-
tants (Fig. 4). Recruitment of htau23 depended on the type of 4R
Tau variant in the seeds, with shorter variants resulting in suc-
cessively diminished growth. The largest barrier was observed
for seeds composed of variant 244 –368, which only comprises
the repeat region. It is noticeable that any truncation at the C
terminus resulted in reduced growth. Even seeds composed of
244 – 421 and 244 –391 showed diminished recruitment of
htau23, whereas similar seeds with intact N terminus did not
exhibit any barrier (Fig. 3). Combined, the results suggest that
the C-terminal region of htau40 affects its cross-seeding prop-
erties with htau23 and that the N-terminal region plays a syn-
ergistic role.

P301S and P301L induce cross-seeding barrier

The investigations thus far focused on the effects of trunca-
tions on seeding competency. Next, we asked whether familial
mutations in htau40 could produce similar seeding barriers as
the C-terminal truncations. Of particular interest were the
P301S and P301L mutations, because they are known to cause
little or no changes in the 3R/4R Tau isoform ratios yet are
observed to mimic tauopathies with preferential deposition of
4R Tau (1). P301S and P301L mutants were generated by site-
directed mutagenesis using htau40 as a template. The purified
protein variants were allowed to form fibrils as described for
WT htau40 above and fractured by sonication. Growth of WT
htau40 and htau23 monomers onto mutant seeds was assessed
using sedimentation. Both P301S and P301L seeds competently
recruited htau40 monomers into the fibril. After centrifuga-
tion, the majority of htau40 was found in the insoluble pellets
(Fig. 5, left panels). The same mutant seeds were unable to
recruit htau23. In this case, the majority of protein remained in
the supernatant (Fig. 5, left panels). The results were highly

Figure 2. Schematic diagram of htau23, htau40, and truncated variants
of htau40. Repeats 1– 4 (R1–R4) are shaded. N-terminal inserts are striped. The
horizontal bars in htau23 represent regions that are missing in this isoform.
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reproducible with htau40 exhibiting �80% growth onto both
mutant seeds and htau23 monomers exhibiting �15% growth
(Fig. 5, right panels).

To assess the kinetics of fibril elongation, we next monitored
the changes in ThT fluorescence that occurred when htau23
and htau40 monomers were mixed with either P301S or P301L
seeds (Fig. 6, A and B). Consistent with the sedimentation data,
only htau40 was recruited onto the seeds, htau23 was not. The
t1⁄2 values for htau40 growth onto P301S and P301L seeds were
60 and 68 min, respectively. Notably, homotypic recruitment of
P301S and P301L monomers onto their respective seeds was
even more efficient (�90%) and faster (t1⁄2 � 5–9 min) than
heterotypic recruitment of htau40 (Fig. S2), in agreement with
previous studies that suggested preferential growth of mutant
over WT Tau (12, 33–35). To obtain visual confirmation for the
recruitment of WT Tau onto mutant seeds, we next collected
TEM images of negatively stained samples (Fig. 6, C and D).
Whereas htau40 formed long, unbranched fibrils, no fibrils
were observed in the case of htau23. Collectively, the data indi-
cate that single substitutions at position 301 are sufficient to
produce fibrils with cross-seeding barriers similar to those
observed for truncated Tau.

Mutations flanking Pro-301 fail to induce robust cross-seeding
barrier

Pro-301 is located in a region of Tau that is important for
aggregation. Notably, the PHF6 motif comprising residues
306 –311 has been implicated in fibril nucleation (36). To deter-
mine whether sequence alterations in the region flanking Pro-
301 could alter the seeding specificity of htau40 fibrils, we gen-
erated six new htau40 variants. Three of the variants contained
familial mutations in the immediate vicinity of Pro-301
(�N296, G303V, and S305N). These mutations have been
observed to cause 4R tauopathies (37–39). However, they are
also known to shift the isoform ratios toward a predominance
of 4R Tau (38, 40, 41). The three other variants involved syn-
thetic mutations in PHF6 (V306D, I308D, and Y310D). These
mutations were expected to disrupt the packing of �-sheets. All
fibrils were formed for 8 days and then fractured as described
above.Theseedsweremixedwitheitherhtau23orhtau40mono-
mers, incubated overnight, and then sedimented. Surprisingly,
only fibrils containing the �N296 variant exhibited a small, but
significant, decrease in recruitment of htau23 compared with
htau40 monomers (Fig. 7A). All other fibril variants efficiently
incorporated both htau40 and htau23 monomers (Fig. 7, B–F).
Because none of the newly tested htau40 variants produced a
cross-seeding barrier comparable with the one observed for
P301S and P301L, the data highlight the unique role Pro-301
must play in determining fibril structure.

The fibril cores of Pro-301 mutants and truncated Tau are
distinct from those of htau40

To assess the structural differences between mutant, trun-
cated, and WT Tau fibrils, we next employed site-directed spin
labeling in conjunction with continuous wave (CW) EPR spec-
troscopy. This approach has been successfully used in the past
to obtain information on side-chain stacking and local back-
bone mobility in Tau fibrils (25, 42, 43). The cryo-EM model of

Figure 3. Seeding properties of fibrils composed of N- or C-terminally
truncated htau40. After fibril formation and sonication, 10% fibril seeds
were combined with 10 �M Tau monomers and allowed to grow for 20 –24 h
at 37 °C. Fibrils were sedimented by ultracentrifugation. A–E, representative
SDS–PAGE gels stained with Coomassie Blue (left panels), and quantitative
analysis by densitometry depicted as box-and-whisker plots using the Tukey
method (right panels). The horizontal line inside the box represents the
median. P, pellet; S, supernatant; n, number of biological replicates. Statistical
comparison in E was performed using a paired t test. ****, p � 0.0001. The
results demonstrate that only fibrils composed of variant 1–372 exhibit a
cross-seeding barrier with htau23.
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paired helical filaments served as a guide for site-directed
mutagenesis. In a first step, seven single cysteine mutants of
htau40 (at positions 342, 343, 345, 360, 369, 371, and 375) were
generated. All cysteines were located at positions that in PHFs
point to the aqueous exterior (Fig. 8A). The monomeric Tau
mutants were labeled with the paramagnetic nitroxide label
MTSL (44) or its nonparamagnetic analogue (45) producing the
respective side chains R1 and R1� (45, 46). Each labeled protein
had a high degree of purity as determined by SDS–PAGE and
Coomassie staining (Fig. S3A). The EPR spectra of the para-
magnetically labeled proteins revealed three sharp lines (Fig.
S3B), in agreement with the high mobility and intrinsic disorder
of monomeric Tau (47, 48). Next, these proteins were mixed
with the preformed seeds of variant Tau fibrils (htau40, P301S,
P301L, and K18). After 20 –24 h of growth, fibrils were sepa-
rated from soluble Tau by centrifugation and placed into cap-
illaries for EPR measurements. When grown onto htau40 seeds,
all paramagnetically labeled mutants produced single-line EPR
spectra with reduced amplitudes (Fig. 8B, left column), charac-
teristic for parallel, in-register arrangement of �-strands, with
identical residues in neighboring Tau molecules stacking on
top of each other (25). The contributions from mobile Tau in
the spectra are less than 2% as judged by spectral subtraction.
The loss of hyperfine structure in the EPR spectra can be
explained by spin exchange between contacting labels (49).
When grown onto mutant (P301S and P301L) and truncated

(K18) Tau, only the first three labeled mutants (at positions 342,
343, and 345) produced spectra that were dominated by
exchange-narrowed lines (Fig. 8B, center and right columns),
indicating that these positions were stacked and part of the
structured core. The spectra of all other mutants (at positions
360, 369, 371, and 375) were characterized by three sharp lines,
indicating that these positions were highly mobile and outside
the structured core. Noticeably, these spectra were similar to
those published previously for positions in repeats one and two
(42), suggesting that some exchange component, i.e. stacked
structure, was still present. The signal amplitude in an EPR
spectrum increases with increased mobility (42, 43). An ampli-
tude plot (Fig. 8C) highlights the structural differences between
the different fibril variants.

The majority of EPR spectra collected thus far was distorted
by spin exchange interactions. To obtain spectra free of these
distortions, we next repeated the seeding experiments using a
mixture of paramagnetically and nonparamagnetically labeled
mutants (0.2:0.8 molar ratio). In this case, all spectra of htau40-
seeded fibrils exhibited three broad lines with a 68-G separation
between outer peaks (Fig. S4A). These spectral features are
characteristic for immobilized spin labels (49). Similar spectra
were also obtained for the first three sites in fibrils seeded with
mutant and truncated Tau (Fig. S4A). The remaining sites in
these fibrils produced spectra that, in addition to some immo-
bile components, were dominated by three sharp and narrowly

Figure 4. Seeding properties of fibrils composed of htau40 truncated at both N and C termini. 10% of fibril seeds were mixed with 10 �M Tau monomers
and allowed to grow for 20 –24 h at 37 °C. The fibrils were sedimented and analyzed by SDS–PAGE and Coomassie staining. A–F, representative gels (left panels)
and densitometric quantification depicted as box-and-whisker plots using the Tukey method (right panels). The horizontal line inside the box represents the
median. P, pellet; S, supernatant; n, number of biological replicates. Statistical comparisons were performed using paired t tests. **, p � 0.01; ****, p � 0.0001.
The data reveal that successive shortening of the C terminus of htau40 enhances the cross-seeding barrier with htau23.
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spaced lines with 34-G separation between outer peaks, char-
acteristic for high side chain mobility (49). A plot of the signal
amplitudes corroborated these findings (Fig. S4B). Importantly,
the plots for spin-diluted and spin-undiluted fibrils revealed the
same mobility trends (compare Fig. S4B with Fig. 8C). Com-
bined, the findings indicate that the structured core of htau40
fibrils differs from the structured core of truncated and mutant
Tau fibrils by an extension of the fourth repeat and the C-ter-
minally adjacent region.

Pro-301 mutants and htau40 form distinct clouds of fibril
conformers

In a last set of experiments we sought to determine whether
the structurally distinct fibrils of Pro-301 mutants and htau40
are defined by either single conformers or ensembles of con-
formers (also known as clouds). To distinguish between these
possibilities we employed double electron-electron resonance
(DEER) spectroscopy (50, 51), a technique that is widely used to
determine distances between paramagnetic centers in proteins
(52) and has emerged as a powerful tool for elucidating fibril
structure (53–56). Notably, the technique is capable of differ-
entiating fibril conformers within clouds (57–59). In a first step,
we generated a double cysteine reporter construct of htau40
(311/328) in which cysteines were introduced at positions 311
and 328. These sites were chosen because they have already
been used to report on the fibril structure of truncated Tau
(K18) (58). Purified monomers of 311/328 were spin-labeled
with MTSL and diluted with a 25-fold molar excess of label-free

htau40. The dilution was necessary to ensure that upon incor-
poration of Tau monomers into the fibril, only intramolecular
distances would be measured and not intermolecular distances
between labels stacked along the fibril axis. Monomers were
mixed with 10% seeds (P301S, P301L, or htau40) and allowed to
grow for 24 h at 37 °C. Following sedimentation, the fibrils were
subjected to DEER measurements. The dipolar evolution
curves of the differently seeded fibrils were collected and then
fit by Tikhonov regularization (Fig. 9A). The resulting distance
distributions for fibrils seeded with htau40 (Fig. 9B, left panel)
were different from those for fibrils seeded with P301S and
P301L (Fig. 9B, center and right panels). The former exhibited
overall shorter distances, in agreement with the steeper initial
drop in intensity in the evolution curve (Fig. 9A, left panel ver-
sus center and right panels). Notably, the distributions for the
P301S- and P301L-seeded fibrils were similar to the ones
observed for K18 fibrils (58). The absence of strong oscillations
in the evolution curves corroborates the existence of broad dis-
tance distributions (60). Our previous analysis indicated that
increased signal-to-noise had only minor effects on these dis-
tributions (58). Although the insights on the particular struc-
tures are limited, the data allow two important conclusions.
First, all three types of fibrils represent clouds of conformers.
Second, the clouds of htau40 fibrils are distinct from those of
P301S and P301L fibrils.

Discussion

Given the potential of Tau fibrils to spread pathology
throughout the brain, it is critical to understand their structures
and seeding properties. The present study focused on 4R Tau
fibrils. It revealed that htau40 fibrils are fully compatible with
3R Tau monomer recruitment. This stands in marked contrast
to fibrils of the frequently used truncated variant, K18, which
exhibit a cross-seeding barrier (29, 59, 61). According to our
EPR data, a key structural difference between K18 and htau40
fibrils is that the former are disordered in the second half of R4
and the C-terminally adjacent region, whereas the latter are
perfectly ordered in the same region. As a consequence, there
are fewer residues in K18 fibrils available for stacking of identi-
cal residues in 3R Tau monomers. The reduced contact surface
of K18 fibrils could explain the cross-seeding barrier, although
structural incompatibilities between nonmatching residues in
3R and 4R Tau in other parts of the fibril could contribute as
well. It must be noted that K18 lacks residues 373–378 that are
part of the AD fibril core (26) and are also structured in the
htau40 fibrils investigated herein. Packing of these residues
against adjacent �-sheets could help stabilize a C-terminally
extended fibril core. We observed that residues beyond posi-
tion 378, which are not part of the highly ordered core in AD
filaments, also influence fibril structure. The majority of these
effects occur in synergism with the N terminus. Although the
molecular details are not yet resolved, the backfolding of the N
terminus onto the third microtubule-binding repeat (62, 63)
may play an important role in this.

If preferential deposition in sporadic 4R tauopathies is deter-
mined by conformation, why do htau40 fibrils have no cross-
seeding barrier? One explanation could be that truncated ver-
sions of Tau initiate aggregation. We observe that truncations

Figure 5. Seeding properties of P301S and P301L fibrils. 10% of seeds of
P301S and P301L fibrils were mixed with 10 �M Tau monomers and incubated
for 20 –24 h at 37 °C. After sedimentation, recruitment of Tau monomers was
assessed by SDS–PAGE and Coomassie staining. A, representative gel of
P301S-seeded reactions (left panel) and densitometric quantification
depicted as box-and-whisker plot using the Tukey method (right panel). B,
representative gel of P301L-seeded reactions (left panel) and densitometric
quantification depicted as box-and-whisker plot using the Tukey method
(right panel). P, pellet; S, supernatant; n, number of biological replicates. The
horizontal line inside the box represents the median. Statistical comparisons
were performed using paired t tests. ****, p � 0.0001. The results indicate that
both P301S and P301L fibril seeds are unable to efficiently recruit htau23
monomers.
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can alter the cross-seeding properties. Some of the truncations
match cleavage sites of proteases that have been implicated in
AD and other tauopathies. Caspase 3, for example, cleaves Tau

at Asp-421, and fragments of 1– 421 have been associated with
neurofibrillary tangles in AD (64, 65). Another protease, aspar-
agine endopeptidase, cleaves Tau at Asn-255 and Asn-368. The

Figure 6. Fibril growth and EM analysis of P301S- and P301L-seeded reactions. 5% of seeds of P301S and P301L fibrils were mixed with 10 �M Tau monomers. A
and B, growth of Tau monomers onto P301S seeds (A) and P301L seeds (B) was monitored by ThT fluorescence at 37 °C (n � 4). Error bars represent means � S.D. C and
D, afterward, all reactions were analyzed by EM. Scale bars, 200 nm. The data reveal that htau23 monomers are unable to grow onto P301S and P301L seeds.

Figure 7. Seeding properties of Tau fibrils composed of proteins mutated in the regions immediately flanking Pro-301. 10% of mutant seeds were
mixed with Tau monomers, incubated at 37 °C for 20 –24 h, and sedimented by ultracentrifugation. Monomer recruitment onto seeds was assessed by
SDS–PAGE and Coomassie staining. A–F, representative gels for reactions utilizing different seeds (left panels) and densitometric analysis depicted in box-and-
whisker plots using the Tukey method (right panels). The horizontal line inside the box represents the median. P, pellet; S, supernatant; n, number of biological
replicates. Statistical comparison in A was performed using a paired t test. *, p � 0.05. The data indicate that only seeds of the �N296 mutant exhibited a small
barrier for htau23 growth. All other seeds showed unperturbed growth.
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cleavage products (residues 1–368 and 256 –368) were shown
to mediate Tau pathology in mice (66). However, little is known
about the structure of these fibrils. There are numerous other
proteolytic fragments of Tau that have been observed in various
biological contexts (67), but the effects on Tau filament struc-
ture remain largely unexplored. As pointed out above, we
observed that K18-seeded Tau fibrils possessed an increased
mobility in the second half of R4 compared with fibrils that
were seeded with htau40. These data are in agreement with our
previous simulations, which indicated higher flexibility at the C
terminus of K18 (30). Notably, upon trypsin digestion, Tau fil-
aments isolated from PSP and CBD produced fragments that ter-
minated at position 369. No such fragments were observed for
filaments from AD (68). Here, the shortest fragments extended to
position 385. These data suggest that filaments in CBD and PSP
are less structured at the C terminus, akin to fibrils of truncated
Tau. It is important to point out that fragments of Tau that may be
involved in the early stages of aggregation are only one biological
means to obtain structurally distinct fibrils. The specific cellular
environment, post-translational modifications, and other factors
could also play important roles.

Although we demonstrated that self-seeded htau40 fibrils are
able to recruit 3R Tau and share an extended core structure
with paired helical and straight filaments, our DEER experi-

ments reveal clear structural differences between these fibrils.
For one, the distance between the C� carbons at positions 311
and 328 in AD filaments (4.5 nm) does not agree with the herein
observed distance range (2.2– 4.2 nm). Importantly, the inves-
tigated htau40 fibrils are structurally heterogeneous forming
clouds of conformers. The findings are in agreement with
recent observations that revealed that fibrils formed from
N-terminally truncated 4R Tau (residues 255– 441) are also dif-
ferent from AD filaments (56). These structural differences are
not completely surprising given that PHFs are compositionally
distinct from htau40 filaments. Although filaments in AD and
PID have been proposed to have single folds (26, 27), the ques-
tion of whether there might be alternative conformers, in par-
ticular in different brain regions or different subtypes of dis-
ease, will need further clarification. Notably, in prion diseases
multiple conformers of prion aggregates have been observed in
a single brain (69). Furthermore, �-amyloid fibrils, the constit-
uents of extracellular plaques in AD, showed conformational
variations between clinical subtypes of AD (70). There are a
number of tauopathies including Down’s syndrome and
chronic traumatic encephalopathy in which fibrils are com-
posed of 3R and 4R Tau. Whether these fibrils are similar to AD
fibrils or whether they possess different structures remains to
be determined.

Figure 8. EPR analysis of fibrils seeded with WT, mutant, and truncated Tau. Seven single cysteine mutants of htau40 were first labeled with the
paramagnetic spin label MTSL, then combined with Tau fibril seeds (htau40, P301S, P301L, and K18), and incubated for 20 –24 h at 37 °C. A, all cysteines were
located at positions that in the paired helical filament point to the aqueous exterior. The depicted model represents the protein backbone of a single Tau layer.
In the filament thousands of these layers are stacked on top of each other. The model utilizes PDB accession number 5O3L. Yellow spheres depict C� carbons
at the sites of cysteine substitution. B, representative CW EPR spectra of Tau fibrils collected at X-band. The horizontal row on top signifies the type of seeds that
was used. The vertical column on the left identifies the spin labeled htau40 monomer that was grown onto the seed. R1, spin-labeled cysteine. All spectra are
normalized to the same number of spins. Scan width, 150 G; modulation, 3 G; incident microwave power, 12 milliwatt. C, plot of the signal amplitudes. The
results are represented as the means � S.D. using three biological replicates. The data highlight differences in the core structures of the fibrils.

Cross-seeding barriers in four-repeat Tau fibrils

J. Biol. Chem. (2018) 293(45) 17336 –17348 17343



To gain further insights into the cross-seeding barriers of
Tau fibrils, we investigated the familial mutations P301S and
P301L. Both mutations lead to the preferential deposition of 4R
Tau isoforms in the brain. We observed that the Pro-301
mutants result in fibrils that are remarkably similar to trun-
cated Tau fibrils in their structural features and seeding prop-
erties. The replacement of the single proline results in fibrils
with a highly robust cross-seeding barrier. Also, similar to K18
fibrils, residues in the second half of R4 and following are
unstructured, leaving an outer surface area with diminished
residue-to-residue matching for 3R Tau recruitment. A recent
comparison of the atomic models of filaments from AD and
PID revealed conserved secondary structure patterns but dif-
ferent turn conformations that changed the cross-� packings
(27). Based on these observations, it was proposed that confor-
mational variations in the turn regions could form the basis for
structural diversity in Tau fibrils (27). Each microtubule-bind-
ing repeat in Tau contains a PGGG motif at its C-terminal
end. Three of these motifs (270PGGG273, 332PGGG335, and
364PGGG367) were found in turn regions in PID filaments (27),
and two (332PGGG335 and 364PGGG367) were found in AD fila-
ments (26). Although residues 301PGGG304 were not part of the
highly ordered core of AD filaments, it is likely that they, too,
form a turn that allows residues at the end of R2 to pack
against the first two �-strands in R3, as suggested by addi-
tional unresolved density in the cryo-EM maps (26). The lack
of higher resolution structure was ascribed to the hetero-
typic stacking of R1 and R2 in these mixed filaments. It is
highly likely that the Pro-301 mutations investigated in the
present study alter the structural preferences in this poten-
tial turn region and thereby change the structural properties
of the fibrils. Notably, this would also be consistent with an

earlier study that suggested a conformational change in the
P301L mutant relative to WT, namely an extension of
�-sheet structure (71).

The in vitro studies that were performed here cannot repli-
cate the complex biological environment in the human brain. It
is clear that selective pressures acting in specific neuronal pop-
ulations in particular brain regions may produce clouds of con-
formers that in one way or another are different from the ones
produced in vitro (72, 73). Genetic background could add
another layer of complexity that may modulate fibril structure.
Despite all this, the work presented herein offers important
molecular insights into the cross-seeding barriers of 4R Tau
fibrils that are relevant to the selective deposition of 4R Tau
isoforms in sporadic and familial 4R tauopathies.

Experimental procedures

Constructs

htau40 WT and htau23 WT were previously cloned into
pET-28 as described (43). All point mutations were generated
using site-directed mutagenesis following the QuikChange
protocol from Stratagene/Agilent Technologies. For EPR
experiments the two native cysteines were substituted by ser-
ines, and the position of desired MTSL labeling was mutated
into a cysteine. The success of all mutagenesis was confirmed by
DNA sequencing. All truncated constructs, with the exception
of 244 –372, which was also previously cloned into pET-28 as
described (43), were ordered from Biomatic Corporation as
lyophilized pET-28 plasmids containing the genes of interest
inserted via the NcoI/XhoI cloning sites. All constructs con-
tained two stop codons preceding the XhoI cloning site to
remove the C-terminal His6 tag.

Figure 9. DEER analysis of htau40 fibrils seeded with htau40, P301S, or P301L. Spin-labeled monomers of 311/328 were mixed with a 25-fold molar
excess of label-free htau40 monomers and grown onto variant seeds. All data are analyzed by Tikhonov regularization. A, representative background
corrected dipolar evolution curves shown as black traces with fit lines in red. B, corresponding distance distributions. The differently shaded traces are the
results of three biological replicates. Left panels, htau40-seeded reactions. Center panels, P301S-seeded reactions. Right panels, P301L-seeded reactions.
The data reveal that all fibrils are clouds of conformers and that the clouds of htau40-seeded fibrils are distinct from those of P301S- and P301L-seeded
fibrils.
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Expression and purification

Plasmids containing the desired inserts were first trans-
formed into Escherichia coli strain BL21(DE3) and then grown
on LB (Miller) agar plates. Single colonies were transferred into
LB medium (Miller) and agitated for 15–17 h at 37 °C. The
cultures were diluted 1:100 with LB medium and again agitated
at 37 °C, until optical density reached 0.7–1 at 600 nm. For
selection, the growth medium contained kanamycin (50 �g/ml
in agar plates and 20 �g/ml in solution) (Gold Biotechnology).
Protein expression was induced by addition of 0.5 mM isopropyl
�-D-1-thiogalactopyranoside (Gold Biotechnology). Cultures
were allowed to shake at 37 °C for another 3.5 h before being
pelleted at 3,000 � g and taken up in resuspension buffer (500
mM NaCl, 20 mM PIPES (Research Products International), pH
6.5, 1 mM EDTA (Fisher Scientific), and 50 mM �-mercaptoeth-
anol (Fisher BioReagents). The cells were heated at 80 °C for 20
min and tip-sonicated (Fisher Scientific sonifier 50% power
with a 6-mm tip sonifier) on ice for 1 min before being centri-
fuged at 15,000 � g for 30 min to separate soluble protein from
cellular debris. Soluble Tau was precipitated by gently shaking
with 55– 60% w/v ammonium sulfate (MP Biomedicals) for
3–20 h at 25 °C. Precipitated Tau pellets from a 15,000 � g spin
were taken up in H2O with 2 mM DTT (Gold Biotechnology),
sonicated for 2 min, syringe-filtered (GxF/GHP 0.45 �m), and
loaded onto a cation exchange column (mono S 10/100 GL; GE
Healthcare). Proteins were eluted using a linear NaCl gradient
(50 –1000 mM NaCl, 20 mM PIPES, pH 6.5, 2 mM EDTA), and
fractions were pooled based on SDS–PAGE assessment. Pooled
ion exchange fractions were loaded onto a Superdex 200 or
Superdex 75 (GE Healthcare) gel-filtration column and eluted
with 100 mM NaCl, 20 mM Tris (Sigma), pH 7.4, 1 mM EDTA,
and 2 mM DTT buffer. Fractions were again assessed using
SDS–PAGE and pooled accordingly and then left to precipitate
overnight at 4 °C using either an equimolar volume of methanol
or a 3-fold volumetric excess of acetone (43), along with 5 mM

DTT. Following precipitation pellets were collected with a
15,000 � g spin for 10 min, washed with methanol or acetone,
and stored at 	80 °C until further use.

Protein solubilization and spin labeling

Methanol or acetone was removed from protein pellets,
which were then dissolved in 200 �l of 8 M guanidine hydro-
chloride (Thermo). Proteins to be used for EPR experiments
were at this point labeled by the addition of a 10-fold molar
excess of paramagnetic label [1-oxyl-2,2,5,5-tetramethyl-�3-
pyrroline-3-methyl]methanethiosulfonate (Toronto Research
Chemicals) or the nonparamagnetic analogue [1-acetyl-2,2,5,5-
tetramethyl-�3-pyrroline-3-methyl]methanethiosulfonate (To-
ronto Research Chemicals) and incubated at 25 °C for 1 h. To
remove excess denaturant and unbound label, samples were
passed over PD-10 columns (GE Healthcare) and eluted with
assembly buffer (100 mM NaCl, 10 mM HEPES (J. T. Baker) and
0.1 mM NaN3 (Fisher Scientific) at pH 7.4). Protein concentra-
tion was determined by bicinchoninic acid assay (Pierce), and
similar labeling efficiency of all MTSL-labeled proteins was
confirmed using CW EPR at 25 °C.

Seed preparation and seeded reactions

Fibrils were formed by incubating a 500 �l mixture of 25 �M

Tau, 50 �M heparin (average molecular weight � 4400, Celsus,
EN-3225), 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), and
assembly buffer for 7– 8 days at 37 °C, stirring with a Teflon-
coated micro stir bar (5 � 2 mm) at 160 rpm. Fibrils were then
subjected to 30 s of sonication with 20% power on a Fisher
Scientific sonifier (model 100 with a 2-mm tip) to create fibril
fragments or seeds. 10% of seeds (monomer equivalents) were
combined with 10 �M Tau monomer, 20 �M heparin, 0.5 mM

TCEP, and assembly buffer and let incubate quiescently at 37 °C
for 20 –24 h. The reactions that included constructs without
any cysteines or those to be investigated via EPR did not contain
TCEP. After incubation, the samples were centrifuged for 30
min at 130,000 � g. The pellets were separated from superna-
tants, and the volumes were adjusted using SDS sample buffer.
Equal sample amounts were analyzed by SDS–PAGE (12% gels)
and Coomassie staining. ImageJ was used on scanned gels to
assess the amount of fibril growth for a given reaction by divid-
ing the pixel density of protein bands in either the pellet or
supernatant lane by the added pixel density of both. These val-
ues (multiplied by 100) are reported in all box-and-whisker
plots as a percentage growth. In a reaction with 100% growth,
the entire protein density would appear in the pellet lane, and
none would appear in the supernatant lane. Box-and-whisker
plots were created using GraphPad Prism 7 software, where the
Tukey method was used for displaying whiskers and outliers,
and statistical comparisons were performed using paired t tests.

Elongation kinetics

After combining 10 �M Tau, 20 �M heparin, 0.5 mM TCEP, 5 �M

thioflavin T (Sigma), 5% seeds (monomer equivalents), and assem-
bly buffer, fibril growth was monitored in real time at 37 °C by
measuring the fluorescence emission at 480 nm using a BGM
Labtech FLUOstar Omega plate reader. Excitation occurred at 440
nm. Prior to the first reading, the reactions were shaken for 2 s at
100 rpm. All readings were taken through the bottom of a Thermo
Scientific 96-well optical PolymerBase plate.

CW EPR sample preparation, measurement, and analysis

Fibrils analyzed using CW EPR were formed by allowing a
mixture of 30 �M MTSL-labeled monomer (either 100% para-
magnetic MTSL-labeled or 20% paramagnetic MTSL-labeled,
80% nonparamagnetic MTSL-labeled monomer), 15 �M hepa-
rin, 5% seeds (not labeled with MTSL), and assembly buffer to
quiescently incubate at 37 °C for 20 –24 h. The htau40 mutants
used as monomer had both of the native cysteines mutated into
serines and one of the following mutations: E342C, K343C,
D345C, I360C, K369C, I371C, or K375C, giving rise to seven
different single MTSL-labeled monomer types to be used in
these reactions. Following incubation, fibrils were pelleted in a
130,000 � g 30 min spin, supernatant was removed and pelleted
fibrils were gently mixed with 10 �l of assembly buffer and
loaded into round capillaries (Vitrotubes 0.6-mm inner diame-
ter � 0.84-mm outer diameter). The spectra were depicted as
first derivatives and comprised an average of 20 scans collected
at room temperature at X-band with 150-G sweep width, 1- or
3-G modulation (as specified), and 12-milliwatt incident micro-
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wave power on a Bruker EMX Plus spectrometer fitted with an
ER 4119HS resonator. The spectra were normalized to the same
number of spins using double integration.

DEER sample preparation, measurement, and analysis

DEER samples were prepared by combining 48 �M cysteine-
free non MTSL-labeled Tau, 2 �M Tau double MTSL labeled at
positions 311 and 328, 10% seeds, 12.5 �M heparin, and assem-
bly buffer and then incubating quiescently at 37 °C for 24 h. The
seeds were assembled as described above, and fibrils indicated
as mutant are 100% mutant in that the Tau used in the 48 �M

cysteine free, 2 �M MTSL labeled, and seeds all contained the
mutation of interest. The fibrils were sedimented in a 30-min
130,000 � g spin, the supernatant was removed, and the pellets
were mixed with 10 –15 �l of assembly buffer then transferred
into quartz Q-band tubes (VITROCOM SFS round cell 1.1-mm
inner diameter), flash-frozen, and stored at 	80 °C until DEER
measurement could be performed. DEER data were collected at
Q-band using the four-pulse sequence as described previously
(57, 58). A field-sweep spectrum was used to center the operat-
ing frequency (�1), and the pump frequency (�2) was adjusted to
37 MHz below �1. For each experiment the gate and �-0 were
optimized and ranged between 64 –72 ns and 910 –914 ns
respectively, and the �/2 pulse at �1 and the � pulse at �2, �1, �2,
and �3 and �x remained constant at 16, 32, 200, 3000, 100, and 8
ns, respectively. The shot repetition time was optimized for
each sample to be 1.2 � T1 (spin-lattice relaxation time), and
signal averaging took place for 
24 h/sample with each scan
containing eight-step phase cycling to remove unwanted
echoes. The data were collected using a Bruker ELEXSYS E580
spectrometer with an ER 5107D2 dielectric resonator, a 580 –
400U ELDOR unit as the second microwave source and a 10-W
amplifier. Temperature was kept at 80 K using an Oxford
CF935 cryostat and liquid nitrogen. The data were analyzed
with DEER analysis 2018 (74) using Tikhonov regularization,
three-dimensional homogeneous background fit, program-op-
timized selection utilizing validation tool for zero time, back-
ground time, regularization parameter, and phase, whereas cut-
off time was kept constant for each sample at 2936 ns.

Transmission electron microscopy

Formvar/carbon-coated 200 mesh copper grids (Electron
Microscopy Sciences) were exposed to a 10-�l droplet contain-
ing 
2.5 �M Tau for 1.5 min followed by exposure to a 10-�l
droplet of 2% uranyl acetate for 1.5 min. Images were recorded
with a FEI Tecnai T12 Biotwin transmission electron micro-
scope at 100 keV equipped with a Gatan CCD camera. Quanti-
fication of seed length was done by analyzing micrographs of
sonicated seeds using ImageJ software.
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