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Tauopathies are neurodegenerative diseases in which insolu-
ble fibrillar aggregates of a microtubule-binding protein, Tau,
are abnormally accumulated. Pathological Tau fibrils often
exhibit structural polymorphisms that differ among phenotypi-
cally distinct tauopathies; however, a molecular mechanism to
generate polymorphic Tau fibrils remains obscure. Here, we
note the formation of a disulfide bond in isoforms of full-length
Tau and show that the thiol-disulfide status as well as the iso-
form composition determines structural and morphological
properties of Tau fibrils in vitro. Mainly two regions in a Tau
primary sequence are found to act as structural blocks for build-
ing a protease-resistant core of Tau fibrils. Interactions among
those two blocks for building a core structure depend upon the
thiol-disulfide status in each isoformofTau,which results in the
formation of polymorphic fibrils with distinct structural prop-
erties. Furthermore, we have found thatmore diverse structures
of Tau fibrils emerge through a cross-seeded fibrillation
between heterologous pairs of Tau isoforms. We thus propose
that isoform- and disulfide-dependent combinatorial interac-
tions among multiple regions in a Tau sequence endow Tau
fibrils with various structures, i.e. polymorphism.

In many neurodegenerative diseases, formation of protein
fibrillar aggregates has been observed as a major pathological
change (1). Although it remains unknown how protein fibrilla-
tion is related to degeneration of neurons, there is increasing
evidence to show a strong link between the conformation of a
protein fibril and the disease phenotype (2–4). In fact, depend-
ing upon in vivo pathogenic (5) and in vitro experimental con-
ditions (6), fibrillar structures with various morphologies can
be achieved from identical proteins. The molecular basis of the
emergence of such a fibril polymorphism will therefore be rel-
evant in understanding a pathomechanism of neurodegenera-
tive diseases.

Tau is one of such proteins that form polymorphic fibrillar
structures. Although a physiological function of Tau is to sta-
bilize microtubules (7), formation of insoluble Tau fibrils is a
major pathological change in several neurodegenerative dis-
eases called tauopathies (8). Tauopathies include a variety of
diseases such as Alzheimer disease (AD),3 Pick disease (PiD),
and corticobasal degeneration (CBD). Notably, in each of
tauopathies, distinct morphologies of pathological Tau fibrils,
such as straight filaments or paired helical filaments (PHFs) of
various periodicities and widths, have been observed (9–11);
however, a molecular mechanism to generate such polymor-
phism of insoluble Tau fibrils remains unknown.
Given that there are splicing isoforms in Tau (12), it is possi-

ble that each Tau isoform is fibrillized with a distinct morphol-
ogy. Alternative splicing of Tau mRNA generates two types of
“repeat” isoforms, which differ by the presence of either three
(3R Tau) or four (4R Tau) tandem pseudo-repeat sequences. A
protease-resistant core region in Tau fibrils has been found to
include the pseudo-repeat sequences (13); therefore, an addi-
tional repeat sequence in 4R Tau that is not present in 3R Tau
would alter the protease-resistant core structures and lead to
the formation of fibrils with alternativemorphology. Indeed, 3R
and 4R Tau fibrils prepared in vitro have been reported to
exhibit twisted and straightmorphologies, respectively (14, 15).
In PiD, however, the pathological fibrils composed only of 3R
isoforms possess a straight morphology (16). Also, fibrils of 4R
Tau in CBD exhibit paired helical as well as straight morphol-
ogies (17). Accordingly, we suspect that other structural factors
are also involved in diversifying the conformation of Tau fibrils.
One of the factors possibly affecting the fibril structures is a

post-translational process. It has been reported that patholog-
ical Tau fibrils are often hyperphosphorylated (18) and, in some
cases, contain disulfide linkages (19). Although the effects of
phosphorylation on the Tau fibrillation still remain controver-
sial (20, 21), formation of a disulfide-linked Tau dimer has been
known to facilitate the fibrillation in vitro (14). Despite such
extensive studies on fibrillation kinetics of Tau, however, it is
yet to be examined whether the structural properties of Tau
fibrils are affected by the post-translational modifications. As
exemplified by prion diseases, multiple “strains” of neurode-
generative diseases can be distinguished by distinct patterns of
neuropathology, each of which seems associated with distinct
conformation states of pathogenic proteins (22). A polymor-
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phism in the fibrillar structures of Tau is thus supposed to be
relevant in understanding the pathological diversity of
tauopathies.
Depending upon the thiol-disulfide status as well as isoform

types, we show here that distinct amino acid regions in Tau
constitute a protease-resistant core of fibrillar structures. Pre-
formed protein fibrils have been generally known to act as seeds
for structural conversion from a soluble protein to the fibrillar
state (23), butwe have found that such a seeding reaction ofTau
proceeds very efficiently only when the isoform type and the
thiol-disulfide state are identical between a Tau seed and a
seeded soluble Tau. The observed high specificity of a seeding
reaction suggests distinct structural properties of Tau fibrils,
which would describe the selective aggregation of either 3R or
4R isoform in some tauopathies. Furthermore, albeit ineffi-
ciently, a cross-seeding reaction occurred between heterolo-
gous states of Tau and produced fibrils with alternative struc-
tures. Taken together, we thus propose an isoform- and
disulfide-dependent molecular mechanism to generate struc-
tural polymorphism in Tau fibrils.

EXPERIMENTAL PROCEDURES

Preparation and Purification of Recombinant Tau Proteins—
1N3R and 1N4R Tau cDNA were inserted into a pET15b plas-
mid vector using NcoI and BamHI, and the six consecutive His
residues were directly fused to the C terminus of a protein cod-
ing region. Mutations were introduced by a QuikChange
mutagenesis. Escherichia coli (Rosetta) transformed with a
plasmid was used for overexpression of Tau proteins after
inductionwith 1mM isopropyl 1-thio-�-D-galactopyranoside at
37 °C for 6 h. After a freeze-thaw cycle, the cells were lysed with
a phosphate-buffered saline containing 2% Triton X-100 and a
protease inhibitor mixture (Complete, EDTA-free; Roche
Diagnostics); then streptomycin sulfate was added to precipi-
tate DNA. After centrifugation, 100 mMNaCl was added to the
supernatant, which was heated at 100 °C for 15 min. The pre-
cipitate was removed by centrifugation, and the supernatant
was loaded on a Proteus Midi IMAC column (Pro-Chem Inc.).
The column was washed three times with 50 mM Tris, 500 mM

NaCl, 10 mM imidazole, pH 8.0, and Tau proteins were eluted
with 50 mM Tris, 100 mM NaCl, 250 mM imidazole, pH 8.0.

Although a disulfide-reduced form of Tau proteins was pre-
pared by treatmentwith 5mMDTTand 5mMEDTA, a disulfide
bond was introduced to Tau proteins by incubation with 1 mM

H2O2 at room temperature for 20 h. To remove excess chemi-
cals, Tau proteins were then precipitated with 20% trichloro-
acetic acid, washed with acetone, and redissolved in a pH 7.2
buffer containing 50 mM Tris and 1 mM EDTA. Any insoluble
materialswere removed by ultracentrifugation at 110,000� g at
4 °C for 30 min. A Tau protein concentration was determined
from the absorption at 280 nmwith an extinction coefficient of
7450 cm�1 M�1.
Electrophoresis—To characterize a thiol-disulfide status in

Tau proteins, 5 �M Tau was modified with 1 mM (methyl-
PEO12)3-PEO4 maleimide (Pierce) in the presence of 2% SDS.
After incubation at 37 °C for 30 min, 2 �g of modified Tau was
mixed with an SDS-PAGE loading buffer without any reduc-

tants, boiled for 5 min, loaded on a 12.5% SDS-PAGE gel, and
stained with Coomassie Brilliant Blue.
Tau Fibrillation—Kinetics of Tau fibrillation was monitored

by thioflavin T fluorescence using SpectraMax M2 (Molecular
Devices). In a 96-well plate, 150�l of a sample solution contain-
ing 10 �M Tau in 50 mM Tris, 1 mM EDTA, 2.5 �M heparin
(Sigma; H3393), 16.7�M thioflavin T, pH 7.2, was set per a well.
A fluorescence signal was monitored at 37 °C at intervals of 2
min with 442 and 485 nm of excitation and emission wave-
length, respectively. For spontaneous fibrillation, a plate was
shaken for 5 s before each fluorescence reading. Instead, when a
seeding reaction was examined, a plate was not shaken.
Observed fluorescence intensity, F, at time, t, was fit to a sig-
moidal function (Equation 1), by which an apparent rate con-
stant, k, a time for formation of half-amounts of aggregates, t1⁄2,
and a final thioflavin T fluorescence intensity, Ffinal, were
estimated.

F �
Ffinal

1�exp� � k�t � t1/ 2��
(Eq. 1)

After fluorescence intensity reaches a plateau, the pellets were
obtained by centrifugation at 110,000 � g for 30 min and used
for preparation of seeds by ultrasonication. To estimate a con-
centration of Tau in seeds, BCA assay (Bio-Rad) as well as SDS-
PAGE was performed after seeds were dissolved in 1% SDS.
Morphological observations of Tau fibrils were done using

an electron microscope (1200EX; JEOL). The samples were
adsorbed on 400-mesh grids coated by a glow-charged support-
ing membrane and negatively stained with 1% uranyl acetate.
The width of a fibrillar structure was measured using Photo-
shop 7.0 software (Adobe), and 20 different fibrils were exam-
ined to estimate errors.
PeptideMapping Analysis of Tau Fibrils—A fibrillation reac-

tion was performed using 150 �l of 10 �M Tau using Spectra-
Max M2 as mentioned above. Before and after a fibrillation
reaction, sample solutions containing 60 �g of Tau proteins
were treated with 1 �g of trypsin (sequencing grade; Promega,
V511A) at 37 °C for an hour. After centrifugation at 110,000 �
g for 30 min, a pellet was washed once with 50 mM Tris, 1 mM

EDTA, pH 7.2, and redissolved in a buffer containing 6 M gua-
nidine hydrochloride and 5 mM DTT. After desalting with a
NuTip C-18 (Glygen Co.), �-cyano-4-hydroxycinnamic acid
was added as a matrix, and MALDI-MS spectra were acquired
using a 4800plus MALDI-TOF/TOF analyzer (Applied Biosys-
tems). Identification of peptides based upon the observed m/z
values was performed using a program, MS-Bridge.

RESULTS

A Thiol-disulfide Status in Tau Isoforms Significantly Affects
Fibrillation Kinetics—Tau exists as six different isoforms that
result from alternative splicing of mRNA (12), and these iso-
forms are defined by the absence or presence of a 29- or 58-
amino acid insert in the N-terminal region (0N, 1N, or 2N,
respectively) and the exclusion or inclusion of a 31-amino acid
repeat segment in the C-terminal region (3R or 4R, respec-
tively). A longest isoform of Tau (2N4R) possesses two Cys
residues, i.e. Cys-291 and Cys-322 (numbering based upon
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2N4R isoform), among which Cys-322 exists in all six Tau iso-
forms, but Cys-291 is present only in four-repeat (4R) isoforms.
Accordingly, the three-repeat (1N3R) and four-repeat (1N4R)
Tau examined here contain one and two Cys residues,
respectively.
Upon oxidation, 1N3R has been shown to form a disulfide-

linked dimer, whereas an intra-molecular disulfide between
Cys-291 and Cys-322 seems to be favorable in 1N4R Tau (14).
To characterize a thiol-disulfide status of our purified Tau pro-
teins, we have utilized the selective reaction of the free thiol
groups with (methyl-PEO12)3-PEO4 maleimide (PEG), which
adds �2.4 kDa per a reactive thiol group and thus retards the
mobility of the protein on a denaturing gel. As shown in Fig. 1A
(lanes 1 and 5), a DTT-reduced sample of 1N3R Tau (1N3RSH)
decreases its electrophoretic mobility upon modification with

PEG, although a modification appears not completed, possibly
because of the bulkiness of PEG. Similarly, a DTT-reduced
sample of 1N4R (1N4RSH) was singly or doubly modified with
PEG (Fig. 1A, lanes 3 and 7). These results thus confirm thatCys
residues in our 1N3RSH and 1N4RSH proteins are in a free thiol
state.
When the DTT-reduced Tau samples were treated with

hydrogen peroxide (see “Experimental Procedures”), 1N3R effi-
ciently formed a dimer, which disappeared upon treatment
with a reductant, �-mercaptoethanol (Fig. 1A, lanes 2 and 6).
This result corroborates formation of a disulfide-linked 1N3R
dimer (1N3RS-S). In contrast, very small amounts (�5%, based
upon band intensities in an SDS-PAGE gel) of 1N4R formed a
�-mercaptoethanol-sensitive disulfide-linked dimer (Fig. 1A,
lanes 4 and 8); instead, upon oxidation, 1N4R remains mono-

FIGURE 1. Kinetic effects of disulfide formation on Tau fibrillation. A, an SDS-PAGE analysis on the thiol-disulfide status of Tau proteins. Two �g of Tau
proteins were loaded on a 12.5% SDS-PAGE gel (lanes 1– 4) with or (lanes 5– 8) without a reductant, �-mercaptoethanol. Samples shown in lanes 5– 8 were
treated with (methyl-PEO12)3-PEO4 maleimide (PEG) before loading on a gel. B and C, kinetics of 1N3R (B) and 1N4R (C) Tau fibrillation monitored by increase in
the intensity of ThT fluorescence. A reaction mixture contains 10 �M Tau in a 50 mM Tris buffer, pH 7.2, containing 1 mM EDTA, 16.7 �M ThT, and 2.5 �M heparin.
A kinetic trace shown in black represents fibrillation of Tau with disulfide (1N3RS-S in B and 1N4RS-S in C), whereas a fibrillation of Cys-null mutant Tau protein
is shown in gray (1N3RCA in B and 1N4RCA in C). The kinetic traces were quantitatively analyzed by a sigmoidal fit (see “Experimental Procedures”), and the fit
parameters are summarized in Table 1. Three independent experiments were performed to estimate errors.
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meric but becomes no longermodified with PEG, which is con-
sistent with the presence of an intramolecular disulfide bond in
oxidized 1N4R (1N4RS-S). Hydrogen peroxide can oxidize sev-
eral amino acids (e.g. Tyr and His) other than Cys in proteins
and also sometimes produce higher oxidation state such as sul-
fonic acid.We, however, detected no such oxidized products by
mass spectrometric analysis on the tryptic fragments of hydro-
gen peroxide-treated 1N3R and 1N4R (see below).
To test the effects of disulfide formation on a fibrillation

process of Tau proteins, heparin-induced Tau aggregation was
examined (15). Sulfated glycosaminoglycans such as heparin
have been known to stimulate Tau fibrillation in vitro and co-
localize with Tau aggregates in the affected neurons of AD
brains, supporting a relevance of the heparin/Tau interaction in
the pathogenesis of tauopathies. Fibrillation of Tau was moni-
tored by a fluorescence increase of thioflavin T (ThT), which
fluoresces upon specific binding with amyloid-like fibrillar
aggregates (24). As a model of disulfide-reduced Tau proteins,
furthermore, we have used Tau proteins with C291A/C322A
mutations (1N3RCA and 1N4RCA) in this study; thereby, possi-
ble air oxidation of thiol groups can be ignored during a fibril-
lation process. As shown in Fig. 1 (B andC), we have found that,
in both 1N3R and 1N4R, spontaneous aggregation was signifi-
cantly accelerated in its disulfide form. Indeed, when these
kinetic traces were fit with a sigmoidal function (see “Experi-
mental Procedures”), shorter t1⁄2 was obtained in 1N3RS-S and
1N4RS-S than 1N3RCA and 1N4RCA, respectively (Table 1),
where t1⁄2 is the time required for gaining 50% of the final fluo-
rescence intensity. Although an apparent rate constant (k) in
the growth phase of a sigmoidal fit is similar (Table 1), a fluo-
rescence increase occurred after an initial lag time in 1N3RCA

and 1N4RCA (until approximately 500 min) but was almost
instantaneous in 1N3RS-S and 1N4RS-S (Fig. 1, B and C). We
have further confirmed by SDS-PAGE analysis using PEG that
the disulfide bond was not reduced in the final aggregates (sup-
plemental Fig. S1). Simple interpretation of these results is that
disulfide formation accelerates the conformational conversion
of Tau into insoluble fibrillar aggregates. Nonetheless, we have
further noted a distinct intensity of ThT fluorescence among
four different Tau aggregates examined here (i.e. 1N3RCA,
1N3RS-S, 1N4RCA, and 1N4RS-S).When the fluorescence inten-
sity change reached a plateau, fluorescence intensity of 1N3R
aggregates was 1 order of magnitude higher than that of 1N4R
aggregates (Ffinal in Table 1 and Fig. 1, B and C). Sample solu-
tions were then separated by ultracentrifugation into superna-
tant and pellets, and an SDS-PAGE analysis of each fraction has
confirmed that all four Tau variants become mostly insoluble
upon aggregation (supplemental Fig. S2A). Among the fourTau

variants tested here, different amounts of Tau remained solu-
ble, which is, however, not correlated to the intensity of ThT
fluorescence. These results imply that the difference in ThT
fluorescence intensity is not caused simply by heterogeneity in
the protein concentrations. Although the detailed interaction
of ThT with protein aggregates remains unclear in general, the
four Tau aggregates would possess different structural proper-
ties that affect interactions with a ThT molecule.
Thiol-Disulfide Status as Well as Isoform Type Is a Factor

Generating Polymorphism of Tau Fibrils—To test whether the
thiol-disulfide status in 1N3R and 1N4RTau impacts structural
properties of fibrils, we have first compared morphologies of
Tau fibrils by an electron microscopic observation and found
distinct morphologies that are dependent upon thiol-disulfide
status and isoform composition (Fig. 2). As shown in Fig. 2A,
1N3RCA forms twisted fibrils with a width that varied between
4.8	 0.5 and 13.4	 1.1 nm and a half-periodicity of 60–70 nm.
In contrast, a 1N3RS-S fibril was thicker in its width (16.2 	 2.0
nm) than that of a 1N3RCA fibril and was also notably shorter
(at most 0.3 �m) compared with the other fibrils (well over 1
�m) (Fig. 2B). Because it was of such a fragmented character, it
was difficult to tell whether 1N3RS-S fibrils are twisted or
straight. Like 1N3RCA fibrils, four-repeat Tau isoforms,
1N4RCA and 1N4RS-S, formed significantly long (
1�m) fibrils
but exhibited less twisted characters; namely, some helical (or
zigzag-like) appearance seems to exist, but the cross-over
points were difficult to define (Fig. 2,C andD). It is also notable
that 1N4RS-S forms a slightly thinner fibril (8.5 	 0.8 nm) than
that of 1N4RCA (9.4 	 1.2 nm). Thiol-disulfide status is thus
relevant in determining the fibril morphologies of each Tau
isoform. However, it remains unclear how intramolecular/in-
termolecular interactions in Tau proteins are realized to pro-
duce polymorphism of Tau fibrils. As we have recently shown
in Cu,Zn-superoxide dismutase (SOD1) (25), variable regions
in a protein molecule can constitute a core of the fibril struc-
ture, which further affects the morphologies of fibrils. Depend-
ing upon the thiol-disulfide status aswell as isoform type, there-
fore, we suspect that Tau uses different amino acid regions for
constructing a core structure upon its fibrillation.
Disulfide FormationAlters Protease-resistant Core Structures

of Tau Fibrils—Protein fibrillar aggregates are generally com-
posed of a protease-resistant “core” and the associated “fuzzy
coat” that is a susceptible region for proteolysis (13, 26). In Tau,
the microtubule-binding region containing three or four pseu-
do-repeats (R1–R4 in Fig. 3) has been proposed to constitute a
structural core of fibrils (13, 27, 28). Furthermore, two hexa-
peptide motifs, 275VQIINK280 in R2 and 306VQIVYK311 in R3
(Fig. 3), play a critical role in assembly of the core of Tau fibrils
by forming a �-sheet structure (29). Given that both Cys-291
and Cys-322 are within the pseudo-repeat regions, therefore, it
is possible that the thiol-disulfide status modulates the interac-
tion in the fibril core region. We thus attempted to identify the
region(s) of an amino acid sequence that constitutes the struc-
tural core of our Tau fibrils. For that purpose, aggregates were
first treated with a protease, trypsin. Following ultracentrifuga-
tion, the remaining insoluble pellets, which correspond to a
trypsin-resistant core of Tau fibrils, were resolubilized in 6 M

guanidine hydrochloride and reduced with 5 mM DTT. Mass

TABLE 1
Kinetic parameters of spontaneous Tau fibrillation
Kinetic traces of Tau fibrillation are shown in Fig. 1 (B and C) and fitted to the
sigmoidal function (see Equation 1). Errors are estimated by three independent
experiments.

Tau isoform Ffinal t1⁄2 k

min min�1

1N3RCA (2.23 	 0.12) � 103 (7.39 	 0.92) � 102 (8.24 	 0.44) � 10�3

1N3RS-S (3.61 	 0.14) � 103 (1.17 	 0.03) � 102 (1.25 	 0.09) � 10�2

1N4RCA (5.19 	 1.13) � 102 (6.55 	 0.29) � 102 (1.15 	 0.06) � 10�2

1N4RS-S (4.07 	 0.31) � 102 (3.89 	 0.76) � 102 (8.14 	 0.50) � 10�3
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peaks were then obtained by MALDI-TOF mass spectrometry;
however, no mass peaks were observed when the same experi-
mental procedures were applied to soluble Tau proteins (sup-
plemental Fig. S3). Based upon the observed mass, the peptides
covering trypsin-resistant cores were identified andmapped on
a Tau primary sequence (supplemental Table S1 and Fig. 3). In
all four Tau aggregates examined here (i.e. 1N3RCA/S-S and
1N4RCA/S-S), multiple trypsin-resistant peptides were identi-
fied that cover either VQIINK in R2, VQIVYK in R3, or both
(Fig. 3). R2 and/or R3 regions are therefore considered to be
commonly involved as a structural core in all four Tau fibrils,
and this result also supports previous findings (29) on the key
role of the hexapeptide motifs (VQIINK and VQIVYK) in for-
mation of in vitro Tau fibrils. Furthermore, Wischik and co-
workers (13, 27, 28) have previously prepared the protease-re-
sistant fragments from the AD-associated PHFs of Tau, and
N-terminal sequencing of some of those fragments has shown
the involvement of R2 and/or R3 in the protease-resistant core
structures of pathological fibrils. Taken together, therefore,
abnormal interactions involving R2 and R3 regions are consid-
ered to be essential to the formation of insoluble Tau fibrils
both in vitro and in vivo.
Notably, a C-terminal region (positions 400–447) of both

1N3R and 1N4R Tau was involved in the protease-resistant
core when a disulfide is absent (Fig. 3). This is in sharp contrast
to the findings that, in the presence of a disulfide linkage,
regions outside the pseudo-repeats did not contribute to the
core structures of both 1N3R and 1N4R fibrils (except one
C-terminal peptide covering the outside of pseudo-repeats in
1N4RS-S; Fig. 3). Depending upon thiol-disulfide status, there-
fore, each Tau isoform adopts insoluble polymorphic fibrils
with a distinct protease-resistant core.

A Cross-seeding Assay Reveals Structural Diversity of Tau
Fibrils—Protein fibrils have been well known to function as a
structural template or “seed” that facilitates fibrillation of a sol-
uble protein yet unaggregated (23). In general, this seeding
reaction occurs very efficiently, when the seed-constituent pro-
tein structurally matches with the seeded soluble proteins. We
thus expect that the seeding between different pairs of proteins
(called “cross-seeding”) measures how distinct the fibril struc-
tures are.
To highlight seeding phenomena of Tau fibrils, fibrillation

reactions were examined under nonagitating conditions in the
presence of heparin, where spontaneous fibrillation was signif-
icantly decelerated in 1N3RCA, 1N4RCA, and 1N4RS-S but
remained efficient in 1N3RS-S (within at least 1,200min, a black
trace in each panel of Fig. 4). Indeed, without sample agitation,
significant amounts of Tau variants except 1N3RS-S remained
soluble after incubation for 24 h (supplemental Fig. S2B). Upon
addition of the preformed Tau fibrils, in contrast, the corre-
sponding Tau under nonagitating conditions exhibited instan-
taneous increase in the intensity of ThT fluorescence (Fig. 4)
and became almost completely insoluble (supplemental Fig.
S2C), consistent with self-seeding reactions (in 1N3RCA,
1N4RCA, and 1N4RS-S). Even in the absence of sample agitation,
however, 1N3RS-S instantaneously fibrillized (Fig. 4B) and was
found in the pellet fraction (supplemental Fig. S2B), which
hampered characterization of self-seeding effects on 1N3RS-S

fibrillation. We could inhibit spontaneous fibrillation of Tau
proteins by omitting heparin from solutions, but successful
seeding reactions were also found to require the presence of
heparin (30) (supplemental Fig. S2D). Accordingly, seeding
effects on 1N3RS-S fibrillation will be difficult to characterize,

FIGURE 2. Morphologies of Tau fibrils observed by transmission electron microscopy. A, 1N3RCA fibrils. B, 1N3RS-S fibrils. C, 1N4RCA fibrils. D, 1N4RS-S fibrils.
An average value of fibril widths is indicated, and a magnified image (136 � 680 nm) of a representative Tau fibril is also shown on the right side of each panel.
White arrowheads indicate cross-over points of Tau fibrils with helical morphologies.
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and we have thus focused on seeding reactions of 1N3RCA,
1N4RCA, and 1N4RS-S.
It is also important to note that ThT fluorescence intensity of

self-seeded 3R fibrils was at most twice higher than that of self-
seeded 4R fibrils (Fig. 4, A and B versus C andD). This is some-
what contrasted with the observation in spontaneous fibrils,
which exhibited approximately an order of magnitude differ-
ence in the ThT fluorescence intensity between 3R and 4R Tau
(Fig. 1, B and C). Compared with the spontaneous fibrillation,
self-seeding reactions resulted in 1.5-, 3-, and 5-fold increases
in the intensity of plateau ThT fluorescence in 1N3RCA,
1N4RCA, and 1N4RS-S Tau, respectively (compare Ffinal values
in Tables 1 and 2). We have thus checked the extent of aggre-
gation by an SDS-PAGE analysis after ultracentrifugal fraction-
ation of Tau solutions into supernatant and pellets, and seeding
reactions were found to somewhat increase fractions of pellet-
able Tau (supplemental Fig. S2, A and C); in particular, �25%
amounts of 1N3RCA and 1N4RS-S remained soluble in the spon-
taneous fibrillation (supplemental Fig. S2A), but self-seeding
reactions of 1N3RCA and 1N4RS-S resulted in almost complete
insolubilization (supplemental Fig. S2C). Self-seeding reactions
are thus considered to increase amounts of pelletable Tau

fibrils, which may contribute to the altered intensity of ThT
fluorescence between spontaneously aggregated and seeded
Tau solutions. Nonetheless, the difference in fluorescence
intensity between spontaneously aggregated and seeded Tau
solutions, in particular 1N4RCA and 1N4RS-S, could not be
described solely by the difference in extent of aggregation;
therefore, such a difference in the ThT fluorescence intensity
may indicate that each of the spontaneous and self-seeded
fibrils possesses distinct structural properties. Despite this, we
would like to emphasize kinetic effects of seeding on the fibril-
lation of 1N3RCA, 1N4RCA, and 1N4RS-S; namely, rate con-
stants (k in Equation 1) of a growth phase in the seeding reac-
tion (Table 2) will reveal distinct properties of Tau seeds.
We then tested cross-seeding reactions in a heterologous

pair of Tau variants under nonagitating conditions. In the fibril-
lation of 1N3RCA (Fig. 4A), for example, the addition of 1N3RS-S

fibrils accelerated formation of ThT-positive 1N3RCA fibrils
(red trace), but such a cross-seeding reactionwas not as rapid as
a self-seeding reaction by the 1N3RCA fibril seeds (blue trace).
Moreover, both 1N4RCA and 1N4RS-S fibrils were very ineffi-
cient seeds for facilitating 1N3RCA fibrillation (green and purple
traces in Fig. 4A). By fitting kinetic traces of seeded fibrillation

FIGURE 3. Protease-resistant core regions of Tau fibrils. Trypsin treatment of 1N3RCA and 1N3RS-S fibrils (top panel) and 1N4RCA and 1N4RS-S fibrils (bottom
panel) produces several peptides, which were identified by MALDI-TOF mass spectrometry (see Fig. S3). The trypsin-resistant regions analyzed from the
observed mass peaks (Fig. S3) are shown as bars and mapped on the primary sequence of 1N3R or 1N4R Tau (shown as open bars). Details are also summarized
in supplemental Table S1. The numbers indicated above the primary sequence of 1N3R (top panel) or 1N4R (bottom panel) Tau represent the amino residue
numbers of the longest Tau isoform. The 1N3R isoform (shown in the top panel) lacks the R2 region (near positions 280 –300), and the N-terminal region (near
positions 80 –100) is also absent in both 1N3R and 1N4R isoforms. The positions of hexapeptide motifs, VQIINK and VQIVYK, as well as two Cys residues are also
indicated.
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with a sigmoidal curve (Equation 1), a self-seeding reaction of
1N3RCAby 1N3RCA fibrils has been quantitatively confirmed to
efficiently proceed with shorter t1⁄2 and larger k than that by
1N3RS-S fibrils (Table 2). A variable seeding activity among the
four types of Tau fibrils was also evident in fibrillation of
1N4RCA and 1N4RS-S (Fig. 4, C and D, and Table 2). A seeding
reaction was found to proceed very rapidly (t1⁄2 � �10 min, k �
�10�1 min�1; Table 2), when a pair of seed and seeded soluble
protein is in the exactly same state including its thiol-disulfide

status and isoform type (self-seeding). Between different pairs
of a seed and a seeded soluble protein (cross-seeding), in con-
trast, a seeding reactionwas relatively slow (t1⁄2 � �200min, k�
�10�3min�1; Table 2). Accordingly, a seeding assay again sup-
ports our proposal that distinct properties are realized among
four types of Tau fibrils with different thiol-disulfide status and
different isoforms. In Fig. 4, it should also be noted that a cross-
seeding reaction did occur between different states of Tau pro-
teins, albeit inefficiently. A cross-seeding between a heterolo-

FIGURE 4. A seeding reaction of Tau fibrils monitored by ThT fluorescence intensity. 10 �M Tau of 1N3RCA (A), 1N3RS-S (B), 1N4RCA (C), and 1N4RS-S (D) was
prepared in a 50 mM Tris buffer, pH 7.2, containing 1 mM EDTA, 2.5 �M heparin, and 16.7 �M ThT, and fluorescence increase was monitored in the absence of
sample agitation. A black trace shown in each panel represents the kinetics in the absence of any added seeds. Seeding reactions were examined by the
addition of aggregates of 1N3RCA (blue), 1N3RS-S (red), 1N4RCA (green), and 1N4RS-S (purple) in soluble Tau proteins (A–D). Amounts of added aggregates were
0.5 �M (monomer-base), which corresponds to 5% of the amounts of soluble Tau. The kinetic traces were quantitatively analyzed by a sigmoidal fit (see
“Experimental Procedures”), and the fit parameters are summarized in Table 2. Three independent experiments were performed to estimate errors.

TABLE 2
Kinetic parameters of seeded Tau fibrillation
Kinetic traces of Tau fibrillation are shown in Fig. 4 and fitted to the sigmoidal function (see Equation 1). Errors are estimated by three independent experiments.

Soluble Tau Seeds Ffinal t1⁄2 k

min min�1

1N3RCA 1N3RCA (3.21 	 0.10) � 103 (1.26 	 0.05) � 101 (9.41 	 0.51) � 10�2

1N3RS-S (2.68 	 0.06) � 103 (2.23 	 0.06) � 102 (6.09 	 0.10) � 10�3

1N4RCA N.D.a N.D.a N.D.a
1N4RS-S N.D.a N.D.a N.D.a

1N4RCA 1N3RCA (1.90 	 0.06) � 103 (3.09 	 0.03) � 102 (3.27 	 0.02) � 10�3

1N3RS-S (5.00 	 0.09) � 103 (7.07 	 0.06) � 102 (5.50 	 0.09) � 10�3

1N4RCA (1.51 	 0.03) � 103 (1.83 	 0.09) � 100 (2.35 	 0.03) � 10�1

1N4RS-S (2.54 	 0.11) � 103 (3.77 	 0.12) � 102 (6.82 	 0.17) � 10�3

1N4RS-S 1N3RCA (1.01 	 0.05) � 103 (2.62 	 0.29) � 102 (5.06 	 0.41) � 10�3

1N3RS-S (7.53 	 0.22) � 102 (1.76 	 0.26) � 102 (3.54 	 0.30) � 10�3

1N4RCA (5.17 	 0.22) � 102 (3.26 	 0.13) � 102 (4.05 	 0.14) � 10�3

1N4RS-S (2.17 	 0.03) � 103 (1.17 	 0.01) � 101 (1.10 	 0.01) � 10�1

a Not determined. A seeding reaction occurs very slowly within the observed time scale (also see Fig. 4A).
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gous set of Taumay therefore produce alternative properties of
seeded Tau fibrils that are adapted to the seed structure.
Alternative Fibril Species Emerges through a Cross-seeding

Reaction—As shown in Fig. 4A (green trace), a 1N4RCA fibril
functions less efficiently as a seed for 1N3RCA fibrillation. Once
1N4RCA acquires a fibril structure adapted to that of a 1N3RCA

fibril through a cross-seeding reaction (Fig. 4C, blue trace),
however, we expected that, compared with an original 1N4RCA

fibril, such a 1N3RCA-seeded 1N4RCA fibril exhibits higher
seeding efficiency for 1N3RCA fibrillation. To test this idea,
1N4RCA fibrillation was first cross-seeded by adding 5%
amounts of 1N3RCA fibrils (Fig. 4C, blue trace), and the result-
ant insoluble fibrils were obtained by ultracentrifugation. To
reduce amounts of original 1N3RCA fibril in seeds, we then
repeated a cross-seeding reaction; namely, 1N4RCA fibrillation
was again cross-seeded by adding 5% amounts of 1N3RCA-

seeded 1N4RCA fibrils. The resultant insoluble fibrils were
recovered by ultracentrifugation and called 1N4RCA(3RCA)
fibrils here. Then 5% amounts of 1N4RCA(3RCA) fibrils were
added to soluble 1N3RCATau as seeds. As shown in Fig. 5A (red
trace), 1N4RCA(3RCA) fibrils now function very efficiently as
seeds for 1N3RCA fibrillation to the extent that cross-seeded
1N3RCA fibrillation occurs instantaneously. This was not
observed by adding 1N4RCA seeds (Fig. 5A, green trace, which is
the same trace shown in Fig. 4A) and also not caused by the
residual 1N3RCA seeds, given that 1.25/100% amounts of
1N3RCA seeds (theoretical amounts of residual 1N3RCA in
1N4RCA(3RCA) seeds) were too small to trigger 1N3RCA fibril-
lation within the observed time (Fig. 5A, purple trace). Simi-
larly, a 1N4RCA-seeded 1N3RCA fibril (1N3RCA(4RCA) fibril)
exhibited higher seeding efficiency for 1N4RCA fibrillation than
a 1N3RCA fibril (Fig. 5B). These results thus suggest that struc-

FIGURE 5. Tau fibrils with alternative structural properties are emerged by a seeding reaction. A, a seeding reaction of 10 �M 1N3RCA in a 50 mM Tris buffer,
pH 7.2, containing 1 mM EDTA, 2.5 �M heparin, and 16.7 �M ThT is monitored by a fluorescence increase of ThT in the absence of sample agitation. A kinetic trace
in the absence of added seeds was also shown (black). As also shown in Fig. 4A, the addition of 0.5 �M 1N3RCA aggregates to soluble 1N3RCA significantly
accelerates the fibrillation (blue trace). Although 1N4RCA aggregates (0.5 �M, green trace) did not efficiently function as seeds, 0.5 �M 1N4RCA(3RCA) aggregates
significantly accelerated the fibrillation of 1N3RCA (red trace). This is not due to the residual 1N3RCA aggregates in the 1N4RCA(3RCA) aggregates, which was
evidenced by an inefficient seeding of 1N3RCA fibrillation by adding 1.25 � 10�3 �M (1.25/100% amounts of soluble 1N3RCA) 1N3RCA aggregates (purple trace).
B, a seeding reaction of 10 �M 1N4RCA in the conditions that are the same with those in A. Seeds added are as follows: 1N3RCA aggregates (0.5 �M, blue trace),
1N4RCA (0.5 �M, green trace; 1.25 � 10�3 �M, purple trace) and 1N3RCA(4RCA) aggregates (0.5 �M, red trace). A spontaneous fibrillation of 1N4RCA in the absence
of agitation is also shown as a black trace. C and D, electron micrographs of cross-seeded Tau fibrils, 1N4RCA(3RCA) (C) and 1N3RCA(4RCA) (D). An average value
of fibril widths is indicated, and a magnified image (136 � 680 nm) of a representative Tau fibril is also shown on the right side of each panel. White arrowheads
indicate cross-over points of Tau fibrils with helical morphologies.
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tural adaptation occurs during a cross-seeding between heter-
ologous pairs of Tau proteins.
Indeed, we have found that 1N4RCA(3RCA) fibrils exhibit

alternative twisted morphologies with a width that varied
between 7.1 	 1.1 and 15.6 	 1.3 nm (Fig. 5C). This is in con-
trast to the less twisted morphology of a 1N4RCA fibril sponta-
neously formed without any seeds (Fig. 2C). Given the clearly
twisted morphologies of 1N3RCA fibrils (Fig. 2A), a cross-seed-
ing reaction is considered to transmit the structural properties
of 1N3RCA seeds to 1N4RCA, which results in the formation of
twisted 1N4RCA(3RCA) fibrils. It is also notable that 1N3RCA

forms alternative straight fibrils when cross-seeded with
1N4RCA seeds (Fig. 5D). Based upon these results, therefore, we
have shown that Tau fibrils display diverse sets of structures
dependent upon thiol-disulfide status and isoform types and
further proposed thatmore diverse fibril structures can be real-
ized through a cross-seeding reaction.

DISCUSSION

Tauopathies are neurodegenerative diseases in which insol-
uble Tau fibrils are abnormally accumulated (8). In phenotypi-
cally distinct tauopathies, a different ratio of three- and four-
repeat Tau isoforms has been observed in the pathological
inclusions; more interestingly, insoluble Tau fibrils constitut-
ing those inclusions exhibit a variety of morphologies (9–11).
Given that structural diversity of protein fibrils appears to reg-
ulate phenotypes in yeast prions (3) and also in several neuro-
degenerative diseases (2, 5), polymorphism of Tau fibrils may
have important pathological roles in tauopathies. However, it
remains to be established how such a polymorphism emerges in
insoluble Tau fibrils. Here, we have performed morphological,
structural, and biochemical analysis on fibrils of full-length Tau
proteins and proposed a disulfide- and isoform-dependent
mechanism to produce Tau fibrils with distinct molecular
properties.
A Thiol-disulfide Status in Both Repeat Isoforms of Full-

length Tau Impacts Fibrillation Kinetics—From the 1990s,
kinetic effects of disulfide formation on Tau fibrillation in vitro
have been studied by using several truncated Tau peptides
comprised of pseudo-repeats and also using several full-length
Tau isoforms such as 0N3R (also called htau23) and 2N4R (also
called htau40) (14, 31–33). Based upon those previous studies,
formation of a disulfide-linked three-repeat Tau dimer has
been shown to significantly accelerate fibrillation kinetics,
whereas a disulfide-linked monomer of four-repeat Tau (often
called a “compact monomer”) has been regarded as a fibrilla-
tion-incompetent species. To our knowledge, however, limited
numbers of studies have systematically examined important
structural as well as kinetic roles of thiol-disulfide status in the
fibrillation process of Tau.
We have found here that introduction of a disulfide linkage

accelerates fibrillation kinetics in both 1N3R and 1N4R iso-
forms (Fig. 1, B and C). Acceleration of 1N3R fibrillation by
intermolecular disulfide formation is completely consistent
with the previous results (14), whereas apparent contradiction
on 1N4R fibrillation kinetics between previous (14) and our
current studies remains to be solved. Unfortunately, however,
the disulfide formation in four-repeat isoforms has not been

fully characterized in previous studies.Our thiol-disulfide assay
using SDS-PAGE has revealed that oxidation of 1N4R Tau
largely produces an intramolecular disulfide linkage but also
forms a disulfide-linked dimer in small amounts (Fig. 1A). Pos-
sible formation of an intermolecular disulfide in a four-repeat
isoform appears unnoticed in previous studies; however, even
small amounts of such a disulfide-linked 1N4R dimer would
rapidly form aggregates (31), which could then act as seeds to
facilitate fibrillation of soluble 1N4RS-S. By using gel filtration
chromatography, we attempted to separate a compact mono-
mer from disulfide-linked dimer of 1N4RTau, which, however,
failed because of insufficient separation ofmonomer and dimer
elution peaks. As we have shown in Fig. 1, B andC, and Table 1,
alternatively, the relatively low intensity of ThT fluorescence
may hamper the detection of 1N4RS-S fibrillation in the previ-
ous studies. Because the intramolecular disulfide bond remains
intact in our 1N4RS-S fibrils (supplemental Fig. S1), one of our
findings here is that a four-repeat Tau with an intramolecular
disulfide linkage is not a fibrillation-incompetent species but is
able to form insoluble fibrils; in other words, both repeat iso-
forms of Tau are capable of adopting insoluble fibrillar struc-
tures regardless of its thiol-disulfide status.
AMolecularMechanism to Produce Tau Fibrils with Distinct

Structural Properties—In addition to the propensity for fibril-
lation, we have also successfully reproduced distinct morphol-
ogies of Tau fibrils that are dependent upon both isoform com-
positions and thiol-disulfide status (Fig. 2). Several molecular
mechanisms have so far attempted to describe morphological
differences in in vitro Tau fibrils, in which variations of the
interactions among hexapeptide motifs (VQIINK and VQI-
VYK) play important roles (34, 35). It is also notable that R2 and
R3 regions containing those motifs constitute a protease-resis-
tant core in pathological Tau fibrils, PHFs, purified from AD
brain (13, 27, 28). As expected, we have also identified the
repeat regions including those hexapeptidemotifs as being pro-
tease-resistant in all Tau fibrils examined here (Fig. 3); there-
fore, the R2 region containing VQIINK motif that is specific to
the four-repeat isoform may add alternative interactions in a
protease-resistant core structure, resulting in different mor-
phologies between 1N3R and 1N4R fibrils.
In addition to the hexapeptide motifs in the repeat region,

our results further suggest the relevance of a C-terminal region
in the formation of a protease-resistant core of disulfide-re-
ducedTau fibrils (Fig. 3). Given that the protease-resistant pep-
tides of PHFs were analyzed by an N-terminal sequencing in
previous studies (28), it remains obscure whether a C-terminal
region of Tau is involved in the core structures of pathological
PHFs. It is, however, notable that the C-terminal peptide span-
ning from Ser-409 to Lys-438 has previously been shown to
possess a fibril-forming propensity (36). In a soluble state of
Tau, furthermore, the C-terminal region (Ser-422 to Leu-441)
has been proposed to assume an �-helical structure and inter-
act with a part of the repeat region (Lys-321 to Lys-375) (37).
Because Cys-322, which exists in all Tau isoforms, is in the
repeat region, we speculate that inter- and intramolecular
disulfide formation somehow hampers the interaction of the
C-terminal region with the repeats and favors such conforma-
tions that preclude the C-terminal region from the protease-
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resistant core upon fibrillation (Fig. 6, left panel). When both
Cys residues are in a free thiol state, the C-terminal region
would be allowed to interact with the repeat region and thereby
recruited to the protease-resistant core of fibrils (Fig. 6, right
panel). The mechanism proposed here is still speculative and
needs more fine-tuning; for example, an exact arrangement of
Cys residues in a fibril core remains totally unknown. Despite
this, our experimental results herewould support our proposals
that the two regions within a Tau sequence (i.e. a repeat region
and a C-terminal region) function as main building blocks for
the formation of a fibril core and that the thiol-disulfide status
in Tau affects the interactions among those building blocks in
the core structures.
Implications for Tauopathies—Depending upon subtypes of

tauopathies, the observed Tau fibrils have been known to
exhibit distinct ultrastructural characteristics (8). For example,
AD is pathologically characterized by the formation of PHFs,
which are composed of two strands of the 3R/4R Tau filament
twisted around one another with a periodicity of 80 nm and a
width varying from 8 to 20 nm (8). In PiD, insoluble inclusions
called Pick bodies are composed of straight 3R Tau fibrils with
12 nm of the width and PHF-like twisted 3R Tau fibrils with 16
nm of the maximum width (10). Straight and PHF-like twisted
fibrils are also observed in CBD with (maximum) widths of 15
and 29 nm, respectively; however, unlike PiD, the fibril compo-
nent is selectively a 4R Tau isoform (10). Although morpholo-
gies of our in vitro Tau fibrils were found to depend upon the
isoform-type and the thiol-disulfide status of Tau, it remains
elusive which state(s) of Tau is responsible for the formation of
pathological fibrils in each subtype of tauopathies. Despite this,
it is notable that the widths of our in vitro fibrils range from 8.5
to 16.2 nm, which are comparable with those of pathological
fibrils and also those of in vitro fibrils previously reported (14).

We have further supposed that isoform- and disulfide-de-
pendent core structures of Tau fibrils play key roles in describ-
ing the pathological diversity of tauopathies. As mentioned

above, selective aggregation of either three- or four-repeat Tau
has been observed in some tauopathies such as PiD and CBD
(8). It still remains an open questionwhy a specific isoform(s) of
Tau constitutes pathological inclusions in a disease-dependent
manner. Based upon our seeding assay, nonetheless, a high
specificity in a seeding fibrillation between homologous states
of Tau (Fig. 4) would result in selective propagation of fibrils of
a specific Tau isoform. Interestingly, a seeding reaction with
high specificity has been proposed to describe a selective dep-
osition of a pathogenic P301Lmutant Tau in vivo (30). Fibrils of
P301LmutantTauwould be structurally different from those of
wild-typeTau and therefore did not act as a seed to facilitate the
fibrillation of wild-type Tau (30). Furthermore, a seeded aggre-
gation of Tau in cultured cells has been shown to efficiently
occur only between a pair of the same repeat isoforms (38). In
our current study, a seeding reaction proceeds very efficiently
onlywhen both the isoform composition and the thiol-disulfide
status of the soluble Tau are identical to those of the added
seeds (Fig. 4). Although it needs to be further characterized
whether pathogenic conditions disturb the thiol-disulfide equi-
librium in Tau (19), core structures of Tau fibrils in vitro are
discriminated by mutations, isoform types, and thiol-disulfide
status, all of which would be relevant in describing selective
aggregation of specific Tau species in vivo. It is also important
to note that a conformation of soluble Tau can be adapted to
that of heterologous seeds through a cross-seeding reaction to
produce fibrils with alternative structural and morphological
properties (Fig. 5). Based upon these in vitro data, therefore,
such conformational plasticity of Tau would contribute to
diversify the pathologies of tauopathies.
Recently, we have reported using another protein, SOD1,

that a mutation-dependent polymorphism of SOD1 fibrils is
described by distinct combinations of interactions among three
independent regions in an SOD1 sequence (25). A distinct core
structure of Tau fibrils would also be realized by pathogenic
mutations (e.g. P301L) in Tau (30, 39), and importantly, as we

FIGURE 6. A proposed mechanism to generate structural polymorphism of Tau fibrils. Three- and four-repeat Tau isoforms are schematically represented
together with pseudo-repeats (R1, R2, R3, and R4) and a C-terminal region highlighted as boxes. N and C indicate the N and C termini, respectively. In both 1N3R
and 1N4R isoforms, a disulfide-reduced state is assumed to allow the C-terminal region to interact with the repeat region (1N3RSH and 1N4RSH), although such
interactions may be precluded by formation of either intermolecular (1N3R) or intramolecular (1N4R) disulfide (1N3RS-S and 1N4RS-S). An exact alignment of Tau
molecules in a fibril remains unknown; therefore, alignment/orientation of boxes and Cys residues in the schematic representation is still speculative. Despite
this, our results support that a C-terminal region is involved in the core of disulfide-reduced Tau (right side) but not in that of disulfide-bonded Tau (left side).
Protease-resistant core regions (Fig. 3) are colored gray and also highlighted by dotted lines.
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have found here, formation of a disulfide bond in both Tau
isoforms produces an alternative fibril core structure. Taken
together, therefore, we propose a general mechanism produc-
ing fibril polymorphism, in which multiple regions in a protein
sequence act as blocks for building a core structure of fibril; and
then, mutation- and modification-dependent combinatorial
diversity of the interactions among those building blocks intro-
duces polymorphism in protein fibrils.
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