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Abstract

Thespreadanddeposition of infectious fibrillar protein aggregates in thebrain viaaprion-likemechanism is a critical
component in the patho-physiology of various neurodegenerative diseases, including the tauopathies. In
tauopathies, two isoformsof tau, containing three and fourmicrotubule binding repeats, are found to aggregate, and
the type of isoform present in aggregates determines the type of tauopathy. Cross-seeding between the two tau
isoforms is limited by an asymmetric barrier similar to the species barrier that restricts prion transmission across
species, whose origin has remained unclear. In this study, the growth of the tau fibrils is shown to be describable by
a two-step Michaelis–Menten-like model. Delineation of the mechanism as a Michaelis–Menten-like mechanism
hasenabledaquantitative understanding of the asymmetric seeding barrier that exists between two isoformsof tau,
tau-K18 and tau-K19 (which differ in containing four and three microtubule binding repeats, respectively), wherein
tau-K18 fibrils cannot seed tau-K19 monomer. Furthermore, high-resolution structural analysis of the two isoforms
shows that the structural core is more ordered in tau-K19 than in tau-K18. Hence, the current work provides kinetic
and structural rationales for asymmetric seeding barriers in general and for the two tau isoforms in particular.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

The spread of β-sheet-rich structured aggregates
in the brain is linked to various neurodegenerative
diseases, including Parkinson's disease, Alzheimer's
disease, and the prion diseases [1–4]. It now appears
that a prion-like mechanism [5,6], in which a specific
conformation of an aggregate induces conformational
conversion of the native state into an identical amyloid-
like form, in a template-dependent manner, may be
responsible for the propagation of aggregates of
several proteins, including α-synuclein [7,8], amyloid
beta [9,10] and tau [7,8,11–13].
Various misfolded forms of tau self-propagate

faithfully from cell to cell and region to region in the
brain and induce the misfolding and aggregation of
soluble tau protein [14–18]. Tau is found in six different
isoforms in the adult human brain, generated by
alternative splicing of exons 2, 3, and 10 [19].
Alternative splicing of exon 10 produces tau with either
three (3R) or four (4R)microtubule binding repeats [19].
The two isoforms are expressed to equal extents in the
r Ltd. All rights reserved.
adult human brain [19]. Different tau aggregates are
associated with distinct tauopathies, which comprise a
group of neurodegenerative disorders with diverse
clinical features [12,20–23]. In Alzheimer's disease, the
isoforms tau 4R and 3R are found in the aggregates
[24], whereas in progressive supranuclear palsy [25]
and Pick's disease [24], only tau 4R and 3R,
respectively, are found aggregated in the brain. It
remains to be understood as to why either only one
isoform in somecasesandboth isoforms in other cases
aggregate. In vitro, it has been observed that an
asymmetric seeding barrier exists between tau-K18,
the four-repeat (R1, R2, R3, and R4) domain variant,
and tau-K19, the three-repeat (R1, R3, andR4) domain
variant of tau [26]. The barrier appears to be similar to
the species barrier seen in case of prion disease, which
determines the infectivity of a pathogenic prion [27,28].
Themechanistic basis of the barrier remains, however,
to be understood. Obviously, an understanding of the
mechanism of the template-driven conversion of
soluble tau into structurally and functionally distinct
types of aggregates is important for understanding the
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origin of the asymmetric seeding barrier and various
tauopathies.
To study the mechanism of elongation of tau fibrils,

the fibrillation reaction of tau-K18 was carried out in the
presence of heparin, an inducer of tau aggregation.
First, the effect of seed on the fibrillation of tau-K18was
monitored by incubating 80 μM protein in the absence
or presence of 2% seed, at pH 7.3 at 25 °C under
quiescent solution conditions. The process of fibril
Fig. 1. Kinetics of the elongation of tau-K18 fibrils. (a) ThT f
tau-K18 in theabsence (black) andpresence (red) of 2%seed. (b)
saturation. (c) ThT fluorescence-monitored aggregation kinetics of
of 2% seed. (d) Initial rate of fibrillation (obtained by measuring th
the concentration ofmonomeric tau-K18. (e) Aggregation kinetics o
of fibrillation (determined from the kinetic curves shown in panel e
represent the standard deviations from three independent experim
formation was monitored by measuring the thioflavin T
(ThT) fluorescence emission at 475 nm in a 96-well
plate (Fig. 1a). Control experiments were carried out to
confirm that the presence of ThT during the fibrillation
reaction had no effect on the kinetics of fibril formation
(Fig.S1).Heparinwasusedasan inducer for fibrillation;
without it, tau does not aggregate within an experimen-
tally relevant time frame even in the presence of seed
(data not shown). A fixed ratio (3:4) of heparin to protein
luorescence-monitored kinetics of fibril formation by 80 μM
AFM imageof tau-K18 fibrils formed in thepresenceof seed, at
tau-K18 at different monomer concentrations in the presence
e initial slopes of the kinetic curves shown in panel c) versus
f 50 μM tau-K18at different seed concentrations. (f) Initial rate
) versus seed concentration. The error bars (in panels d and f)
ents, each with two replicates.
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was used throughout the study. The dependence of
fibril formation kinetics on heparin concentration was
determined, and in control experiments, the kinetics
was found not to vary when the heparin concentration
was varied two-fold from that used in this study (Fig. S2
and SI text). In the absence of seed, fibril formation by
tau-K18 followed typical sigmoidal kinetics with a lag
phase of ~3-h duration (Fig. 1a). The addition of 2%
tau-K18 seed abolished the lag phase and accelerated
the elongation phase (Fig. 1a). The kinetics were
describable as single exponential, which suggested
that the concentration of seeds remained constant
during the reaction. At the completion of the seeded
reaction, amyloid fibrils were observed to have formed
(Fig. 1a and b), and the ThT fluorescence intensity was
identical to that seen for anunseeded reaction (Fig. 1a).
This indicated that for both the seeded and unseeded
reactions, equal amounts of monomer had converted
into structurally similar fibrils. Hence, the addition of
seed did not appear to affect the structure of the fibrils
and equilibrium constant of the fibrillation reaction. It
is important to note that the fibrillation reactions were
very reproducible, and the different batches of protein
monomer and seed, which had been prepared
independently, gave identical results (Fig. S3).
To determine the mechanism of fibril elongation, the

dependence of the initial rate of elongation of tau-K18
on soluble monomer concentration was determined at
a constant concentration of preformed tau-K18 fibril/
seed under pseudo-first-order conditions (Fig. 1c and
d). The initial rate of fibril elongation was determined by
measuring the slope of the kinetic curve using the first
5–6 data points (Fig. 1c and d). At lower monomer
concentrations, the initial rate shows a linear depen-
dence on monomer concentration. This is expected
when the fibril end grows by the addition of monomers
and when the diffusion of monomers to the fibril ends is
the rate-limiting step. The observation also suggests
that it is unlikely that fibrils grow by oligomer addition to
the fibril ends. In fact, oligomers are not seen in atomic
force microscopy (AFM) images of aggregating protein
at the initial time points (Fig. S4). The initial rate of
fibril growth was found to be proportional directly to the
seed concentration (Fig. 1e and f), which is expected
because an increase in the seed concentration
provides proportionately more fibril ends to which
monomers can add. In earlier studies, fibrils formed
by both the yeast prion protein [29] andα-synuclein [30]
were shown to grow in a similar manner. At higher
monomer concentrations, the initial rate was found to
become independent of monomer concentration,
suggesting that a first-order process such as a
conformational transition had become the rate-limiting
step and that the diffusion of monomer to the fibril ends
was no longer rate-limiting.
The nonlinear dependence of the initial rate of fibril

elongation on monomer concentration (Fig. 1d) is
suggestive of the Michaelis–Menten (MM) kinetics
observed commonly for enzyme-catalyzed reactions. It
seems that an MM-like mechanism can explain the
kinetics of elongation, with the soluble monomer being
the substrate and with the fibril ends playing the role of
catalyst. In such a mechanism, the concentration of
catalyst would remain constant, as the catalyst is
present at the fibril ends, and the fibrils increase only in
length and not in the number. The concentration of
substrate would remain in excess of the concentration
of catalyst, as the number concentration of tau-K18
monomers is much higher than that of fibril seeds.
Such a mechanism is describable as:

F  +  M                        F.M      FF

where F is the fibril seed, M is the tau-K18 monomer,
F.M is the bound complex in which the monomer is
yet to be conformationally converted, and FF is the
converted fibril which again acts as a seed (enzyme).
Fibril formation is a complex reaction, and various

processes like primary and secondary nucleation,
growth and dissociation of nuclei and fibrils determine/
influence the kinetics of fibril formation [31]. Before
analyzing the fibril formation reaction of tau according
to a simple MM-like mechanism, it was important to
show that the concentration of fibrils, which serve as
the “enzyme,” remained constant during the reaction.
Two experimental approaches were utilized to show
that the number concentration of fibrils/fibril ends did
not vary. In one approach, AFM was used to count the
number of fibrils at different times during the fibril
formation/elongation reaction (Fig. 2a andb). Figure 2c
and d shows that the number of fibrils did, indeed, not
increasewith time of reaction. In the second approach,
fibrils formed at early times of aggregation were
quantified by an amyloid chain reaction assay, which
is a very sensitive method for quantifying fibril
concentration [32]. It was found that when aliquots
were withdrawn at different early times from an
aggregating protein solution and used to seed fibril
formation in a fresh monomer solution, the kinetics
of the seeded fibril formation reaction did not vary with
the timeatwhich the seed hadbeenwithdrawn (Fig. 2e
and f). This clearly indicated that the concentration of
fibrils at the early time points did not change with time
of aggregation. Hence, a basic tenet of an MM-like
mechanism appears to hold true, namely, that the
concentration of fibrils (which act as the enzyme) does
not vary during the course of the reaction.
For an MM-like mechanism, the maximum rate of

conformation conversion, Vmax, and the value of Km,
the protein concentration at which the initial rate of
reaction is Vmax/2, are easily determined from the
dependence of the initial rate on monomer concen-
tration. Km and Vmax are good measures of the
affinity between monomer and fibril end, and of the
rate constant with which monomer converts into
the β-sheet-rich amyloid form, respectively. These



Fig. 2. Concentration of seed remains constant during the seeding reaction. AFM image of fibrils formed by 20 μM tau-K19
in the presence of 2% seed at (a) 1 min and (b) 5 min of aggregation. Number of fibrils formed at (c) 1 min and (d) 5 min. AFM
images were acquired at five random places on themica. The error bars represent the standard deviations from counting nine
equally sized square areas in each AFM image. (e) ThT fluorescence-monitored kinetics of 20 μM tau-K18 in the presence of
2% seed. The inset shows the initial phase of the reaction. (f) At three initial time points (shown in panel e), a 100-μl reaction
aliquot was withdrawn and was added to a solution of fresh 20 μM monomer. The aggregation kinetics was then monitored
by ThT fluorescence.
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parameters Km and Vmax can be used to quantitatively
compare the elongation kinetics of the different types of
fibrils by the two variants of tau, tau-K18 and tau-K19.
To this end, the fibril elongation reactions of tau-K18
and tau-K19 were studied. The fibrillation of tau-K18
and tau-K19 was carried out in the presence of both
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tau-K18 and tau-K19 seeds (Fig. 3a and b). Tau-K18
seeds were found to be capable of seeding tau-K18
monomers, but not tau-K19 monomers (Fig. 3a and b).
Interestingly, tau-K19 seeds were found to be capable
of seeding both tau-K19 and tau-K18 monomers
(Fig. 3a and b), forming fibrils of similar morphology
Fig. 3. Existence of an asymmetric seeding barrier betwee
elongation of tau-K19 fibrils. (a) ThT fluorescence-monitored
presence of 2% seed. (b) ThT fluorescence-monitored kinetics
of 2% seed. In panels a and b, the nature of the seed is shown in
monomeric tau-K18 in the presence of 2% tau-K19 seed versu
by monomeric tau-K19 in the presence of 2% tau-K19 seed ver
50 μM monomeric (e) tau-K18 and (f) tau-K19 versus seed c
standard deviations from three independent experiments each
(Fig. S5). Hence, the cross-seeding experiments
confirmed the existence of an asymmetric seeding
barrier between the morphologically similar fibrils of
tau-K18 and tau-K19. This is probably due to the
incompatibility between tau-K19 monomers and tau-
K18 fibril ends.
n the seeding of tau-K18 and tau-K19, and kinetics of the
kinetics of fibril formation by tau-K18 in the absence and
of fibril formation by tau-K19 in the absence and presence
side the square brackets. (c) Initial rate of fibril formation by
s monomer concentration. (d) Initial rate of fibril formation
susmonomer concentration. Initial rate of fibril formation by
oncentration. The error bars (in panel c–f) represent the
with two replicates.
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To find the extent of compatibility, the catalytic
efficiencies of tau-K18 and tau-K19 seeds were
compared for tau-K18 monomer, which is analogous
to comparing two different enzymes catalyzing the
reaction of same substrate. For that, fibrillation of tau-
K18 monomer at different concentrations was carried
out independently in the presence of tau-K18 and
tau-K19 seed (Figs. 1d and 3c). Km and Vmax were
obtained for both the reactions by fitting the data
(dependence of the initial rate on monomer concen-
tration) to anMM-likemodel (Figs. 1d and 3c, Table 1).
The data suggest that tau-K18 monomer binds to tau-
K19 seed with about 2-fold higher affinity than to tau-
K18 seed; however, tau-K18 seed catalyzed the
conformational transition of monomer (F.M → FF, in
the mechanism shown above) about 2.5-fold faster
than tau-K19 seed.
The catalytic efficiency of tau-K19 seed was com-

pared for tau-K18 monomer and tau-K19 monomer.
This is analogous to the same enzyme catalyzing the
reactions of two different substrates. From the values of
KmandVmax (Fig. 3candd, Table 1), it appears that tau-
K19 seed binds to both isoforms with similar affinities.
Vmax was, however, about 1.5-fold higher for tau-K19
monomer. The initial rate of fibril growth (tau-K19 seed)
was directly proportional to the seed concentration at
constant monomer concentration for each isoform of
tau protein (Fig. 3e and f).
To determinewhy tau-K18 and tau-K19 fibrils growat

dramatically different rates despite having similar
external morphologies (Fig. 1b and S5), it became
necessary to examine their internal structures. The
structural core of tau-K18 and tau-K19 fibrils has been
shown by solid-state NMR [33,34], cryo-electron
microscopy [35,36], electron paramagnetic resonance
[37,38], hydrogen–deuterium exchange (HDX) NMR
[33], andHDXmassspectrometry (HDX-MS) [39], to be
formed by R3 and at least part of, if not all of, R4
[33–41]. The infrared spectra (Fig. 4a) of the fibrils
made by tau-K18 and tau-K19 showed a difference in
the absorbance near 1650 cm−1 (Fig. 4a) and indicate
that tau-K18 fibrils possess more disordered structure
than tau-K19 fibrils. HDX-MS was used to further
characterize the difference in the internal structures of
the fibrils. A peptide map of tau-K18 and tau-K19 was
generated (Fig. S6). In HDX-MS studies, sequence
segments that are in structured β-sheet would show
Table 1. Kinetic parameters governing the fibril formation
reaction of different variants of tau

Monomer [seed] Km (μM) Vmax

K18 [K18] 37.5 ± 9.5 249 ± 15
K19 [K19] 18.4 ± 3.2 148 ± 09
K18 [K19] 23.4 ± 3.8 109 ± 11

The values of Km and Vmax were obtained from analyzing the data
in Figs. 1 and 3, according to an MM-like mechanism.
strong protection and would show very little deuterium
incorporation upon labeling, whereas sequence seg-
ments that are disordered would get labeled to the
same extent as in monomer. Interestingly, sequence
segments spanning residues 258–268 and 316–357
were found to be more protected for tau-K19 than for
tau-K18 fibrils (Fig. 4b, c andS7). The higher protection
indicates an increase in ordered structure, or an
expansion of the structural core.
The strongly protected residues in R3 span se-

quence segment 309–315 and in R4 span sequence
segment 309–346. Two-thirds of R3 and one-third of
R4 (sequence segment 316–346) are more strongly
protected in tau-K19 fibrils than in tau-K18 fibrils,
suggesting that the conformation of most of R3 and
one-third of R4 in the fibril is less ordered when R2 is
present thanwhen it is absent. Consequently, whenR2
is present in the fibril, it would appear that the interaction
betweenR3 in the fibril and in themonomer is tooweak
for monomer to bind to fibril. The sequence segment
spanning residues 285–307 (in R2), which is absent in
tau-K19,was found to be strongly protected for tau-K18
(Fig. 4b, c andS7). It seems that formonomer to bind to
fibril containing both R2 and R3, as in the case of
tau-K18, the monomer itself must contain R2. It seems
that the R2 (monomer)–R2 (fibril) interaction energy
adds on to the weak R3 (monomer)–R3 (fibril)
interaction energy, so that monomer addition can
occur. The absence of a compatible fibrillar R3
conformation for monomer addition in a pool of various
polymorphs can provide an explanation for the
observed asymmetric seeding barrier. It should be
pointed out that cryo-electron microscopy studies
[35,36] of fibrils formed by full-length tau indicate
that the fibril core not only includes R3 and R4, as
also suggested by solid-state NMR studies [34], but
also extends 10 residues beyond R4. The last six of
these core residues are not present in the tau-K18 and
tauK19 variants studied here. In future studies of fibrils
formed by full length tau, it will be important to
determine whether the last six residues of the fibril
core play any role in the asymmetric seeding barrier.
Conclusions

This study demonstrates the applicability of a simple
model for understanding the molecular mechanism of
template-driven fibril growth. Fibril growth is shown to
follow a simple MM-like two-step model in which
monomers act like the substrate and growing seeds
(fibrils) act like the enzyme. This model is consistent
with a “dock-lock”mechanism proposed for addition of
monomer to the fibril ends [29,30,42–45]. Modeling the
tau fibril formation reaction to a simple MM-like model
provides a mechanistic rationale for the asymmetric
seeding barrier, which exists between two isoforms of
the tau protein. This study shows that fibrils of tau-K18
and tau-K19 are structurally different and that the



Fig. 4. Differences in the structural core of fibrils formed by tau-K18 and tau-K19. (a) FTIR spectra. (b) The percent
deuterium incorporation into different sequence segments of tau-K18 (dark gray) and tau-K19 (dark red) fibrils. The dotted
lines represent the 25% and 75% deuterium incorporation. The error bars represent the standard deviations from two
independent experiments each with two replicates. (c) HDX protection map of tau-K18 (solid line) and tau-K19 fibrils
(dashed line). The colors represent the level of deuterium incorporation: (b25% D) strongly protected (red), (25%–75% D)
moderately protected (yellow), (N75% D) weakly protected (purple). Note that R2 is absent in tau-K19.
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structure of the fibril dictates its seeding specificity. The
simple MM-like model can be used as a quantitative
tool to identify and compare different fibrillar strains
of tau, in order to obtain greater insight into the
link between the different strains and various tauopa-
thies, which will help in the development of new
therapeutics.
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