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Abstract

Amyloid fibrillar aggregates isolated from the brains of patients with neurode-

generative diseases invariably have post-translational modifications (PTMs).

The roles that PTMs play in modulating the structures and polymorphism of

amyloid aggregates, and hence their ability to catalyze the conversion of mono-

meric protein to their fibrillar structure is, however, poorly understood. This is

particularly true in the case of tau aggregates, where specific folds of fibrillar

tau have been implicated in specific tauopathies. Several PTMs, including acet-

ylation at Lys 280, increase aggregation of tau in the brain, and increase neu-

rodegeneration. In this study, tau-K18 K280Q, in which the Lys 280 ! Gln

mutation is used to mimic acetylation at Lys 280, is shown, using HX-MS mea-

surements, to form fibrils with a structural core that is longer than that of tau-

K18 fibrils. Measurements of critical concentrations show that the binding

affinity of monomeric tau-K18 for its fibrillar counterpart is only marginally

more than that of monomeric tau-K18 K280Q for its fibrillar counterpart.

Quantitative analysis of the kinetics of seeded aggregation, using a simple

Michaelis–Menten-like model, in which the monomer first binds and then

undergoes conformational conversion to β-strand, shows that the fibrils of tau-
K18 K280Q convert monomeric protein more slowly than do fibrils of tau-K18.

In contrast, monomeric tau-K18 K280Q is converted faster to fibrils than is

monomeric tau-K18. Thus, the effect of Lys 280 acetylation on tau aggregate

propagation in brain cells is expected to depend on the amount of acetylated

tau present, and on whether the propagating seed is acetylated at Lys

280 or not.
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1 | INTRODUCTION

The aggregation of specific proteins in the brain has been
linked to various neurodegenerative diseases.1,2 These

Abbreviations: 0N4R, isoform of tau containing four repeats; 2N4R,
largest isoform of human tau; AFM, atomic force microscopy; HX,
hydrogen exchange; MS, mass spectrometry; ThT, thioflavin T.
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proteins form different types of aggregates, including
oligomers and amyloid fibrils, which differ in size and
structure, and it has not been easy to link the physical
properties of aggregated protein to differing disease
pathologies. The molecular mechanisms by which oligo-
mers and/or fibrils cause various neurodegenerative dis-
eases remain to be understood, and the cellular factors
regulating this process also need to be identified. It
appears that oligomers, which are smaller in size than
amyloid fibrils, are toxic to neurons, whereas amyloid
fibrils seem to propagate the disease pathology in the
brain.3–5 It appears that amyloid fibrils can act as infec-
tious particles, and can spread from a donor cell to an
acceptor cell via a prion-like mechanism.6,7 Several
amyloid-forming proteins, including tau, appear to follow
a prion-like mechanism for the propagation of aggregate
in the brain.8,9 However, the molecular parameters
governing amyloid fibril formation and thereby determin-
ing the extent of pathology are not well understood.

Tau is an intrinsically disordered protein that
expresses mainly in the cytosol of neurons of the central
nervous system.10–12 It functions as a microtubule
(MT) binding protein that regulates the dynamics of
microtubule assembly.13 Various disease-linked muta-
tions and post-translational modifications (PTMs) are
known to modulate the binding affinity of tau for
microtubules,14,15 as well as the pathological aggregation
of tau.10,12,16 Both gain of pathological function, and loss
of physiological function (MT binding) of tau could be
associated with neurodegenerative diseases. However,
studies carried out with tau-knockout mice did not find
any developmental defects.17,18 These results suggested
that tau is not an essential gene, and that loss of physio-
logical function is not pathological; conversely, it appears
that tau gains pathological function in diseases.

Tau aggregates extracted from the brains of patients
of different tauopathies, exhibit distinct structural folds
and are monomorphic, suggesting that a specific fold is
associated with a specific tauopathy.19–23 PTMs may play
an important role in defining the structural diversity of
tau fibril folds (strains) found in the brain,22 and it is
expected that in vitro studies of tau fibril formation will
reveal the mechanisms by which the structural diversity
is modulated. Tau aggregates extracted from tauopathy
patients were found to be hyperphosphorylated24,25 and
acetylated.26 Lysine acetylation has been shown to modu-
late the physiological function as well as the pathological
aggregation of tau.26 Various lysine residues including
Lys 280, were found to be acetylated in the aggregates
extracted from the brain of tauopathy patients.22,26 Lys
280 is of particular interest because its acetylation was
found to be prominent in aggregates extracted from all
4R tauopathies,26 and its deletion, which is disease-

linked, leads to pathological aggregation of tau.27,28

in vivo studies using transgenic Drosophila expressing
the tau-K280Q mutant variant, have found that the muta-
tion leads to fly locomotion defects; however, over-
expression of tau-K280Q significantly delays fly death.29

In a recent study,30 transgenic mice expressing tau-
K280Q were found to show a reduction in insoluble tau,
as well as a reduction in hyperphosphorylation, which
appeared to suppress tau pathology. Together, these data
suggest that acetylation of Lys 280 might have a protec-
tive role in tau-related pathologies.

In contrast, previous in vitro studies had found that
the K280Q mutation, which mimics Lys 280 acetylation,
results in the inhibition of the function of tau, and pro-
motes its aggregation.26 Similar results were observed
upon site-specific acetylation of Lys 280 using a protein
semisynthesis based methodology.31 Obtaining tau pro-
tein that is acetylated only at Lys 280 in this way is not
easy. Consequently, the tau-K18 K280Q mutant variant
has been used as a mimic of tau acetylated only at Lys
280, in many studies of tau aggregation.26,29–32 Previous
studies of tau possessing this acetylation mimicking
mutation have not examined the effect on the seeding of
fibril formation, a template-dependent process that is
mainly responsible for the prion-like spread of pathologi-
cal tau aggregates in the brain.

In this study, it was found that the effect of the acet-
ylation of Lys 280 in the 4R tau variant tau-K18, studied
in the acetylation mimic tau-K18 K280Q, was to seem-
ingly promote amyloid fibril formation by reducing the
lag phase. The acetylation mimic was found to form two
types of fibrils differing in their structural cores. One
type had a structural core identical to that of tau-K18,
while the other type had an extended structural core.
The fibrils formed by tau-K18 and tau-K18 K280Q were
found to differ in their seeding ability, and the differ-
ence in catalytic efficiency could be attributed to the dif-
ference in the structural core. Unexpectedly, the fibrils
formed by tau-K18 K280Q were found to be less efficient
in catalyzing the conversion of monomeric tau into
amyloid fibrils. The study describes a detailed kinetic
and structural mechanism of how acetylation of Lys
280 might alter the disease-linked catalytic properties of
tau aggregates.

2 | RESULTS

2.1 | Tau-K18 K280Q aggregates faster
than tau-K18

To study the role of the acetylation of Lys 280 in tau, an
acetylation mimic of tau was made by introducing a
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single point mutation in tau-K18, which contains four
microtubule-binding repeats. Lys 280 was replaced with
Gln by site-directed mutagenesis, and the tau-K18 K280Q
variant was used as a mimic of tau-K18 acetylated at Lys
280. ThT fluorescence intensity was used to monitor the
kinetics of aggregation. Both tau-K18 and tau-K18 K280Q
converted into fibrils with typical sigmoidal kinetics
(Figure 1a). Tau-K18 converted into fibrils with a lag
phase of ~7 hr duration, while tau-K18 K280Q
converted into fibrils faster than did tau-K18, with a lag
phase of ~3 hr duration (Figure 1a). The elongation rate
constant of tau-K18 K280Q was, however, found to be
~1.6-fold slower than that of tau-K18 (Figure 1a). The
ThT fluorescence intensity obtained at saturation of the
fibril formation reaction, was ~3-fold higher for tau-K18
K280Q than for tau-K18 indicating that either the fibrils
formed by tau-K18 K280Q were structurally different
from those formed by tau-K18, or that the amount of
the fibrils formed by tau-K18 K280Q was ~3-fold higher
than by tau-K18 (Figure 1a). The amount of monomer
converted into insoluble fibrils was quantified by mea-
suring the concentration of the remaining soluble tau
(see Section 5) at the end of the fibrillation reaction
(Figure 1b). In previous studies, the fibrillation of tau
was shown to follow a nucleation dependent polymeri-
zation model.33,34 Hence, the concentration of monomer
left in equilibrium with fibrils at the end of the

fibrillation reaction corresponds to the critical concen-
tration, which was slightly higher in the case of tau-K18
K280Q than in the case of tau-K18. Thus, for both tau-
K18 and tau-K18 K280Q, similar amounts of monomer
had converted into fibrils. Hence, the difference in the
ThT fluorescence intensity at saturation of the fibrilla-
tion reaction suggested that tau-K18 K280Q forms fibrils
that are structurally different from tau-K18 fibrils
(Figure 1).

2.2 | Characterization of tau fibrils

To identify the role of the Lys 280 ! Gln mutation in
tau, the morphological properties of the fibrils formed by
tau-K18 and tau-K18 K280Q were characterized using
atomic force microscopy (AFM) (Figure 2; Figure S1).
The AFM images shown in Figure 2 did not reveal the
presence of oligomers as a product of aggregation. This
was expected: when acetylated at residues K280, K281,
and K369, tau-K18 is known to form fibrils and not oligo-
mers.26 In an earlier study of fibril formation by full-
length tau, neither the wt protein nor the K280Q mutant
variant showed the presence of oligomers along with
fibrils at the end of the aggregation reaction.31 It has been
claimed that tau that had been acetylated only at Lys
280 forms ThS positive oligomers,31 but this is unlikely

FIGURE 1 Tau-K18 K280Q monomer converts into fibrils faster than tau-K18 monomer. (a) ThT fluorescence-monitored kinetics of

aggregate formation by 80 μM protein in the presence of 60 μM heparin at 25�C, pH 7.3. For tau-K18, the lag time and elongation rate were

7.0 ± 0.3 hr and 0.58 ± 0.03 hr−1, respectively. For tau-K18 K280Q, the lag time and elongation rate were 3.1 ± 0.2 hr and 0.35 ± 0.03 hr−1,

respectively. The lag time and elongation rate were determined by fitting the data shown in panel a to Equations (4) and (5), respectively, as

described in the Experimental Procedures. The error bars in grey in panel a represent the SD determined from four repetitions of the

aggregation reaction of each protein variant. (b) The concentration of soluble (unaggregated) tau at the end of the aggregation reaction. The

error bars represent the SD from three independent reactions. ThT, thioflavin T
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because only filaments of tau isolated from diseased brain
were found to be acetylated.26 Soluble tau isolated from
diseased brain was not acetylated; hence, it is likely that
the ThS positive oligomers were fragments that had dis-
sociated from fibrils. In this study, tau-K18 K280Q
formed fibrils that were morphologically similar to those
formed by tau-K18, but were slightly longer (Figure 2).
Tau-K18 fibrils had an average length of ~255 nm,
whereas tau-K18 K280Q fibrils were ~310 nm in length.
This suggests that tau-K18 K280Q fibrils are more stable
than tau-K18 fibrils, and did not therefore fragment into
shorter fibrils. This data suggested that the internal struc-
tures of the fibrils formed by tau-K18 and tau-K18 K280Q
might be different.

2.3 | Structural characterization of
fibrils by hydrogen exchange-mass
spectrometry (HX-MS)

It was hypothesized that the structural core of tau-K18
K280Q fibrils might be extended and longer than the
structural core of tau-K18 fibrils. Due to increased hydro-
gen bonding in a longer β-sheet, tau-K18 K280Q would
be expected to form more stable fibrils (Figure 2). HX-MS
was used to identify the difference in the internal struc-
ture of the fibrils formed by tau-K18 and tau-K18 K280Q.
In HX-MS studies, the amide hydrogen sites that are
exposed to the solvent, get labeled by deuterium, and can
be assigned to specific segments of the protein sequence,

FIGURE 2 Tau-K18 forms shorter fibrils than tau-K18 K280Q. AFM images of fibrils formed by tau-K18 and tau-K18 K280Q at the end

of the fibril formation reaction shown in Figure 1a. Fibril length distributions of tau-K18 fibrils and tau-K18 K280Q fibrils at the end of fibril

formation reaction. The length distributions were obtained by measuring the lengths of the fibrils from AFM images of fibrils formed in

three independent experiments. AFM, atomic force microscopy
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by carrying out pepsin digestion at low pH under quench
conditions (to reduce the back exchange). The peptide
map of monomeric tau-K18 was generated as described
previously (Figure S2). A 30 s pulse of deuterium label
was given by incubating monomeric tau, as well as
fibrils of tau-K18 and tau-K18 K280Q, in deuterated
buffer at pH 7.3 at 25�C. The percentage of deuterium
incorporation in different samples was calculated by
running control samples having no deuterium (0% D)
and complete deuteration (95% D) (Figure 3). As

expected for an intrinsically unfolded protein, mono-
meric tau showed complete deuteration in all sequence
segments after 30 s of exchange (Figure S3). For tau
fibrils, regions that are exposed to the solvent, are highly
flexible or which remain unfolded, would get labeled to
the same extent as they do in the unfolded monomer
(complete deuteration). Regions that are part of the rigid
structural core of the fibrils would remain protected,
would not be labeled, or would show very little deute-
rium incorporation.

FIGURE 3 Structural heterogeneity in fibrils formed by tau-K18 K280Q. Representative mass spectra, as seen in three independent

experiments, of peptide fragments of tau, for fibrils formed by tau-K18 and tau-K18 K280Q, along with the mass spectra of protonated (0%

D) and deuterated (95% D) monomeric tau. The peptide fragment corresponding to sequence segment 316–346 shows a bimodal mass

distribution for fibrils formed by tau-K18 K280Q, and a unimodal mass distribution for fibrils formed by tau-K18
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In both tau-K18 and tau-K18 K280Q fibrils, sequence
segments spanning residues 347–368 became fully
labeled (>80% D) (Figures 3 and 4), suggesting that this
region does not undergo any structural transition during
fibrillation, and remains unfolded and flexible in the
fibrils. Sequence segments spanning residues 255–315

were found to remain strongly protected in both tau-K18
and tau-K18 K280Q fibrils, indicating that this region
undergoes a structural transition from an unfolded to a
β-sheet structure. In tau-K18 K280Q fibrils, the sequence
segment spanning residues 316–346 showed a bimodal
mass distribution, whereas tau-K18 fibrils showed an

FIGURE 4 The structural core of fibrils formed by tau-K18 and tau-K18 K280Q. The percent deuterium incorporation into different

sequence segments of fibrils formed by (a) tau-K18, and (b) and (c) tau-K18 K280Q. The data in panel a correspond to the unimodal mass

distributions observed for the sequence segments for fibrils formed by tau-K18. The deuterium incorporation data for sequence segment

316–346 for tau-K18 K280Q in panel b correspond to the higher mass distribution, and in panel c correspond to the lower mass distribution

of the observed bimodal distribution. (d) HX protection map of tau-K18 (dotted lines) and tau-K18 K280Q (solid lines). The colors represent

the level of deuterium incorporation: (<30% D) strongly protected (red), (>80% D) weakly protected (purple). The two solid lines correspond

to data for the two types of fibrils seen for tau-K18 K280Q (panels (b) and (c)). (e) The percentages of protein molecules in tau-K18 K280Q

fibrils with and without a structural core extending down to residue 346, were determined from the bimodal mass distribution (by fitting to

the sum of two binomial distributions and calculating the area under each peak) seen for sequence segment 316–346 (as shown and

described in Figure 3). The error bars represent the SD determined from three independent experiments
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unprotected unimodal mass distribution (Figure 3). The
bimodal mass distribution indicated the presence of two
differently protected populations of fibrils, one of which
remained unprotected in sequence segment 316–346, as
did tau-K18 fibrils, whereas the other was highly protec-
ted in this sequence segment.

The relative amounts of the two types of fibrils
formed by tau-K18 K280Q were quantified by fitting the
bimodal mass distributions to the sum of two binomial
distributions, and determining the area under each distri-
bution (Figure 4e). 65% of the fibrils had a structured
core spanning residues 255–315, similar to that of tau-
K18 fibrils (Figures 3 and 4). 35% of the fibrils had an
extended structured core spanning residues 255–346
(Figures 3 and 4). Similar results were obtained when the
duration of the deuterium labeling pulse was increased to
300 s (Figure S4). The structural core of the two types of
fibrils identified in this study was similar to that of the
fibrils formed by 0N4R tau and full-length 2N4R tau in
the presence of heparin as determined by SSNMR and
cryo-EM, respectively.35,36 The 35% of the fibrils that have
an extended structural core are expected to have strong
intermolecular bonding, and are therefore likely to be
more stable and longer. In previous studies, inter-
molecular forces between β-sheet layers had been shown
to determine the length of fibrils.37,38 Short amyloid
fibrils contain less β-sheet content than long fibrils.37

2.4 | Tau-K18 seed acts as a better
catalyst than tau-K18 K280Q seed in
catalyzing the seeding reaction

Pathological aggregates of tau are known to spread in the
brain by a prion-like mechanism, in which secreted
aggregates are taken up by neighboring cells. These
aggregates act like catalysts, and convert soluble mono-
meric protein into aggregates in a template-dependent
manner. Hence, factors affecting the fibril elongation rate
are expected to alter the prion-like propagation of aggre-
gates. To determine the effect of the Lys 280 ! Gln
mutation on the seeding efficiency of tau seeds, the
aggregation of 10 μM tau-K18 was carried out in the pres-
ence of 2% v/v seed (equivalent to ~1.6 μM monomeric
protein) made from either tau-K18 or tau-K18 K280Q, at
pH 7.3 at 25�C, and the process was monitored by mea-
surement of ThT fluorescence (Figure 5a,b). The final
ThT fluorescence intensities were found to be different
for the four seeded reactions shown (insets in Figure 5a,
b), indicating that the ThT fluorescence intensities per
unit mass of fibril were different. To account for this dif-
ference, so as to ensure that the kinetic curves truly rep-
resent kinetics of formation of new fibrillar mass per unit

time, the kinetic curves shown in the insets of Figure 5a,
b were normalized to that obtained when tau-K18 seeds
were used with tau-K18 monomer, as described in the
Section 5. Tau-K18 seeds were found to catalyze the
fibrillation process more rapidly than tau-K18 K280Q
seeds, both for tau-K18 monomer (Figure 5a) and for
tau-K18 K280Q monomer (Figure 5b). The initial rate
of tau-K18 seed elongation was ~10-fold higher than that
of tau-K18 K280Q seed elongation, when tau-K18 was
used as the monomer (Figure 5c), and was ~4-fold higher
when tau-K18 K280Q was used as the monomer
(Figure 5d). This data indicated that tau-K18 seeds were
more efficient than tau-K18 K280Q seeds in catalyzing
the process of tau fibrillation.

2.5 | Tau-K18 seeds catalyze the
conversion of monomer into fibrils faster
than tau-K18 K280Q seeds

To understand the mechanism of fibril elongation, and to
obtain a quantitative description of the binding of mono-
mer to seeds and their conformational conversion, the
aggregation of tau-K18 and tau-K18 K280Q was carried
out at different protein concentrations, in the presence of
2% v/v seed (equivalent to ~1.6 μM monomeric protein)
(Figure 6). The dependence of the initial rate of fibril
elongation on monomer concentration was determined
at a constant seed concentration (under pseudo-first-
order conditions) (Figure 6). At lower monomer concen-
trations, the initial rate of fibril elongation was found to
depend linearly on monomer concentration. At higher
monomer concentrations, the initial rate became inde-
pendent of monomer concentration, as conformational
conversion of monomer to fibrils became the rate-
limiting step. This dependence of initial rate on monomer
concentration could be described well by a Michaelis–
Menten (MM) like model (commonly used for enzyme-
catalyzed reactions) in which the monomer acts like a
substrate, and the seed plays the role of an enzyme.39 A
previous study had been shown that initially during fibril
elongation, the number concentration of fibrils remains
constant, and that only the length of the fibrils
increases.39 Hence, secondary processes do not contribute
significantly at the start of seeded fibril formation reac-
tion.39 Modeling the seeding reaction to such a simple
model provides a quantitative description of the apparent
binding affinity of monomer to seeds (Km), and the rate
constant with which monomer converts into fibrils.
These quantitative parameters can be used to compare
the properties of the fibrils formed by tau-K18 and tau-
K18 K280Q, which could potentially be important in
determining their infectivity.

KUMAR AND UDGAONKAR 7



Before using the MM-like model to determine and
compare the catalytic properties of fibril seeds formed
from tau-K18 and tau-K18 K280Q, for both seeding and
cross-seeding experiments, it was first necessary to

demonstrate that the number concentration of seeds
formed from the fibrils of the two proteins were the same.
This was done by comparing the lengths, hydrodynamic
radii, and molar masses of the seeds formed from the

FIGURE 5 Elongation kinetics of tau fibrils: tau-K18 fibrils elongate faster than tau-K18 K280Q fibrils. ThT fluorescence-monitored

kinetics of fibril elongation of 10 μM (a) tau-K18, and (b) tau-K18 K280Q monomer in the presence of 2% v/v (equivalent to ~1.6 μM
monomeric protein) tau-K18 seed (black) and tau-K18 K280Q seed (red). The kinetic curves of aggregation, shown in the insets of panels a

and b, have been corrected for the ThT fluorescence intensity contributed by the added seed (see Section 5). These kinetic curves were then

normalized to that obtained for tau-K18 monomer with tau-K18 seed, as described in the Section 5, and the normalized kinetic curves are

shown in panels (a) and (b). The ThT fluorescence intensity values defining the kinetic curves shown in panels a and b therefore represent

the mass of fibrils formed. Initial rate of fibril elongation (obtained by measuring the initial slopes of the kinetic curves shown in panels

(a) and (b)) are shown for (c) tau-K18 and (d) tau-K18 K280Q monomer. The nature of the seed is shown inside the square brackets. The

error bars in panels (c) and (d) represent the SD determined from three independent experiments. ThT, thioflavin T
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fibrils of 80 μM monomeric tau-K18 and tau-K18 K280Q,
using AFM, dynamic light scattering (DLS), and multi
angle light scattering (MALS), respectively (Figure S5).
Both the AFM and DLS data indicated that the lengths of
the seeds were the same for tau-K18 and tau-K18 K280Q,
and the MALS data too indicated seeds of very similar
average masses (Figure S5). Hence, given that the con-
centrations of aggregated protein were very similar
(Figure 1b), the number concentrations also did not differ
significantly.

Tau-K18 seeds were found to bind monomeric tau
with a higher Km value than tau-K18 K280Q seeds
(Figure 7a, Table S1). It should be noted that for a MM
mechanism, Km = k−1 + k2

k1
approximates to the binding

affinity or dissociation constant Kd =
k−1
k1
, only if k2� k−1.

This is not true for the catalytic activities of tau-K18 and
tau-K18 K280Q: the rate constant of conformational con-
version (k2) effected by tau-K18 seeds was 7 to 10-fold
faster than in the case of tau-K18 K280Q seeds. The
higher Km value seen for the binding of tau-K18 seeds to
monomeric tau, therefore seems to be only because of the
higher catalytic rate constant, k2, of the conformational
conversion of monomeric tau into fibrils (Figure 7b),
when catalyzed by tau-K18 seeds (Figure 7b).

To confirm that this is indeed the case, the critical
concentrations for the seeded reactions were determined
as the monomer concentrations left in solution after fibril
formation was complete (Figure 7c). The critical concen-
tration for such aggregation reactions is equal to the dis-
sociation constant Kd =

k−1
k1

for monomer binding to

FIGURE 6 Elongation of fibrils follows Michaelis–Menten-like kinetics. Initial rate of fibril formation by monomeric tau-K18 in the

presence of 2% v/v (equivalent to ~1.6 μM monomeric protein) (a) tau-K18 seed, and (b) tau-K18 K280Q seed versus monomeric tau-K18

concentration. Initial rate of fibril formation by monomeric tau-K18 K280Q in the presence of 2% v/v (equivalent to ~1.6 μM monomeric

protein) (c) tau-K18 seed, and (d) tau-K18 K280Q seed versus monomeric tau-K18 K280Q concentration. The error bars represent the SD

determined from three independent experiments
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fibrils.40,41 The values of Kd, shown in Figure 7c, were
similar for tau-K18 and tau-K18 K280Q, and were more
than 10-fold lower than the values of Km. It is clear that
the value of Km is higher in the case of tau-K18 than tau-
K18 K280Q because the value of k2 is higher.

Since tau-K18 K280Q formed two types of fibrils with
different internal structures (Figure 4), it was possible
that the ends of the fibrils, which functioned as MM
enzymes in aggregation reactions seeded by tau-K18
K280Q fibrils, have different structures and hence, differ-
ent catalytic properties. When, however, the kinetic data
in Figure 6, were fit to a MM model with two classes of
catalytic sites (fits not shown), the fits yielded the same
value for Km for both sites, which was the same as the
value obtained when the data were fit to the MM model
with only one class of catalytic sites (Table S1). Hence, it
appears that the two classes of fibrils, although differing
in their internal structures, formed seeds of similar
apparent binding affinity.

2.6 | Tau-K18 K280Q monomer binds to
fibrils with marginally lower affinity than
do tau-K18 monomers

The Lys 280 ! Gln mutation in tau seemed to modulate
the structural and functional properties of tau fibrils.
However, its influence on the properties of monomeric
tau needed to be determined. To understand how the
mimicking of the acetylation of Lys 280 affects mono-
meric tau, the values of Kd for monomeric tau-K18 and
tau-K18 K280Q binding to tau-K18 fibrils were deter-
mined from measurement of the critical concentrations
(Figure 7c, Table S1). It was seen that the critical concen-
trations, obtained when tau-K18 fibrils were used to seed
the fibrillation of monomeric tau-K18 and monomeric
tau-K18 K280Q, were the same, and were also the same
as the critical concentrations determined for the
unseeded fibrillation reactions of the two protein variants

FIGURE 7 Acetylation mimic of Lys 280 modulates the

apparent binding affinity of tau monomer to fibrils and catalytic

conversion of monomeric protein into fibrils. (a) Km values for the

seeding by different tau fibrils of monomeric tau-K18 and tau-K18

K280Q. (b) Rate of conformational conversion (Vmax) of monomeric

tau-K18 and tau-K18 K280Q into β-sheet fibrils in the presence of

different tau fibril seeds. Km and Vmax values were obtained by

fitting the curves shown in Figure 6 to a simple MM-like model.

The error bars represent the SD determined from three

independent experiments. (c) The critical concentration was

determined as the concentration of soluble (unaggregated) tau

remaining at the end of the aggregation reaction of 80 μM tau-K18

and tau-K18 K280Q in the presence of 2% seed. The nature of the

seed is shown inside the square brackets. The error bars represent

the spread in the data determined from at least two independent

experiments. Actual values of Km, Vmax and the critical

concentration are also listed in Table S1
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(Figures 1 and 7c). This was not surprising because the
fibrils formed in the tau-K18 seeded reactions had con-
formationally converted tau-K18 and tau-K18 K280Q at
their ends, and monomeric tau-K18 and tau-K18 K280Q
were, respectively, binding to these ends.

Also determined, using a MM-like model, were the
kinetic parameters governing the seeding of mono-
meric tau-K18 and tau-K18 K280Q by tau-K18 fibrils
(Figure 7a, Table S1). Irrespective of the fibrils used
as seeds and of the monomer that was seeded, it was
found that the values of Kd were at least 10-fold lower
than those of Km (Figure 7a,c). Hence, in all cases, the
higher values seen for Km were only because of the
higher values of k2. It was therefore not surprising
that the value of Km correlated so well with that of
Vmax (Figure 7, Table S1) for the different seeding
reactions.

2.7 | Structures of cross-seeded fibrils

When the fibrillation of tau-K18 K280Q monomer was
initiated using tau-K18 seeds, virtually all fibrils formed
had the shorter structural core characteristic of tau-K18
fibrils (Figure 8); the templated fibrils were faithful to the
template. Surprisingly, however, when the fibrillation of
tau-K18 monomer was initiated using tau-K18 K280Q
seeds, few if any fibrils had an extended structural core.
This result can be understood by realizing that tau-K18
K280Q seeds consist of both fibrils with a short structural
core (65%) and fibrils with an extended structural core
(35%). The fibrils formed, with the 35% the extended
structural core fibrils acting as the seed, would also be
expected to have an extended structural core; neverthe-
less, such fibrils are not seen (Figure 8). This could only
happen if the 65% fibrils with the shorter structural core
in the seed, grew much more rapidly upon the addition
of tau-K18 monomer, than do the 35% fibrils with the
extended structural core. Figure 5 shows that this is
indeed the case: the initial rate (Figure 5) as well as Vmax

values (Figure 7b) seen with seeding by tau-K18 fibrils
are much faster than those seen with seeding by tau-K18
K280Q fibrils. The fibrils produced from monomeric tau-
K18 K280Q upon seeding by tau-K18 K280Q fibrils had a
somewhat smaller fraction (25%) of extended structural
core fibrils than fibrils produced from tau-K18 K280Q
without seeding (Figure 4), again because the shorter
core fibrils (tau-K18 like) in the seed grew faster than the
extended core fibrils. This effect of self-seeding leading to
a reduction of the heterogeneity in fibrillar structure
forms the basis of the wide-spread application of multiple
cycles of self-seeding to reduce the heterogeneity in
fibrils.42,43

FIGURE 8 Reduction in the structural heterogeneity of fibrils

upon seeding. Representative mass spectra, as seen in three

independent experiments, of the peptide fragment corresponding to

sequence segment 316–346 of tau, for fibrils formed by tau-K18 and

tau-K18 K280Q, in the presence of 2% tau-K18 seed and tau-K18

K280Q seed. This peptide fragment shows a bimodal mass

distribution, when derived from fibrils formed by tau-K18 K280Q in

the presence of tau-K18 K280Q seed, and essentially unimodal

mass distributions when derived from fibrils formed by tau-K18

[tau-K18], tau-K18 K280Q[tau-K18] and tau-K18[tau-K18 K280Q].

The nature of the seed is shown inside the square brackets
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2.8 | Tau-K18 K280Q monomer converts
into fibrils faster than tau-K18 monomer

During fibril elongation, monomeric tau first binds to
fibrils, and then conformational conversion (similar to
folding) of the intrinsically disordered tau protein into
β-sheet-rich fibrils takes place. To determine how the Lys
280 ! Gln mutation affects the conversion of monomeric
tau into fibrils, the fibril elongation rate was monitored
at different monomer concentrations in the presence of
2% seed (Figure 6). Figure 7 shows that tau-K18 K280Q
monomer converted into fibrils four to fivefold faster
than tau-K18 monomer, irrespective of the type of seed
used. It was not easy to explain how a single mutation
modulates the rate constant of conversion of an IDP to
fibrils. It was possible that the mutation might affect the
structure of monomeric tau. Although circular dichroism
(CD) and DLS measurements showed that tau-K18 and
tau-K18 K280Q monomers did not differ in secondary
structure or size (Figure S6), it will be important in future
studies to determine by the use of a high resolution probe
such as NMR, as to whether the two monomeric protein
variants are indeed identical in conformation. To further
investigate the importance of charge at position 280, the
mutant variant tau-K18 K280E was also studied, and the
kinetic parameters governing its conversion to fibrils by
tau-K18 seed were determined (Figure 9a,c,d). It was
found that the values of Vmax (and hence that of k2) for
the three protein variants were in the order: tau-K18
K280E > tau-K18 K280Q > tau-K18.

The value of Kd for the binding of tau-K18 K280E to
tau-K18 was determined, again from measurement of the
critical concentration. It should again be noted that this
value of Kd describes the binding of monomeric tau-K18
K280E to conformationally converted tau-K18 K280E at
the end of the fibrils. The value of Kd for monomeric tau-
K18 K280E was higher than that monomeric tau-K18
K280Q (Figure 9b). Hence, while the values of Kd for the
three different charged mutants of monomeric tau to
bind to their conformationally converted fibrillar coun-
terparts (grown off tau-K18 seed) were somewhat similar,
they increased marginally when the positively charged
Lys 280 was replaced with the neutral Gln and then with
the negatively charged Glu (Figure 9b).

3 | DISCUSSION

It is well known that PTMs such as acetylation, and phos-
phorylation can modulate the structural and functional
properties of amyloid fibrils.22,44,45 For example, phos-
phorylation of Aβ40 leads to the formation of fibrils with
an extended structural core, which have better seeding

efficiencies than wt Aβ40.45 Similarly, acetylated
α-synuclein was found to form morphologically and
structurally different types of fibrils which had shorter
structural core, which are more efficient in seeding activ-
ity than is unacetylated α-synuclein.44 The finding that
tau fibrils from the brains of CBD patients are acetylated
and ubiquitinated,22 had suggested that these PTMs could
be modulating the fibrillar structure. Indeed, the current
study shows that the Lys 280 ! Gln mutation does mod-
ulate the structural core of tau fibrils, which is more
extended in tau-K18 K280Q fibrils than in tau-K18 fibrils.
This study has then focused on how the Lys 280 ! Gln
mutation made to mimic acetylation at Lys 280 affects
the structural mechanism of conformational conversion.

3.1 | Effect of the Lys 280 ! Gln
mutation on the structure of the fibril core

The critical role played by Residue 280, in determining
the structural core of tau fibrils, is emphasized by the
observation that removal of the charge on it, by the Lys
280 ! Gln mutation made to mimic acetylation of Lys
280, leads to the formation of two types of fibrils, one
type with a structural core spanning residues 255–315, as
in the case of tau-K18, and another type with a structural
core spanning residues 255–346 (Figure 4). It is perhaps
not surprising that a single mutation is so important; it is
known, for example, that a single mutation in
α-synuclein can lead to the formation of fibrils with dif-
ferent structural folds.46,47 Several structures of tau fibrils
indicate that Lys 280 forms a salt-bridge with Asp 283 or
Asp 314,22,35 which would stabilize the fibrils. If the salt
bridge with Asp 283, which appears to be present in the
structure of fibrils from the brains of CBD patients,22 is
formed early during fibrillation, and is important in
defining the structural core of the fibrils, then abolishing
it, by mutating Lys 280 to Gln, could be responsible for
the formation of a different structural fold. The observa-
tion that this single mutation can modulate the structural
heterogeneity of tau fibrils (Figure 4) is not surprising, as
mutations as well as the addition of a small molecule had
previously been shown to modulate the structural hetero-
geneity of α-synuclein fibrils.47,48

3.2 | Catalytic properties of tau fibrils
and the role of lysine acetylation

The observation that tau fibrils with a shorter structural
core are more efficient in catalyzing the seeding reaction
(Figures 5 and 7b) suggests that the length of the amyloid
core plays a role in determining the progress of fibril
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propagation. A previous study on yeast prion had
suggested that the length of the amyloid core determines
the infectious nature of distinct prion strains; a strong
prion strain had a shorter structured core relative to a
weak prion strain.49 One goal of the current in vitro study
was to explore how acetylation of Lys 280, mimicked here
by the Lys 280 ! Gln mutation, might affect the infec-
tious nature, and thus the spread of tau aggregates in the
brain. The two types of tau fibrils found in this study,

might spread differently from cell to cell via a prion-like
mechanism. The tau fibril with the higher catalytic effi-
ciency is expected to spread rapidly. Since the tau-K18
K280Q fibrils were 7 to 10-fold less efficient in catalyzing
the conversion of monomeric tau into β-sheet fibrils
(Figure 7b), spreading could be expected to be 7 to
10-fold less efficient, and a larger number of aggregates
would be required to spread the pathology efficiently. On
the other hand, monomeric tau-K18 K280Q converts into

FIGURE 9 Charge on monomeric tau affects its binding affinity to tau fibrils and the elongation rate of fibril formation. (a) Initial rate

of fibril formation by different charge mutant variants of monomeric tau in the presence of 2% tau-K18 seed versus monomer concentration.

(b) Critical concentrations, or the binding affinities were determined by monitoring the concentration of soluble (unaggregated) protein at

the end of the aggregation of 80 μM tau protein in the presence of 2% tau-K18 seed. The error bars represent the SD determined from four

independent reactions. (c) Vmax and (d) Km values, obtained by fitting the curves shown in panel a to a simple MM-like model, of different

charge mutant variants of monomeric tau to tau-K18 seed. The nature of the seed is shown inside the square brackets. The error bars in

panels (a), (c), and (d) represent the SD determined from three independent experiments
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fibrils four to fivefold faster than monomeric tau-K18
does (Figure 7b); hence, propagation can be expected to
be four to fivefold more efficient, with a shorter incuba-
tion period, or with a smaller number of aggregates being
required to spread the pathology. It seems that the net
effect of acetylation of Lys 280 on disease propagation in
the brain will depend on the concentration of acetylated
versus unacetylated tau, and on whether the propagating
seed is acetylated or not. It should be noted that the dif-
ference in the conversion rate of monomeric protein can-
not be attributed to any difference in the structure and
size of tau-18 and tau-K18 K280Q, as these do not appear
to differ significantly (Figure S6).

A major result of the current study is that the charge at
position 280 plays an important role in the stabilization of
the transition state of the folding reaction leading to the
conversion of the template-bound disordered tau conforma-
tion to a β-sheet conformation. It is known that aggregation
rates correlate well with β-sheet propensity,50 but Lys, Gln
and Glu do not differ significantly in this property. The
aggregation rate also correlates negatively with the net
charge on the protein, and the Lys 280 ! Gln and Lys
280 ! Glu mutations do reduce the net positive charge that
tau has at physiological pH. It is, however, unlikely, that
the effect of the mutations is the outcome of their reducing
the net positive charge, because the aggregation has been
induced by heparin, which itself would have greatly
reduced the net charge positive charge on tau.51

One explanation for the observed slower conversion
rate for tau-K18, could be that the transition state for the
folding (conversion) reaction involves a positive charge
in the vicinity of residue position 280, which is des-
tabilized when Lys is present at position 280 and stabi-
lized when Glu is present. Another explanation could be
that, due to the formation of a salt-bridge by Lys 280 in
the monomeric protein, it might adopt a compact confor-
mation that shields the amyloid forming motif, VQIINK.
In fact, a previous study has shown that various diseases-
linked mutations in tau promote its aggregation by dis-
rupting local structure in the monomeric protein, leading
to the exposure of VQIVYK.51 If the monomeric protein
retains its compact conformation upon binding to the
fibril end, its conversion to the fibrillar conformation
would be slow. Mutations abolishing this salt-bridge
would disrupt the compact conformation, which would
then convert rapidly into a fibrillar conformation. In this
context, a molecular dynamic simulation study had
shown previously that a Lys 280 deletion mutant variant
forms extended conformations due to lack of the salt-
bridge and hydrogen bonds.52 The extended conforma-
tions were found to aggregate faster than compact confor-
mations.52 The Lys 280 ! Gln mutation, is also likely to
lead to the adoption of extended conformations, which

expose amyloid forming motifs and thus enable rapid
conformational conversion.

3.3 | Origin of structural heterogeneity
during the course of fibril formation

Fibril formation by tau follows a nucleation dependent
polymerization (NDP) mechanism, in which nucleus for-
mation is the rate-limiting step.33,34 In a NDP mechanism,
it is possible that multiple nucleation events take place
simultaneously, and differently structured nuclei convert
into structurally different fibrils. Differentially altering the
stability of early aggregates formed on different aggrega-
tion pathways can be expected to result in a change in the
structural heterogeneity of fibrils. The observation that the
Lys 280 ! Gln mutation accelerates nucleation (Figure 1)
indicates that it might favor the formation of specific early
aggregates by stabilizing them. In previous studies, lysine
acetylation was also shown to induce the aggregation of
tau,26,31 but the mechanism by which it promotes aggrega-
tion was not understood. It is possible that it reduces the
barrier height of nucleation by altering electrostatic inter-
actions. A previous study using a single molecule tech-
nique found that deletion of Lys 280 increased the
nucleation rate, and leads to the rapid formation of oligo-
mers during early stages of aggregation due to reduced
electrostatic repulsion between monomers.53

The observation that only 35% of the heterogeneous
fibrils formed by tau-K18 K280Q had an extended structural
core (Figure 4) implies that the extended structural core
fibrils elongate slower than the shorter core fibrils. In fact,
tau-K18 fibrils, which have the shorter structural core, were
found to elongate faster than tau-K18 K280Q fibrils
(Figure 5 and 7b). Furthermore, fibrillation of tau-K18 in
the presence of tau-K18 K280Q seed (containing 35% fibrils
with an extended structural core) leads to the formation of
fibrils with the shorter structural core (Figure 8), which is
only possible if fibrils with the shorter core elongate more
rapidly than do the extended core fibrils. The observation
that the fibrillation of tau-K18 K280Q has a shorter lag
phase compared to that of tau-K18 (Figure 1) suggests that
the fibril with a higher stability and extended structural core
nucleates more rapidly but elongates slowly, whereas the
fibril with the shorter structural core nucleates slowly but
elongates more rapidly.

3.4 | Determination of the structural
core of the fibrils by HX-MS

In this study, HX-MS measurements have shown that the
microtubule binding repeats (MTBRs) R2 and R3 are part
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of the structural core, because their sequence segments
were found to be very strongly protected against HX. In
the case of aggregates isolated from the brains of CBD
patients, which are formed by the 4R tau isoform (like
tau-K18), cryo-EM studies21,22 have shown that the struc-
tural core spans R2, R3, and R4. It is possible that R4 is
part of the structural core of fibrils formed by tau-K18
in vitro, but because it is dynamic, as has been shown in
the case of fibrils formed by full-length tau,36 it shows
weak protection against HX. HX would then not pick it
up as being part of the structural core. This is likely to be
so, because in the case of tau-K18 K280Q, at least part of
R4 has gained sufficient protection, and can hence be
identified as being part of the structural core. It is impor-
tant to remember that tau-K18 spans residues 244–372 of
tau, and thus has only four residues beyond the end of
R4. Since the structural core of tau can extend up to resi-
due 380,21,22 it is possible that it appears to be shorter in
this study because of the missing eight residues.

The observation that the binding affinity of monomer
to fibril decreases, albeit to a small extent, when Lys
280 is replaced by Gln, and decreases further, again
slightly, when Lys 280 is replaced by Glu (Figure 9) pro-
vides a clue about the structures of the fibrils formed by
tau-K18 and tau-K18 K280Q. Fibrils isolated from the
brains of CBD patients, which contain only 4R tau (con-
tains all four MTBRs), have Lys 280 facing toward the
outside from the structural core, and appearing to form a
salt-bridge with Glu 283.22 The position of this salt-bridge
is such that its presence or absence would be expected to
affect the binding affinity of monomeric tau to the fibril
end to only a small extent, as is observed in this study.
Thus, it is likely that the structure of fibrils, studied here,
is similar to the structure of the fibrils isolated from the
brains of CBD patients.

4 | CONCLUSION

In this study, the use of the tau-K18 K280Q variant as an
acetylation mimic, has shown that acetylation of Lys
280 could lead to the formation of fibrils with an
extended structural core, compared to the shorter struc-
tural core seen in the case of tau-K18. Fibrils of tau-K18
K280Q convert monomeric tau into fibrils more slowly
than do fibrils of tau-K18. This result suggests a protec-
tive role for Lys 280 acetylation. In contrast, monomeric
tau-K18 K280Q is converted more rapidly into fibrils than
is monomeric tau-K18. These results suggest that the net
effect of the acetylation of Lys 280 in brain cells could be
pathogenic or protective, depending on the amount of
acetylated tau present, and on whether the propagating
seed is acetylated at Lys 280 or not. The current study

provides an insight into how structurally different folds
of amyloid catalyze the conversion of monomeric protein
into fibrils.

5 | MATERIALS AND METHODS

5.1 | Protein expression and purification

The plasmid pET22b containing the human tau-K18
gene, generated from pET4RPH, a kind gift from Prof.
Takashi Konno, was modified using site-directed muta-
genesis. Two native cysteines were replaced with serines,
and Lys 280 was mutated to either Gln or Glu in the
mutant variants, tau-K18 K280Q and tau-K18 K280E,
respectively. For fluorescence studies, a single cysteine
(I354C) or tryptophan (I354W) was introduced. The frag-
ment of tau (UniProtKB—P10636) which contains four
microtubule-binding repeats (tau-K18) was prepared as
described previously.39 The purity of each protein was
checked using SDS-PAGE and electrospray ionization
mass spectrometry, and no contaminated protein was
observed. Purified protein was flash-frozen in liquid N2,
and stored at −80�C. The concentration of protein in
solution was determined using the BCA (Thermo Scien-
tific) assay, for which bovine serum albumin was used as
the standard, with the background signal of the buffer
(sample without protein) being subtracted.

5.2 | Chemicals, buffers and aggregation
conditions

Reagents used for experiments were of the highest purity
grade available from Sigma Aldrich, unless specified oth-
erwise. GdnHCl was procured from USB (USA), and
formic acid from Merck. Tau fragment which contains
four microtubule-binding repeats from residues 244 to
372 of the full-length human tau was used in this study.
Aggregation was carried out by incubating 80 μM tau
protein in aggregation buffer (25 mM Tris–HCl buffer,
150 mM NaCl, pH 7.3) at 25�C. The aggregation reaction
was initiated by the addition of heparin (molecular mass
~12 kDa, Himedia Laboratories) at a heparin to protein
concentration ratio of 3:4.

5.3 | Monitoring the process of aggregate
formation using ThT fluorescence

The aggregation reaction of tau was carried out in a
96 well plate at 25�C in a Fluoroskan instrument
(Thermo Scientific) in the presence of 32 μM ThT. The
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kinetics of aggregate formation was monitored by mea-
suring the ThT fluorescence emission at 475 nm upon
excitation at 440 nm.

Formation of fibril seed and seeding: 80 μM protein
was aggregated as described above. At a time
corresponding to 3 × t50, (t50 was the time at which the
fluorescence intensity reached 50% of its final value), the
aggregated protein solution was centrifuged at 20,000g
for 30 min at 15�C. The pellet containing the aggregated
protein was resuspended in aggregation buffer, and soni-
cated as described previously.39 This sonicated solution
was used to seed a fresh aggregation reaction in the pres-
ence of heparin. All the seeding reactions were carried
out using a fixed concentration of seed (2% v/v from the
80 μM aggregated protein, which was equivalent to
~1.6 μM monomeric protein). The ThT fluorescence
intensity of the seed was subtracted from the ThT fluores-
cence intensities measured during the seeded aggregation
reaction so that the ThT fluorescence intensity at any
time was a direct measure of the amount of new fibrils
formed at that time.

Fibril seeds produced from fibrils formed in the pres-
ence of ThT were used because it could then be con-
firmed that the kinetics of formation of the fibrils, as well
as their final ThT fluorescence intensity, were the same
for multiple batches of seed production. These were
important criteria for ensuring that the seeds produced in
successive batches were similar to each other. It is impor-
tant to note that a previous study had shown that the
presence of ThT does not affect the kinetics of tau aggre-
gation.39 Moreover, in this study, fibril seeds produced
from fibrils formed in the presence of ThT were shown to
have the same activity as fibril seeds produced from
fibrils formed in the absence of ThT (Figure S7). Thus,
ThT does not interfere with the seeding activity.

Five types of seeded aggregation reactions were car-
ried out: tau-K18 monomer with tau-K18 seeds (tau-K18
[tau-K18]), tau-K18 monomer with tau-K18 K280Q seeds
(tau-K18[tau-K18 K280Q]) tau-K18 K280Q monomer
with tau-K18 K280Q seeds (tau-K18 K280Q[tau-K18
K280Q]), tau-K18 K280Q monomer with tau-K18 seeds
(tau-K18 K280Q[tau-K18]), and tau-K18 K280E mono-
mer with tau-K18 seeds (tau-K18 K280E[tau-K18]). The
final corrected (see above) ThT fluorescence intensity
was found to be different in each case, even when the
same amount of different monomer was aggregated. To
properly compare the kinetics of the seeded reactions to
each other, it was therefore necessary to normalize the
kinetic curves of the different seeded reactions to other.

The kinetic curves for tau-K18 K280Q[tau-K18
K280Q], tau-K18[tau-K18 K280Q], tau-K18 K280Q[tau-
K18], and tau-K18 K280E[tau-K18] were normalized to
that of tau-K18[tau-K18] in the following manner. For

each kinetic curve, the final ThT fluorescence intensity
was determined at the end of the aggregation reaction. At
each monomer concentration, c, the ThT fluorescence
intensity corresponded to that of a concentration c—crc
of fibril, where crc was the critical concentration (see
below), and the ThT fluorescence intensity per unit fibril
concentration was then determined. Then, the ratio of
this quantity for the seeded reaction (tau-K18 K280Q[tau-
K18 K280Q], tau-K18[tau-K18 K280Q], tau-K18 K280Q
[tau-K18], or tau-K18 K280E[tau-K18]) to that for tau-
K18[tau-K18] was determined, for that monomer concen-
tration. Then, all ThT fluorescence intensity values defin-
ing each of the four kinetic curves obtained at the same
monomer concentration were divided by this ratio.

5.4 | Determination of critical
concentration

At the end of the aggregation reaction, the aggregated
protein solution was centrifuged at 70,000g for 60 min at
25�C to remove the aggregated protein from the samples.
Light scattering experiments indicated that the superna-
tant did not contain any residual aggregate. The efficacy
of the centrifugation step was confirmed by carrying out
the centrifugation for 30, 60, and 120 min. The concen-
tration of tau in the supernatant was found to be the
same, confirming that centrifugation at 70,000g for
60 min efficiently removed all aggregated protein. The
concentration of monomeric protein in the supernatant
was determined by measurement of its Tyr fluorescence
at 305 nm, upon excitation at 280 nm, using a
FluoroMax-4 (Jobin Yvon Horiba) spectrofluorometer.
The Tyr fluorescence of a tau solution of known concen-
tration, as determined by the BCA assay, was used as the
standard. It should be noted that SDS-PAGE showed that
the protein present in the supernatant was tau-K18 and
not an impurity (data not shown). Moreover, the protein
in the supernatant was aggregation-competent: upon
concentration using a 3 kDa Centricon (Merck Mil-
lipore), it was found to aggregate.

5.5 | Atomic force microscopy (AFM)

AFM samples were prepared as described previously.39

The AFM images were acquired in the tapping mode
(air), on a Bruker Dimension FastScan Bio (Bruker Inc.)
instrument. The AFM images were analyzed using the
WSxM software.54 Length distributions of fibrils was
made by measuring the lengths of the ~550 ± 70 fibrils
from ~18 AFM images from three independent experi-
ments, using the WSxM software.
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5.6 | Peptide mapping and hydrogen-
exchange mass spectrometry (HX-MS)

The peptide map of tau-K18 was generated as described
previously, using the Protein Lynx Global Server (PLGS)
software (Waters), and by manual inspection.39 Peptides
were generated by carrying out on-line pepsin digestion
of the protein. The peptides detected by a Synapt G2 mass
spectrometer (Waters) were identified and confirmed by
sequencing using the MS/tandem MS (MSE) method.

HX-MS measurements were carried out as described
previously.39 Tau fibrils were spun down for 30 min at
20,000 g. Five microliters of fibrils were added into 95 μl
aggregation buffer made in D2O to initiate the labeling.
The sample was incubated at 25�C for 30 s or for 300 s.
After the labeling pulse, the fibrils were dissociated and
dissolved within 1 min on ice under quenching condi-
tions (0.1 M Glycine-HCl, 8.1 M GdnHCl, pH 2.5). After
desalting under quench conditions using a desalting col-
umn, the samples were injected into the HDX module
(nanoAcquity UPLC, Waters) coupled to a Synapt G2
mass spectrometer (Waters).

Peptides with their specific retention times and m/z
values, were identified using the PLGS software. The per-
cent deuterium incorporation was determined using the
Mass Lynx software and HXexpress2.55 For each peptide,
the percent deuterium incorporation, % D was deter-
mined using the following equation:

%D=
m fð Þ−m 0%ð Þð Þ

m 95%ð Þ−m 0%ð Þð Þ × 100 ð1Þ

where m(f) is the peptide mass of the fibril, m(0%) is the
measured mass of an undeuterated reference sample, and
m(95%) is the measured mass of a fully deuterated refer-
ence sample.56

5.7 | Far-UV circular dichroism (CD)

Far-UV CD spectra were acquired for 15 μM protein in a
1 mm cuvette using a Jasco J-815 spectropolarimeter.
Far-UV CD spectra were acquired at a scan speed of
50 nm/min, at a 1 nm bandwidth with a digital integra-
tion time of 2 s at 25�C. Twenty wavelength scans were
averaged for each spectrum.

5.8 | Multi angle light scattering (MALS)
and dynamic light scattering (DLS)

Fibrils formed by 80 μM tau-K18 and tau-K18 K280Q
were used to make the seeds, and DLS and MALS

measurements were used to determine the hydrodynamic
radii (RH) and molar masses of equal amounts (2%) of the
seeds. MALS and DLS experiments were carried out for
~1.6 μM protein using a Dynapro-99 (Protein Solutions
Ltd.) and a Dawn 8+, eight-angle light scattering instru-
ment (Wyatt Technology Corp., Santa Barbara, CA) in
batch mode, respectively. To determine the molar masses
of the seeds, samples were injected manually at a con-
stant flow rate using a syringe pump into the flow cell.
Scattering intensities at multiple angles were measured
simultaneously, and the weight average molar masses
were determined from Debye plots. Monomeric BSA was
used as a reference to normalize the scattering data.

5.9 | Data analysis

The kinetic data obtained for seeded fibril formation
reactions were found to be describable by the following
Michaelis–Menten like mechanism.39

The values of the kinetic parameters Km and Vmax

were obtained by fitting the dependence of the initial rate
on monomer concentration to the following equation:

v=
Vmax Monomer½ �
Km + Monomer½ � ð3Þ

where Km = (k−1 + k2)/k1, Vmax = k2 [Fibril(n − 1)], k1,
and k−1 are the association and dissociation rate con-
stants, respectively, of monomer binding to seed. k2 is a
rate constant for the conformational conversion of mono-
mer into fibril form. When k−1 � k2, then Km = KD, the
dissociation constant of the Fibril.Monomer complex.

The lag time for naive fibril formation reactions were
determined by fitting the kinetic curve to the following
equation:

S= S0 +
S∞−S0

1+ e−
t− t50

τð Þ ð4Þ

where S, S0, and S∞ are the ThT fluorescence intensities
at time t, zero, and ∞, respectively. t50 is the time at
which the fluorescence intensity is 50%, and τ is a time
constant. The lag time (tlag) was calculated as
tlag = t50 − 2τ as described previously.34

The elongation rate constant for naive fibril formation
reactions were determined by fitting the kinetic curve,
after excluding the initial 20% of the curve, to the follow-
ing single exponential equation:

S= S0 + a 1−e
− t

τel

� �" #
ð5Þ
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where a is the signal amplitude, and τel is the time con-
stant of elongation.
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