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ABSTRACT: The formation and propagation of aggregates of the tau
protein in the brain are associated with the tauopathy group of
neurodegenerative diseases. Different tauopathies have been shown to
be associated with structurally distinct aggregates of tau. However, the
mechanism by which different structural folds arise remains poorly
understood. In this study of fibril formation by the fragment tau-K18 of
tau, it is shown that the Lys 280 → Glu mutation in the variant tau-K18
K280E forms fibrils that are morphologically distinct from those formed
by wild-type (wt) tau-K18. The mutant fibrils appear to have two
protofilaments twisted around each other, whereas the wt fibrils are
straight and appear to have a single protofilament. Modeling the kinetics
of seeded aggregation, using a simple Michaelis−Menten-like mechanism,
reveals that the two morphologically distinct fibrils are elongated with
different catalytic efficiencies. Surprisingly, when the elongation of
monomeric tau-K18 is seeded with tau-K18 K280E fibrils, it is seen to be inhibited at high monomer concentrations. Such
inhibition is not seen when elongation is seeded with tau-K18 fibrils. The mechanism of inhibition is shown to be describable as
uncompetitive inhibition, in which a transient dimeric form of tau-K18 acts as an uncompetitive inhibitor. Importantly, a dimeric
form of tau-K18 is seen to be populated to a detectable extent early during aggregation. A covalently linked tau dimer, with an inter-
molecular disulphide linkage, is shown to be capable of acting as an inhibitor. In summary, a quantitative kinetic approach has
provided an understanding of how the formation of distinct structural folds of tau fibrils can be modulated by mutation and how the
elongation of one fibril type, but not the other, is inhibited by a transiently formed dimer.

■ INTRODUCTION
The propagation of tau aggregates in the brain via a prion-like
mechanism has been linked to the neurodegenerative diseases
known as tauopathies.1−3 It is therefore important to
understand the mechanism of tau aggregate formation and
its propagation. Tau aggregates isolated from patients of
different tauopathies are found to be structurally distinct,
which has led to the hypothesis that a specific fibril fold is
responsible for a particular disease pathology.4 The sequential
appearance of tau aggregates in different parts of the brain at
various stages of a tauopathy suggests that tau aggregates
spread in the brain via a prion-like mechanism.5,6 The prion-
like mechanism involves a fibril elongation step, in which
preformed fibrils act to seed the conformational transition of
soluble monomeric tau into a fibril-like structure.2,7 In vitro
studies have been instrumental in providing an understanding
of the mechanism of fibril elongation.2,8−10

Tau is an intrinsically disordered protein that regulates
microtubule dynamics in the human brain.11,12 During the
aggregation process, natively unfolded monomers convert into
cross-β-sheet-rich amyloid fibrils.2,4,10,13,14 The aggregation of
tau has been shown to follow a nucleation-dependent
polymerization model, in which the formation of a transient

oligomeric nucleus is the rate-limiting step.10,15 The exposure
of two important segments within its microtubule-binding
repeat (MTBR) region, namely, PHF6* (VQIINK) and PHF6
(VQIVYK), appears to control the aggregation of tau.16−19

Various in vitro studies have shown that different mutations in
these two segments affect the formation of tau aggregates.10,20

In particular, Lys 280 in PHF6* appears to play an important
role in fibril formation. The deletion of Lys 280 is linked to
disease21,22 and leads to more rapid aggregation.20,23,24

Furthermore, Lys 280 was found to be acetylated in aggregates
isolated from diseased brains, again pointing to its involvement
in various tauopathies.25 Either Lys 280 or Lys 281 forms a salt
bridge with Asp 314 in the structural core of fibrils formed in
the presence of heparin.26 This interaction appears to be
conserved across various fibrillar polymorphs and appears to be
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crucial for the aggregation of tau.26 The Lys 280 → Gln
mutation leads to structural heterogeneity in tau fibrils.27 How
the charge on residue 280 affects catalytic efficiency of fibrils in
conformationally converting the bound monomers,28 and in
modulating their structure, is poorly understood.
It has become particularly important to understand how the

structure of tau fibrils is modulated by mutation or by external
factors including small molecules.27,29−32 Fibrils isolated from
the brains of patients of different tauopathies, have, so far, been
found to have distinct structural folds.4 It is, however, unlikely
that each tauopathy is associated with only one structural fold
of fibrils. In fact, two fibril morphologies have been isolated
from the brains of patients, whether of Alzheimer’s disease
(AD), Pick ’s disease, or corticobasal degeneration
(CBD).4,33−36

Tau fibrils formed in vitro in the presence of heparin also
have different structures.26 Heparin has been shown to be an
essential component for the stability of tau fibrils, and it plays a
critical role in the prion-like propagation of tau fibrils.37

Moreover, the structurally similar glycosaminoglycan, heparan
sulfate, was found to co localize with tau aggregates isolated
from the brains of AD patients.38,39 Interestingly, an
unidentified non-proteinaceous component, surrounded by a
cofactor-binding cavity made of positively charged residues,
was found to be present in the core of tau fibrils isolated from
the brains of CBD patients,33,34,40 and this unidentified
polyanionic molecule could be similar to heparan sulfate.
The use of glycosaminoglycans such as heparin in studies of
fibril formation may provide insight into the origin of structural
heterogeneity, and the factors that control it, in wild-type (wt)
and mutant variants of tau.
Such in vitro studies have been carried out here with tau-

K18, a fragment (residues 244−372) of tau which contains the
MTBR region that is part of the core of tau fibrils.41 Tau-K18
and other similar fragments form fibrils on a much faster time
scale than does the full-length tau and hence have been favored
for carrying out kinetic studies of aggregation. These studies
have provided much useful insight into the mechanism of tau
aggregation.2,10,24,42 In particular, studies of heparin-induced
fibril formation have provided a better understanding of the
kinetic origin of structural heterogeneity.2,27,28

In this study, a single mutation, Lys 280 → Glu, in tau-K18
was found to lead to the formation of morphologically distinct
fibrils. Fibrils formed by the mutant protein were twisted in
morphology and appeared to contain two protofilaments
(doublet fibrils) that had a mean height of 6.4 ± 1.1 nm. In
contrast, fibrils formed by the wt protein were flat and
appeared to contain a single protofilament (singlet fibrils) that
had a mean height of 4 ± 1.1 nm. The singlet fibrils were found
to catalyze the aggregation of monomeric tau more efficiently
than the doublet fibrils. Surprisingly, when doublet fibrils were
used to seed the aggregation of monomeric tau-K18, the
reaction was inhibited at high concentrations of the monomer.
A detailed kinetic analysis established that the inhibition is
uncompetitive and that the inhibitor is a transient tau dimer.
Size-exclusion chromatography (SEC) experiments showed
that a dimer is indeed populated, albeit sparsely, at early stages
of aggregation.

■ EXPERIMENTAL METHODS
Protein Expression and Purification. The plasmid pET-

22b (Novagene) containing the human tau-K18 gene was
cloned from pET4RPH, a kind gift from Prof. Takashi Konno,

as described previously.43 Site-directed mutagenesis was used
to mutate the tau-K18 gene. The two native cysteine residues
in tau-K18 were replaced with serines, and all the mutant
variants of tau were constructed in this background including
two variants tau-K18 I354W and tau-K18 I354C, with the Ile
354 → Trp and Ile 354 → Cys mutations, respectively. The
Lys 280 → Glu mutation led to the tau-K18 K280E mutant
variant. The plasmid constructs used in this study are shown in
Table S1. The protein was expressed and purified using a
protocol described previously.27 In brief, Escherichia coli BL21
(DE3) Star cells (Stratagene) were transformed with pET-22b
containing the tau-K18 gene, were grown overnight at 37 °C in
LB medium containing 100 μg/mL ampicillin, and then sub-
cultured into 1 L rich (TB) medium containing 100 μg/mL
ampicillin. Tau-K18 expression was induced by adding IPTG
at a final concentration of 10 μg/mL, and the cells were
pelleted down after 3 h. The pellet was resuspended in PIPES-
NaOH buffer containing 1 mM ethylenediaminetetraacetic
acid, PMSF, DNase, and a protease inhibitor cocktail tablet
(Roche Diagnostic, GmbH) at pH 6.9. The cells were
sonicated and centrifuged for 30 min, at 40,000g, at 4 °C.
The supernatant was loaded on a SP Sepharose column. A
washing step was carried out to remove the protein bound
nonspecifically to the column, and then, tau-K18 was eluted
out using a gradient of 100 to 300 mM NaCl. Eluted protein
was concentrated using an ultrafiltration unit (Millipore) and
purified further using SEC (HiLoad 16/600 Superdex-75
preparation-grade column), before being stored at −80 °C.
The purity of the protein was checked using electrospray
ionization mass spectrometry (ESI-MS) and sodium dodecyl-
sulfate polyacrylamide gel electrophoresis, and no contami-
nated proteins were observed. The concentration of purified
tau-K18 was determined using bicinchoninic acid (BCA) assay
(Thermo Scientific), with bovine serum albumin being used as
the standard.

Chemicals, Buffers, and Aggregation Studies. All the
reagents used were of the highest purity grade available from
Sigma-Aldrich, unless specified otherwise. Heparin (∼12 kDa)
was obtained from HiMedia. UltraPure guanidine hydro-
chloride was obtained from USB. PIPES was obtained from
Merck.
For aggregation reactions, 200 μL of 80 μM protein solution

containing 32 μM thioflavin T (ThT) and 60 μM heparin was
kept in aggregation buffer (25 mM Tris-HCl and 150 mM
NaCl, pH 7.3) at 25 °C, without shaking in a 96-well plate
reader (Fluoroskan, Thermo scientific). The kinetics of fibril
formation was monitored by measuring the ThT fluorescence
emission at 475 nm upon excitation at 440 nm. Tau seeds were
formed by sonicating the tau fibrils formed from 80 μM
protein (described above) at 3 × t50 (t50 = time when the ThT
fluorescence intensity was 50% of its final value). 2% v/v
(equivalent to ∼1.6 μM monomeric tau protein) seeds were
used for each seeding reaction, as described previously.27,28 For
each kinetic curve, the ThT fluorescence of the seed was
subtracted so that the ThT fluorescence measured at any time
represented the amount of aggregated protein at that time.

Determination of Monomer Concentration in Fibrils.
To monitor the concentration of the monomer converted into
fibrils, at the end of the fibril formation reaction, fibrils were
separated from unfibrillated protein by centrifuging the sample
for ∼1 h at 70,000g. Then, the concentration of unfibrillated
protein in the supernatant was determined by measuring the
Tyr fluorescence (using a FluoroMax-4, Jobin Yvon HORIBA)
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at 305 nm, upon excitation at 280 nm. The Tyr fluorescence of
a known concentration of tau-K18, as determined using BCA
assay, was used as the standard.
Atomic Force Microscopy. Atomic force microscopy

(AFM) samples were prepared as described previously.28 100
μL of a sample containing 10 μM fibrils was added to a freshly
cleaved mica sheet, which was dried under a vacuum after
washing three times with water. The AFM images were
acquired in the tapping mode (air), using an Agilent
instrument, and analyzed using WSxM software.44

Hydrogen Exchange Mass Spectrometry. Hydrogen
exchange mass spectrometry (HX-MS) measurements were
carried out as described previously.27,28 The peptide map of
tau-K18 was generated by subjecting the protein to on-line
pepsin digestion in an immobilized pepsin column at a flow
rate of 40 μl/min using a nanoAcquity UPLC system (Waters).
The eluant from the pepsin column was loaded onto a trap
column (C18 column, Waters) and then onto an analytical
column (C18 column, Waters). A Synapt G2 HD mass
spectrometer (Waters) was used to detect the eluted protein
from the analytical column. The peptides were sequenced
using MS/tandem MS and analyzed using the Protein Lynx
Global Server (PLGS software) (Waters).
In brief, tau fibrils were spun down for 30 min at 20,000g to

remove any soluble monomeric tau. Fibrils were labeled with
deuterium by adding 10 μL of fibrils into 190 μL of
aggregation buffer made in D2O. The sample was incubated
at 25 °C for 30 s. It should be noted that the pH of the labeling
pulse was pH 7.3, where the intrinsic time constant of HX is
about 50 ms. A previous study27 had shown that in the case of
tau-K18, the extent of deuterium incorporation in different
sequence segments was the same for a 30 s and a 300 s labeling
pulse. After the labeling pulse, the fibrils were dissociated and
dissolved within 1 min on ice under quenching conditions (0.1
M glycine-HCl, 8.1 M GdnHCl, pH 2.5). After desalting under
quenching conditions using a desalting column, the samples
were injected into a HDX module (nanoAcquity UPLC,
Waters) coupled to a Synapt G2 mass spectrometer (Waters).
Peptides were generated using on-line pepsin digestion of

the protein, and peptides were resolved using an analytical
column. The peptides were detected using a Synapt G2 mass
spectrometer. Peptides with their specific retention times and
m/z values were identified using PLGS software as described
previously.28 The percentage deuterium incorporation was
determined using Mass Lynx software and HXexpress2.45 For
each peptide, the percentage deuterium incorporation, % D,
was calculated using the following equation

=
−

−
×D

m f m
m m

%
( ( ) (0%))

( (95%) (0%))
100

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 the 95% deuterated reference
sample.46

SEC. SEC was used to monitor the formation of tau dimers
in the presence of heparin (under the aggregation conditions).
20 or 100 μL of ∼600 μM protein sample was injected into a
Superdex-75 column (GE), or a Waters Protein Pak SW-300
column, using an Akta chromatography system. Aggregation
buffer without heparin was used as the running buffer for the
Superdex-75 column, and 50 mM sodium phosphate buffer
containing 300 mM arginine and 0.05% sodium azide, pH 6.8,

was used as the running buffer for the Waters Protein Pak SW-
300 column. The columns were equilibrated with two column
volumes of the running buffer. Tau-K18 having a single
cysteine residue was incubated under reducing and oxidizing
conditions, and the resulting monomeric and dimeric tau were
used as reference proteins. The areas under the monomer and
dimer peaks were calculated by fitting the SEC absorbance
profile at 280 nm to a multiple Gaussian model.

Labeling of Tau Protein. Tau-K18 I354C was labeled
using freshly made 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB) solution at pH 8.3. The concentration of DTNB
used for labeling was ∼50-fold higher than the concentration
of protein. Unbound dye was removed from the solution using
a desalting column. The extent of labeling was determined
using ESI-MS, and unlabeled protein was not observed.

Forster Resonance Energy Transfer. The fluorescence
of a single Trp engineered in tau-K18 was monitored using a
FluoroMax-4 (Jobin Yvon HORIBA) spectrofluorometer. Tau-
K18 I354W containing a single Trp and tau-K18 I354C labeled
with TNB dye were used as the donor and acceptor proteins,
respectively, for the Forster resonance energy transfer (FRET)
measurements. The fluorescence emission was collected from
305 to 450 nm, upon excitation at 295 nm. Two scans were
averaged for each spectrum. The fluorescence spectrum of
buffer containing the equivalent concentration of heparin was
used for the background correction.

Formation of Disulphide-linked Tau Dimer. To form
the disulphide-linked tau dimer, tau-K18 I354C was incubated
under oxidation conditions (in the presence of 200 μM CuCl2)
for ∼4 h on ice. After the incubation, CuCl2 was removed from
the solution using a desalting column, and the formation of the
dimer was confirmed using SEC.

Data Analysis. MM-Like Mechanism. In this mechanism,
the monomer, M, first binds to fibril, F(n−1), to form a complex
F(n−1).M. Conformational conversion of the bound monomer
leads to the formation of F(n).

= [ ] = −
[ ]

+ [ ]
v

t
V

K
d M

d
M

M
max

m (1)

where Km = (k−1 + k2)/k1, Vmax = k2[F]. k1 and k−1 are the
association and dissociation rate constants, respectively, of
monomer binding to the fibril end. k2 is the rate constant for
the conformational conversion of monomers into the fibril
form.
Integrating eq 1 and using the Lambert−W function47
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where [M]t and [F]t are the concentrations of free monomers
and of monomers in fibrils, respectively, at anytime t. [M]0 is
the initial monomer concentration.
W(x) is a Lambert-W function, which can be approximated,

with a maximum relative error of less than 2%.48
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Uncompetitive Substrate Inhibition Mechanism. In this
model, a monomer not only binds to the fibril end but also to
the fibril.monomer (F.M) complex, which leads to retardation
of fibril elongation.
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where K1 = VmaxKI, K2 = KmKI, and KI = k−4/k4. k4 and k−4 are
the association and dissociation rate constants, respectively, of
monomer binding to the F.M complex.
Integrating eq 5 (see Supporting Information) and using the

Lambert-W function
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Uncompetitive Misfolded Monomer Inhibition Mecha-
nism. In this model, the monomer converts into a misfolded
monomer (M*) that binds to the F.M complex, which leads to
the retardation of fibril elongation.

= − [ ] =
[ ]

[ ] + [ ] + [ ]( )
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M
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K K
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m
M

U I (7)

where K1 = VmaxKI, K2 = KmKI, KI = k−4/k4, and KU = k−3/k3 =
[M]/[M*]. k3 and k−3 are the forward and backward rate
constants, respectively, for misfolded monomer formation. k4
and k−4 are the association and dissociation rate constants,
respectively, of misfolded monomer binding to F(n−1).M.
Competitive Misfolded Monomer Inhibition Mechanism.

In this model, the monomer converts into a misfolded

monomer (M*) that binds to the fibril in competition with
the monomer (M).

= − [ ] =
[ ]

[ ] + [ ] + [ ]( )
v

t
V

K
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d

M

M 1
K K

max

m
M

U I (8)

Km = (k−1 + k2)/k1, Vmax = k2[F(n−1)], KI = k−4/k4, and KU =
k−3/k3 = [M]/[M*]. k3 and k−3 are the forward and backward
rate constants, respectively, for misfolded monomer formation.
k4 and k−4 are the association and dissociation rate constants,
respectively, of misfolded monomer binding to the fibril, F(n−1).

Competitive Dimer Inhibition Mechanism. In this model,
the monomer forms a dimer (D) that binds to the fibril end,
leading to the retardation of fibril elongation.
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where Km = (k−1 + k2)/k1, Vmax = k2[F(n−1)], KI = k−4/k4, and
KD = k−3/k3 = [M]2/[D]. k3 and k−3 are the association and
dissociation rate constants, respectively, for dimer formation.
k4 and k−4 are the association and dissociation rate constants,
respectively, of dimer binding to the fibril.

Uncompetitive Dimer Inhibition Mechanism. In this
model, the monomer forms a dimer (D) that binds to the
F.M complex, leading to the retardation of fibril elongation.
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where K1 = VmaxKIKD, K2 = KmKDKI, Km = (k−1 + k2)/k1, Vmax =
k2[F(n−1)], KI = k−4/k4, and KD = k−3/k3 = [M]2/[D]. k3 and
k−3 are the association and dissociation rate constants,
respectively, for dimer formation. k4 and k−4 are the association
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and dissociation rate constants, respectively, of dimer binding
to the F.M complex.
Integrating eq 11 (see Supporting Information) and using

the Lambert-W function
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Uncompetitive Inhibition Mechanism. In this model, the
disulphide-linked dimer of tau-K18 I354C binds to the F.M
complex, leading to the retardation of fibril elongation.
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where Km = (k−1 + k2)/k1, Vmax = k2[F(n−1)], and KI = k−3/k3.
k3 and k−3 are the association and dissociation rate constants,
respectively, of dimer binding to the F.M complex.
Competitive Inhibition Mechanism. In this model, the

dimer of tau-K18 I354C binds to the fibril end and competes
with the monomer, which leads to the retardation of fibril
elongation.
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where Km = (k−1 + k2)/k1, Vmax = k2[F(n−1)], and KI = k−3/k3.
k3 and k−3 are the association and dissociation rate constants,
respectively, of dimer binding to the fibril end.

■ RESULTS AND DISCUSSION
Effect of the Lys 280 → Glu Mutation on the Kinetics

of Tau Fibril Formation. Fibrils of tau-K18 and tau-K18
K280E were obtained by incubating 80 μM protein at 25 °C,
in the presence of 60 μM heparin at pH 7.3, under static
conditions. The kinetics of fibril formation was monitored by
measurements of ThT fluorescence. Both tau-K18 and tau-K18
K280E converted into fibrils with sigmoidal kinetics with
similar lag phases (Figure 1a). The elongation rate of
fibrillation was, however, faster for tau-K18 than for tau-K18
K280E. The ThT fluorescence intensity obtained at saturation

of the fibrillation was slightly higher for tau-K18 K280E fibrils
than for tau-K18 fibrils. This difference in the ThT
fluorescence could be because of a difference in the amounts
of protein forming the aggregates. However, an equal
concentration of protein was found to be present in the
aggregates formed by tau-K18 and tau-K18 K280E (Figure
S1), suggesting that the latter fibrils are morphologically or
structurally different from the former (Figure 1a).

Tau-K18 and Tau-K18 K280E Form Fibrils that
Appear to Possess Similar Internal Structures. The
structural core of the fibrils was probed by HX-MS. A peptide
map covering ∼88% of the sequence of tau-K18 was generated
using pepsin digestion (Figure S2) so that deuterium
incorporation into different sequence segments could be
monitored. Fibrils formed by tau-K18 K280E were found to
have incorporated deuterium in different sequence segments in
a pattern that was similar to that in the fibrils formed by tau-
K18 (Figures 1b and S3), suggesting that the structural core of
two types of fibrils might be the same. For both tau-K18 and
tau-K18 K280E fibrils, deuterium was not incorporated into
sequence segment 308 to 315. A stringent definition of the
core would lead to it being sequence segment 285 to 315,
which showed less than ∼10% deuterium incorporation for
both wt and mutant tau-K18 fibrils. A less stringent definition
would also include sequence segments 255 to 285 and 316 to
346, which had <30 and <75% deuterium incorporation,
respectively. Thus, both tau-K18 and tau-K18 K280E appeared
to form fibrils with similar internal structures.

Effect of the Lys 280 → Glu Mutation on Fibril
Morphology. The morphologies of the fibrils formed by tau-
K18 and tau-K18 K280E were characterized using AFM
(Figures 2a,b and S4). Tau-K18 K280E formed fibrils that
were distinct from those formed by tau-K18. The fibrils formed
by tau-K18 were flat and straight with no periodicity in their
height (Figure 2a,c). In contrast, the fibrils formed by tau-K18
K280E were twisted, and their height had a periodicity of ∼160
nm (Figure 2b,d). The mean heights of the tau-K18 and tau-
K18 K280E fibrils were 4 ± 1.1 and 6.4 ± 1.1 nm, respectively
(Figure 2e,f). In their morphology, the twisted fibrils formed
by tau-K18 K280E resembled the doublet fibrils of CBD,
which had a periodicity of ∼140 nm,49 and to a lesser extent,
the paired helical filaments (PHFs) of AD, which had a
periodicity of 65−85 nm.50 In this context, it is important to
remember that tau-K18 is a fragment of full-length tau that

Figure 1. Kinetics of formation of tau-K18 and tau-K18 K280E fibrils
and their structural core. (a) ThT fluorescence-monitored aggregation
kinetics of 80 μM tau-K18 (black) and tau-K18 K280E (red) in the
presence of 60 μM heparin at pH 7.3. (b) Percentage deuterium
incorporation into different segments of the fibrils formed by tau-K18
(gray) and tau-K18 K280E (red). The error bars in panel (b)
represent the spread from two independent experiments.
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spans residues 244 to 372, and the fibrils were formed in vitro
in the presence of heparin. Because the structural core of tau
can extend up to residue 3804,33,34,51 and appears to contain a
non-proteinaceous, polyanionic molecule, future studies would
be focused to study the effect of the missing eight residues and
different polyanionic molecules on the structure of tau
aggregates.
The height of the tau-K18 fibrils did not change across their

length (Figure 2c). Moreover, the height and the structural
core of the tau-K18 fibrils observed in this study were similar
to those of the fibrils formed by full-length tau in the presence
of heparin, which have a bilayer of β-sheets, as determined by
cryo-electron microscopy.26 This suggests that the internal
structures of the fibrils formed by tau-K18 are similar to those
formed by full-length tau. Thus, the fibrils formed by tau-K18,
like those formed by full-length tau, appear to be composed of
a single protofilament (singlet fibrils).
On the other hand, the height of the tau-K18 K280E fibrils

was found to vary periodically across the length of the fibril,
with minima and maxima being at ∼4, and ∼8 nm, respectively
(Figure 2d). There could be two explanations. The first
explanation could be that the mutant protein forms a single
protofilament (singlet) fibril, which has a twist. The two
heights measured would correspond to the two different
alternating dimensions of the fibril perpendicular to the fibril
axis. Such singlet fibrils have been seen to be formed by tau (in
Pick’s disease)36 and by the prion protein.52 The second
explanation could be that the mutant protein forms a two-

protofilament (doublet) fibril and that the two protofilaments
twist around each other, leading to the height alternating
between the heights of one and two protofilaments. The fibrils
formed by the mutant protein are similar in morphology to the
twisted dimer, which is composed of two protofilaments, seen
in the AFM image of fibrils formed by α-synuclein.53 The
observation from HX-MS characterization that the structural
core of fibrils formed by tau-K18 K280E and tau-K18 appeared
to be the same suggested that the dimensions of the two fibrils
would be the same if both were singlets. The height of the
mutant fibrils was, however, found to alternate between that of
the wt fibrils and twice that height, suggesting that the mutant
fibrils are composed of two protofilaments.
The fibrils isolated from the brains of patients of AD35 and

chronic traumatic encephalopathy51 are doublets, while both
singlet and doublet fibrils have been isolated from the brains of
patients of CBD33,34 and Pick’s disease.36 It is not understood
why the reversal of the charge at residue position 280 would
lead to singlet fibrils becoming doublet fibrils. In the case of
the doublet fibrils seen in CBD,33,34 the two tau protofilaments
were seen to interact with each other via electrostatic
interactions. Hence, the reversal of the charge at residue
position 280 likely leads to the formation of attractive
electrostatic interactions that hold the two protofilaments
together.

Differences in the Catalytic Properties of Fibrils with
Distinct Morphologies. In this study, a single mutation, Lys
280 → Glu, was seen to lead to the formation of
morphologically distinct fibrils. The propagation properties of
the two types of fibrils formed by tau-K18 and tau-K18 K280E
were quantitatively determined in seeded reactions. For the
seeding experiments, the aggregation of different concen-
trations of monomeric tau-K18 K280E was carried out in the
presence of 2% v/v seed (equivalent to ∼1.6 μM monomeric
protein) (Figure 3). The initial rates were found to increase
linearly with monomer concentration at lower monomer
concentrations and were found to saturate at higher monomer
concentrations (Figure 3). This dependence of the initial rate
on monomer concentration is describable using the simple
Michaelis−Menten (MM)-like two-step model (shown in
Scheme 1) as described previously,28 where monomers and
seeds act like a substrate and an enzyme, respectively. Such a
mechanism is very similar to the previously described “dock
and lock mechanism” in which an unfolded monomer first
docks to the end of the fibril and then converts to a β-sheet
structure, leading to the locking of the monomer.8,9,54,55

Modeling the process of fibril elongation in this manner leads
to the determination of the apparent binding affinity of
monomer to seed (Km) and the rate constant with which an
unfolded monomer converts into β-sheet fibril (Vmax).

28 These
kinetic parameters can then be used to compare the
propagation properties of the two types of fibrils formed by
tau-K18 and tau-K18 K280E.
The elongation of both tau-K18 seeds and tau-K18 K280E

seeds was carried out in the presence of the tau-K18 K280E
monomer (Figure 3). The data in Figure 3b,d were fit to eq 1
derived for Scheme 1. The value of Vmax when tau-K18 seeds
were used was found to be ∼2-fold higher than when tau-K18
K280E seeds were used (Figure 3 and Table S2), indicating
that tau-K18 seeds catalyzed the conversion of monomeric tau-
K18 K280E into fibrils with a ∼2-fold higher efficiency than
did tau-K18 K280E seeds. The value of Km obtained when tau-
K18 fibrils were used as seeds was ∼1.5-fold higher than when

Figure 2. Comparison of the morphologies of fibrils formed by tau-
K18 and tau-K18 K280E. Representative AFM images of fibrils
formed by (a) tau-K18 and (b) tau-K18 K280E. Panels (c,d) show the
height profiles of fibrils shown in panels (a,b), respectively. Height
distributions of fibrils formed by (e) tau-K18 and (f) tau-K18 K280E
were obtained by analyzing multiple AFM images and measuring
more than 250 fibril heights in each case.
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Figure 3. MM-like kinetics of fibril elongation of tau-K18 and tau-K18 K280E. ThT fluorescence-monitored kinetics of fibril elongation in the
presence of 2% v/v (a) tau-K18 seeds and (c) tau-K18 K280E seeds at different concentrations of monomeric tau-K18 K280E. Panels (b,d) show
the dependence of the initial rate of fibril formation obtained by measuring the initial slope of the kinetic curves shown in panels (a,c), respectively,
at different concentrations of monomeric tau-K18 K280E. The black solid lines in panels (b,d) are fits to eq 1 derived using a simple MM-like
model and yielded values for Vmax and Km that are listed in Table S2. The data shown in panel (b) are reproduced from a previous publication.27

The error bars in panel (d) represent the standard deviations from four replicates from two independent experiments.

Figure 4. Inhibition of fibril elongation by the tau dimer. (a) ThT fluorescence-monitored kinetics of fibril formation in the presence of 2% v/v tau-
K18 K280E seeds at different concentrations of tau-K18. (b) Initial phase of the kinetic curves shown in panel (a). (c) Dependence of the initial
rate of fibril formation [obtained by measuring the initial slopes of the kinetic curves shown in panel (a)] on the concentration of tau-K18. The
error bars represent the standard deviations from four replicates from two independent experiments. The black lines through the data in panels
(a,c) are fits to eqs 13 and 10, respectively, as described in Experimental Methods. The values of Km and Vmax, obtained by fitting the data as shown
in panel (c) to eq 10, are listed in Table S2, and the value obtained for KD·KI is ∼15,000 μM2.
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tau-K18 K280E fibrils were used as seeds. Altogether, these
results suggested that the catalytic properties of the fibrils were
modulated by the number of protofilaments present in them. It
is also possible that the difference in charge at residue 280
directly affects the catalytic properties of tau-K18 and tau-K18
K280E fibrils, in addition to indirectly affecting them by being
responsible for the difference in the number of protofilaments
present in the fibrils formed by the two tau-K18 variants.
Characterization of the fibrils formed by tau-K18 K280E upon
seeding with tau-K18, using AFM, showed that the cross-
seeded fibrils had morphological properties similar to those
formed by tau-K18 (Figure S5). These data suggested that tau-
K18 seeds propagate faithfully and that the morphological
properties of seeds are retained upon addition of mutant
monomeric (tau-K18 K280E) protein (Figure S5).
In an earlier study of fibril formation by wt tau-K18 under

reducing conditions, where the MM-like mechanism had been
first used to analyze the rates of fibril formation, it had been
shown that the concentration of fibrils did not change at early
time points over which the initial rates were measured.28 It is
important to note that in order for the use of the MM-like
mechanism to be valid, it is important to show that no new
nucleation sites are generated by secondary nucleation at the
early times over which the initial rates of fibril formation are
measured, as they would accelerate the initial rates.15,56 The
tau-K18 construct used in the current study has two Cys→ Ser

mutations absent in wt tau-K18, but its aggregation is
characterized by similar Km and Vmax values.

27,28 Hence, it is
very unlikely that processes such as secondary nucleation play
any significant role in the fibril formation reactions of the tau
constructs that are characterized in the current study.

Inhibition of Fibril Elongation. Interestingly, when the
elongation of tau-K18 K280E seeds was carried out in the
presence of tau-K18 monomers, the initial rates were found to
first increase at lower monomer concentrations and then
decrease at higher monomer concentrations (Figure 4). A
simple MM-like model obviously could not describe the
dependence of the initial rate on monomer concentration. The
data indicate that elongation is inhibited at high concentrations
of tau-K18 by a conformation of the protein that is populated
during aggregation under those conditions. The inhibiting
conformation could be monomer, misfolded monomer, dimer
or higher oligomers, or a combination of the same.
It was possible that at higher monomer concentrations, the

monomer itself might inhibit fibril elongation. The dependence
of the initial rate on monomer concentration could not,
however, be described using a simple substrate inhibition
model (Scheme 2) (Figure S6). Moreover, the kinetic traces
obtained at higher monomer concentrations could not be
described using the uncompetitive substrate inhibition model
(Figure S6). Two other models were also considered in which
monomeric tau is in equilibrium with misfolded monomers

Figure 5. Detection of dimers during the aggregation of tau-K18. (a) SEC profiles obtained using a Superdex-75 column of ∼600 μM tau-K18 in
the absence (cyan line) and in the presence (dark red line) of ∼450 μM heparin, shown along with the controls of monomeric tau (M) and dimeric
tau (D). (b,c) SEC profile of ∼600 μM tau-K18 obtained in the presence of heparin shown in panel (a) was fit to the sum of four Gaussian
distributions (dark yellow line). Panel (c) shows a magnification of the SEC profile shown in panel (b). The dimer and monomer fractions were
collected [see panel (c)]. Equal concentrations of FRET donor protein (tau-K18 I354W) and acceptor protein (tau-K18 I354C labeled with TNB)
were mixed under aggregation conditions and subjected to SEC. The black and gray solid lines represent the Trp fluorescence spectra of the dimer
and monomer fractions, at equal concentrations. In a control experiment, equal concentrations of tau-K18 I354W and tau-K18 were mixed under
aggregation conditions and subjected to SEC. The black and gray dotted lines are the fluorescence spectra of the dimeric fraction and monomeric
fraction, respectively, obtained using SEC.
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(M*), which could bind either to the fibril end F(n−1) or to
the F(n−1).M complex and retard fibril elongation (Scheme 3
and Scheme 4). Both these models also could not describe,
adequately well, the dependence of the initial rate on monomer
concentration (Figure S6).
Inhibition by the Tau Dimer. It was therefore

hypothesized that a conformation formed during the
aggregation of monomeric tau, in a concentration-dependent
process, such as a dimer or larger oligomer, might be the
inhibitor. Two different models, in which the dimer of tau was
hypothesized to be the inhibitor, were tested. In the
competitive dimer inhibition model (Scheme 5), the dimer
of tau binds to the end of the fibril where elongation reaction
takes place. This model, in which the tau monomer competes
with the tau dimer to bind to the fibril end (Scheme 5), also
could not describe, adequately well, the dependence of the
initial rate on monomer concentration (Figure S6). In the
uncompetitive dimer inhibition model (Scheme 6), the tau
dimer formed during aggregation binds to the F.M complex
and inhibits the process of fibril elongation. The equations
derived for this model (Scheme 6) could not only simulate the
kinetic traces obtained at higher protein concentrations
(Figures 4 and S6) but could also describe well the
dependence of the initial rate on monomer concentration
(Figures 4 and S6). Figure S6c,d shows by inspection that the
kinetic data fit better to Scheme 6 than to Scheme 2, Scheme 3,
Scheme 4, and Scheme 5. Because Scheme 6 is more complex
than Scheme 2, it was important to use a quantitative criterion,
such as the Akaike information criterion (AIC), to justify its
selection as the more appropriate model.57 The AIC value and
variance for each scheme were determined (Table S3), and it
was found that Scheme 6 describes the data best. Unique
values for KD, the dissociation constant for dimer formation,
and KI, the dissociation constant for dimer binding to the F.M
complex, could not be obtained by fitting the kinetic data
shown in Figure 4c to eq 10 because of the form of the
equation. The fit yielded a robust value for the product of KD
and KI of ∼15,000 μM2. Due to this inability to separately
determine the values of KD and KI, it was not possible to
quantify the effectiveness of the dimer inhibitor.
It should be noted that it is possible that oligomers larger

than a dimer may also act as inhibitors. Although this
possibility cannot be excluded, the kinetic analysis has been
done using the simplest possible model that adequately

describes the data. The kinetic approach described here will
also be useful for characterizing the mechanism of inhibition of
tau aggregation by small molecules.58

Detection and Quantification of Tau Dimers. In earlier
studies, two dimeric forms of tau were seen to populate during
aggregation; disulphide-linked dimers and non-covalently
linked dimers.43,59−61 Due to the presence of two native Cys
residues in wt tau protein, a large fraction of monomeric tau
was observed to form disulphide-linked dimers.59,60 It was
suggested that these dimers were on the pathway of fibril
formation of tau.59 Under reducing conditions, non-covalently
linked tau dimers were shown to form in the presence of
heparin.43 It is not known that whether these dimers are on the
pathway of fibril formation. In this study, a tau-K18 variant was
used in which both the native Cys residues were replaced with
Ser, and hence, it was possible only for non-covalently linked
dimers to form during aggregation.
To determine whether a dimer actually formed during early

stages of aggregation, two different experiments, a SEC
experiment and a fluorescence resonance energy transfer
(FRET) experiment, were carried out. In the SEC experiment,
∼600 μM protein was incubated in the absence and presence
of heparin for ∼30 s. Upon injection into a SEC column, the
protein incubated in the absence of heparin showed only one
peak, corresponding to that of monomeric protein, while the
protein incubated in the presence of heparin showed peaks
corresponding to dimer and higher oligomers, in addition to
the peak corresponding to the monomer (Figures 5 and S7). In
the case of both tau-K18 and tau-K18 K280E, about 3% (18
μM) of the total protein was found to have formed dimers
(Figures 5 and S7). This suggested that the KD for dimer
formation for both proteins was ∼17,000 μM, assuming that
the equilibration time between dimers and monomers was slow
compared to the SEC time scale. This is therefore a lower limit
for the value of KD. Because the value of KD·KI is ∼15,000
μM2, it would appear that the value of KI is ∼1 μM. The value
of Km was found to be ∼80-fold higher than the value of KI
(Table S2), indicating that the dimer would bind to the F.M
complex with ∼80-fold higher binding affinity than that with
which the monomer binds to the fibril end. Thus, the dimer
would inhibit the elongation process even at low concen-
trations.
In the FRET experiment, ∼300 μM tau-K18 I354W was

mixed with either ∼300 μM tau-K18 I354C labeled with 2-

Figure 6. Disulphide-linked tau dimer inhibits the elongation of tau fibrils. (a) ThT fluorescence-monitored fibril formation of 20 μM tau-K18 in
the presence of 2% v/v tau-K18 K280E seeds (equivalent to 1.6 μM monomeric protein) at different concentrations of disulphide-linked tau-K18
I354C (dimeric tau). (b) Dependence of the initial rate of fibril formation on the concentration of the dimeric inhibitor. The error bars represent
the standard deviations from four replicates from two independent experiments. The black line through the data was a fit to eq 14, and a value of
∼1.5 μM was obtained for KI from the fit. This data could be described equally well using both the uncompetitive inhibition model (Scheme 7) and
competitive inhibition model (Scheme 8).

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c10752
J. Phys. Chem. B 2022, 126, 3385−3397

3393

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c10752/suppl_file/jp1c10752_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10752?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10752?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10752?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c10752?fig=fig6&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c10752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nitro-5-thiobenzoic acid (TNB) or 300 μM tau-K18 (as a
control). The Trp in the former acts as a FRET donor, and the
TNB adduct in the latter protein acts as a FRET acceptor.62 In
both cases, the dimer was collected using SEC under
aggregation conditions. FRET was observed in the dimer
formed by mixing, under aggregation conditions, equal
concentrations of tau-K18 I354W and tau-K18 I354C labeled
with a TNB moiety (Figure 5d) but not in the dimer formed
by mixing equal concentrations of tau-K18 I354W and tau-
K18. In the latter control experiment, while no FRET was
observed in the dimer (Figure 5d), a blue shift was observed in
the Trp fluorescence spectrum of the dimer (Figure 5d),
indicating a different conformation. The FRET experiments
indicated that the dimer isolated using SEC was a homodimer
and not a heterodimer such as a protein−heparin complex and
that only a very small fraction of tau-K18 was present in the
dimeric form. Future studies will focus on the functional and
structural characterization of the dimer to understand its
mechanistic role in tau pathology. The observation that the
dimer could be isolated using SEC indicated that its
dissociation rate was slow.
Inhibition of Fibril Elongation by a Disulphide-

Linked Tau Dimer. Kinetic modeling suggested that the
inhibitor could be a tau dimer. SEC and FRET experiments
confirmed that a dimer did actually populate early during the
aggregation. Unfortunately, the dimer was populated tran-
siently to such a low extent (less than 0.5 μM) under the
aggregation conditions (see above) that it was not possible to
directly test whether the dimer isolated using SEC inhibits
aggregation. It was, however, possible to check whether a
disulphide-linked dimer, prepared from tau-K18 I354C under
oxidation conditions, could inhibit aggregation.
The effect of the covalently linked dimer was studied on the

fibril elongation reaction at 20 μM monomer concentration in
which tau-K18 was seeded with the 2% v/v seed of tau-K18
K280E (Figure 6). The elongation rate was found to decrease
in the presence of increasing concentrations of the disulphide-
linked dimer. In a control experiment, reduction of the
disulphide linkage in the covalently linked dimers, using a
reducing reagent, abolished their ability to inhibit the
elongation of tau fibrils (Figure S8), suggesting that tau acts
like an inhibitor in the dimeric form and not in the monomeric
form.
To understand the mechanism of inhibition, seeding

reactions were carried out in the presence of various
concentrations of the tau dimer. The initial rate of aggregation
was found to decrease with dimer concentration at lower dimer
concentrations and was found to saturate at higher dimer
concentrations (Figure 6). This dependence of the initial rate
on dimer concentration was describable using a simple MM
model in which the dimer binds to the F(n‑1).M complex and
retards fibril elongation (Figure 6) (Scheme 7). Interestingly,
the KI value for the disulphide-linked dimer binding to the
F(n−1).M complex, obtained by fitting the data shown in Figure
6b to an uncompetitive inhibition model (Scheme 7), was
found to be similar to the KI value for the tau dimer populated
transiently during aggregation (Scheme 6). These data
suggested that the non-covalently linked dimer populated
transiently during aggregation might be structurally similar to
the disulphide-linked tau dimer and can therefore similarly
inhibit the elongation of tau fibrils.
Molecular Basis of the Inhibition by Tau Dimers. In

other studies, various oligomeric species of tau have been seen

to accumulate transiently during the process of fibril
formation.24,43,63−65 The roles of these oligomeric species in
the elongation process have remained unknown. In this study,
dimers and higher oligomers could be detected at early stages
of fibril formation. Interestingly, a previous study using single-
molecule FRET also demonstrated the rapid formation of tau
oligomers during early stages of fibrillation.66 In this study, it
could be shown by a rigorous kinetic analysis, based on a MM-
like model, that the decrease in the initial rate of aggregation at
higher monomer concentrations could be accounted for by
uncompetitive inhibition caused by the dimer binding to the
F.M complex. In the case of the prion protein too, the initial
rate of aggregation was found to decrease at higher monomer
protein concentrations, and a native state of prion was shown
to be the inhibitor.67 In a recent study, a dimer of α-synuclein
was shown to bind and block the elongation of α-synuclein
fibrils consisting of two protofilaments.68,69

It is intriguing that inhibition by the tau-K18 dimer was
observed when the elongation of tau-K18 K280E seeds was
carried out in the presence of tau-K18 monomers and not
when the seed was tau-K1827 and/or the monomer was tau-
K18 K280E (Figures 3 and 4). It is possible to speculate on the
reason for this specificity, whose origin must lie in the
difference in the structures of the fibrils formed by tau-K18 and
tau-K18 K280E. Lys 280 has been shown to form a salt bridge
with Asp 314 in the structural core of tau fibrils.26 Disruption
of this critical salt bridge by mutation of Lys 280 to Glu is
therefore expected to perturb packing, which might lead to the
formation of fibrils with a different structure. In recent studies,
similar charge reversals were seen to modulate the structural
fold of the fibrils formed by the prion protein70 and by α-
synuclein.71,72

The binding affinity of the inhibitor to the F.M complex
would determine the extent of inhibition. Because the fibrils
formed by tau-K18 K280E are composed of two protofilaments
and those formed by tau-K18 are composed of a single
protofilament (Figure 2), it is possible that the tau-K18 dimer
(inhibitor) binds to the tau-K18 K280E fibril.tau-K18
monomer (F.M) complex with a higher binding affinity than
to the tau-K18 fibril.tau-K18 monomer complex (Figure S9).
This would lead to inhibition of the elongation of the former
complex but not of the latter complex (Figure S9).
Interestingly, a previous study73 suggested that in the case of
fibrils made of two protofilaments, the probability of monomer
binding to fibril ends by non-native interactions, leading to
retardation of fibril growth, would be high.
The dimer forms during the aggregation of both tau-K18

and tau-K18 K280E. The observation that only the tau-K18
dimer could inhibit the elongation process suggests that the wt
and mutant variants form structurally distinct dimers with
different affinities for the F.M complex. This is likely because
the two variants have a charge reversal at residue position 280.
It is also possible that the rate constant with which the mutant
monomer converts into fibrils (k2) is greater than the
association rate constant with which the mutant dimer binds
to the F.M complex (k4) (Figure 7). In that case, the monomer
bound to the fibril end would convert into the fibril before the
dimer binds to the F.M complex (Figure S9). Interestingly, the
mutant monomer is converted into fibrils ∼4-fold faster than
the wt monomer (Table S2). Due to the faster conversion rate,
the F.M complex would be populated for too short a time for
the mutant dimer to be able to bind to it. Consequently, fibril
elongation would not be inhibited.
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■ CONCLUSIONS

In the current study, the elongation of a mutant variant of tau-
K18 was found to be inhibited at a high concentration of tau-
K18. The inhibition could be described well by an
uncompetitive inhibition mechanism in which the inhibitor is
a dimer of tau-K18. Indeed, tau-K18 was shown to form a
dimer and larger oligomers at the beginning of the aggregation
reaction. Interestingly, a disulphide-linked tau dimer was also
found to inhibit the elongation of tau fibrils. This study
provides a mechanistic model for describing how the prion-like
propagation of tau fibrils can be retarded by a transiently
populated tau dimer and suggests a new approach for
designing an inhibitor to block the propagation of tau fibrils.
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