
Conformational Features of Tau Fibrils from Alzheimer’s Disease
Brain Are Faithfully Propagated by Unmodified Recombinant Protein
Olga A. Morozova, Zachary M. March, Anne S. Robinson, and David W. Colby*

Department of Chemical and Biomolecular Engineering, University of Delaware, Newark, Delaware 19716, United States

*S Supporting Information

ABSTRACT: Fibrils composed of tau protein are a pathological hallmark of several neurodegenerative disorders including
Alzheimer’s disease (AD). Here we show that when recombinant tau protein is seeded with paired helical filaments (PHFs)
isolated from AD brain, the amyloid formed shares many of the structural features of AD PHFs. In contrast, tau amyloids formed
with heparin as an inducing agenta common biochemical model of tau misfoldingare structurally distinct from brain-derived
PHFs. Using ultrastructural analysis by electron microscopy, circular dichroism, and chemical denaturation, we found that AD
seeded recombinant tau fibrils were not significantly different than tau fibrils isolated from AD brain tissue. Tau fibrils produced
by incubating recombinant tau with heparin had significantly narrower fibrils with a longer periodicity, higher chemical stability,
and distinct secondary structure compared to AD PHFs. The addition of heparin to the reaction of recombinant tau and AD
PHFs also corrupted the templating process, resulting in a mixture of fibril conformations. Our results suggest that AD-isolated
PHFs act as a conformational template for the formation of recombinant tau fibrils. Therefore, the use of AD PHFs as seeds to
stimulate recombinant tau amyloid formation produces synthetic tau fibers that closely resemble those associated with AD
pathology and provides a biochemical model of tau misfolding that may be of improved utility for structural studies and drug
screening. These results also demonstrate that post-translational modifications such as phosphorylation are not a prerequisite for
the propagation of the tau fibril conformation found in AD.

Tau is a microtubule-associated protein that stabilizes the
microtubule network within neurons. Under normal

physiological conditions, tau is a highly soluble, natively
unfolded protein.1 However, in more than 20 sporadic and
familial neurodegenerative disorders, including Alzheimer’s
disease (AD), tau misfolds and forms insoluble fibril
structures.2−4 The formation of tau fibrils is associated with
the loss of normal microtubule-stabilizing function, axonal
transport deficits, and cell death.5

PHFs are tau fibrils found in human AD brain that have a
distinct conformation.2,6 These fibrils are made up of
hyperphosphorylated tau protein, a post-translational mod-
ification of tau associated with early stages of the disease that
may be an initiating factor in AD pathology.3,7 This post-
translational modification could occur either before or after
each molecule joins the PHF. Hyperphosphorylation of tau can
induce it to misfold.8,9 However, fibrils formed of unphos-
phorylated tau may become phosphorylated by GSK-3β
following oxidative stress.10

In addition to hyperphosphorylation, polyanionic cofactors
such as heparin have been used as inducers of in vitro tau
fibrillization to study the kinetics of amyloid assembly and the
structure of resulting amyloids.11−14 However, a physiological
role for heparin in the mechanism for tau fibril formation seems
unlikely, given its extracellular location in vivo, and the extent to
which heparin-induced fibrils mimic the AD PHFs is a subject
of debate.11,12,15

Distinct recombinant tau fibril conformations have been
generated in vitro by the introduction of polymorphisms in the
protein sequence. Upon cross-seeding by addition of fibrils of a
given sequence to monomeric recombinant tau protein of
another sequence, the fibril conformation of the seed is
propagated by a templating effect.16 Similar phenomena have
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been observed in vitro with the amyloid β (Aβ) peptide17,18 and
in vivo with mammalian19−22 and yeast23,24 prion strains. Tau
fibrils added to cultured cells or inoculated into transgenic mice
have also been shown to accelerate the formation of filaments
composed of endogenous tau, implying that a prion-like
propagation of misfolded tau may contribute to the patho-
genesis of tauopathies.25−29 Additionally, distinct α-synuclein30

and tau31 filament structures have been shown to induce tau
inclusions with distinctive features in cell and animal models,
respectively.
PHFs isolated from AD brain tissue nucleate recombinant

tau (rec tau) fibril formation.32,33 By seeding rec tau with AD
brain-derived PHFs, we find that conformational features of
PHFs are conserved in the amyloid formed by a templated
seeding effect. Our results suggest an improved biochemical
model of PHF propagation and demonstrate that aberrant
phosphorylation is not necessary for tau monomers to become
incorporated into fibrils.

■ MATERIALS AND METHODS
Production and Purification of Recombinant Tau

Protein. Recombinant 0N4R tau (rec tau) protein, the most
prevalent tau isoform found in AD PHFs,34,35 was purified from
NEB5α E. coli (New England BioLabs) that was transformed
with an IPTG-inducible pET 11a vector encoding the human
0N4R tau isoform under the T7 promoter.36 Briefly, bacteria
were grown at 37 °C in 5 mL of LB, 100 mg/mL ampicillin
culture for 12 h before inoculation into a 2 L culture. This was
grown until the culture reached an OD of 0.6−0.8 and induced
with 0.5 μM IPTG. The bacteria were induced for 3 h before
harvesting the cells followed by cell lysis. After sonication in
purification buffer BRB80 (80 mM PIPES buffer, 1 mM EGTA,
1 mM MgCl), the cell lysate was boiled for 15 min, followed by
ion exchange chromatography with phosphocellulose resin,
where pure rec tau was eluted in 0.3 M NaCl. The resulting
concentration was measured by UV spectroscopy and purity
was measured with densitometry (Figure S1). The purified
protein was frozen in −80 °C until immediately before use.
Monomeric recombinant tau protein showed characteristics of
random coil structure with no signs of misfolding (Figure S2).
Preparation of Brain Homogenates. Human brain tissue

samples were obtained from the Harvard Brain Tissue Resource
Center and the University of Pennsylvania Center for
Neurodegenerative Disease Research. These samples included
tissue from the frontal cortex of AD patients and normal
controls. We followed a previously published protocol for brain
tissue homogenization.37 To prepare 5% (w/v) brain
homogenates, nine volumes of ice-cold homogenization buffer
(10 mM Tris, 1 mM EDTA, 0.8 M NaCl, 10% sucrose, and
0.1% Triton X-100) supplemented with protease inhibitors (1
mM PMSF; protease inhibitor cocktail P8340, Sigma) were
added to brain tissue in a 50 mL tube. Brain tissue was
homogenized on ice by extrusion through progressively smaller
needles (10 passages each through 16, 18, and 21 gauge
needles). The homogenate was centrifuged at 1000 × g for 5
min at 4 °C. The supernatant (S1) was collected, and the pellet
was rehomogenized in 9 volumes homogenization buffer and
protease inhibitors by 10 passages through a 21 gauge needle.
This homogenate was then recentrifuged at 1000 × g for 5 min
at 4 °C, and the resulting supernatant was combined with S1,
yielding a 5 wt % brain homogenate.
Partially pure misfolded tau fractions were prepared as

previously described.37,38 In brief, starting with 4 mL of 5%

brain homogenate in 1% (w/v) Sarkosyl and 0.2% (w/v)
dithiothreitol, we incubated the solution at room temperature
for 2.5 h with stirring. Multimeric tau species were sedimented
by ultracentrifugation at 300 000 × g for 1.5 h at 4 °C. The
pellet was washed in PBS, centrifuged at 300 000 × g for 1.5 h
at 4 °C, and resuspended in 4 mL PBS by stirring overnight at
room temperature and passing 5 times through a 27-gauge
needle to break up any residual aggregates. The resulting
solution was aliquoted and stored at −80 °C.
Pure misfolded tau was isolated as described,37,38 with slight

modification. To reduce the possibility of structural mod-
ification of tau fibrils during purification, the partially pure tau
fraction was not sonicated and boiled before separation by
sucrose gradient, but instead stirred in PBS with a magnetic stir
bar until smooth (Figure S3). The most pure fraction,
estimated to be 90% pure, was used for all of the structural
characterization. The purity was determined by densitometry
and confirmed by taking the ratio of the absorbance reading at
192 nm (peptide bond) and the absorbance at 220 nm
(tryptophan residues) as previously described.6 This purifica-
tion protocol is reported to contain no trace of amyloid β.37

Monitoring the Kinetics of Tau Fibrillization. Recombi-
nant monomeric tau protein was diluted to 135 μg/mL in PBS
and boiled for 5 min with 100 mM β-mercaptoethanol. It was
then incubated at 37 °C in a 200 μL reaction volume with an
appropriate inducer (30 μg/mL heparin,10 μL of partially
purified 1% brain homogenate, or both) and 40 μM Thioflavin
T (ThT). A 3 mm glass bead was added to each well to increase
agitation with shaking before each 5 min fluorescence time
reading. Thioflavin T fluorescence was monitored over time
with excitation and emission filters set to 444 and 485 nm,
respectively, in a Spectramax plate reader.39 Fluorescence
readings were taken every 5 min, with agitation for 3 s before
each reading.

Far-UV Circular Dichroism. After the fibrillization reaction
or purification of tau from AD brain tissue, the tau aggregates
were centrifuged at 100 000g for 1 h at room temperature, and
the pellets containing aggregates were resuspended in PBS to a
resulting concentration of 50 μg/mL. Spectra were recorded on
a Jasco J-815 spectrometer with a 10 mm path length quartz cell
(Precision Cells) and reflect the average of three spectra
accumulations. CD spectra readings were taken every 1 nm, at a
scanning speed of 20 nm/min.

Electron Microscopy. Fibrillized protein was adsorbed
onto glow-discharged carbon copper grids for 1 min (300 mesh,
Electron Microscopy Sciences). After two successive 1 min
washes with deionized water, each sample was negatively
stained with 5% phosphotungstic acid (PTA) for 20 s. The
grids were then observed on a Tecnai G2 12 Twin transmission
electron microscope. Image analysis was done with ImageJ. The
width of each fibril was measured every 20 nm with the scaled
line selection drawing tool.40 The periodicity measurement was
taken with the same technique in ImageJ by measuring the
distance between each complete twist that was available in
every imaged fibril. The available number (n) of measurements
for each fibril characteristic represents all of the measurements
taken across biological and technical replicates. All fibril images
were chosen from a random area on the EM grid to eliminate
observer bias. Representative AD PHF EM images for each
brain sample are shown in (Figure S4). Since the brain
preparations from different tissue samples were relatively
homogeneous and not statistically different from each other
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in width and periodicity measurements, quantified image data
for each sample type were pooled.
Denaturation and Quantification of Aggregated Tau.

To quantify aggregated tau, reaction products are filtered
through a membrane that traps and retains large protein
aggregates (>0.2 μm), while small species, including protein
monomers, pass through. The smaller species are bound to a
nitrocellulose membrane, layered underneath the cellulose
acetate filter membrane. Fibrillized protein was buffer
exchanged into PBS by centrifugation at 100 000g for 1 h
and then resuspended to a final concentration of ∼50 μg/mL in
PBS. 30 μL of the protein solution was incubated in a titration
of GdnHCl concentrations for 24 h. The protein solution was
run on a Bio-Dot microfiltration apparatus through a cellulose
acetate filter and nitrocellulose membrane. The membranes
were developed with a 1:100 dilution of the N-terminal tau
antibody 5A6 (Iowa Hybridoma Bank) and a mouse secondary
HRP antibody (Invitrogen). Protein content was detected with
chemiluminescence.
To compute the denaturation curves, chemiluminescence

intensity at each protein-enriched dot was quantified with
ImageJ, subtracting the background immediately outside of
each measurement. The area of measurement was kept constant
across each sample. Each denaturation curve was initially fit to a
Hill equation using the MATLAB fitting tool, and then
normalized to the highest y value of the fit.

■ RESULTS

Tau fibrils from 3 AD frontal cortex samples were partially
purified using ultracentrifugation with sucrose cushions as
previously described,38 resulting in preparations of ∼90% pure
tau. Incubation of rec tau in the presence of the brain-derived
fibrils induced tau fibrillization, as monitored by Thioflavin T
(ThT) fluorescence (Figure 1a; filled symbols). In the absence
of PHFs, rec tau did not spontaneously misfold (Figure 1a;
open triangles). We prepared mock isolates from 3 normal
human frontal cortex samples with the same purification
procedure; additions of these control brain isolates to a solution
of rec tau did not initiate a fibrillization reaction (Figure 1a;
open symbols).
As expected,15,32,33 incubation of rec tau with heparin-

induced fibril formation (Figure 1b; open triangles), and

addition of PHFs to the reaction containing heparin accelerated
fibril formation (Figure 1b-c, filled circles). The addition of the
control fraction obtained from normal brain homogenate did
not substantially reduce the nucleation lag phase, though the
observed ThT signal increased (Figure 1b-c, open circles). The
increase in the ThT signal at the plateau of the control brain
heparin-induced reaction compared to the heparin-induced
reaction may be due to impurities coeluted with the control
brain fraction.
Tau fibrils isolated from AD brain tissue and those formed in

vitro were characterized for differences in conformation. We
used negative stain electron microscopy (EM) to compare the
morphologies of the fibrils isolated from AD brain tissue
(Figure 2a), AD-seeded rec tau fibrils (Figure 2b), and heparin-
induced rec tau fibrils (Figure 2c). The resulting images were
analyzed to quantify fibril width and twist periodicity. The AD
brain tau and the AD-seeded rec tau structures formed in vitro
shared comparable width (19.5 ± 0.4 nm vs 19.4 ± 0.4 nm)
and periodicity (84.5 ± 1.0 nm vs 84.3 ± 1.0 nm), respectively.
These values are consistent with previously reported observa-
tions of AD brain PHFs and straight filaments (SFs).2,6 In
contrast, the heparin-induced rec tau structures consisted of
significantly (p < 10−3) thinner 16.9 ± 0.3 nm tightly coiled
rods and loose ribbons with a higher (p < 10−3) periodicity of
129 ± 7 nm (Figure 2d-e).
We used circular dichroism (CD) spectroscopy to gain

insight into differences in secondary structure6,41 between fibril
preparations (Figure 3). The AD brain PHFs and AD-seeded
rec tau fibrils had similar CD spectra, with minima at 224 ± 1
nm and 225 ± 1 nm, respectively, while heparin-induced fibrils
had a minimum at 209 ± 1 nm. To ensure that the spectra
observed for AD-seeded rec tau fibers was due to fibrils formed
during the seeding reaction and not simply those carried over
from the AD brain derived seed itself, we measured the CD
spectra of the AD brain-derived seed at seeding reaction
concentration, and the resulting spectra was within the buffer
noise (Figure S5).
Denaturants such as GdnHCl often solubilize aggregated

proteins, with the concentration of GdnHCl required to achieve
solubility reflecting the stability of the aggregate. Densitometric
analysis of tau protein retained by a membrane with pore size of
0.2 μm following 24 h exposure to GdnHCl was used to assess

Figure 1. Misfolded tau in AD brain homogenate seeds the conversion of monomeric recombinant tau into amyloid. Tau fibrillization kinetics were
monitored with Thioflavin T fluorescence. (a) Rec tau did not spontaneously form fibrils (open triangles). Misfolded tau isolated from AD brain
homogenate (BH) samples induced rec tau fibrillization (black triangles, squares, circles), while comparable tau isolated from control BH did not
(open circles, diamonds, squares). (b) Tau fibrillization kinetics in the presence of the polyanion heparin. Heparin induced tau fibrillization with a
nucleation lag phase of 12.0 ± 0.8 h (open triangles). AD BH seeded the fibrillization reaction with a reduction in the lag phase to 8.8 ± 0.2 h (black
circles), while a mock isolate of the control BH did not seed the reaction and retains the nucleation lag phase at 12.2 ± 0.8 h (open circles), though
the total ThT fluorescence increased. (c) Normalized tau fibrillization kinetics from panel (b). The data points were normalized by subtracting
background and dividing by the average value of the plateau observed at late time points.
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the degree of unfolding of the aggregates (Figure 4a). The AD-
seeded rec tau structure was significantly less stable than the
heparin-induced structure, and more closely resembled the
stability of the PHFs purified from AD brain. The midpoint
denaturation (GdnHCl1/2) values for AD brain tau and AD-
seeded rec tau and were found to be at 2.3 (95% confidence
interval 1.9−2.6) M GdnHCl and at 2.3 (2.0−2.6) M GdnHCl,
respectively, while the heparin-induced tau fibrils had a
GdnHCl1/2 value at 3.2 (2.6−3.8) M GdnHCl (Figure 4b),
consistent with the similarities and differences observed by EM
and CD. Additionally, in 6 M GdnHCl, the heparin-induced rec
tau remained 47% ± 8% insoluble, while the AD brain tau
fibrils and AD seeded rec tau fibrils were significantly more
unfolded, retaining only 13% ± 4% and 22% ± 5% insoluble
content, respectively. The significantly higher stability observed
for the heparin-induced rec tau fibrils may result from tau-
heparin interaction in the fibers.42,43

The distinct structures formed in the initial fibrillization assay
were further propagated in a secondary seeding reaction

(Figure 5). We incubated both the rec tau fibrils formed by AD
brain PHF seeding and those formed by induction with heparin
with fresh rec tau at 37 °C, with no additional heparin present.

Figure 2. Fiber width and twist periodicity are conserved upon
amyloid seeding. Electron microscopy was used to analyze the
morphology of tau fibrils. Tau fibrils isolated from AD brain (a) were
composed of a mixture of paired helical filaments and straight,
untwisted filaments. AD-seeded rec tau fibrils (b) had a similar
morphology to the disease-related form, while heparin-induced fibrils
(c) were composed of mixture of tightly bound clusters of fibrils and
twisted ribbons, with a higher length of periodicity. (d) Distributions
of fibril width observed (n > 100). The average width of the AD brain
tau fibers (gray bars), 19.4 ± 0.4 nm, was not statistically different
from the average width of AD-seeded rec tau fibrils (white bars), 19.2
± 0.4 nm. However, the average width of heparin-induced rec tau
fibrils (black bars), 16.9 ± 0.3 nm, was significantly (p < 10−3) thinner
than the AD-isolated tau fibrils (n > 50). (e) The average periodicity of
AD brain tau (gray bars) was 83.2 ± 1.0 nm. It was not statistically
different from the average periodicity of AD-seeded rec tau fibrils
(white bars), which was 84.5 ± 1.6 nm. The heparin-induced rec tau
fibrils (black bars) had an average periodicity of 129.2 ± 7.1 nm, which
was significantly (p < 10−3) different from the AD-isolated tau fibrils. n
> 50 for all distributions in (e). The scale bar in (a-c) represents 100
nm. The error in the reported means above denotes standard error.

Figure 3. Analysis of fibril secondary structure by circular dichroism.
(a) Representative CD spectra for AD Brain tau (open squares), AD-
seeded rec tau (black circles), and heparin-induced rec tau fibril (open
circles) conformations. (b) Quantification of the wavelength of
minimum ellipticity in the CD curves. AD-seeded rec tau and AD
brain tau fibrils did not significantly differ, having an average minimum
peak in ellipticity at 225 ± 1 nm. Heparin-induced rec tau fibrils had a
significantly lower (p < 10−3) wavelength of minimum ellipticity, with
an average minimum peak of 208 ± 1 nm. Error bars show standard
error from 4 independent measurements of rec tau fibrils from
different fibrillization assays and brain tissue samples.

Figure 4. AD Brain tau and AD-seeded recombinant tau fibrils have
similar stability with respect to GdnHCl denaturation. Solutions
containing tau fibril preparations (AD Brain tau, AD-seeded rec tau,
and heparin-induced rec tau) were incubated with varying GdnHCl
concentrations for 24 h at room temperature. (a) Representative dot
blot images of tau retained by the cellulose acetate membrane with 0.2
μm pores. (b) Quantified data from four independent experiments.
The midpoint denaturation (GdnHCl1/2) for AD brain tau (open
squares) occurred at 2.3 M GdnHCl (95% confidence interval 2.0−2.6
M); AD-seeded rec tau fibrils (black circles) had a comparable
GdnHCl1/2 at 2.3 M (1.9−2.6) M; while heparin-induced rec tau fibrils
(open circles) had a significantly higher GdnHCl1/2 at 3.2 M (2.6−3.8)
M. Note also that 47% of the heparin-induced fibrils remained >0.2
μm even after incubation with 6 M GdnHCl, while only 22% of the
other fiber types remained insoluble (p = 0.05). Error bars denote
standard error from measurements of rec tau fibrils from independent
fibrillization assays and independent brain tissue samples.
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The seed came directly from the primary reaction and
accounted for 5% of the reaction volume. The fibrillization
reaction kinetics were monitored with ThT fluorescence. The
resulting fibril conformations were not statistically different
from the seed conformations as determined by EM (Figure 5b).
The secondary AD-seeded rec tau fibrils had a similar width
(19.6 ± 0.4 nm vs 18.8 ± 0.3 nm) (Figure 5c) and periodicity
(84.0 ± 1.3 nm vs 80.3 ± 1.6 nm) (Figure 5d) as those formed
in the primary seeding reaction. Additionally, the secondary
heparin fibril seeded rec tau fibrils had a similar width (16.3 ±
0.4 nm vs 16.9 ± 0.2 nm) (Figure 5c) and periodicity (130 ±
10 nm vs 128 ± 5 nm) (Figure 5d) compared to the primary
heparin-induced seeds. The secondary AD-seeded rec tau fibril
characteristics were significantly different (p < 10−3) from the
secondary heparin fibril seeded rec tau fibrils.
We also examined fibril structures formed in the presence of

the heparin inducer, with and without the addition of PHFs and
mock samples isolated from normal brain tissue (Figure 6). In
electron micrographs, the resulting AD-seeded fibrils appeared
to be a mixture of those observed for heparin-induced reactions
and AD PHF seeded reactions. We observed an average width
of 20.5 ± 0.2 nm (Figure 6b; black line) and a periodicity of
153 ± 2 nm (Figure 6c; gray line), and a general morphology of
fibrils that were similar to both AD brain tau and heparin-
induced rec tau fibrils. By EM, the mock seeded fibrils had

average width and periodicity of 15.5 ± 0.3 nm (Figure 6b;
dashed line) and 221 ± 18 nm (Figure 6c; dashed line),
respectively. CD analysis also supported the presence of distinct
conformations in these fibrillization conditions (Figure S6).
These results suggest that the presence of heparin corrupts the
fidelity of PHF conformational propagation.

■ DISCUSSION
We hypothesized that the conformation of tau fibrils found in
AD brain tissue may be propagated through conversion of

Figure 5. The distinct structures of AD-seeded rec τ fibrils and heparin
rec τ fibrils are propagated through secondary seeding in solutions
lacking heparin. Monomeric rec tau was incubated in the presence of a
seed fibrillized in a previous in vitro reaction, and tau fibrillization was
monitored with Thioflavin T fluorescence. (a) Characteristic curves of
secondary tau fibrillization reactions using primary AD-seeded rec τ
(black circles) fibrils and primary heparin rec tau (open circles) fibrils
as seeds. (b) Representative electron microscopy figures of propagated
AD tau fibril structures (left) and heparin rec tau fibril structures
(right) with secondary seeding. The scale bar represents 100 nm. (c)
Average width is preserved with seeding, n > 100. The secondary AD-
seeded and heparin fibril seeded rec tau fibril widths (18.8 ± 0.3 nm
and 16.3 ± 0.4 nm) are not significantly different from the primary
AD-seeded and heparin-induced rec tau fibril widths (19.6 ± 0.4 nm
and 16.9 ± 0.2 nm). (d) Average periodicity is also preserved with
secondary seeding, n > 15. The secondary AD-seeded and heparin
fibril seeded rec tau fibril periodicity (80.3 ± 1.6 nm and 128 ± 5 nm)
is not significantly different from AD-seeded and heparin-induced rec
tau fibril periodicity (84.0 ± 1.3 nm and 130 ± 10 nm).

Figure 6. Addition of heparin corrupts the fidelity of AD PHF
template propagation. (a) Representative electron micrographs of rec
tau fibrils seeded with control (left) and AD brain tau isolated (right)
in the presence of heparin. The average width of rec tau fibrils seeded
with isolated AD brain tau fibrils in the presence of heparin (black
bars) was 20.5 ± 0.3 nm, which was significantly (p < 10−3) lower
from the AD brain tau fibrils (gray bars), which have an average width
of 19.4 ± 0.4 nm. Control brain tau isolates in the presence of heparin
(white bars) induced a conformation of rec tau fibrils with an average
width of 15.5 ± 0.3 nm. (c) Distributions of tau fibril periodicity (n >
40). In the presence of tau fibrils isolated from AD brain homogenate,
the heparin-induced rec tau fibrils (black bars) had a heterogeneous
population with an average periodicity of 221 ± 18 nm and were
significantly (p < 10−3) different from the AD brain tau fibrils (gray
bars), which had a periodicity of 19.4 ± 0.4 nm. Control brain tau
isolates (white bars) in the presence of heparin induced a rec tau fibril
conformation with an average periodicity of 153 ± 2 nm. The scale bar
represents 100 nm.
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soluble recombinant tau into fibrils by a templating mechanism.
We compared structural features of tau fibrils isolated from
human AD brain samples to those formed in vitro with rec tau
seeded with partially purified AD brain-derived PHFs, and also
to those induced to fibrillize by incubation with heparin. Rec
tau seeded with AD brain-derived PHFs formed a fibril
conformation that shared fibril morphology, secondary
structure and chemical stability with the AD brain-derived
seed itself. In contrast, the heparin-induced fibril conformations
were structurally distinct from the misfolded tau conformation
found in AD brain. These distinct conformations were serially
propagated in a secondary seeding reaction. Therefore, we
propose that the seeded tau fibrillization process described here
is an improved biochemical model of tau misfolding, because it
preserves and propagates the original conformation of
misfolded tau associated with AD. Our results also suggest
that, in vivo, if PHFs infect nearby cells by a prion-like
mechanism, they may seed normal tau to adopt their
conformation, regardless of the initial phosphorylation state
of tau in those neurons.
To purify rec tau for this study, we exploited the heat stability

of tau by boiling the E. coli cell lysate for preliminary
purification before ion-exchange. Alternate methods purify tau
by precipitation with ammonium sulfate.15 Boiling tau has been
shown to result in the association of tau with heat-stable
anionic impurities such as DNA.44 It is possible that the fidelity
of the structural propagation of tau relies on such cofactors.
While heparin-induced tau fibrils are a standard biochemical

model for production of tau fibrils in vitro, previous structural
characterization of heparin-induced full-length tau fibrils by
electron microscopy have shown a heterogeneous population of
structures with a different distribution of mass per length values
than AD-isolated tau fibrils.11,12 Tau fibrils isolated from AD
brain are also found in two conformational populations of SFs
and PHFs; however, these fibrils share a common structural
unit.45 In comparison, the heterogeneous heparin-induced rec
tau conformations do not appear to be variations of the same
underlying molecular conformation, as the mixture contains
straight protofibrils which are thicker than the twisted ribbon
fibrils present. Phosphorylated rec tau induced to fibrillize with
heparin has been shown to have a more twisted, AD-like
morphology,15 but detailed structural analysis of such structures
has not been reported. Additionally, during fibrillization,
heparin binds to the fiber structure itself and stabilizes
tau,42,43,46 which may contribute to higher conformational
stability of the fibrils formed.
Although previous work suggests that PHFs isolated from

AD brain do not bind to or sequester normal tau into fibrils on
a short time scale,47 we find that after a prolonged incubation
PHFs do seed the fibrillization of rec tau, demonstrating that
tau does not have to be hyperphosphorylated to contribute to
fibril growth. Although AD PHFs are primarily made up of
abnormally phosphorylated tau even at the early stages of the
disease,3,7 these phosphorylation sites are localized to the
amino- and carboxy-terminal flanking regions of the micro-
tubule-binding domain,48,49 which are accessible after tau
assembly into PHFs. This suggests that aberrant tau seeds may
sequester unmodified tau while propagating the disease-specific
conformation, and become abnormally phosphorylated after
fibril assembly. Recent evidence suggests that hyperphosphor-
ylation of tau may be a protective response to the disease and
may occur after tau fibrillization to defend the affected neurons
and to escape from acute, stimulus-induced apoptosis.10,50 The

sites of tau phosphorylation also change during neurofibrillary
maturation.51,52 Our findings suggest that although hyper-
phosphorylation may not be a direct consequence of tau
misfolding, tau fibrils may grow by incorporating unphosphory-
lated tau protein that may later become differentially
phosphorylated during the course of AD progression.
Here we have shown that nonphosphorylated recombinant

0N4R tau protein is sufficient for propagation of structural
features of PHFs isolated from AD brain. Determining if other
tau isoforms and phosphorylation states are competent in this
regard may shed further light on the mechanism of tau filament
propagation. The ability to assemble large quantities of tau
filaments from rec tau protein in the presence of heparin has
enabled high-resolution structural analysis of these fibrils,
circumventing obstacles to the isolation of PHFs in sufficient
yield and purity that would otherwise be required, as well as
providing an opportunity to incorporate radioisotopic and
other labels into the protein to probe its structure.53 The
biochemical model outlined in this work can make use of
similar approaches while propagating the tau conformations
found in disease brain. Generating these disease-associated fibril
structures in vitro may also be useful for drug screening.
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