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We study the aggregation of a fragment of the neuronal protein Tau that contains part of the proline rich
domain and of the microtubule binding repeats. When incubated at 37 �C with heparin, the fragment
readily forms fibers as witnessed by Thioflavin T fluorescence. Electron microscopy and NMR spectros-
copy show bundled ribbon like structures with most residues rigidly incorporated in the fibril. Without
its cysteines, this fragment still forms fibers of a similar morphology, but with lesser Thioflavin T binding
sites and more mobility for the C-terminal residues.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Tau is a microtubule associated protein that promotes the asso-
ciation of tubulin units into microtubules (MTs) and further stabi-
lizes microtubules [1]. It exists as a family of six different isoforms,
that contain one or two inserts in its amino-terminal and three or
four repeats in its C-terminal domain. Tight binding of these re-
peats together with the preceding proline rich region (PRR) are re-
quired for this MT related function [2], and the repeats have
subsequently been named ‘‘microtubule binding repeats’’ (MTBRs).
In Alzheimer’s disease (AD), the same protein is found under a
hyperphosphorylated and aggregated form, and forms the primary
component of intraneuronal fibers [3–5].

Biochemical analysis of AD brain derived fibers allowed to de-
fine the MTBRs as the pronase inaccessible core of the fibers [6].
The three or four MTBR containing fragments were the first ones
that yielded in vitro fibers after prolonged incubation in the ab-
sence of any poly-anionic aggregation enhancers, whereas full
length Tau protein did not aggregate under the same conditions
[7]. This first available model system further led to the notion that
dimer formation by an intermolecular disulfide bridge of Cys322 in
the third repeat is an absolute requirement for the nucleation of fi-
ber formation. [8]. The discovery that poly-anionic factors such as
heparin can not only accelerate significantly the aggregation
process but equally lead to fibers from full-length Tau [9] allowed
to further investigate the physical processes that lead to Tau aggre-
gation, and confirmed that the intermolecular disulfide bridge is a
determining factor for fiber formation starting from full-length Tau
protein [10]. Recently, the mechanistic basis of methylene blue as
an aggregation inhibitor was assigned to specific modifications to
the native cysteines of Tau [11], further crediting the important
role of this disulfide bridge formation in the nucleation process.

Fragments limited to only the MTBRs do however not capture
completely the physiological or pathological aspects of Tau. Not
only do they bind significantly less tightly to the MT surface, with
a resulting reduced efficacy to assemble MTs from tubulin [2,12],
the finding that certain phosphorylation events outside the MTBRs
influence the aggregation clearly suggests that other regions of Tau
equally regulate this process. As an example, phosphorylation of
Ser214 in the PRR by the PKA kinase reduces MT binding but
equally strongly suppresses the aggregation potential of Tau [13],
whereas phosphorylation at the neighbouring Thr212 site would
enhance the aggregation kinetics of Tau [14]. Further studies with
N- or C-terminal truncated Tau fragments have suggested an
aggregation inhibitory role for the C-terminal part [15] whereas
removal of even a few residues in the extreme N-terminal part
reduces the extent and rate of Tau polymerization [16]. Using a
de novo screen of Tau fragments that bind to a soluble tubulin
construct, we recently identified TauF4 (Tau208–324) as a frag-
ment that binds more tightly to the MT surface as full-length Tau
and stimulates very efficiently the assembly of tubulin [17]. The
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resulting MTs are however bundled, in agreement with the role of
molecular spacer that was previously determined for the N-termi-
nal projection domain [18]. Our fragment spans part of the PRR, the
first two MTBRs and the part of the third repeat that by solid state
NMR was delineated as the most rigidly embedded fragment in a
3-repeat construct derived fibers [19]. As it thereby contains the
two hexapeptide motifs (PHF6 and PHF6⁄) that are thought to be
the nuclei of the aggregation process [20,21], we decided to study
its heparin induced aggregation process.

The C-terminal fragment is an effective barrier against aggrega-
tion [15] whereas the N-terminal projection domain has a stimula-
tory effect [16]. We find that the aggregation of our fragment
devoid of both N- and C-terminal fragments sets in more rapidly
than that of full-length Tau,. To investigate whether the intermo-
lecular disulfide bridge postulated as an essential factor for the
nucleation of full-length Tau fiber formation can be overcome by
our shorter fragment, we study the aggregation process of TauF4
lacking any cysteines. Surprisingly, we find that TauF4 (C2S) still
forms fibers on a rapid time scale. Similar as the TauF4 assembled
MTs, these fibers do tend to clump together, eventually forming
large aggregates. Characterization of the resulting fibers by elec-
tron microscopy and NMR spectroscopy leads to the conclusion
that although the overall morphology of the resulting fibers is
independent of the presence of the cysteines, the latter do have
an influence on the packing of the Tau fragment in the fiber core.
2. Materials and methods

2.1. Cloning and site-directed mutagenesis

The coding region of the full-length 441-residue Tau protein
was inserted into a pET15b expression vector (Novagen) as de-
scribed previously, to produce a recombinant protein without
any tag [22]. For the protein fragments i.e. F4 and F4 C291S,
C322S (C2S), the cDNA for Tau-(S208�S324) (F4) was subcloned in
pET15b between the restriction sites NcoI and XhoI using a primer
encoding a 6 His-tag. The site-directed mutations of C to S were ob-
tained by polymerase chain reaction (PCR) amplification with
appropriate mutagenic primers. TauF4 constructs thereby include
a short N-terminal His-tag (MGHHHHHH) to facilitate purification.
The sequences of these constructs were verified by DNA
sequencing.
2.2. Production of 15N-labeled Tau and Tau-F4 fragments in
Escherichia coli

Recombinant full-length human Tau (441 AA) and its fragments
Tau F4 and Tau F4(C2S) were expressed in Escherichia coli BL21
(DE3) pLysS strain. Cells were grown at 37 �C in a M9 minimal
medium containing 1 g/L 15N-ammonium chloride, 4 g/L glucose,
1 mM MgSO4, 100 lM CaCl2, Isogro� 0.5 g/L (Cortecnet), MEM
vitamine cocktail (Sigma–Aldrich) and ampicilline (100 mg/L).
The production of the proteins was initiated by adding 0.4 mM Iso-
propyl-1-thio-b-D-galactopyranoside (IPTG) to the bacterial cul-
tures grown to an A600 of 0.8 and continued at 37 �C for 2 h. The
cultures were centrifuged and the pellets were resuspended in
the appropriate buffer: For the full-length protein (Tau441), the
pellet was resuspended immediately in buffer A1 (50 mM NaPi,
2.5 mM EDTA, pH 6.2). For the truncated proteins, the pellet was
resuspended in buffer A2 (50 mM NaPi, 300 mM NaCl, 20 mM imid-
azole, pH 7.6). Both buffers were complemented with 0.5 mM DTT,
Triton 0.25% and a tablet of protease inhibitor cocktail (Com-
plete™, Roche Applied Science). The soluble extracts were obtained
by incubation of the cell suspension at 4 �C for 20 min with 0.3 mg/
mL lysozyme and 0.03 mg/mL of DNase I, followed by a sonication
step and centrifugation at 25,000g during 30 min. The superna-
tants were submitted to a heating at 75 �C for 15 min and the insol-
uble materials were removed by centrifugation for 20 min at
25,000g.

The extract corresponding to full-length construct was loaded
on a Hi-Trap™ SP FF (GE Healthcare) equilibrated with buffer A1

while the F4 and F4 (C2S) protein mixtures were purified to homo-
geneity by Ni Sepharose chromatography (HiTrap™ Chelating HP,
GE Healthcare) equilibrated in buffer A2. Proteins were eluted by
a gradient and fractions were collected at (50 mM NaPi, 2,5 mM
EDTA, 500 mM NaCl, pH 6.2) in case of Tau441 and at (50 mM NaPi,
300 mM NaCl, 200 mM imidazole, pH 7.6) for the His-tagged TauF4
proteins. The purified proteins, checked by 12% denaturing poly-
acrylamide gel electrophoresis, were then exchanged to 50 mM
ammonium bicarbonate buffer using a HiPrep™ 26/10 Desalting
column (GE Healthcare) prior to lyophilization.

2.3. Fluorescence assay for aggregation kinetics

All Tau proteins were dissolved at 100 lM in the aggregation
reaction buffer (NaPi 25 mM, NaCl 25 mM, EDTA 2.5 mM, pH
6.6). For the aggregation assays, protein concentrations were nor-
malized based on their NMR two-dimensional heteronuclear corre-
lation spectra [1H,15N]-HSQC acquired at 600 MHz. Tau proteins
and heparin (Heparin sodium salt from porcine intestinal mucosa,
H-3149, average MW = 18 kDa, Sigma–Aldrich) were mixed to a ra-
tio of 4:1 in the aggregation buffer with final concentrations of 10
or 5 lM for Tau proteins supplemented with 0.3 mM dithiothreitol
(DTT). Thioflavine T (ThT, Sigma–Aldrich) was extemporaneously
prepared at 5 mM, filtered through 0.22 lm syringe filter and pro-
tected from light. It was added to a final concentration of 50 lM
just before starting the aggregation measurement. All kinetic mea-
surements were performed at 37 �C using a PHERAStar (BMG LAB-
TECH GmbH, Ortenberg, Germany) fluorimeter. All experiments
were performed in 96-well plates sealed with adhesive film to re-
duce evaporation. Aggregation was monitored for at least 17 h
with measurement every 5 min in three independent experiments
for each protein concentration. The ThT fluorescence intensity was
detected at 490 nm after excitation at 440 nm.

The supernatants (2 lg) corresponding to non aggregated or
aggregated samples of F4 and F4(C2S) obtained after centrifugation
1 h at 16,000 g were resolved for 1 h 30 min by a 15% denaturating
polyacrylamide gel at 180 V and subjected to Coomassie blue
staining.

2.4. Electron microscopy

At the end of the aggregation experiment, 10 lL of the sample
was placed on a formvar grid 400 mesh hexagonal for 30 s. The
sample on grid was washed with water two times. The sample
on grid was stained with uranyl acetate 2% for 1 min. At each step,
excess stain was removed by blotting with filter paper touched to
the edge of the grid. Grids were observed using an electron micro-
scope Hitachi H7500 operated at 80 kV.

2.5. NMR spectroscopy

NMR spectra of fibers of full-length Tau were recorded on a Bru-
ker 600 MHz spectrometer as described earlier [23]. For TauF4 and
TauF4 (C2S), 500 ll of the proteins at 50 lM concentration were
aggregated overnight under the conditions described above (1:4
heparin:TauF4, 0.3 mM DTT). At this concentration, a large cloudy
structure was visible in both samples, that rapidly sedimented on
the bottom of the tube. We used extensive vortexing to dissolve
the cloudy structure, and obtained a clear sample that proved sta-
ble during the NMR measurement at 293 K. The 1H, 15N HSQC
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experiment was recorded with 256 scans per increment as a
2048 � 256 complex matrix, for a total measurement time of
21 h/sample. Reference spectra of TauF4 and TauF4 (C2S) were re-
corded under identical conditions, but with only 16 scans per
increment.

3. Results and discussion

In order to compare the aggregation kinetics of full-length Tau
(Tau441) and TauF4, we first carefully dosed both proteins by
recording 1H, 15N HSQC experiments on both 15N labeled protein
samples and comparing the intensity of equivalent correlations.
After adjusting both protein samples to the same concentration,
we used the Thioflavin T assay to monitor over time the fiber for-
mation after addition of heparin and incubation at 37 �C. For full-
length Tau, we obtained half of the maximal ThT intensity after
4 h, and the final plateau after 7 h (Fig. 1). The aggregation kinetics
depends on the concentration, as shown by the slower kinetics in a
similar experiment with 5 lM of Tau441 (Fig. 1). ThT fluorescence
in an experiment with TauF4 under the same conditions of protein,
heparin and DTT concentration showed two differences. First, the
initial slope was significantly steeper, with the half maximum
being reached after one hour and the plateau after 2 h. Secondly,
the plateau value itself was less pronounced, reaching roughly half
of that obtained with Tau441 (Fig. 1). This first experiment points
to an inhibition by the projection domain and/or the C-terminal
100 residues of the fiber nucleation step and to a reduction of
ThT binding sites in the final fibers derived from the TauF4 frag-
ment as compared to those obtained with Tau441.

We deposited the resulting samples after overnight incubation
on formvar-coated copper grids, and observed them by transmis-
sion electron microscopy. Whereas for Tau441, we could easily de-
tect long (>1 lm) paired helical filaments with an average width of
15 nm and a twist of 110–120 nm (Fig. 1c), most fibers composed
of TauF4 showed up with a morphology of ribbon like structures,
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Fig. 1. Aggregation kinetics as followed by ThT fluorescence and electron microscopy
experiments were performed at two concentrations of protein (10 and 5 lM, upper and lo
The error bars were derived from three independent experiments. Scale bar in the elect
and were found in bundles (Fig. 1d). Fiber width was equally smal-
ler, with an average value of 10 nm, although this latter was harder
to determine in the bundles. We assigned the bundling to the ab-
sence of the projection domain acting as a spacer element, similar
as was observed for TauF4 and microtubule bundling [17].

To further characterize the molecular mobility within the fibers,
we prepared new samples from 50 lM 15N labelled Tau441 or
TauF4, and recorded their NMR spectrum before and after the
aggregation process. At these concentrations, TauF4 formed large
cloudy structures visible at the naked eye, leading us to vortex
extensively the sample before introducing it in the NMR spectrom-
eter at 25 �C. For Tau441, roughly 40% of the intensity remained in
the first increment of the 1H, 15N HSQC spectrum, in agreement
with the previously determined flexible regions in the fibers of
Tau [23]. For the TauF4 fibers, however, the resulting spectrum
was basically empty (Fig. 2), and this despite a recording with
256 scans per increment compared to 16 scans per increment for
the free TauF4 sample. Only for some selected resonances such
as A246, we could observe some residual signal (Fig. 2). The ab-
sence of signal firstly indicates that very little free TauF4 is remain-
ing in solution. A gel filtration experiment confirmed the lack of
soluble fragment after the aggregation. The empty NMR spectrum
equally indicates that most if not all residues of TauF4 are rigidly
integrated into the fiber structure.

The more rapid nucleation and elongation kinetics of TauF4
compared to Tau441 suggests that without the N- or C-terminal
parts of Tau441, the aggregation process becomes more efficient.
We hence wondered whether the requirement for the intermolec-
ular cysteine bridge, as postulated by early in vitro studies on the
K18 fragment containing only the MTBRs or on the full-length
Tau441 protein [7,10], would still be valid for the TauF4 fragment.
To investigate this, we prepared a TauF4 (C2S) fragment in which
both cysteines were mutated into Serine residues. After dosing of
the fragment by NMR, we compared the aggregation profiles as
monitored by ThT.
me (h)

ime (h)

images of the resulting fibers for Tau441 (top) and TauF4 (bottom). The kinetic
wer curves), with the same protein without heparin as negative control (solid line).

ron microscopy images presents 100 nm. The inserts are magnified 2�.



ppm

8.08.18.28.38.48.58.6 ppm

115

120

125

130

ppm

8.08.18.28.38.48.6 8.5 ppm

115

120

125

130

S324 S324

A246 A246

1 2 3 1 2 3
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Tau F4 (2CS) does form amyloid structures as witnessed by the
Thioflavin T response, but slower than Tau F4 (Fig. 3). Although al-
ready visible for the 10 lM experiment, the lag time for aggrega-
tion becomes important in the 5 lM sample, where aggregation
only starts after 3 h. We thus conclude that the cysteine residues
indeed accelerate the nucleation process, but that the primary se-
quence of Tau contains sufficient information to start the aggrega-
tion process at the condition that the counter-aggregation N- and/
or C-terminal stretches are removed such as in TauF4.

The ThT fluorescence in the TauF4 (C2S) experiment does not
reach the same level as in the equivalent TauF4 experiment
(Fig. 3), suggesting that lesser ThT sites are formed. To evaluate
whether this comes from less fibers (or, alternatively, to more free
monomers in solution) or from fibers that do not present the same
amount of ThT binding pockets per unit of fiber length, we first
performed the gel filtration experiment and then again recorded
the NMR spectrum after extensive vortexing of the cloudy aggre-
gated TauF4 (C2S) sample (Fig. 2). No soluble TauF4 (C2S) could
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Fig. 3. Aggregation kinetics of TauF4 (C2S) as monitored by Thioflavin T fluorescence (l
performed at two concentrations of protein (10 and 5 lM, upper and lower curves), with t
derived from three independent experiments. The box in the ThT profile is zoomed in th
bar in the electron microscopy image presents 100 nm. The insert is magnified 2�.
be detected in the gel of the aggregated sample (Fig. 2), and for res-
idues in the first and second repeat, no intensity could be detected
in the NMR spectrum, confirming the absence of an NMR detect-
able concentration of free monomers in solution. We did observe
some intensity for residues both in the N- and C-termini of the
fragment (Fig. 2). Residues such as A246 and M250, already visible
in the spectrum of the wt TauF4 fibers but equally mobile in the
solid state NMR spectra of the K19 fragment aggregated into fibers
[19], could be assigned based on their proximity to the correspond-
ing resonances in the spectrum of soluble TauF4 (Fig. 2). The
C-terminal Ser324 resonance, however, could only be identified
in the spectrum of TauF4 (C2S) but was completely absent from
the spectrum of the fibers of wt TauF4. This indicates that beyond
assisting the nucleation step, the presence of a cystein bridge
equally stabilizes the molecular scaffold of the fibers and contrib-
utes to the structuration of the ThT binding pockets. Under the
electron microscope, this aspect of greater flexibility did however
not show up, and we again observed flat ribbon-like filaments of
Time (h)

eft) and resulting electron microscopy image (right). The kinetic experiments were
he same protein without heparin as negative control (solid line). The error bars were
e insert, to better show the delayed nucleation at 5 lM protein concentration. Scale
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�10 nm width that stack together as pairs or higher order struc-
tures, and only occasionally show a twist (see insert Fig. 3).

In conclusion, the TauF4 fragment is not only functional as far
as tubulin assembly concerns [17], but our present work shows
that it can also form fibers as detectable by ThT fluorescence. The
lack of projection domain that was previously found to lead to bun-
dling of the assembled microtubules also translates in the bundling
of the resultant ribbon-like structures. These latter ribbons do lack
the fuzzy coat that is characterizing brain derived or synthetic fi-
bers made with full-length Tau. Whereas full-length Tau critically
depends on the presence of at least the Cys322 to start the nucle-
ation process [7], TauF4 can efficiently nucleate the aggregation
process even when both its cysteines are mutated, although the
resulting fibers offer less Thioflavin T binding sites than those
formed with the fragment containing the cysteines. The present
TauF4 fragment hence should be a suitable tool to investigate the
mechanistic aspects of potential aggregation inhibitors that would
act independent of the cysteines.
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