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ABSTRACT

Pathological aggregates of tau protein are found in several neurodegenerative diseases termed ‘tauopa-
thies’. Increasing evidence indicates that tau oligomer species rather than the large amyloid cytoplasmic
inclusions relevant for histopathological diagnosis might be crucial for cellular damage and neurodegen-
eration. Trivalent metal ions and polyanionic structures like heparin or arachidonic acid have been shown
to induce tau aggregation. However, little is known about early processes of tau aggregation. In this study,
we applied fluorescence correlation spectroscopy (FCS) and scanning for intensely fluorescent targets
(SIFT) to investigate oligomer formation of tau protein at nanomolar protein concentrations at the
single-particle level. Our results indicate that the formation of distinct tau oligomers is induced by the
trivalent metal ions Fe** and AI** and by organic solvents like DMSO, respectively. In contrast, bivalent
metal ions (Cu?*, Zn?*, Mn?*, Ca?*, Mg?") had no effect. While DMSO-induced small tau oligomers are
relatively stable in solution, dynamic remodeling can be initiated by non-ionic detergents. Moreover
AI** induces rapid formation of a different oligomer species of larger size. Our results provide further

insights into early tau oligomerization and aggregation dynamics.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Deposits of tau protein are histopathologic hallmarks of several
neurodegenerative diseases termed ‘tauopathies’, including Alzhei-
mer’s disease and fronto-temporal lobar degeneration with tau
inclusions (FTLD-tau) [1,2]. In these diseases, large aggregates of
tau form distinct structures like neurofibrillary tangles (NFT),
neuropil threads and glial inclusions. While these aggregates are
suitable for histopathological diagnosis and correlate with disease
progression [3], they are preceded by smaller oligomers. However,
it is still unclear how these oligomer species contribute to neuro-
toxicity. Increasing evidence indicates that oligomers are the patho-
physiologically relevant species [4-6]. Tau over-expression proved
to be toxic to cells before the appearance of NFTs in a transgenic
Drosophila model [4]. In a mouse model of inducible tauopathy,
blockage of tau over-expression alleviated cognitive dysfunction
even after the appearance of NFTs. Interestingly, cognitive dysfunc-
tion improved even though the level of NFTs increased. This indi-
cates that not amyloid aggregates but another species exerts
toxicity [5].
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In aqueous solution, high protein concentration is required for
tau aggregation into amyloid fibers in the absence of aggregation
inducers [7]. Thus, polyanions like heparin and arachidonic acid
(ARA) are used in in vitro models to induce the formation of
Thioflavin positive amyloid tau aggregates strongly resembling
Alzheimer PHFs [8-11]. To induce tau aggregation, ARA has to be
present in concentrations exceeding its critical micelle concentra-
tion, providing a polyanionic micellar surface [9,12]. In general,
organic solvents are used to increase solubility of ARA in aqueous
solutions, and thus a pro-aggregatory influence of organic solvents
has to be considered. It is known that organic solvents mimic
perimembranous conditions by reducing the dielectric constant
[13], which might be relevant since it was shown that large tau
aggregates may originate from intracellular membranes [14,15].
Other models of tau aggregation uses trivalent metal ions like
Fe3* and AI**. Especially aluminium has been extensively investi-
gated, since early studies on rabbit brains showed the formation
of NFT-like structures after intrathecal injection of aluminium
[16]. However, numerous in vitro, in vivo and epidemiological
studies could not elucidate the pathophysiologic significance of
aluminium in AD and other tauopathies [17,18]. In this study, we
applied fluorescence correlation spectroscopy (FCS) and scanning
for intensely fluorescent targets (SIFT) to investigate early aggrega-
tion steps of tau protein at nanomolar concentrations. These
techniques are suitable to detect femtomolar concentrations of
fluorescently labeled aggregates [19].
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Although extensive investigations on the aggregation behavior
of tau under different conditions have been conducted, little is
known about early steps of tau oligomerization. Established
techniques like Thioflavin T are able to sensitively quantify amy-
loid-like aggregates, but are of limited use in studying oligomer
properties. Other techniques like atomic force microscopy are
suitable to examine the structure of large fibrils as well as smaller
oligomers, but comprise difficulties in quantification and cannot
investigate oligomerization dynamics. We investigated the
influence of the organic solvent dimethylsulfoxide (DMSO), triva-
lent and divalent metal ions on tau aggregation, and the dynamics
of pre-formed, DMSO-induced oligomers.

2. Materials and methods
2.1. Proteins

Tau isoforms htau37 (1N3R) and htau46 (1N4R) were expressed
in Escherichia coli BL21 (DE3) RIL and purified by sterile filtration,
cation exchange chromatography and ammonium salt precipita-
tion. The plasmid was a gift of Manuela Neumann (ZNP Munich/
Zurich). Cultures were transformed and cultivated in rich LB
medium and lysed using a French press. Protease inhibitor
Complete Mini (Roche, Germany) was added, the lysate was centri-
fuged at 27,000g and the supernatant was filtered using a 0.45 um
sterile filtropur S-filter (Sarstedt, Germany). The filtrate was loaded
on a P11 phosphocellulose cation exchange column and the protein
was eluted using a 100-300 mM NacCl gradient on an Akta Prime
FPLC-device (Amersham, Germany). Fractions containing high
amounts of tau were identified by Western blot using T46 antibody
(Zymed/Invitrogen, Germany) and precipitated by (NH,4),SO4. The
precipitated solution was incubated for 10 min at 95 °C and a buf-
fer exchange to 50 mM Tris, pH 7.0 was performed using a PD10
desalting column (Amersham). Alpha-synuclein (o-syn) was
produced according to established protocols [20]. A stock solution
containing 1 mg/ml a-syn was prepared in 50 mM Tris buffer, pH
7.0. Bovine serum albumin (BSA) (Sigma Aldrich, Germany) was
used as control.

2.2. Confocal single particle analysis

FCS, FIDA, and SIFT were performed on an Insight Reader
(Evotec-Technologies, Hamburg, Germany) with dual-color excita-
tion (488 and 633 nm) as described previously [21]. Photon
intensities (I) were collected separately for two emission wave-
length ranges (green (Ig) and red (Ir)) by single-photon detectors
and analyzed using FCSPP software version 2.0, FIDA-Analyze
software, and SIFT-2D (Evotec-Technologies).

For SIFT-2D analysis, photons were added in time intervals
(bins) of 40 ps in a 2D intensity histogram (H,g,). For each analysis,
a threshold (T) was determined in calibration measurements to
define the cut-off level between monomers and multimers. For
bin-weighted SIFT analyses, all high-intense bins (N) correspond
to the sum of all frequencies hy with (Ig2+Ir? > T?). In some
cases, photon-weighted SIFT analysis was used with P=sum of
all hygy * (Ig+1Ir) with (Ig?+Ir* > T?). Dual-color aggregates are
defined as high-intensity signal (Ig2+Ir* > T?) with Ig/Ir and Ir/
Ig > 1/6. In fluorescence intensity distribution analysis (FIDA), the
brightness (Q) of component 1 (Q1) and component 2 (Q2) were
determined by software fit. To calculate the approximate particle
size, particle brightness of aggregate species (Q2) was divided by
the particle brightness of monomers (Q1). After addition of NP40
or AP*", values of the steady-state-phase between minute 280
and 360 of oligomer formation were averaged.

2.3. Protein labeling

For single molecule analysis, proteins were labeled with
fluorescent dyes Alexa-488-O-succiminidylester or Alexa-647-0-
succiminidylester as described previously [21]. Tau protein and
BSA were incubated with a fourfold molar excess of fluorescent
dye in 100 mM NaHCOs; for 24 h at room temperature. For o-syn,
a twofold molar excess was used. Unbound dye was separated
using a PD10 desalting column (GE Healthcare, Germany). Absence
of unbound dye and the labeling ratio (dye/protein) was confirmed
by FCS measurements. Labeled proteins are further referred to as
tau-488, tau-647, o-syn-488, a-syn-647, BSA-488 and BSA-647,
respectively.

2.4. Aggregation assay

Fivefold stock solutions of labeled proteins were prepared to
reach a final concentration of 5 molecules per focal volume per
detection channel, equivalent to a concentration of 10 nM. For
tau aggregation experiments, stock solutions were centrifuged at
100,000g for 30 min to remove pre-formed aggregates (see Supple-
mentary Fig. 1). Absence of pre-formed aggregates was confirmed
by SIFT [21]. Only samples free of pre-formed aggregates were
used and experiments were started immediately. All experiments
were conducted in 96-well cover slide bottom plates in a volume
of 20 pl per well. Plates were covered with adhesive film to prevent
evaporation. For aggregation experiments, protein stock solutions
were added to wells containing 50 mM Tris buffer and measure-
ments were started immediately. If not otherwise specified, a final
concentration of 10 uM was used for AlCl;, FeCl;, CuCl,, MnCl,,
ZnCl,, CaCl, and MgCl,. Final concentrations were 1% for DMSO
and 0.1% of nonident P40 (NP40) if not stated otherwise. Concen-
trations of sodium dodecylsulfate (SDS) are given in the respective
experiments.

3. Results
3.1. Establishing a single molecule tau aggregation assay

To sensitively detect de novo protein oligomerization, the aggre-
gation assay must be free of pre-formed aggregates that might
have a seeding effect on aggregation [22]. We evaluated different
approaches to remove pre-existing aggregates of fluorescent
labeled tau. Sonication does not remove pre-formed aggregates.
After ultracentrifugation, the majority of tau oligomers are
detected in the pellet while the aggregate contamination of the
supernatant is low (Supplementary Fig. 1A and B). All further
experiments were thus conducted after ultracentrifugation of tau
stock solutions.

3.2. Tau aggregation induced by organic solvents and detergents

It has been shown that organic solvents mimic a perimembra-
nous environment, induce conformational changes in tau protein
[23,24] and promote protein aggregation [13,20]. In our experi-
ments, DMSO at a final concentration of >1% induces the
formation of protein oligomers, resembling the effect on a-syn
aggregation described previously (Fig. 1A and B) [20]. Interestingly,
SIFT-2D analysis indicates comparable sizes of DMSO-induced tau
and a-syn oligomers (Fig. 1A). While the non-ionic detergent NP40
efficiently inhibits the formation of DMSO induced o-syn aggre-
gates, it has a positive effect on tau aggregation compared to
control measurements without inducers. No significant differences
are seen in the behavior of three and four repeat tau (1N3R, 1N4R)
under these conditions (Supplementary Fig. 2). As a control protein
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Fig. 1. Tau aggregation in presence of organic solvents and detergent. (A) DMSO induces the formation of small tau and a-syn oligomers, but has no effect on BSA. Whereas no

o-syn aggregates form in presence of NP40, it induces tau oligomer formation. (B)

DMSO shows a dose dependent induction of tau aggregation. SDS counteracts the pro-

aggregatory effect of 1% DMSO at concentrations >0.01%. Co: control (¢) without addition of DMSO or SDS. Error bars indicate standard deviation of four parallel experiments.

unrelated to neurodegenerative protein aggregation diseases, BSA
does not show any aggregation tendency, neither in presence of
DMSO nor NP40 (Fig. 1A). The ionic detergent SDS counteracts
the pro-aggregatory effect of 1% DMSO on tau at concentrations
above 0.01% (Fig. 1B). However, lower concentrations of SDS do
not inhibit DMSO-induced tau aggregation.

3.3. Tau aggregation induced by metal ions

Numerous studies demonstrated that metal ions can induce the
formation of large tau aggregates detectable by electron micros-
copy [17,25,26].

In our assay, the trivalent metal ions AI** and Fe®* induce the
formation of tau aggregates in a dose-dependent manner at
concentrations of >3 uM. At 10 uM, Fe* and AI** show a strong

pro-aggregatory effect compared to controls. Interestingly, aggre-
gates formed in presence of Fe** demonstrate a shift to the red
fluorescence (Fig. 2A), even though tau-647 and tau-488 are
present in equal ratios as determined by evaluation of brightness
and particle concentration in the green and red channel prior to
each experiment (data not shown). As all components of the assay,
10 uM Fe®* did not show auto-fluorescence in a control experiment
(data not shown). SIFT-2D analysis indicates the formation of
distinct oligomer species for AI>* and Fe3*, which are larger than
DMSO-induced oligomers.

Moreover, we examined the influence of the bivalent metal ions
Ca?*, Cu?*, Mn?*, Mg?* and Zn?* on tau aggregation. None of these
ions showed a significant influence on tau aggregation at a final
concentration of 10 uM (Fig. 2A). In summary, our data demon-
strate that trivalent, but not bivalent metal ions show a strong
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Fig. 2. Influence of metal ions on tau aggregation. (A) SIFT-2D analysis shows the formation of distinct oligomers in presence of Fe>* and AI>* at 10 pM. The bivalent metal
ions Cu?*, Mn?*, Zn?*, Ca** and Mg?* have no influence on aggregation. (B) Both Fe** and AI** induce aggregation in a dose-dependent manner. Concentrations below 1 uM

show no influence. Error bars indicate standard deviation of four parallel experiments.

effect on tau aggregation in our assay conditions, and that the
resulting oligomers differ in size from DMSO-induced oligomers.

3.4. Investigation of tau oligomer dynamics

To elucidate the dynamics of association and dissociation of tau
oligomers in aqueous solution, tau-488 and tau-647 were
incubated separately with 1% DMSO for 90 min. Subsequently,
pre-formed single-color tau oligomers were mixed, and analyzed
for another 4 h (Fig. 3A). SIFT analysis was used to distinguish
between single-color and dual-color oligomers. In these experi-
ments, the amount of dual-color aggregates is stable at approxi-
mately 25% of total aggregates, proving high stability of the
pre-formed single-color oligomers (Fig. 3B). Furthermore,
aggregate size as determined by particle brightness (Q2) in a
two-component FIDA fit also remains stable (mean: 63 mono-
mers/oligomer). After 4 h, either 0.1% NP40 or 10 uM AI** was
added to the assay. Upon addition of NP40, a gradual shift towards
dual-color aggregate formation is demonstrated, with a stable level
of 60-70% reached after 30-60 min (Fig. 3B). The average size of
aggregates formed after addition of NP40 is smaller than of the
pre-formed DMSO aggregates (mean: 34 monomers/oligomer).
Upon addition of AI**, large dual-color aggregates are formed
rapidly. These aggregates reach more than fourfold the brightness
of DMSO-induced aggregates within 30 min (mean: 370 mono-
mers/oligomer), and the percentage of dual-color aggregates
reaches almost 100% (Fig. 3C). In summary, DMSO-induced
aggregates are stable over time and dynamic remodeling of tau

oligomers can be induced by non-ionic detergents like NP40 and
trivalent metal ions like AI**.

4. Discussion

Numerous studies investigated the influence of metal ions and
membrane surfaces in the form of polyanionic micelles on tau
aggregation [10,17,26]. However, little is known about early
aggregation processes. In this study, we developed a de novo aggre-
gation assay to investigate early oligomerization of tau at the
single-molecule level, using organic solvents and metal ions as
oligomerization inducers. The main methods in our study, FCS
and SIFT, use nanomolar protein concentrations and can detect
femtomolar concentrations of aggregates [19,27]. Although the
precise cytoplasmatic concentration of monomeric tau in early
stages of neurodegeneration is unknown, the concentration used
in our assay might better depict physiological intracellular condi-
tions of free monomeric tau in early stages of neurodegeneration
than commonly used assays of tau fibrillization.

4.1. Organic solvents induce tau oligomerization

Based on the observation that PHFs might originate from
intracellular membranes, the influence of polyanionic membrane
surfaces on tau aggregation has long been discussed [14,15]. To
determine whether membrane surfaces can induce tau aggrega-
tion, various fatty acids were investigated concerning their
potential as aggregation inducers [10]. It was demonstrated that
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Fig. 3. Investigation of oligomer dynamics. Tau-488 and tau-647 were incubated in presence of 1% DMSO for 90 min. Both solutions were combined (t=1 min) and
measurements were continued for 4 h, showing mainly single-color aggregates (sectors R and G) and only a low rate of dual-color aggregates (sector RG). While the number of
dual-color aggregates increases slowly after addition of NP40, large dual-color aggregates form immediately after addition of AI**. (C) Aggregates formed in presence of 1%
DMSO are stable in regard to size as demonstrated by stable particle brightness (Q2) (red channel shown). Oligomers formed in presence of AI** exceed DMSO-induced
aggregate size while aggregates formed in presence of NP40 are smaller than oligomers formed in DMSO. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

polyanionic micelles induce rapid formation of Thioflavin-positive
aggregates [9,10]. Furthermore, electron microscopy studies
suggested that tau fibrils may directly originate from these
micelles [10]. Organic solvents alter the dielectric constant of
aqueous solutions mimicking a perimembranous environment
[13]. It was shown before that organic solvents alter the conforma-

tional status of tau and may have an intrinsic pro-aggregatory
influence [23,24]. Therefore, organic solvents may serve as an
interesting in vitro model to study early tau aggregation processes.

In our experiments, DMSO induces the formation of small
oligomers in a dose-dependent matter. This process appears to
be specific for amyloidogenic proteins, since it could not be
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reproduced with BSA as a control protein. Interestingly, the pro-
aggregatory effect of DMSO can be abolished by addition of the
ionic detergent SDS. Since SDS denatures secondary and tertiary
protein structure [28], this might indicate that tau aggregation is
triggered by conformational changes induced by DMSO.

When single-color DMSO-induced tau-488 oligomers are
co-incubated with single-color tau-647 oligomers, the number of
newly emerging dual-color aggregates remains low. We reason
that this indicates a very low intrinsic turn-over rate (i.e. associa-
tion and dissociation of monomers to/from oligomers) once
oligomers have been formed. Upon addition of the non-ionic deter-
gent NP40, the number of dual-color aggregates increased over
30-60 min reaching a stable maximum of 60-70% of all aggregates.
This indicates an increased turnover of tau oligomers. It has to be
discussed that turnover of tau oligomers formed in a cellular
environment is significantly influenced by interacting factors in a
similar way as by detergents such as NP40. However, at this stage
we can only speculate on how these oligomers contribute to tau
pathology, and whether they represent an early step on the
pathway to large amyloid aggregates.

4.2. Influence of metal ions on tau aggregation

The influence of metal ions, especially of aluminium, on the
aggregation behavior of tau has been extensively studied since
Klatzo et al. identified NFT-like structures in rabbit brains after
injection of aluminium [16]. However, a vast number of in vitro,
in vivo and epidemiological studies were so far unable to consis-
tently determine the pathophysiological relevance of aluminium
in Alzheimer’s disease and other tauopathies [18]. Numerous
studies demonstrated that Al>* induces the formation of tau aggre-
gates that appear to be off pathway to fibrillization, since only
amorphous aggregates were seen repeatedly in electron micros-
copy [25,26,29]. Similar data was published for Fe3* [26].

However, it has to be considered that the methods commonly
used to study tau aggregation typically employ high concentra-
tions of both protein and inducer which might not depict the
physiological situation in the cytoplasm. For example, several
studies investigating the effect of AI** applied millimolar concen-
trations of the metal ion, even though studies on post-mortem
brain tissues rarely find concentrations exceeding 60 pmol/kg
(wet weight) [30-32]. In our assay, we show that AI** and Fe3* at
final concentrations of 10 pM induce the formation of distinct
tau oligomers, demonstrating that even physiological concentra-
tions of these metal ions may influence tau pathology.

A possible role of metal ion-induced protein aggregates is also
supported by studies on o-syn, where Fe** induces the formation
of a-syn oligomers with pore-forming abilities [20]. If Fe*" leads
to toxic pore formation, comparable effects might be relevant for
other amyloidogenic proteins.

In our study, only the trivalent metal ions AI** and Fe?* induced
a rapid, dose-dependent formation of large tau oligomers. Our
experiments on oligomer dynamics suggest that AI** induces
aggregation of both tau monomers and oligomers since the ratio
of dual-color aggregates in the steady state phase is close to
100% even if pre-formed single-color DMSO-induced oligomers
are present before addition of AI®*. Thus, either single-color
oligomers were rapidly dissolved and rebuilt into new aggregates,
or existing aggregates are combined to larger aggregates. We sug-
gest the latter to be more likely, since this process is extremely
rapid compared to detergent-induced oligomer remodeling
(Fig. 3B). The finding that both AI** and Fe*" induce formation of
large tau oligomers argues that this effect is not mediated by redox
reactions but by formation of protein/metal ion complexes. Inter-
estingly, aggregation induced by 10 pM AI** reached a steady state
after 30 min, and 1 pM AI** or 1 uM Fe*" only had a mild effect on

tau aggregation. These findings indicate that a certain molar excess
of trivalent metal ions is required to induce tau aggregation.

The actual size of dual-color aggregates can be calculated by
dividing the particle brightness of aggregates by the particle
brightness of the monomer in the green and red channel. Interest-
ingly, aggregates induced by NP40 on average consist of 34
monomers, while those induced by DMSO on average comprise
63 monomers. Aggregates induced by AI** are much larger (mean:
370 monomers). Since the oligomer sizes in the presence of NP40
and AI®** reach a steady state, it can be speculated that the oligomer
architecture is specific for the respective inducer.

In conclusion, our data demonstrate that both organic solvents
and the trivalent metal ions AI** and Fe*" induce the formation of
distinct tau oligomer species and shed light on tau oligomer
dynamics. The de novo aggregation assay presented here may
prove to be a powerful tool to further investigate various aspects
of early tau oligomerization. More detailed work is required to
further characterize tau oligomers and to determine possible
mechanisms of cellular toxicity and their role in the pathophysiol-
ogy of tauopathies. Future studies may investigate the influence of
post-translational modifications like phosphorylation and limited
proteolysis on tau aggregation. The assay also allows high-
throughput screening of aggregation inhibitors, as was demon-
strated before for prion protein [33]. Furthermore, dual-color
experiments could be used to evaluate co-aggregation processes
between tau protein and other proteins such as a-syn which are
involved in neurodegenerative diseases, as the issue of co-aggrega-
tion and cross-seeding of disease-specific proteins recently gained
scientific interest [1].
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