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Abstract

An increasing body of evidence suggests that aggregation-prone proteins associated with various
neurodegenerative diseases synergistically promote their mutual aggregation, leading to the co-
occurrence of multiple neurodegenerative diseases in the same patient. Here we investigated
molecular basis of synergistic interactions between the two pathological proteins, tau and a-
synuclein, using various biophysical techniques including transmission electron microscopy
(TEM), circular dichroism (CD), and solution and solid-state NMR. Our biophysical analyses of
a-synuclein aggregation in the absence and presence of tau reveal that tau monomers promote the
formation of a-synuclein oligomers, subsequently fibril formation. Solution NMR results also
indicate that monomeric forms of tau selectively interact with the C-terminal region of a-
synuclein monomer, accelerating a-synuclein aggregation. In addition, a combined use of TEM
and solid-state NMR spectroscopy reveals that the synergistic interactions lead to the formation of
toxic a-synuclein aggregates with distinct morphology and molecular conformation. The
filamentous a-synuclein aggregates as well as a-synuclein monomers were also able to induce tau
aggregation.
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Introduction

Abnormal accumulation of various misfolded proteins is associated with numerous
debilitating neurodegenerative diseases. Traditionally, intracellular deposition of misfolded
a-synuclein is a hallmark of Parkinson’s disease,! while Alzheimer’s diseases is
characterized by intraneuronal accumulation of filamentous tau.? There is, however,
increasing evidence that suggests a-synuclein and tau pathologies are significantly
overlapped.3: 4 5 Firstly, co-deposition of a-synuclein and tau was observed in Alzheimer’s
disease and related dementias (ADRD).3 45 6 For example, misfolded a-synuclein
aggregates were found in more than 50 % of Alzheimer’s disease (AD), Down’s syndrome,
and familial AD cases.” 8 9 Tau aggregates were also detected in patients with Parkinson’s
disease dementia and the amount of tau aggregates is correlated well with cognitive decline.
5,10 secondly, recent studies showed that a-synuclein and tau can synergistically promote
their mutual aggregation,1! suggesting that synergistic interactions between the two
pathological proteins might exacerbate ADRD pathology. In particular, misfolded a-
synuclein aggregates with distinct molecular conformations (strains) were shown to
differentially induce the formation of distinct tau strains in? vivo (cross-seeding).12 These
results indicate that AD and PD pathologies are significantly overlapped presumably due to
synergistic interactions between a-synuclein and tau.

a-synuclein is a 140-residue intrinsically disordered protein that is primarily localized at
presynaptic terminals of the central nervous systems (CNS). The presynaptic protein consists
of three main regions: the amphipathic N-terminal (1-64), hydrophobic non-Ap-component
(NAC) (65-95), and acidic C-terminal region (96-140) (Figure S1a). The hydrophobic NAC
region that plays a central role in a-synuclein aggregation was shown to be protected by
long-range interactions between the N- and C-terminal regions in the natively disordered
state of a-synuclein.13 14 Thus, perturbations of the long-range interactions by single-point
mutations and interactions with small molecules led to the formation of filamentous a-
synuclein aggregates.15: 16. 17

Tau is an intrinsically disordered 352—441 residue microtubule-binding protein that is
abundantly present in the central nervous system (Figure S1b). Intraneuronal accumulation
of filamentous tau protein is a hallmark of a wide range of neurodegenerative diseases such

Biochemistry. Author manuscript; available in PMC 2019 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dasari et al.

Page 3

as Alzheimer’s diseases (AD) and frontotemporal dementia, collectively termed tauopathy.
2,18 The natively unfolded protein is highly soluble under the physiological condition and
co-effectors such as glycosaminoglycan are required to induce tau aggregation. It is,
therefore, highly plausible that misfolded a-synuclein strains can promote tau aggregation
through direct interactions 7 vivo (cross-seeding), as demonstrated in neuron and animal
models.11. 12, 19

Despite the growing evidence of the synergistic interactions between the two proteins,
molecular basis for the synergistic aggregation of the two proteins remains largely unknown.
For example, it is unclear whether the two proteins aggregate at the same time due to the
synergistic interactions between the two monomeric proteins, or one of the proteins may
form misfolded aggregates first, which can then induce aggregation of the other protein. In
this study, we systematically investigated aggregation process of the mixtures of full-length
tau (2N4R) and a-synuclein using various biophysical techniques including transmission
electron microscopy (TEM), circular dichroism (CD), and solution and solid-state NMR
spectroscopy. Our combined biophysical analyses of the aggregation process revealed that
monomeric forms of tau selectively interact with the C-terminal region of a-synuclein,
leading to the formation of distinct filamentous aggregates with different molecular
conformations. The misfolded a-synuclein aggregates as well as a-synuclein monomers
were also able to induce tau aggregation.

Experimental Methods

Protein expression.

The DNA plasmids of a-synuclein (UniProtKB entry P37840) and tau (UniProtKB entry
P10636) were gifts from Michael J Fox Foundation MJFF (pET21a, Addgene plasmid #
51486) and from Dr. Smet-Nocca (pET15b, Université de Lille, Sciences et Technologies,
France), respectively. Wild-type a-synuclein was expressed in BL21 (DE3) E£. coli, and was
purified as previously described.20 Briefly, overexpressed proteins in the soluble fraction of
the sonicated lysates were extracted using ammonium sulfate precipitation methods (50 %).
The precipitates were resuspended with deionized water and purified using anion exchange
Q column followed by size-exclusion gel-filtration chromatography using a HiLoad 16/600
Superdex 75 column (GE Healthcare, Piscataway, NJ). The purification steps were all
carried out at 4 °C to minimize protein aggregation.

The recombinant full-length tau protein (2N4R) was expressed in BL21 (DE3) £. coli strain
and was purified as previously described.?! Briefly, tau expression was induced with 1 mM
Isopropyl p-D-1-thiogalactopyranoside (IPTG), and the cells were grown at 37 °C for
additional 3 — 4 hours. Cells were harvested by centrifugation and sonicated. The soluble
fraction of the sonicated lysates was boiled at 80 °C for 20 minutes. White precipitates were
removed by centrifugation, and the supernatant was purified using cation exchange SP
column followed by size-exclusion gel-filtration chromatography using a HiLoad 16/600
Superdex 200 column (GE Healthcare, Piscataway, NJ).
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Aggregation assays.

a-synuclein (0.15 — 1.1 mg/ml) in the absence and presence of tau (0.15 — 2.2 mg/ml) are
incubated in 10 mM phosphate buffer (pH 7.4) at 37 °C under constant agitation at 250 rpm.
Prior to the incubation, the protein samples were filtered using a 0.22 um membrane filter to
remove any preformed aggregates. Aggregation kinetics was monitored by measuring
optical density (O. D.) at 400 nm and by thioflavin T (ThT) fluorescence measurement.

Circular dichroism (CD) Spectroscopy.

The CD spectra were recorded by scanning from 260 nm to 190 nm on a Jasco J-815
spectropolarimeter (Easton, MD) using a 1 mm path length Suprasil quartz cell at pH 7.4.
The protein samples were pre-equilibrated at 20 °C for 5 min before acquisitions.

Thioflavin T (ThT) fluorescence.

For the fluorescence measurements, 50 pL of 1 mM ThT in PBS buffer (pH 7.4) was mixed
with 100 — 200 pL of protein solutions. The emission spectra were recorded with an
excitation at 440 nm.

Solution NMR spectroscopy.

NMR experiments were carried out on a Varian/Agilent 800 MHz instrument equipped with
a cryogenic probe. NMR data were processed using the software NMRPipe22 and the
processed data were analyzed using the software NMRViewJ23. The 2D 1H-15N HSQC and
15N transverse relaxation (R,) NMR experiments were carried out at 15°C. For the 15N R;
experiments, NMR spectra were acquired in an interleaved fashion with relaxation delays (in
seconds) of 0.01, 0.03, 0.05, 0.07, 0.11, 0.16, 0.25, 0.35, and 0.45.

Solid-state NMR spectroscopy.

Solid-state NMR spectra were recorded using Bruker 800 MHz spectrometer equipped with
a 1.3 mm MAS probe. Cross-polarization (CP) based two-dimensional 13C-13C solid-state
NMR spectra were acquired using a dipolar assist rotational resonance (DARR)24 at
spinning frequency of 13 kHz. A linear amplitude ramp on the 1H channel was used for the
1H/13C cross-polarization with a contact time of 0.7 ms.

The 90° pulse-lengths for 1H and 13C were 2.1 and 5 s, respectively, and the SPINAL-64
(small phase incremental alternation with 64 steps) decoupling scheme?® was employed with
an rf field strength of 90 kHz. For the 2D correlation NMR spectra, complex data points of
1024 x 290 were collected with an acquisition delay of 3 sec.

TEM.

The protein samples (1 — 2 mg/ml) incubated at various incubation times were diluted 10
times, and a 5 pL droplet of the diluted sample was placed on formvar/carbon coated copper
400 mesh grids for 30 s and excess solution was blotted off using a filter paper. Grids were
washed with 10 pL of 1% uranyl acetate solution and stained with another 10 uL of 1%
uranyl acetate solution for 30 s. The excess staining solution was blotted off with a filter
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paper and the grids were air-dried. TEM images were collected using Philips CM12
Transmission Electron Microscope at 80 kV.

Cell viability MTT assay

Results

Cells were plated (96-well clear bottom black plates) at a density of 10,000-15,000 cells/
well one day before the treatment to let the cell attach to the surface. All the protein samples
were filter-sterilized before incubating at 37 °C. Fibrils were collected by centrifugation and
washed twice with sterile phosphate buffer and resuspended in complete growth medium
(1:1 mixture of EMEM and F12 medium with 10% fetal bovine serum and 1% Pen-Strep).
Cell medium from wells was replaced with protein solution in complete growth medium and
incubated at 37 °C in 5 % CO», for one day. All protein solutions were tested in duplicate at
three dilutions. Blanks were prepared by adding the complete growth medium to the wells
with no cells.

Tau promotes the formation of a-synuclein aggregates.

In order to examine the effect of tau on a-synuclein aggregation, a-synuclein was incubated
in phosphate buffer (10 mM potassium phosphate, pH 7.4) under constant agitation at 37 °C
in the absence and presence of tau. Aggregation kinetics of the pure proteins and mixtures of
the two proteins was monitored with turbidity measurements at 400 nm (Figure 1). Kinetic
analyses of the protein aggregation reveal that the pure tau and a-synuclein do not form
aggregates during the first three days of incubation. On the contrary, protein aggregation is
greatly enhanced for the mixtures of the two proteins, strongly suggesting the presence of
synergistic aggregations.

The protein samples incubated for one day were investigated using TEM to examine
morphology of the aggregates. Although fibrillar aggregates were not observed in pure a-
synuclein incubated for one day in Figure 1, the TEM image revealed that a-synuclein
forms annular oligomers after one day of incubation (Figure 2a), as observed in previous
studies?® 27 | while no oligomers were observed for pure tau (Figure 2b). On the contrary,
filamentous aggregates were detected for the mixtures of the two proteins (Figure 2c and
Figure S2). An enhanced thioflavin T (ThT) fluorescence was also observed for the mixture
incubated for one day at 37 °C, supporting the presence of filamentous aggregates in the
mixture (Figure S3).

The enhanced aggregation kinetics of the mixture of the two proteins clearly indicates that
one of the proteins or both proteins promote the formation of filamentous aggregates.
Additional experiments were carried out at different concentrations to confirm the cross-
seeding activity of tau. A lower protein concentration of a-synuclein (10 pM) and tau (3
uUM) was used to probe an early stage of aggregation using CD spectroscopy (Figure 3). The
CD spectra of the two monomeric proteins (Figure 3a and 3b) exhibit a minimum at ~ 196
nm, which is characteristics of disordered proteins. The CD spectrum for the mixture of the
two proteins (a-synuclein and tau) at a molar of ratio of 1:0.3 (Figure 3c) is also identical to
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the sum of those for the two monomeric proteins, suggesting that the two proteins are largely
unfolded in the mixture like the native state of the two proteins (Figure S4).

After two days of incubation, the CD signal at 196 nm decreases in the mixture, while the
signal grows in intensity at ~ 215 nm. The change in the CD signal for the mixture most
likely originate from the oligomerization, and the TEM image of the mixture confirms the
formation of oligomers (Figure S5). The CD spectra in Figure 3c were analyzed using the
software CDpro28 to estimate secondary structures at different incubation times (Table S1).
During the aggregation process, relative content of disordered regions continues to decrease,
while B-structures are gradually developed. In addition, substantial amount of helix and turn
was observed after two days of incubation, suggesting the presence of helical intermediate
states that were observed in a previous study?? .

The CD spectra for the pure monomeric proteins in Figure 3a and 3b remain unchanged,
suggesting that the oligomerization is promoted by synergistic interactions between the two
proteins. The similar conformational changes were also observed for the mixtures with
lower relative concentrations of tau at molar ratios of 10:1 (Figure S6) and 100:1 (Figure
S7). These CD results of the mixtures with different molar ratios clearly suggest that
monomeric forms of tau promote a-synuclein oligomerization, and subsequently filament
formation.

Cross-seeding activity of a-synuclein.

Our combined analyses of co-incubation of monomeric forms of a-synuclein and tau
revealed that tau monomers promote a-synuclein aggregation. In order to investigate
whether a-synuclein also promotes tau aggregation, CD spectroscopy was used to probe tau
aggregation in the presence of a-synuclein monomer and a-synuclein aggregates derived by
a mixture of the two proteins with a-synuclein to tau molar ratio of 10:1 (Figure 4). The CD
signals for the pure tau (10 pM) remain almost identical for three days of incubation (Figure
4a). On the contrary, the CD signals significantly decreased in the presence of a-synuclein
monomers (1 pM) after 3 days of incubation (Figure 4b), due to the precipitation of tau
aggregates. It is also interesting to note that a-synuclein filaments (1 M, monomer
concentration) more effectively induce the formation of tau precipitates (Figure 4c). The tau
aggregates were resuspended in solution and fluorescence was measured upon addition of
ThT to the solution (Figure S8). The ThT fluorescence is greatly increased for the mixture of
tau and a-synuclein filaments, suggesting that a-synuclein filaments promote tau
aggregation more effectively than a-synuclein monomers.

Cytotoxic properties of a-synuclein aggregates.

Cytotoxic activities of a-synuclein aggregates formed in the absence and presence of tau
were examined using mammalian neuroblastoma cells (SH-SY5Y). Pure a-synuclein and
tau, and the mixtures of the two proteins incubated for 2 days at 37 °C were treated to the
cells, and toxicity was measured by using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay (Figure 5). The mixtures of the two proteins aged for 2
days under the experimental conditions in Figure 1 exhibit cytotoxic activities, while pure
proteins show moderate (a-synuclein) and little toxicities (tau). After the two days of
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incubations, the mixtures form filamentous aggregates, as shown in Figure 2c and Figure S2,
suggesting that filamentous aggregates have cytotoxic activities. Pure a-synuclein also
exhibits moderate cytotoxicity at higher concentrations presumably due to the cytotoxic
small oligomers present in the aged a-synuclein sample shown in Figure 2a.

Distinct a-synuclein filaments formed in the presence of tau.

There is mounting evidence that suggested a-synuclein behaves like a prion that can form
distinct fibrillar aggregates (strains) with different molecular conformations.12: 30. 31,32 |
order to examine whether tau induces distinct a-synuclein aggregates, TEM was used to
compare morphologies of the a-synuclein filaments formed in the absence and presence tau
(Figure 6a and 6b). The TEM images clearly show that a-synuclein forms distinct twisted
thicker filaments with a diameter of ~ 21 nm in the presence of tau (Figure S9), in
comparison to those with a diameter of ~ 10 nm in the absence of tau.

Solid-state NMR was used to compare structural features of the two a-synuclein filaments.
Figure 6¢ shows 13C-13C correlation solid-state NMR spectra obtained with a dipolar assist
rotational resonance (DARR) mixing scheme (20 ms). The two solid-state NMR spectra are
overlapped well, suggesting that the two filaments have similar overall structural features.
However, distinct NMR cross-peaks (* in Figure 6¢) were also observed with different
chemical shifts of the sidechains (Figure S10). The different chemical shifts indicate that the
two a-synuclein filaments have distinct molecular conformations.

Tau interacts with the C-terminal region of a-synuclein.

Our combined analyses of co-aggregation of a-synuclein and tau showed that monomeric
forms of tau promote a-synuclein aggregation. We used solution NMR spectroscopy to
explore interactions between tau and a.-synuclein monomers. Two-dimensional 1H/15N
heteronuclear single-quantum coherence (HSQC) NMR spectra were acquired for 1°N-
labeled a-synuclein in the absence and presence of unlabeled tau (Figure 7a and Figure
S11). In the overlaid HSQC NMR spectra, notable changes in the chemical shift were
observed for numerous residues upon additions of tau monomers.

The chemical shift perturbations are more pronounced in the C-terminal region of a-
synuclein (Figure 7b). The N-terminal regions (15 — 63) are also slightly affected, while the
non-amyloid-p component (NAC) region (65 — 95) remains nearly unchanged. The titration
NMR experiments indicate that tau affects both N-terminal as well as C-terminal regions of
a-synuclein. The addition of tau also causes the NMR signal to decrease in intensity for the
residues undergoing chemical shift changes (Figure S12). However, the decreases in the
NMR signal intensity is observed only for the C-terminal region (110 — 140) of a-synuclein
(Figure S12). These NMR results suggest that tau may selectively interact with the C-
terminal region on intermediate time scales (millisecond to microsecond), while the N-
terminal region is not directly involved in the interaction with tau.

We measured amide backbone 1°N transverse relaxation rates (Ry) of a-synuclein in the
absence and presence of tau to assess the interactions between the proteins (Figure 7¢). The
transverse relaxation rates (R,) of pure a-synuclein are less than 8 s™1 at 15 °C, as was
previously observed for disordered a-synuclein.33: 34 In the presence of tau, the 1°N
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relaxation rates sensitive to the intermediate time scales are greatly enhanced in the C-
terminal region (110 — 140), supporting the interaction between the C-terminal regions of a-
synuclein and tau. On the basis of the CD spectrum of the protein mixture in Figure S4, the
two proteins remain as natively unfolded states in the mixture. Thus, the higher R, values
accompanied by the decreased NMR signal intensity of the C-terminal region indicate that
the C-terminal region of a-synuclein transiently interacts with tau on intermediate time
scales rather than by conformational changes of a.-synuclein.

Discussion

Co-incubation of the pathological proteins (a-synuclein and tau) was shown to promote
mutual aggregation, which might be associated with co-occurrence of multiple
neurodegenerative diseases in the same patient. Molecular basis of the synergistic
aggregation has, however, not been clearly understood. In this report, we systematically
investigated aggregation process of the mixtures of a-synuclein and tau with different
protein concentrations using various biophysical techniques. Our combined analysis of a-
synuclein aggregation in the presence and absence of tau revealed that monomeric forms of
tau accelerate the formation of a-synuclein filaments. a-synuclein monomers were also able
to induce tau aggregation (Figure 4b and S6) at the same experimental conditions.
Interestingly, filamentous aggregates of a-synuclein seeded tau aggregation more effectively
than a-synuclein monomers (Figure 4b and 4c). These results indicate that the composition
of protein aggregates formed from the protein mixture depends on the molar ratio of the two
proteins. For example, the TEM images and solid-state NMR spectrum in Figure 6 were
acquired from the mixture at a-synuclein to tau molar ratio of 1:0.3. In particular, the
filamentous aggregates used for the solid-state NMR spectrum were obtained using the
doubly 13C/15N labeled a-synuclein (70 uM) and unlabeled tau (20 pM) and the signal to
noise ratio of the spectrum was similar to that of pure a-synuclein filaments. In addition, a
majority of the filaments in the TEM images are highly homogeneous (Figure S2) consistent
with the relatively narrow linewidth of the NMR cross-peaks (~ 0.7 ppm) (Figure S10)
comparable to those from previously reported homogeneous amyloid fibrils (0.6 — 1

ppm)36: 37. 38 Similar twisted filaments were also observed at a lower relative tau
concentration (10 %), as shown in Figure S13. These results suggest that the twisted
filamentous aggregates formed at the molar ratio of 1:0.3 mainly consist of a-synuclein.
Synergistic interactions between a-synuclein and tau might lead to the distinct morphology
and molecular conformation.

Our solution NMR results revealed that monomeric forms of tau selectively interact with the
C-terminal region of a-synuclein. The natively unfolded states of two proteins remain,
however, largely unfolded as the native states in the mixture (Figure S4), suggesting that tau
dose not induce major conformational changes of a-synuclein. Chemical shift perturbation
by tau is also relatively small (< 0.1 ppm), and the dissociation constant (Kd) of the
interaction was estimated to be 8.1 uM + 2.0 uM (Figure S11). Thus, transient interactions
between the two proteins appear to accelerate a-synuclein aggregation. Previous structural
characterizations of a.-synuclein demonstrated that the intrinsically disordered protein is
partially stabilized by long-range interactions between the N-terminal and C-terminal
regions of the protein.13: 14. 34,39 Disruption of the long-range contacts by single-point
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mutations (A30P and A53P) was shown to accelerate a-synuclein oligomerization.1®
Deletion of the C-terminal region was also shown to promote fibril formation of a-
synuclein,40: 41,42, 43 gyggesting that the C-terminal regions play a protective role in a-
synuclein aggregation.1”- 4445 |n addition, a bacterial endotoxin, lipopolysaccharide, was
shown to interact with the N-terminal region of a-synuclein, producing structurally distinct
a-synuclein filaments.46

The two pathological proteins are highly charged at the physiological pH, as shown in
Figure S1. In particular, the C-terminal region of a-synuclein (101 — 140) is highly
negatively charged (pl, 3.4), while the central region of tau (141 — 230) is positively charged
(pl, 11.4) at the neutral pH, suggesting the presence of electrostatic interactions between
those regions. The electrostatic interactions may transiently disrupt the long-range
interactions between the N-terminal and C-terminal regions. In addition, the positively
charged tau may also reduce repulsive intermolecular interactions between the negatively
charged C-terminal regions, facilitating intermolecular contacts between a.-synuclein, and
vice versa.

Our present study also reports that addition of tau promotes the formation of toxic a-
synuclein aggregates. More notably, the synergistic interaction induces quite distinct helical
paired a-synuclein filaments (Figure 6) from previously reported a-synuclein filaments.
32,46, 47 o -synuclein is an intrinsically disordered protein that can adopt a variety of
different molecular conformations. The conformational plasticity might lead to distinct a.-
synuclein filamentous aggregates depending on the environment,3%: 31. 48,49 |inked to
phenotype diversities of a-synucleinopathies.

In summary, we provided molecular basis for synergistic aggregations of a-synuclein and
tau. The positively charged tau selectively interacts with the negatively charged C-terminal
region of a-synuclein, which promotes the formation of cytotoxic paired helical a-synuclein
filaments with distinct molecular conformations. a-synuclein monomers as well as fibrillar
forms of a-synuclein can also induce tau aggregation. Finally, our combined analyses of
synergistic aggregation of the two proteins can be extended to understand synergistic
interactions between other pathological proteins including TAR-DNA-binding protein 43
(TDP-43) and a-synuclein.®0

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NMR nuclear magnetic resonance

TEM transmission electron microscopy

CD circular dichroism

ThT thioflavin T

SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis

HSQC heteronuclear single-quantum coherence
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Figure 1.

Aggregation kinetics of a-synuclein (0.75 mg/ml, 50 pM, circle), tau (1.5 mg/ml, 30 uM, x),
and mixtures of a-synuclein and tau (50 uM and 15 uM, 1:0.3, square; 50 uM and 30 UM,
1:0.6, triangle). Optical density (O. D.) was measured at 400 nm for turbidity of the samples.
The accelerated aggregation Kinetics was also observed at different protein concentrations
(70 uM and 20 uM for a-synuclein and tau, respectively).
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Figure 2.
TEM images of the pure a-synuclein (a), pure tau (b), and a mixture of a-synuclein and tau

(2:0.3) (c) incubated for 1 day at 37 °C in 10 mM phosphate buffer (pH 7.4). The protein
samples used for the aggregation kinetics in Figure 1 were used to acquire the TEM images.
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Figure 3.

CD spectra of pure a-synuclein (10 uM) (a), pure tau (3 uM) (b), and a mixture of a-
synuclein (10 pM) and tau (3 uM) (c) acquired at different incubation times. The CD signal
of the mixture after 5 days of incubation decreased due to the precipitation of the protein

aggregates.
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Figure 4.
CD spectra of pure tau (10 uM) (a), a mixture of tau (10 uM) and a.-synuclein monomer (1

uM) (b), and a mixture of tau (10 uM) and a-synuclein filaments (1 uM, monomer
concentration) (c) acquired at different incubation times. The CD signal of the mixtures
decreased due to the precipitation of the protein aggregates.
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Figureb.
MTT assay for pure a-synuclein, pure tau and mixtures of a-synuclein and tau at different

concentrations (monomer concentration). The protein samples (pH 7.4) aged for two days
under the experimental conditions used in the aggregation kinetics in Figure 1 were treated
to the mammalian cells, and the cell viability was calculated by measuring the absorbance of
the cell solution at 570 nm after 24 hrs of the treatment.
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Figure®6.

TEM images of the pure a-synuclein (210 uM) (a) and mixtures of a-synuclein (70 uM) and
tau (20 pM) at a molar of 1:0.3 (b). The pure a-synuclein and mixture of the two proteins
were incubated at 37 °C for one week and one day, respectively. (c) 2D 13C-13C correlation
solid-state NMR spectra for the a-synuclein filaments formed in the absence (black) and
presence (red) of tau.
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Figure7.
(a) Overlaid 1H/2®N HSQC NMR spectra of a-synuclein (70 uM, pH 7.4, black) and tau

(140 uM, red) at 15 °C. (b) Weighted sum of the 1H and 1N Chemical shift changes of a.-
synuclein (70 pM) upon addition of tau (140 uM), As = 5%1 + 0.26]2v. (c) Transverse

relaxation rates (Ry) of a-synuclein (70 uM) in the absence (diamond) and presence of tau
(240 pM, rectangle) recorded at 15 °C. All of the NMR spectra were collected at a proton
frequency of 800 MHz. Backbone assignment was made from previous resonance
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assignments available in the Biological Magnetic Resonance Data Bank (BMRB 16543)3°
and 3D NMR experiments.
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