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Abstract

In Parkinson's disease with dementia, up to 50% of patients develop a high
number of tau-containing neurofibrillary tangles. Tau-based pathologies
may thus act synergistically with the o-synuclein pathology to confer a
worse prognosis. A better understanding of the relationship between the
two distinct pathologies is therefore required. Liquid-liquid phase separa-
tion (LLPS) of proteins has recently been shown to be important for protein
aggregation involved in amyotrophic lateral sclerosis, whereas tau phase
separation has been linked to Alzheimer's disease. We therefore investi-
gated the interaction of a-synuclein with tau and its consequences on tau
LLPS. We find a-synuclein to have a low propensity for both, self-
coacervation and RNA-mediated LLPS at pH 7.4. However, full-length but
not carboxy-terminally truncated oa-synuclein efficiently partitions into
tau/RNA droplets. We further demonstrate that Cdk2-phosphorylation pro-
motes the concentration of tau into RNA-induced droplets, but at the same
time decreases the amount of a-synuclein inside the droplets. NMR spec-
troscopy reveals that the interaction of the carboxy-terminal domain of
a-synuclein with the proline-rich region P2 of tau is required for the recruit-
ment of a-synuclein into tau droplets. The combined data suggest that the
concentration of a-synuclein into tau-associated condensates can contribute

to synergistic aSyn/tau pathologies.
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1 | INTRODUCTION

In Parkinson's disease with dementia (PDD), up to 50%
of patients develop a high number of tau-containing neu-
rofibrillary tangles, and these pathologies may act syner-
gistically with a-synuclein (aSyn) pathology to confer a
worse prognosis.”? aSyn and tau filamentous inclusions
also co-occur in transgenic mice.® In vitro, aSyn induces
fibrillization of tau. Coincubation of tau and aSyn syner-
gistically promotes oligomerization and fibrillization of
both proteins.>* In addition, tau enhances aSyn aggrega-
tion and toxicity in cellular models of synucleinopathies.’
Oligomers of aSyn and tau exist in the same aggregates,
forming hybrid oligomers in the brains of Parkinson's dis-
ease patients.’ aSyn can directly bind to tau”® and inter-
actions between aSyn and tau augment neurotoxicity in a
drosophila model of Parkinson's disease.'® The impor-
tance of synergistic aggregation of aSyn and tau is further
supported by the observation that distinct aSyn strains
assembled in vitro differentially promote tau inclusions
in neurons."" A better understanding of the relationships
between these two distinct pathologies is therefore
required for the development of effective disease-
modifying treatments for PDD."*

An increasing role in neurodegeneration is attributed to
liquid-liquid phase separation (LLPS) of low complexity
regions and intrinsically disordered proteins.'*** For exam-
ple, the low complexity domain-containing protein fused in
sarcoma (FUS) undergoes LLPS prior to conversion into
insoluble deposits." Insoluble deposits of FUS are found in
the brains of patients with Pick's disease and frontotemporal
dementias.'® Disease mutations in FUS leading to
amyotrophic lateral sclerosis accelerate the transition from
the liquid demixed state to an aberrant aggregated form,"”
while phosphorylation interferes with LLPS of the FUS low-
complexity region."” In addition, toxic dipeptide repeats
coded by hexanucleotide expansions in the C9ORF72 gene,
which are major causes of familial amyotrophic lateral scle-
rosis and frontotemporal dementia, condense to form liquid
droplets.'® Other proteins associated with amyotrophic lat-
eral sclerosis, such as hnRNPA1 and TDP43, also separate
into distinct phases in solution.'**°

Tau has a strong propensity for LLPS in vitro,
with heparin-induced fibrillization of tau being strongest
in buffer conditions that promote tau LLPS such as low
ionic strength and physiological temperature.*' Posttrans-
lational modifications modulate tau LLPS: phosphoryla-
tion promotes tau LLPS,*"**** while acetylation blocks
tau LLPS in vitro®>?® as well as co-localization of tau with
stress granules in cells.”® LLPS of tau also provides a
mechanism for the concentration of tubulin inside tau
droplets resulting in highly efficient assembly of tau into
microtubules,”” a process that is blocked by
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phosphorylation of tau at the disease-associated epitope
AT180.2* In addition, tau forms condensates on the sur-
face of microtubules.?®**® Moreover, it was recently
shown that aSyn can undergo LLPS at low pH.>

Here we study the ability of full-length and C-
terminally truncated aSyn to undergo LLPS alone or in
the presence of RNA and to concentrate inside of pref-
ormed tau droplets. We also investigate whether the
recruitment of aSyn affects the diffusion of tau inside
droplets and determine the residue-specific basis for the
interaction between tau and aSyn, which determines the
enrichment of aSyn inside tau droplets.

2 | RESULTS
2.1 | aSyn and aSyn“€ do not phase
separate at pH 7.4

To investigate the ability of the Parkinson's disease-
associated protein aSyn to undergo LLPS in vitro, we
recombinantly produced full-length human aSyn (140 res-
idues). Because C-terminally truncated versions of aSyn
are present in the brains of Parkinson's disease
patients,*** we also prepared aSyn““ comprising resi-
dues 1-107 of aSyn.

Using differential interference contrast (DIC) micros-
copy as well as fluorescence microscopy, a range of differ-
ent sample conditions was screened for LLPS of the two
proteins (Table S1). The experiments were performed at
pH 7.4 with aSyn concentrations up to 500 pM, that is, at
least 10-fold higher than aSyn concentrations in neurons.
In addition, different buffers (PBS and HEPES) were
tested, as well as the two molecular crowding agents dex-
tran and polyethylene glycol (PEG). No protein droplets
were detected under any of these conditions (Figure S1,
Table S1). The combined experiments showed that full-
length aSyn does not undergo LLPS in these conditions,
in agreement with a low propensity of aSyn for LLPS at
pH 7.4°° In addition, the experiments showed that the
removal of the negatively charged C-terminal domain of
aSyn does not promote LLPS under these conditions.

2.2 | RNA fails to promote aSyn or
aSyn“€ phase separation

Next, we tested the propensity of aSyn for cooperative
LLPS with nucleic acids. This type of LLPS is known as
complex coacervation. Indeed, many proteins were shown
to undergo complex coacervation with RNA, in agreement
with the observation of biomolecular condensates in cells
that are rich in RNA.>*** Using different molar ratios of
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aSyn and tRNA, LLPS was probed at 37°C using both DIC
and fluorescence microscopy. Under none of the condi-
tions, however, LLPS was detected (Table S2). In addition,
we performed DIC experiments for aSyn“S (100 pM) in
the presence of different concentrations of polyU RNA
(0.05-1.5 mg/ml). Again, no droplets, which would suggest
the occurrence of LLPS, were observed (Table S2). The
experiments showed that aSyn has a low propensity for
RNA-mediated phase separation under these conditions.

2.3 | aSyn concentrates inside tau
droplets

Besides the ability of aSyn to undergo LLPS in solution, a
potential role for LLPS in the pathogenic misfolding of

aSyn could reside in the recruitment of aSyn to phase-
separated compartments formed by other proteins.
Because of the known synergistic role of aSyn and tau in
the proteins’ aggregation,'" we investigated if aSyn con-
centrates into preformed droplets of tau (Figure 1a).

To this end, we recombinantly produced the
441-residue 2N4R tau (further termed tau), the longest
isoform of tau in the adult human brain.*® Previous stud-
ies had shown that tau phase separates efficiently using
RNA,**?® in agreement with the ability of tau to co-
localize with stress granules,”®*® cellular condensates
rich in RNA. We therefore formed droplets by mixing tau
(50 pM) with polyU RNA (60 nM). To increase the stabil-
ity of the droplets, we additionally added 2.5% dextran.®
Tau protein strongly concentrated inside the droplets
(Table 1). In addition, we prepared tau droplets in the
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aSyn recruitment into phase-separated liquid-like droplets of tau protein. (a) Schematic representation of aSyn recruitment

into tau droplets. (b) Differential interference contrast microscopy (DIC) and fluorescence microscopy demonstrate strong concentration of
fluorescein (FAM)-labeled aSyn (2 pM; green channel) in tau liquid-like droplets (LD) formed by LLPS in the presence of 10% dextran
(tau/dextran LD). (c) Tau/RNA liquid droplets (tau/RNA LD) of tau protein alone (60 pM, spiked with small amount of Alexa Fluor
488-labeled tau) or tau protein (50 uM) in combination with aSyn or aSyn““ proteins (10 M, spiked with small amount of Alexa Fluor

488-labeled aSyn or aSyn“, respectively) were formed using 60 nM polyU and stabilized by addition of 2.5% dextran. Liquid droplets were
imaged immediately (0 min) or after 20-30 min of incubation at room temperature. (d) Normalized mean FRAP recovery curves and
corresponding FRAP images of 60 pM tau control sample (red curve; upper panels) and 50 pM tau +10 pM aSyn sample (blue curve; lower
panels). Tau or tau + aSyn liquid droplets were prepared using 60 nM polyU and 2.5% dextran as described in Section 4 and spiked with a
small amount of Alexa Fluor 488-labeled tau. Data points represent mean values across five replicates and error bars show + SD. Fitting of
data (black curves) was done assuming an exponential recovery. FRAP images show pre-bleached sample (pre-bleach), bleached sample

(t = 0), and sample after ¢t ~ 15 s or ¢ =~ 98 s of recovery. Scale bars, 20 pm in (b) and (c), and 10 pm in (d)
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TABLE 1 Partitioning coefficients of fluorescently labeled tau,
aSyn or aSyn“€ into tau/RNA or pTau(Cdk2)/RNA droplets

Tau/RNA LDs pTau(Cdk2)/RNA LDs
Tau 3.26 + 0.41 4.46 + 0.49
aSyn 1.83 + 0.29 1.21 + 0.04
aSyn~¢ 1.05 + 0.05 1.03 + 0.01

Note: Liquid droplets of tau control (tau/RNA LDs) or Cdk2-phosphorylated
tau (pTau(Cdk2)/RNA LDs) were prepared using 60 nM polyU and 2.5%
dextran as described in the Section 4. Partitioning coefficients of
fluorescently labeled tau, aSyn or aSyn““ were calculated as the average
droplet fluorescence intensity over the average fluorescence intensity of the
dispersed phase (background) and presented as a mean + SD of 60-70
droplets/background measurements from two independent experiments.

absence of RNA by increasing the concentration of dex-
tran to 10% dextran (Figure 1b).

We then added 10 pM of aSyn to the preformed tau
droplets such that the tau concentration was fivefold
higher when compared to aSyn. aSyn alone did not form
droplets (Figure S1). Fluorescence microscopy showed that
aSyn concentrates inside the tau droplets independent of
the presence of RNA (Figure 1b,c, respectively). Compari-
son of the fluorescence intensity of aSyn inside and out-
side of the tau/RNA droplets yielded a partition coefficient
of 1.83 + 0.29 (Table 1). In contrast, the concentration of
the C-terminally truncated aSyn did not increase inside
tau/RNA droplets (Figure 1c, bottom row; Table 1).

2.4 | Rapid tau diffusion in tau/RNA/
aSyn droplets

Next, we asked if the recruitment of aSyn into tau/RNA
droplets modulates the intra-droplet diffusion of tau. The
latter was examined by fluorescence recovery after photo-
bleaching (FRAP). Photobleaching was performed for tau
in tau/RNA droplets and tau/RNA/aSyn droplets
(Figure 1d). Quantitative analysis showed that in both cases
the fluorescence recovery was exponential and indistin-
guishable (Figure 1d; bottom). Similar results were obtained
for the C-terminally truncated aSyn (Figure S2). The analy-
sis showed that—without aging the sample—neither the
mere presence of aSyn nor the concentration of aSyn inside
the tau/RNA droplets slowed down the diffusion of tau.

2.5 | Ripening of tau/RNA/aSyn droplets
An intrinsic property of LLPS is the growth and fusion of
liquid-like droplets with increasing incubation time. We
therefore imaged the tau/RNA and tau/RNA/aSyn drop-
lets immediately after preparation and again after 3 hr of
incubation at room temperature. While immediately after

preparation droplets with a diameter of ~1-5 pm were
observed, a giant condensate/droplet with a diameter of
~50 pm was seen in case of tau/RNA LLPS after 3 hr of
incubation (Figure 2a). In the presence of aSyn, conden-
sates as large as ~100 pm diameter were even observed
(Figure 2a). Notably, a strong enrichment of aSyn inside
the growing tau/RNA droplets had occured (Figure 2b).

2.6 | Interplay of aSyn fibrils with
preformed tau/RNA/aSyn droplets

To gain insight into the interplay between aSyn fibrils and
tau condensates, we prepared tau/RNA droplets, into
which aSyn was partitioned. Afterwards we added aSyn
fibrils. This condition mimics a situation inside a neuron
that contains tau condensates encountered by aSyn fibrils.
The aSyn fibrils, for example, might have been taken up
by the neuron as part of the trans-cellular spreading of
aSyn inside the brain of a PDD patient. aSyn-containing
tau droplets were observed by DIC and fluorescence
microscopy in a freshly prepared sample (Figure 2c). Some
of these tau/RNA/aSyn droplets were attached to aSyn
fibrils (Figure 2c, left), whereas other aSyn fibrils remained
separated/free (marked by asterisks in Figure 2c). After
incubation for 1.5 hr at room temperature the droplets
had increased in size (Figure 2c, right), presumably due to
Ostwald ripening. In addition, some deformed tau/RNA
droplets were observed (Figure 2c, right). The data show
that aSyn fibrils can associate with tau/RNA droplets and
change their morphology, thus providing support for a
mechanism in which the perturbation of tau condensates
by aSyn fibrils contributes to disease severity.

2.7 | Cdk2-phosphorylation of tau
disfavors aSyn partitioning into tau
droplets

Previous studies have shown that phosphorylation of tau by
the proline-directed kinase Cdk2 promotes LLPS of tau in
the absence of RNA.>* NMR-based analysis furthermore
showed that Cdk2 phosphorylates predominantly residues
in the proline-rich region P2 of tau (Figure 3a).** We there-
fore tested if Cdk2-phosphorylation of tau enhances RNA-
mediated LLPS of tau. Quantification of tau fluorescence
intensities inside and outside of the droplets resulted in par-
tition coefficients of ~3.3 and ~4.5 for unmodified and
Cdk2-phosphorylated tau, respectively (Figure 3b, Table 1).
We then asked if aSyn or aSyn“ partition into the
droplets of Cdk2-phosphorylated tau. In agreement with
the findings for unmodified tau, aSyn“*“ was enriched
very little inside pTau(Cdk2)/RNA droplets (Figure 3b,
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FIGURE 2 Ripening of tau + aSyn droplets. (a) Differential interference contrast microscopy (DIC) microscopy of tau/RNA liquid
droplets of 60 pM tau control (upper panels) or 50 pM tau +10 pM aSyn (lower panels) prepared using 60 nM polyU and stabilized by
addition of 2.5% dextran. Samples were imaged immediately after preparation or after 3 hr incubation at room temperature. (b) Giant
droplets of 50 pM tau +10 uM aSyn spiked with a small amount of Alexa Fluor 488-labeled aSyn were prepared as described in (a) and
imaged by DIC and fluorescence microscopy. Note the strong enrichment of fluorescently labeled aSyn in giant tau/RNA droplets. (c) Tau/
RNA liquid droplets containing aSyn prepared as in (b) (i.e., with 60 nM polyU and 2.5% dextran) were mixed in an Eppendorf tube with
freshly sonicated aSyn fibrils (final fibril concentration 5 uM). As in (b), the sample was spiked with a small amount of Alexa Fluor
488-labeled aSyn. Samples were imaged immediately after preparation (0 hr), and after 1.5 hr incubation at room temperature. White
arrow—Droplets with deformed shape; white asterisk—aSyn fibrils. Scale bar, 20 pm
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FIGURE 3 Interaction of aSyn with the proline-rich region P2 of tau. (a) Domain organization of 2N4R tau displaying the inserts N1
and N2, the two proline-rich regions P1 and P2 and the five pseudo-repeats R1-R4 and R'. Sites phosphorylated by Cdk2 are marked with
diamonds (larger diamonds indicate more strongly phosphorylated sites).** (b) RNA-mediated LLPS of Cdk2-phosphorylated tau (top), and
enrichment of aSyn in pTau(Cdk2)/RNA droplets (middle; Table 1). aSyn“ was not significantly enriched in pTau(Cdk2)/RNA droplets
(bottom; Table 1). Scale bars, 20 pm. Fluorescence images were taken immediately after addition of aSyn (middle) and after 20-30 min of
incubation (right). (c) Normalized and averaged "H-'°N chemical shift perturbations (black bars; left axis) together with normalized signal
intensity changes (gray line; right axis) in aSyn upon addition of tau (aSyn:tau 1:10 molar ratio). The horizontal dotted line indicates the
average chemical shift perturbation plus one SD. I and I, are the intensities of "H-'>N cross peaks in the presence and absence of tau. The
domain organization of aSyn is reported on the top with the N-terminal domain, the NAC region and the C-terminal domain shown in
green, orange and light blue, respectively. (d) Best fit of proton chemical shift changes of representative aSyn residues experiencing fast
chemical exchange due to tau binding. (e) "H-'>N SOFAST-HMQC spectrum of tau in the absence (black) and in the presence of a 10-fold
molar excess of aSyn (yellow). Cross peaks with pronounced chemical shift perturbation are labeled. (f, g) Normalized and averaged 'H-'*N
chemical shift perturbations (black bars; left axis) together with normalized signal intensity changes (gray line; right axis) in tau upon
addition of a 10-fold molar excess of aSyn (f) or aSyn““ (g). I and I, are the intensities of "H-">N cross peaks in the presence or absence of
aSyn (f) or aSyn“€ (g). The horizontal dotted lines indicate the average chemical shift perturbation plus one SD. The domain organization of
2N4R tau is displayed on the top
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bottom row; Table 1). In the case of full-length aSyn,
however, Cdk2-phosphorylation of tau modulated the
partitioning of aSyn: less aSyn was concentrated inside of
pTau(Cdk2)/RNA droplets when compared to tau/RNA
droplets (Table 1).

2.8 | The C-terminal domain of aSyn
interacts with the proline-rich region P2
of tau

The above experiments indicate that the partitioning of
aSyn into tau droplets is specific and depends on a direct
interaction between aSyn and tau. Previous studies have
shown that tau binds to the C-terminal domain of
aSyn.*?”* Less is however known about the binding
sites in tau.

We therefore performed NMR titration experiments
with tau and aSyn. In agreement with previous studies,
addition of tau caused chemical shift perturbations pre-
dominantly in the C-terminal domain of aSyn
(Figure 3c). Although we did not reach saturation, fitting
of the 'H/'*N chemical shift perturbations of N122, Y125
and S129 for increasing concentrations of tau to a single
site binding model resulted in a dissociation constant of
~200 pM (Figure 3d).

Next we added aSyn to ’N-labeled tau and recorded
two-dimensional "H/"°N correlation spectra (Figure 3e).
Comparison of the NMR spectra of tau in the absence
and presence of aSyn revealed changes in peak position
for a number of cross peaks. Sequence-specific assign-
ment of the cross peaks revealed that the strongest signal
perturbations occur for the tau residues located in the
proline-rich region P2 including A227 and S235
(Figure 3e). Additional, smaller chemical shift perturba-
tions were observed in the repeat region of tau
(Figure 3f). In contrast, addition of the C-terminal trun-
cated protein aSyn“ did not influence the intensity or
position of the "H/"N cross peaks of tau (Figure 3g). The
analysis shows that while aSyn can bind to the repeat
domain of tau,**” full-length aSyn preferentially interacts
with the proline-rich region P2 of tau. The binding of the
C-terminal domain of aSyn to the proline-rich region P2
further suggests that the interaction is predominantly
electrostatic in nature: the highly negatively charged C-
terminal domain of aSyn binds to the strongly positively
charged P2 domain of tau.

3 | DISCUSSION

In the brain of patients diagnosed with PDD insoluble
deposits of aSyn and tau are often present.”? Consistent

with a toxic interplay between these two pathologies, aSyn
and tau synergistically promote their oligomerization and
fibrillization in vitro, inside cells and in animal models of
neurodegenerative disease.”"'** Because LLPS of proteins
has recently been suggested to be an important process in
neurodegenerative diseases, we here investigated the inter-
action of aSyn with tau and the consequences on tau
LLPS. Using a combination of LLPS assays and NMR spec-
troscopy we showed that full-length but not carboxy-
terminally truncated aSyn concentrates inside tau droplets.
This partitioning depends on the direct binding of the
carboxy-terminal domain of aSyn to the proline-rich
region P2 of tau and is regulated by tau phosphorylation.

The tau protein and different parts of it readily phase
separate in solution in the presence of RNA.**?® In addi-
tion, the repeat region undergoes LLPS at pH values close
to its p.>' 2N4R tau also phase separates in the absence
of RNA or molecular crowding agents, when the ionic
strength of the solution is low.?**° In contrast, we found
that aSyn, as well as a C-terminally truncated version of
aSyn, have low LLPS propensity at physiological pH and
temperature. In addition, we did not observe the forma-
tion of aSyn droplets in the presence of RNA. This, how-
ever, does not exclude that aSyn is able to phase separate
in solution and bind to membrane-less organelles in the
cell. Indeed, a previous study has shown that low pH
enables aSyn LLPS in vitro.*

Condensates in cells often contain a large number of
proteins and RNA. At the same time, not all proteins play
the same role in the biogenesis of condensates. Indeed, a
number of studies have suggested that some proteins act
as scaffold proteins, that is the LLPS of these proteins
drives condensation, while other proteins are clients that
are recruited to the condensate initiated by LLPS of scaf-
fold proteins.*' We showed that although aSyn has a low
propensity for LLPS in solution, it efficiently concentrates
inside tau droplets (Figure 1). The enrichment of aSyn in
tau droplets depends on the direct interaction between
the P2 region of tau and the C-terminal domain of aSyn
as demonstrated by C-terminal truncation of aSyn and
phosphorylation of the P2 region of tau (Figures 1 and 3).
Because the C-terminus of aSyn is highly negatively
charged while the non-phosphorylated P2 domain of tau
is positively charged, the data also indicate that par-
titioning of aSyn into tau droplets is electrostatically
driven. Besides changes in electrostatic interactions due to
tau phosphorylation, structural changes induced by phos-
phorylation in the P2 region** might further contribute to
the decreased partitioning of aSyn into droplets of phosphor-
ylated tau (Figure 3b, Table 1). In addition, we found that
aSyn fibrils can associate with tau droplets (Figure 2c).
Taken together the data suggest that while tau may act as a
scaffold protein for condensation in neurons, for example,
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on microtubules,”®*° aSyn can become enriched in these
condensates through direct binding to tau.

Several previous studies investigated the co-
aggregation of aSyn and tau both in vitro and in
cells.****3 The in vitro experiments by Giasson et al.’
are particularly interesting, because they used purified
compounds and secondary effects can therefore be
excluded. Indeed, Giasson et al. demonstrated that
coincubation of tau and aSyn induced polymerization of
both proteins. In addition, the authors performed
immuno-electron microscopy with antibodies recogniz-
ing the two proteins as well as secondary antibodies con-
jugated to gold particles, in order to probe the
composition of the fibrils formed by mixing aSyn and tau.
The analysis showed that individual fibrils were mostly
homopolymers, whereas a few fibrils were labeled with
antibodies to both aSyn and tau. In addition, other fibrils
were labeled in spatially separate domains with anti-
bodies to either tau or aSyn, suggesting that these fibrils
resulted from the end-to-end annealing of filaments
formed solely by either aSyn or tau.® Using FRAP we
found that bleached tau fluorescence inside of tau/RNA
droplets recovered with the same rate in the absence and
presence of aSyn (Figure 1). This showed that early after
recruitment of aSyn, the tau/RNA/aSyn droplets have
not yet changed their material properties. In addition,
both tau/RNA and tau/RNA/aSyn droplets grew in size
during 3 hr of incubation into giant phase separated com-
partments (Figure 2a,b), presumably due to Oswald rip-
ening. In addition we found that the association of aSyn
fibrils with preformed tau/RNA/aSyn droplets changed
the droplet morphology (Figure 2c), indicating that tran-
scellular spreading of aSyn fibrils in PDD might perturb
tau condensates in neurons that take up aSyn fibrils.

The C-terminal domain of aSyn is known to interact
with a number of binding partners including tau.*> We
demonstrate that the C-terminal domain of aSyn binds
to the proline-rich region P2 of tau (Figure 3). The
proline-rich region P2 is important for the tau-
promoted assembly of tubulin into microtubules,* a
process that is inhibited by Cdk2-phosphorylation.****
In addition, it contributes to the interaction of tau with
the molecular chaperone Hsp90.*® RNA also binds to
the positively charged P2 region of tau.?® Thus, both
aSyn and RNA bind to similar regions in tau. The obser-
vation that the addition of aSyn does not dissolve tau
droplets indicates that the interaction of the P2 region
with both aSyn and RNA is very dynamic and thus
allows the P2 region to participate in both binding pro-
cesses. Because the repeat domain of tau also interacts
both aSyn (Figure 3) and RNA,?® it provides additional
binding sites for the simultaneous interaction with both
binding partners.

The combined data provide the biophysical basis for a
model in which the enrichment of a-synuclein in tau
condensates contributes to the synergistic formation of
a-synuclein/tau pathologies.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification
Tau and aSyn were recombinantly produced in BL21
(DE3) Escherichia coli cells (Novagen) as previously
described.***” aSyn“© was prepared similar to full-length
aSyn. However, due to the different pl, after ammonium
sulfate precipitation the protein was dialyzed overnight
in a buffer containing 25 mM TRIS, 0.02% NaN3, pH 7.0.
After dialysis, the sample was applied to an anion
exchange column (GE Healthcare Life Sciences, Mono S
5/50 GL) and eluted applying a salt gradient from 0 to
1 M NacCl. Buffer exchange was achieved by gel filtration.
>N-labeled aSyn and aSyn““ were produced growing the
bacteria in M9 minimal media supplemented with
'>NH,CI as only source of nitrogen.

4.2 | aSyn fibril preparation

To mimic as closely as possible disease-relevant aSyn
fibrils in our assays, we used aSyn fibrils amplified from
brain tissue as described previously.*® To this end, aSyn
fibrils generated from the same PMCA product of the
Parkinson's disease patient #1 as in Strohaker et al.*®
were used as aggregation seeds and added at a concentra-
tion of 0.5% (wt/wt) to 250 uM aSyn stock solution
(50 mM HEPES, 100 mM NaCl, pH 7.4, 0.02% NaN3)
followed by water bath sonication for 2 min and subse-
quent aggregation under quiescent conditions in 1.5 ml
Eppendorf cups in a ThermoScientific Heratherm
incubator.

4.3 | DIC and fluorescence microscopy

Liquid droplet formation of protein samples was moni-
tored by DIC and fluorescence microscopy. Samples were
fluorescently labeled on lysine residues using Alexa Fluor
488 Microscale Protein Labeling Kit (Thermo Fisher Sci-
entific, #A30006) according to the manufacturer's
instructions. In all experiments, small amount of labeled
protein, which is not sufficient to induce droplet forma-
tion by itself, was added to unlabeled protein to the final
concentration indicated in the text. If not stated other-
wise, tau phase separation was induced using RNA
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analog polyuridylic acid (polyU; Sigma #P9528) to the
final concentration of 60 nM and stabilized by addition of
2.5% of crowding agent dextran T500 (Pharmacosmos) in
final assay buffer 25 mM HEPES pH 7.4, 2 mM DTT. The
exception is Figure 1b where small amount of fluorescein
(FAM)-labeled aSyn was used (final concentration 2 pM)
and liquid droplets of 50 pM tau protein were prepared
using 10% crowding agent dextran in 50 mM HEPES
pH 7.4 containing 50 mM KCI and 1 mM DTT. For
microscopy, 5-10 pl of samples were loaded onto glass
slides, covered with @ 18 mm coverslips and imaged
either immediately or after indicated time. DIC and fluo-
rescent images were acquired on a Leica DM6 B micro-
scope with a 63x objective (water immersion) and
processed using FIJI software (NIH). If not stated other-
wise, experiments were performed at room temperature.

44 | aSyn recruitment experiments

For aSyn co-recruitment experiments into liquid droplets
of unmodified tau protein, samples contained 1:5 ratio of
aSyn:tau (final concentrations: 50 pM tau in combination
with 10 pM aSyn or aSyn““) while the control contained
only tau protein in 60 pM concentration to compensate
for the possible crowding effect of aSyn addition. Small
amounts of Alexa Fluor 488 lysine labeled aSyn or
aSyn“€ (residues 1-107) were mixed with unlabeled aSyn
or aSyn““ proteins respectively to the final concentration
of 10 pM and added to the 50 pM tau. Liquid droplets
were formed in above mentioned way. Tau was visual-
ized by addition of small amounts of Alexa Fluor
488 lysine labeled tau. Recruitment was followed by DIC
and fluorescence microscopy as described.

Tau was phosphorylated through overnight incuba-
tion at 30°C with recombinant Cdk2/Cyclin A2 kinase
(Sigma, #C0495). Phosphorylation was confirmed by
mass spectrometry. Recruitment experiments were per-
formed as described above using approximately 1:3 molar
ratio of aSyn:pTau(Cdk2) (final concentrations:
32-34 pM pTau(Cdk2) in combination with 10 pM aSyn
or aSyn““) while the control contained only tau (37 uM).

4.5 | Partitioning coefficients

Partitioning coefficient calculations were done on sam-
ples prepared the same way as for co-recruitment experi-
ments (see above). Fluorescent microscopy images were
acquired on a Leica DM6 B microscope with a 63x objec-
tive (water immersion) and analyzed using FIJI software.
Fluorescence intensity of labeled proteins located inside
condensed liquid droplets or in the dispersed phase of

the samples (background of the images) was measured
using the ROI manager tool of FIJI software. Partitioning
ratios of fluorescently labeled tau, aSyn or aSyn““ into
liquid droplets formed by either tau or pTau(Cdk2) with
60 nM polyU and 2.5% dextran are calculated as the
average droplet fluorescence intensity based on 35 drop-
lets per sample and the average background fluorescence
intensity based on 35 same-sized ROI measurements per
sample (7 microscopy images per sample, 5 droplets/
background ROIs measured per image). Partitioning
ratios were calculated separately for each microscopy
image. For the co-recruitment into tau liquid droplets
two independent experiments were performed resulting
in a total amount of 60-70 droplets per sample (14 micros-
copy images). The final partitioning coefficients and their
SD were calculated from the mean partitioning ratios of
the microscopy images.

4.6 | Fluorescence recovery after
photobleaching

The influence of aSyn or aSyn““ on dynamics of tau mol-
ecules in the phase-separated state was investigated by
FRAP analysis. As described above, tau phase separation
was induced using 60 nM polyU RNA and droplets were
stabilized by addition of 2.5% crowding agent dextran.
Samples contained 1:5 ratio of aSyn:tau (final concentra-
tions: 50 pM tau in combination with 10 pM aSyn or
aSyn““) while the control contained only tau protein in
60 pM final concentration to compensate for the possible
crowding effect of aSyn addition. Small amounts of Alexa
Fluor 488 lysine labeled tau were mixed with the
unlabeled tau protein to the final tau concentration indi-
cated above and followed during recovery recording. To
minimize droplet movement, FRAP recordings were
done after ~15 min, which is the time required for freshly
formed droplets to settle down on the glass slide and
become less mobile.

FRAP experiments were recorded on a Leica TCS SP8
confocal microscope using 63x objective (oil immersion)
and 488 argon laser line. A circular region of ~4 pm in
diameter was chosen in a region of homogenous fluores-
cence away from the droplet boundary and bleached with
five iterations of full laser power. Recovery was imaged at
low laser intensity (0.05%). Three hundred frames were
recorded with one frame per 330 ms. Pictures were ana-
lyzed in FIJI software (NIH) and FRAP recovery curves
were calculated using standard methods. Briefly, mea-
sured fluorescence was corrected for background fluores-
cence and FRAP signals were internally normalized to
their mean value during the three frames before
bleaching. After correction for acquisition bleaching, the
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values were normalized to the first post-bleach value that
is set to 0. Values were averaged from five recordings and
the resulting FRAP curves + SD were fitted to a single
exponential model (one-phase decay).

4.7 | NMR spectroscopy

'H/"®N SOFAST-HMQC experiments*® were recorded
using a 800 MHz Bruker Avance NEO spectrometer
equipped with a triple resonance cryoprobe. Experiments
were acquired with protein in 50 mM NaPi, 2 mM DTT
and 0.02% NaN3j, supplemented with 5% D,0. Spectra
were processed using Topspin 4.0.6 (Bruker) and ana-
lyzed with ccpnmr Analysis 2.4.2.%°

'H/'*N SOFAST-HMQC experiments on '°N-labeled
tau and '°N-labeled aSyn were recorded at 278 K and
288 K, respectively, with a recycle delay of 0.2 s and 2048
X 356 complex points for the 'H and N dimensions.
During the titration the concentration of the labeled pro-
tein was kept constant at 14 pM and 25 pM for tau and
aSyn, respectively. °N-labeled tau (*’N-labeled aSyn)
was titrated with increasing amounts of unlabeled aSyn
(tau) until 10-fold excess of the ligand was reached.
Sequence specific assignment of tau and aSyn was previ-
ously reported (BMRB IDs 28065, 50701 and 6968).>'">°
The combined 'H/"’N chemical shift perturbation was
calculated according to (((8n)* + (8n/5)%)/2)1/2.

Because predominantly chemical shift perturbations
were observed for most resonances, that is, the binding
process was fast on the NMR time scale, the global
dissociation constant (Ky) was calculated by fitting the
following equation to the experimental data using
MATLAB (v. R2016b 9.1.0.441655, The MathWorks, Inc.,
Natick, MA):

Py +x+Kd—\/(P0 +x+Kqg)?—4Pox

AH = AH P
0

(1)
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