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Liquid-liquid phase-separated tau
colocalizes with and stabilizes Aβ
oligomers

Check for updates

Tina Jacob 1, Marie P. Schützmann 1, Laurin Gerhards2, Laura Hruby3, Gabriel Leprivier 3,
Gültekin Tamgüney1,2 & Wolfgang Hoyer 1,4

Protein aggregation is a hallmark of neurodegenerative diseases, where misfolded proteins
accumulate into insoluble deposits. Emerging studies indicate that liquid-liquid phase separation
(LLPS) may serve as a transient stage in the transition from monomers to amyloid fibrils for several
proteins implicated in neurological disorders. In this study, we investigated the interplay between tau
and off-pathway oligomers of amyloid-beta (Aβ), the two key proteins in Alzheimer’s disease (AD). Our
findings demonstrate that tau condensates act as reservoirs for Aβ oligomers under LLPS conditions.
Inside the tau condensates, Aβ oligomers reduced tau dynamics and formed discrete puncta,
indicating a conducive environment for Aβ oligomer clustering. In contrast, in the absence of LLPS
conditions, tau and Aβ oligomers formed solid-like co-aggregates with distinct morphologies. Tau
significantly affected the kinetics of Aβassembly, stabilizing off-pathwayoligomers and inhibiting their
replacement by amyloid fibrils. Our results highlight interactions between higher-order assemblies of
tau and Aβ that may contribute to AD pathology.

Neurodegenerative diseases are characterized by the progressive loss of
neurons, ultimately leading to cognitive impairment, and often involve
protein misfolding and aggregation. Tauopathies are a subset of neurode-
generative diseases associated with the abnormal accumulation of tau
protein1. Alzheimer’s disease (AD) is the most prevalent tauopathy, char-
acterized by the deposition of tau as neurofibrillary tangles (NFTs)2.Human
tau is primarily expressed in neurons and associated with stability and
organisation of microtubules by coordinating tubulin polymerisation3,4. At
physiological conditions, tau remains stable across a wide range of pH,
temperatures and ionic strengths, however at pathological conditions tau
undergoes aggregation and deposits into insoluble amyloid fibrils. Tau lacks
a well-defined three-dimensional structure and its disordered naturemakes
it highly prone to misfolding and aggregation5. The process of tau aggre-
gation is progressive, initiatingwith smaller assemblies that gradually evolve
into larger fibrils. This progression can be disease-specific with different
tauopathies exhibiting distinct structural conformations, reflected in the
unique folds adopted by tau in each disease6.

Tau was recently identified to undergo liquid-liquid phase separation
(LLPS), a process in which a homogeneous protein solution de-mixes into a
dense protein-rich phase with distinct physicochemical properties. Tau

forms highly concentrated protein condensates or droplets with liquid
characteristics7,8. Phase separation of tau into these compartments leads to
increased protein concentrations on a subcellular level which facilitates
enhanced biochemical reaction rates. Studies on these tau condensates
showed that upon prolonged maturation they can give rise to potential
pathological conformations of tau and hence they may represent one of the
initial stages of tau aggregation9,10. The evidence of in vivo tau condensates
and their subsequentmaturation into amyloid-like aggregates reinforces the
important role of phase separation in tau aggregation10. Beyond the
pathological roles, tau condensates also serve physiological functions, such
as providing nucleation sites for tubulin polymerization, thereby facilitating
microtubule assembly11. Phase separation is triggered when the con-
centration of the protein exceeds a certain threshold, and for tau this
threshold is usually lowered by RNA or RNA-binding proteins12 or by
crowding agents11,13. This property of phase separationmirrors the need for
heparin or other polyanions to induce tau aggregation in vitro14, although
the timescale of both processes can be variant, with LLPS happening within
minutes while aggregation can take days.

Along with tau, the second polypeptide critically implicated in AD
pathogenesis is amyloid-β (Aβ), which denominatesmainly two peptides,
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Aβ40 and Aβ42, resulting from the cleavage of amyloid precursor protein
(APP) by γ-secretase15. Like tau, Aβ has no fixed secondary structure, and
unlike tau, which needs either seeds or cofactors such as heparin for
efficient aggregation, Aβ is highly aggregation-prone, forming β-sheet-
rich structures which range from oligomeric species to amyloid fibrils and
plaques which can also be found in AD brains. Unlike NFT spreading,
however, the Aβ plaque load does not necessarily allow inference of the
progression of symptoms, fitting to the hypothesis that the most aggres-
sive form of Aβ are small soluble oligomers, not the mature amyloid
fibrils16,17.

Oligomers aremetastable, pathological protein assemblies that adopt a
morphology distinct from fibrils and arise during early stages of the
assembly pathways. Membrane disruption, ion dysregulation, neuronal
apoptosis, and neural signal dysfunction are some of the toxic effects of Aβ
oligomers, leading to severe cognitive deficits. In addition, their ability to
disrupt Ca2+ homeostasis18 and to induce endoplasmic reticulum (ER)
stress19 makes them central to the progression of AD. The on-pathway and
off-pathwaymodels are twomechanisms depicting the observed diversity of
oligomer formation20,21. On-pathway oligomers are transient pre-cursors of
amyloid fibrils. In contrast, off-pathway oligomers are metastable, alter-
native aggregates that do not progress towards amyloid fibril formation, but
have been linked to particularly detrimental activities17,20,22.

Locating the primary pathological species among the many reported
forms of tau and Aβ, including oligomers, condensates and fibrils, remains
challenging15,23 (Fig. 1). Rather than a single toxic conformer, it appears that
a collective effect of these species underlies the pathology of neurodegen-
erative diseases23. The concurrent existence ofNFTs and amyloid plaques in
AD stresses that exploring the interplay between tau and Aβ is vital. Studies
to date implicate the tau-Aβ interaction to be bi-directional where Aβ
promotes the hyperphosphorylation24 and causesmissorting of tau22 in cells,
and reducing tau levels correlate with reduced Aβ toxicity25,26. With this
evidence that AD is likely to result from an interplay between both tau and
Aβ27,28, understanding their early pathological assemblies and interactions
could yield critical insights into themechanisms driving AD pathology and
progression29–33. Here, we investigate the interplay of off-pathway Aβ oli-
gomers and tau, with a focus on LLPS conditions.

Results
Interaction of tau condensates with Aβ42 oligomers
The propensity of full-length 4R-Tau (hTau40; hereafter referred to as tau)
to form condensates was studied at a tau concentration of 10 µM in Tris
buffer (pH 7.4), in the presence of 10% polyethylene glycol (PEG 6000) as a
molecular crowding agent. The presence of condensates was confirmed
using differential interference contrast (DIC) microscopy and validated by
confocal microscopy upon labelling tau with Alexa-647 fluorophore
(Fig. 2A, B). The microscopy images support the phase separation ability of
tau in vitro.

To study the interaction between Aβ oligomers and tau under LLPS
conditions, tau condensateswere incubatedwithAβ42oligomers (Aβ42Os).
The critical oligomeric concentration (COC) represents the minimum
monomer concentration above which the formation of metastable globular
oligomers becomes thermodynamically favourable under the given solution
conditions34,35. For Aβ42, the COC lies between 10 and 30 µM36; therefore,
experiments were performed using oligomers derived from 40 µM
Aβ42 (Fig. 3A).

We observed an interesting co-localisation of Aβ42O with tau con-
densates (Fig. 3B). The condensates were spherical and dynamic, consistent
with a liquid-like nature (Supplementary Movies 1, 2). While tau remained
homogeneously distributed within the condensates, Aβ42O displayed a
non-uniform distribution, indicative of amultiphasic internal organization.
The tau-Aβ42O co-condensates coexisted with amorphous aggregates
harbouring both proteins (Fig. 3C). In contrast to the liquid-like con-
densates, these aggregates were immobile, consistent with solid-like prop-
erties, and exhibited substantial heterogeneity in size and morphology
(Fig. 3C, Suppl. Movies 1, 2).

DimAβOs colocalize with tau condensates
Standardpreparations ofAβ42Os typically contain considerable amounts of
Aβ42monomers and amyloidfibrils, due to the relatively highCOCand the
limited kinetic separation of oligomer andfibril formationphases36. In order
to specifically investigate the interaction of tau with off-pathway oligomers
of Aβ, we employed the dimeric Aβ variant termed dimAβ35,36. DimAβ
mimics a high local concentration of Aβ by incorporating two covalently
linked Aβ40 subunits in a single polypeptide chain, linked by a glycine-
serine-rich flexible linker. DimAβ rapidly forms metastable off-pathway
oligomers (dimAβOs) upon exceeding a COC of ~1.5 µM, which is mark-
edly lower than that of native Aβ constructs22,35,36. Above this COC, dimAβ
exhibits biphasic assembly kinetics, initially forming off-pathway oligomers
in thefirst phase (Fig. 4A, phase i) that are gradually replaced byfibrils in the
second phase upon prolonged incubation (Fig. 4A, phase ii). In the absence
of agitation (e.g., as caused by the movement of a microplate in a fluores-
cence plate reader), the second phase according to fibril formation is not
observed, enabling in-depth characterization of a homogenous population
ofmetastable off-pathway oligomers free fromAβmonomers orAβfibrils22.
Owing to their distinct kinetic properties compared to fibrils and their
shared structural and toxic characteristics with native Aβ42 oligomers22,
dimAβOs serve as a reliable in vitro model for investigating Aβ oligomer
toxicity and interactions. To study the interaction of dimAβOs with tau
condensates, dimAβOs were prepared by incubation of dimAβ in the
absence of any mechanical agitation, which abrogates the amyloid fibril
formation phase22. The resulting dimAβOs, harvested after 3–4 hours of
incubation,were imaged by atomic forcemicroscopy (AFM) (Fig. 4B, image
i) andDICmicroscopy (Fig. S1a) prior to their application in tau interaction
experiments.

To study their interaction, 4 µM dimAβO and 10 µM tau were inves-
tigated at pH 7.4 in the presence of 10% PEG. First, 10% PEGwas added to
tau, followed by addition of dimAβOs to the phase-separated tau and
imaging using DIC microscopy. Tau in presence of dimAβOs showed
similar condensates (Fig. S1b) as tau alone (Fig. 2A). The experiments were
re-performed using confocal fluorescence microscopy. For this, Alexa-647-
labelled tauwasmixedwithunlabelled tau in amolar ratioof 1:60 andAlexa-
488-labelled dimAβ was mixed with unlabelled dimAβ in a molar ratio of
1:20 to generate fluorescently labelled samples. Unlike tau, fluorescently
labelled dimAβOs showed no condensate formation at 10% PEG (Fig. S1c,
d), and the substoichiometric addition offluorescent labelled dimAβdid not
interferewitholigomer formation (Fig. S2). In confocalmicroscopy a strong
colocalization of both proteins was visible, hinting at recruitment of
dimAβOs into tau droplets (Fig. 5A). DimAβOs explicitly exhibited a
complex multiphasic re-organisation in the co-localised droplets, similar to
Aβ42O-tau condensates. Thesemultiphasic condensates showed a uniform
distribution of tau. DimAβOs were dispersed throughout the entire tau
droplet, but in addition showed a nested droplet-like organisation with
puncta indicating clusters of high dimAβOconcentration (Fig. 5B). Of note,
not all taudroplets contained thesepuncta (Fig. S3) and thepuncta exhibited
variable morphologies across condensates (Fig. S4). Time-lapse imaging
revealed that these nested dimAβO puncta within tau condensates persist
over time without detectable changes in size or morphology, indicating
comparatively rigid organization within the condensates (Fig. S5).

To test if LLPS of dimAβOs is driven by an interaction with tau or if it
also occurs in the absence of tau, droplet formation in dimAβO solutions,
tau solutions, and mixtures thereof was monitored by turbidity measure-
ment.Taudisplayed its characteristic turbidity increasewith increasingPEG
concentrations (Fig. 6A). In contrast, dimAβOs showed almost no turbidity
in response to increasingPEG, indicating that the interactionwith taudrives
dimAβOs into the co-condensates. Addition of increasing concentrations of
dimAβOs to 10 µM tau solutions did not lead to clear changes in the tur-
bidity readout and thus did not provide evidence for a major change in
condensate number or size (Fig. 6B).

To further assess changes in condensate size in the presence of
dimAβOs, dynamic light scattering (DLS) measurements were performed.
Particle size distributions for tau monomers, dimAβ monomers and
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dimAβOs centred around 2–10 nm, 2–5 nm and 20–100 nm, respectively
(Fig. 6C, S6, 6D–F), consistent with the absence of larger aggregates22,37.
Subsequently, the size of tau condensates in the presence and absence of
dimAβOswasdetermined.UnderLLPSconditions, tau condensates formed
with a mean diameter of 2.3 µm (Fig. 6G), which increased to 3.2 µm in the
presence of dimAβOs (Fig. 6H). This indicates amoderate increase in size of
tau droplets upon co-condensation with dimAβOs.

DimAβOs affect dynamics of tau in the colocalized system
We used fluorescence recovery after photobleaching (FRAP) to investigate
the impact of dimAβOs on tau dynamics within colocalized condensates
(Fig. 7A, C, E). FRAP experiments were performed on freshly prepared
Alexa-647-labelled tau with 10% PEG, using the 640 nm laser line. 25 tau
droplets each in the presence/absence of dimAβOs were measured over a
time period of 400 s and were subsequently analysed and compared. The
results revealed awidedistributionof recovery times and immobile fractions
for tau in the condensates. In the absence of dimAβOs, tau condensates
showed a mean recovery half-time and immobile fraction of 46 ± 24 s and
0.25 ± 0.16, respectively, implying highly mobile, liquid-like dynamics for
tau in the condensates. Upon addition of dimAβOs to the tau condensates,
tau showed an increase in both the half-time of recovery and the immobile
fraction in themajority of the droplets. The recovery half timeof 73 ± 17 s of
tau in co-condensates indicated an increase by 58% to that of tau only
droplets. Similarly, the immobile fraction of the condensates increased by
68% reaching 0.42 ± 0.20 with the inclusion of dimAβOs into tau con-
densates. These results demonstrate that dimAβOs influence the dynamics
of tau in the condensates by increasing the half-time of recovery and
reducing the mobile fraction in the majority of the droplets, suggesting a
decrease in the overall fluidity of the condensates. This shift toward a less
dynamic state of tau indicates a pronounced effect of dimAβOs on the
conformational behaviour of tau.

Broader recovery range of dimAβOs in the colocalized system
An attempt was made to explicitly study the mobility of dimAβOs in the
condensates, both in the dimAβO-dense puncta and in droplets exhibiting
homogeneously distributed dimAβOs. However, bleaching of the puncta

was not possible due to their small size relative to the laser focus and due to
their over-saturated fluorescence compared to the background. Hence, to
study the dynamics of dimAβOs, condensateswithout punctawere selected.
Similar to the earlier FRAP experiment, 25 individual recovery curves were
analysed separately to determinemean half-time of recovery and themobile
dimAβO fraction in the co-droplets (Fig. 7B, D, F). This analysis yielded a
mean half-time of recovery of 86 ± 60 s and an immobile fraction of
0.44 ± 0.24. Compared to tau, the recovery of dimAβOs in the co-localised
droplet did not show a considerable difference, with an 18%higher recovery
time anda5%higher immobile fraction for dimAβOs (Fig. 7D,F).However,
the distribution of dimAβO recovery times extended over a wider range,
including high values up to 300 s. This hints at a heterogeneous population
of different species and interactions of dimAβOs in the condensates.

Tau suppresses fibril formation of dimAβ by stabilizing its
oligomeric form
Since dimAβOs, as AβOs in general, have neurotoxic properties16,17,22, and
we found thatpreformeddimAβOs interactwith tau in co-condensation,we
investigated a potential influence of tau on the formation of dimAβOs
starting from monomeric dimAβ. As described earlier, dimAβ exhibits
characteristic biphasic assembly kinetics in plate reader assayswith an initial
off-pathway oligomer (dimAβO) formation phase followed by a second
phase in which off-pathway oligomers are gradually replaced by amyloid
fibrils (Fig. 4)22,36.

A ThT assay starting from monomeric dimAβ in the absence and
presence of tau was performed both under LLPS and non-LLPS conditions.
Under both conditions, the presence of tau led to a striking alteration of the
characteristic biphasic aggregation kinetics of dimAβ (Fig. 8A, B, S7).While
the off-pathway oligomer (dimAβO) formation phase was recovered, fibril
formation was abrogated in the presence of tau. This indicates that tau does
not interfere with the formation of dimAβO, and that dimAβOs are stabi-
lized in the presence of tau inasmuch as they are not replaced by amyloid
fibrils. Under non-LLPS conditions, the inhibition of the fibrillar phase was
observed even at sub-stoichiometric tau concentrations (Fig. S8). To obtain
structural information on these samples, AFM was performed following
completion of the ThT assays. AFM imaging revealed fibrillar structures in

Fig. 1 | Disease-associated conformers of tau and Aβ. NFTs of tau and amyloid
plaques of Aβ are the hallmark features of AD. Rather than being solely defined by
tangles and plaques, AD has been studied over years as a continuum involving
various toxic species of tau and Aβ. These intermediate species including oligomers

and condensates play a crucial role in disease progression. Here, the interaction of
tau monomers and condensates formed via LLPS with off-pathway oligomers of Aβ
are explored.
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dimAβ samples without tau, both in the absence and presence of PEG
(Fig. 8C i, iii). In contrast, no dimAβ fibrils were detected in samples con-
taining tau, either in thepresence or absenceof crowding conditions (Fig. 8C
ii, iv). Notably, amorphous, non-fibrillar accumulations were observed in
samples containing tau under non-LLPS conditions. As we have found that
a direct interaction of dimAβO and tau leads to their co-condensation, it is
well conceivable that it is the direct interaction of dimAβO with tau that

leads to kinetic stabilization of dimAβOs. These results suggest that tau
stabilizes Aβ oligomers, even in the absence of crowding conditions.

Tau and dimAβOs coprecipitate in the absence of
crowding agents
Arrest of dimAβ at its oligomeric phase and the presence of amorphous
structures in the presence of tau indicated an intriguing interaction of tau

Fig. 2 | Characterization of tau LLPS. A, B Condensates of 10 µM tau, formed in vitro in Tris buffer (pH 7.4) with 10% PEG (PEG 6000), were imaged using (A) DIC
microscopy and (B) confocal microscopy with Alexa-647-labelled tau.

Fig. 3 | Interaction of tau with Aβ42O under LLPS conditions. A AFM image of oligomers derived from 40 µM Aβ42. Aβ42Os co-localised with 10 µM tau as (B)
condensates and as (C) aggregates under LLPS conditions (See Suppl. Movies 1, 2).

Fig. 4 | Characterization dimAβ. A ThT assay in a microplate reader depicts the
biphasic kinetics of 5 µM dimAβ at pH 7.4 with an oligomer formation phase (i)
followed by the replacement of oligomers with fibrils (ii). B AFM images corre-
sponding to the two phases, taken after 5 h (i) and 20 h (ii). For dimAβOpreparation,

dimAβ incubation was not performed in a microplate reader in order to avoid any
mechanical agitation. This halts dimAβ assembly at stage (i) as previously shown22.
The source data for (A) is in Supplementary Data 1.
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and dimAβOs under non-crowding conditions. Therefore, we next inves-
tigated the interaction of tau with dimAβOs in the absence of PEG. Tur-
bidity wasmeasured for 10 µM tauwith increasing dimAβOconcentrations
ranging from 1 to 20 µM (Fig. 9A). Also, under non-LLPS conditions, tau-
dimAβO solutions showed a high turbidity. However, in contrast to LLPS
conditions (Fig. 6B), the turbidity strictly increased with increasing con-
centration of dimAβ (Fig. 9A). DLS experiments for 10 µM tau and 10 µM
dimAβ showed the existence of particles in the size range up to 50 µmwith a
mean diameter of 7–8 µm (Fig. 9B). Imaging of the coprecipitates by DIC
revealed amorphous aggregates, indicating that dimAβOs form large clus-
ters upon interaction with tau under non-LLPS conditions (Fig. 9C). Ima-
gingusingAFMsubstantiated the results fromDICmicroscopy and showed
the presence of amorphous aggregates (Fig. 9C) and absence of any fibrillar
structures as observed inFig. 8D (iv). Fluorescencemicroscopywith labelled
Alexa647-tau and Alexa488-dimAβ, mixed in the same ratio as used for the
LLPS experiments, confirmed the colocalizationof tau anddimAβOin these
aggregates (Fig. 9D). Subsequent FRAP experiments showed little to no
fluorescence recovery in both tau and dimAβOs, implying a solid and
immobile nature of the aggregates (Fig. S9).

To assess the cytotoxicity of tau-dimAβO co-aggregates, lactate
dehydrogenase (LDH) release assays were performed using SH-SY5Y cells.
Cells at the desired confluency were exposed to tau alone, dimAβOs alone,
or preformed tau-dimAβOco-aggregates andmonitored for 72 hours. LDH
measurements at 72 h showed that treatment with dimAβOs resulted in
increased LDH release compared to control, whereas tau alone and tau-
dimAβOco-aggregateswere associatedwith lower levels of cytotoxicity (Fig.
S10). These data suggest that co-aggregation with tau is associated with
reduced acute cytotoxicity of dimAβO.

Intracellular behaviour of tau-dimAβO co-assemblies
To study the stability and potential formation of tau and dimAβO co-
assemblies in a cellular context, preformed co-condensates and co-
aggregates were introduced into HEK293T cells by transfection. For
transfection, fluorescently labelled tau and dimAβOswere used, and the co-
assemblies were prepared like for the in vitro experiments described above,
i.e., by coincubation of 4 µM dimAβOs and 10 µM tau at pH 7.4 in the
presence or absence of 10% PEG. Transfection was performed using a

standardprotocol, afterwhichnucleiwere stainedwithDAPI, and cellswere
imaged in the corresponding fluorescence channels for tau and dimAβOs.
Fluorescence imaging revealed that, following transfection, tau-dimAβO
co-condensates were readily observed within cells, where they remained
stable and co-localized in the intracellular environment (Fig. 10A). In
contrast, tau-dimAβOco-aggregateswere infrequently detectedwithin cells
and were predominantly observed as extracellular deposits (Fig. 10B).

Discussion
Two key proteins central to AD pathology are tau and Aβ, and their
pathological deposits arehallmark featuresof thedisease. Bothproteinshave
been extensively studied and increasing evidence suggests they contribute
synergistically to the disease progression28,38. A bidirectional interplay
between tau and Aβ has been demonstrated in AD pathology. Aβ directly
affects tau pathology by accelerating tau phosphorylation, inducing tau
oligomer formation, and promoting tau aggregation by cross-seeding and
spreading28,38,39. Conversely, tau enhances Aβ toxicity and together they
damage mitochondria, ultimately leading to neuronal death under patho-
logical conditions40. In the context of these synergistic activities, the question
has been posed if they arise from a direct interaction between tau and Aβ38.
Here, we find that tau readily interacts with off-pathway oligomers of Aβ
leading to changes in the assembly dynamics of both proteins.

Strikingly, presence of tau arrests dimAβ assembly at the off-pathway
oligomeric stage. Tau effectively sequesters AβOs either in amorphous co-
aggregates under non-LLPS conditions, or in tau droplets under LLPS
conditions. While the LDH release assay data suggests that this sequestra-
tion reduces acute Aβ oligomer toxicity, it may on the other hand extend
long-term exposure to Aβ oligomers by prolonging their bioactive state.
Consistent with our findings, previous studies have shown that tau inter-
fered with fibril formation of Aβ by disrupting elongation and secondary
aggregation processes33,41. Similarly, Aβ fibril formation was inhibited upon
its sequestrationwithin biomolecular condensates formed bymulti-domain
proteins containing low complexity domains (LCDs)42.

Recently, tau was studied to undergo phase separation, forming
protein-dense condensates that can potentially initiate pathogenic tau fibril
formation9.Our results show that taudroplets could alsobe the sites of direct
tau-Aβ interaction. AβOs slowdown the dynamics of tau in the co-localized

Fig. 5 | Colocalization of tau and dimAβOs. A Incubation of 10 µM of tau with
4 µM of dimAβOs in presence of 10% PEG 6000 resulted in formation of colocalized
droplets withinminutes of mixing.BMagnified view revealing detailed organisation

within a tau-dimAβO droplet. DimAβOs form distinct concentrated AβO nests in
the condensates. The shape and number of AβOs nests on tau condensates varied
across droplets.
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droplets and reduce the overall mobile fraction of tau in the condensates.
This could originate from a dense network of tau and AβO interactions, or
from a fastermaturation of tau inside the co-condensates as observed in the
case of tau mutations43. Outside of the dimAβO puncta, the half-time of
recovery in FRAP for dimAβOs was similar to that of tau. For technical
reasons we could not determine the dynamics of dimAβOs within the
puncta, and therefore we cannot evaluate potential differences in AβO
dynamics within these nested droplets.

The nested droplets represent an interesting “phase within phase”
organisation within the tau-AβO coacervates. This hierarchical structuring
has been previously observed in several functional systems including
nucleoli44,45, stress granules46, and anisosomes47. This type of layering helps
in efficient biochemical compartmentalization and functioning within
membraneless organelles. Tau has previously been shown to form multi-
phasic condensates with prion protein (PrP), exhibiting uniquemultiphasic
layering influenced by the RNA concentration48. Previous studies have
suggested that differences in physicochemical properties, including micro-
polarity and interfacial characteristics, can influence the formation of
multiphasic organization in condensates49,50. In systems where components
differ in these properties, spatial segregation within condensates has been
observed51,52. In the present study, we note that AβOs preferentially localize
into nested subdomains within tau-rich condensates. While we do not
directly measure interfacial tension or polarity in this system, such physi-
cochemical differences may contribute to the observed internal
organization.

The stability of tau-AβOcondensates in a cellular environment adds to
the physiological relevance of this interactive system. Earlier studies show

that overexpressing tau can form condensates in cells, raising the possibility
that tau-AβO condensates may form under pathological or stress-related
conditions10. Biomolecular condensates have been proposed to function
both as hotspots that accelerate amyloid formation and as ‘safe reservoirs’
that sequester amyloidogenic proteins42,53. Hence, characterizing the func-
tional nature of these co-condensates in a cellular environment will be
important for interpreting their pathological relevance.

In contrast to condensate formation, tau-AβO aggregates were pre-
dominantly observed as extracellular deposits. This observation highlights
the distinct behaviours of tau-Aβ assemblies and suggests that co-
condensates and co-aggregates may affect cellular function through diver-
gentmechanisms. Cellular toxicitymeasured by LDH release reveal that tau
reduces the toxicity of AβOs upon co-aggregation. This observation is
consistent with previous studies showing that non-phosphorylated tau
monomers can bind to Aβ42Os and reduce its toxicity41.

Regarding the limitations of this study, it should be noted that further
studies in complementary cellular systems will be required to provide evi-
dence for the physiological relevance of these co-aggregates for neuronal
health. For example, optogenetic systems in which tau clustering is con-
trolled with light are promising tools that can give insight into tau con-
densation and aggregation in cells54–56. Furthermore, while our study
establishes interaction and co-condensation of AβOs with tau, the mole-
cular determinants of this interaction remain unresolved and will require
future domain-specific structural investigations. As discussed above, FRAP
wasonlypossible for taudropletswithhomogeneouslydistributeddimAβO,
not for the nested dimAβO droplets. The dynamics and structural organi-
zation of the nested droplets thus require further investigation.

Fig. 6 | Turbidity and DLS measurements. A, B Absorbance measurements at
400 nm indicating turbidity of (A) either tau or dimAβOs titrated with increasing
concentrations of PEG, (B) tau titrated with increasing concentrations of dimAβOs
and PEG (displayed is themean of n = 3 biologically independent samples, error bars
represent SD). C-H) Particle size distribution determined by DLS of (C) 10 µM tau

monomers, (D) 4 µMdimAβOs, (E,F) 4 µMdimAβOswith different concentrations
of crowding agent, (G) tau condensates at a concentration of 10 µM tau and (H) tau-
dimAβO co-condensates at concentrations of 10 µM tau and 4 µM dimAβOs. The
source data for (A, B) is in Suppl. Data 1.
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The ability of tau to capture other proteins into its condensates is now
increasingly studied. Post-translational modifications and presence of
flexible disordered regions in tau enables it to adoptmultiple conformations
that can interact with a variety of binding partners57. Tau undergoes het-
erotypic phase separation with alpha-synuclein58, TIA159, and PrP60, sug-
gesting a synergistic interplay that may contribute to the progression of
diseases61. Intriguingly, it has been shown that the cellular prion protein
(PrP) interacts with both Aβ and tau at the neuronal membrane and
mediates Aβ-induced tau pathology62. Our findings that tau undergoes
heterotypic condensation with AβOs, together with prior evidence of con-
densation of tau with PrP48, suggest that phase separation may be a central
mechanism underlying these pathogenic interactions.

Methods
Protein expression and purification
pET-28a vector containing the gene for full-length 4R-Tau (hTau40) was
transformed into Escherichia coliBL21(DE3) cells. Cells were grown in 2YT
with kanamycin (50 µg/mL) at 37 °C and induced at OD 0.6 with 1mM of
isopropylD-thiogalactopyranoside (IPTG).Cellswere further grown for 4 h
and subsequently harvested. Cells were lysed with 20mM PIPES buffer,
500mM NaCl, 2mM dithiothreitol (DTT), pH 6.5, complemented by a
protease inhibitor tablet (Roche Applied Sciences). The lysed cells were
sonicated for 5min at 3 sec pulse, 5 seconds pause, whichwas repeated for a
total of three times. The cell debris was then removed by centrifugation at
40,000 g, 4 °C, for 40min. The supernatant was then heated at 80 °C for
15min owing to the thermal stability of tau and the centrifugation was
repeated to remove all denatured proteins. 54% ammonium sulphate was
used to precipitate tau from the clear supernatant overnight and the pellet
with tau was collected by centrifugation the next day. The pellet was
resuspended in ddH2O and dialysed to 20mMPIPES buffer, 50mMNaCl,
2mM DTT, pH 6.5. After overnight dialysis to the desired buffer,

purification of tau was continued using ion exchange chromatography
(IEC)withHiTrap SPFF (5mL) columnand elutedwith a linear gradient of
1M NaCl, PIPES buffer, 2 mM DTT, pH 6.5. Size exclusion chromato-
graphywas then performedon aHi-Load 16/600 Superdex 75 pg column to
remove truncation products and protein was re-buffered into 30mM Tris,
50mMNaCl, pH7.4, as thefinal step. Purification of dimAβwas performed
as described in ref. 22.

Protein fluorescent labelling
Tau was labelled with Alexa-647 NHS ester (Thermo Fisher Scientific,
catalog number A20006). For labelling, 3mg of lyophilized tau dissolved in
90mMHEPES/NaOH, pH 7.9, 10% amine-free DMF, was incubated with
excess dye for ca. 70–90min at 20 °C in the dark. Excess dye was subse-
quently removed by HPLC on a Zorbax SB300 C8 9.4 × 250mm semi-
preparative column.Toobtainfluorescently labelleddimAβ, a variantwith a
cysteine at position 0 was conjugated with Alexa488-maleimide by sus-
pension in a small volume of 50mMNaOH followed by dilution into 1mM
DTT, 300mM HEPES, pH 7, and addition of the same small volume of
50mM HCl. Thereafter, the Alexa488-maleimide was added and left to
react for 30min before purification by HPLC. For confocal microscopy
labelled and unlabelled protein were mixed in the ratio of 1:60 for tau and
1:20 for dimAβ and were briefly incubated at room temperature before
aliquoting. For preparing fluorescently labelled Aβ42, Atto488-Cys0Aβ42
wasmixedwith unlabelled Aβ42 in the ratio of 1:20 and briefly incubated at
room temperature before use in experiments.

Preparation of Aβ42 oligomers
Oligomers from native Aβ42 construct were prepared to study their inter-
action with tau. 1 mg aliquot of Aβ42 from BACHEM (CAS Number:
107761-42-2) was first dissolved in HFIP, aliquoted and lyophilised. After
lyophilisation, each aliquot was first dissolved in 50 µL 50mM NaOH and

Fig. 7 | Dynamics of tau and dimAβOs in the condensates. A, B Time series of
images captured during FRAP experiments using a 640 nm and a 488 nm laser line,
visualising tau (A) and dimAβOs (B), respectively. The experiments were performed
at 10 µM tau and 4 µM dimAβOs in the presence of 10% PEG. To determine the
dynamics of tau in the condensates, individual analysis of 25 independent experi-
ments (n = 25) was conducted. In each case, a region of interest (ROI),mostly central
to the droplets was photobleached, and fluorescence recovery was analysed to assess

protein mobility. Scale bar: 5 µm. C Recovery curves of tau in the condensates+/−
dimAβOs, depicting themean values for half time of recovery andmobile fraction of
tau in the respective cases. D Recovery curves depicting the mean of recovery of
dimAβOs compared with the recovery of tau in the co-condensates. E, F Individual
half-recovery times and immobile fractions from each of the independent experi-
ments (n = 25 independent experiments); mean ± SD indicated by crosshairs. The
source data for (C–F) is in Suppl. Data 1.
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sonicated for 30 s in water bath. After dissolution, it was further added with
20mM NaPi at pH 7.4, followed by 50 µL of HCl. For preparation of
oligomers, 40 µM Aβ42 was incubated at 37 °C for 2 h and was used for
experiments.

Preparation of dimAβ oligomers
DimAβ was initially resuspended in a small volume of 50mM NaOH,
followedby the additionof the appropriate buffer.ThepHwas thenadjusted
by titration with an equal volume of 50mM HCl. The stock solution pre-
pared at higher concentrations (50–60 µM), was subsequently diluted to the
desired concentration and incubated at 37 °C for 3–4 h. Oligomerization
was confirmed by AFM imaging before experiments.

LLPS tau
Unless mentioned specifically, all tau condensates were prepared at a con-
centration of 10 µM in 30mM Tris, 50mM NaCl, pH 7.4, with 10% PEG
6000 (SigmaAldrich-81260). To image the droplets, 5–6 µL of the solution
were placed on a clean glass slide with a coverslip on top to prevent
evaporation.

ThT aggregation kinetics
For the dimAβThT assays, ThT,NaN3, NaCl, and protein were prepared in
a mixture of MOPS and Tris buffer at pH 7.4 such that the desired protein
concentration andconcentrations of 20 µMThT, 0.05%NaN3, and150mM
NaCl were reached in a total volume of 100 µL. The measurement was
performed in a 96-well low-binding plate (Greiner) in a BMG FluoStar
Omega reader. Data points were collected at 37 °C every 5min using the
BMG Reader Control software (version 5.40).

Turbidity measurement and DLS
Turbidity of the protein mixtures was recorded from the optical density at
400 nm, measured with a Jasco V-650 spectrophotometer. All the samples
were prepared shortly before their measurement. DLS was performed on a
submicron particle sizer, Nicomp 380 (Particle Sizing Systems Nicomp).

Data was analysed with the Nicomp algorithm using the intensity-weighted
Gaussian distribution analysis. The sample was measured for 3 cycles, and
the average distribution was generated. For samples containing 10% PEG
6000, a refractive indexof 1.34 andviscosity of 2.5 cpwas taken into account.

Fluorescence recovery after photobleaching (FRAP)
FRAP experiments were done on in vitro droplets formed by Alexa647-tau:
tau (1:60) with Alexa488-Cys0-dimAβ: dimAβ (1:20) using 640 nm and
488 nm laser lines, respectively, imaged on a Olympus FV3000 microscope
with a 60x UPLSAPO water immersion objective. To minimize photo-
bleaching during acquisition, low laser transmission settings were used. For
every droplet of interest (diameter approx. 3 µm) pre-bleach frames (1 s
frame rate, 20 frames) were recorded, followed by bleaching a spot on the
droplet (tornado ROI;1 s) at 100% transmission in the respective laser lines,
andpost-bleach imageswere collected (1 s frame rate, 380 frames). For every
experiment, all the parameters were conserved, and the mean fluorescence
intensities of three regions, namely ROI1 = photobleached region inside a
droplet, ROI2= thewhole droplet of interest, andROI3=background signal
outside the droplet, were recorded. The recovery curves were corrected for
background andfluorescence loss andnormalizedwith easyFRAP63, and the
resulting data was analysed in OriginPro 2021b following the exponential
growth model A 1 � e�kx

� �
.

Differential interference contrast microscopy (DIC)
DIC imaging of condensates and aggregates was performed using a Leica
Infinity TIRFmicroscope operated in DICmode via Leica LASAF software.
For imaging, 6 μL of each sample was placed onto a 60 × 24mm glass cov-
erslip and overlaid with a 20 × 20mmcoverslip. Images were acquired using
a LeicaHCXPLAPO100×/1.47NAoil immersion objective. Image analysis
and processing were carried out using FIJI software (ImageJ, version 1.54 f).

Atomic force microscopy (AFM)
For observing Aβ42 and dimAβ oligomers and fibrils and amorphous
aggregates of tau and dimAβ, 3 µL of each respective sample were applied

Fig. 8 | Effect of tau andPEGon the aggregation kinetics of dimAβ. A,BAssembly
kinetics of 5 µM dimAβ at 37 °C and pH 7.4 in the presence (orange) or absence
(blue) of 10 µM tau under (A) LLPS conditions or (B) non-LLPS conditions. The

corresponding data for two further dimAβ concentrations is shown in Fig. S7.
C, D AFM images corresponding to the ThT assays under (C) LLPS and (D) non-
LLPS conditions. The source data for (A, B) is in Supplementary Data 1.
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onto freshly cleaved muscovite mica. The samples were left to dry, washed
with 500 µL ddH2O, and dried with a stream of N2 gas. Imaging was per-
formed in intermittent contact mode (AC mode) in a JPK Nano Wizard 3
atomic force microscope (JPK) using a silicon cantilever with silicon tip
(either OlympusOMCL-AC160TS-R3 with a typical tip radius of 9 ± 2 nm,
a force constant of 26 N/m and resonance frequency around 250 kHz, or
Olympus OMCL-AC240TS with a typical tip radius of 9 ± 2 nm, a force
constant of 0.5–4.4 N/m and a resonance frequency around 65 kHz). The
choice of tip was made solely for reasons of availability. The images were
processedusing JPKDPDataProcessing Software (version spm-5.0.84). For
the presented images, a polynomial fit was subtracted from each scan line
first independently and then using a limited data range.

Transfection assays
HEK293T cells (ATCC) were maintained in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with
10% (v/v) foetal calf serum (Sigma-Aldrich), 50 U/mLpenicillin, and 50 µg/
mL streptomycin (Sigma-Aldrich) at 37 °C in a humidified atmosphere

containing 5% CO₂. For transfection assays, cells were seeded into poly-D-
lysine–coated 384-well plates (Greiner) at a density of 7000 cells per well in
70 µL of culture medium supplemented with 0.1 µg/mL Hoechst 33342
(Thermo Fisher Scientific). Co-droplets and co-aggregates were prepared as
described previously and incubated with 1.5% (v/v) Lipofectamine in Opti-
MEM for 2 h at room temperature. Subsequently, 10 µL of the transfection
mixture was added to each well 4 h after cell seeding. Plates were incubated
for an additional 2 h at 37 °C and 5%CO₂ prior to imaging using an INCell
Analyzer 6500HS system (Cytiva). Image processing and figure preparation
were performed using ImageJ2 (v2.16.0/1.54p), GIMP (v3.0.6), and
Inkscape (v1.3.2).

Cell toxicity assay-LDH
Human neuroblastoma SH-SY5Y cells (DSMZ) were maintained in Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
supplemented with 10% fetal bovine serum, 1% non-essential amino acids,
and 1% penicillin–streptomycin at 37 °C in a humidified incubator with 5%
CO₂. Cellswere seeded in 96-well plates at a density of 4200 cells perwell in a

Fig. 9 | Interaction of tau and dimAβOs under non-LLPS conditions. A Turbidity
measurements of 10 µM tau with dimAβOs (1–20 µM) show a concentration-
dependent increase in turbidity (displayed is the mean of n = 3 biologically inde-
pendent samples, error bars represent SD). B DLS analysis revealed presence of

particles up to ~50 µm in diameter.CDICmicroscopy showed the presence of large,
heterogeneous clusters and were further supported by AFM imaging.
D Fluorescence microscopy of labelled proteins indicated co-aggregate formation.
The source data for (A) is in Suppl. Data 1.
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total volume of 100 µL and allowed to adhere for 24 h. LDH release was
quantified using the CyQUANT™ LDH Cytotoxicity Assay Kit (Thermo
FisherScientific) according to themanufacturer’s instructions. Briefly, 50 µL
of culture supernatant from eachwell was transferred to a new 96-well plate
and mixed with 50 µL of reaction mixture prepared by combining assay
buffer with substrate solution. Following incubation for 30min at room
temperature protected from light, 50 µL of stop solution was added. The
absorbance of each condition was measured at 490 nm and 680 nm using
multi-detection plate reader (Tecan Safire 2). LDH release was calculated by
subtracting background absorbance (680 nm) from the primary signal
(490 nm) and normalizing values to the baseline control to obtain fold
change. Statistical analysis was performed using one-wayANOVA followed
by Bonferroni’s post hoc test in OriginPro 2021b. Data are presented as
mean ± SEM from independent experiments.

Data availability
The source data underlying Figs. 4A, 6A, 6B, 7C, 7D, 7E, 7F, 8A, 8B and 9A
are provided in Supplementary Data 1. Other relevant data are available
from the corresponding author upon request.
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