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ar  
Alzheimer’s disease (AD) is among the leading causes of death worldwide, and its 
prevalence steadily increases with rising life expectancy and population aging. According to 
the World Health Organization, AD ranks among the top ten causes of mortality globally. The 
pathological accumulation of tau and amyloid-beta (A  represents the principal hallmarks 
of AD. However, therapeutic approaches targeting either tau or A individually have so far 
failed to yield curative outcomes, suggesting the involvement of complex and 
interconnected pathological processes in AD. 

This thesis primarily focuses on investigating the interactions between tau and A  oligomers, 
proposing the central hypothesis that these interactions occur within the cellular 
environment and may play a pivotal role in disease progression. Understanding these 
interactions provides new insights into the mechanisms underlying AD and highlights the 
potential need for therapeutic approaches that target both tau and A concurrently. 

Chapter 1 presents a general introduction to neurodegenerative diseases and AD. It provides 
an overview of tau and A proteins, their structures, physiological roles and mechanisms of 
pathological aggregation. The chapter also introduces dimA , the dimeric A construct 
employed in this study to -pathway A oligomers. The chapter 
concludes a discussion of existing research exploring the interplay between tau and A in 
AD pathology. 

Chapter 2 reviews the concept of liquid–liquid phase separation (LLPS) of tau and -
synuclein and discusses how heterotypic LLPS can modulate protein aggregation. Emerging 
evidence indicates that heterotypic LLPS partners of amyloidogenic proteins can 

behaviour and potentially modulate disease pathways. 

A oligomers under LLPS and non-LLPS conditions. These studies demonstrate that tau and 
A  oligomers exhibit co-condensates and 
co-aggregates. While A oligomers dynamics of tau in the heterotypic 
condensates, tau, in turn, modulates A aggregation. These results provide new insights into 
the molecular basis of AD pathology and demonstrates that tau-A oligomer interactions are 

crowding-induced solution conditions. 

Finally, Chapter 5 integrates the results and highlights their broader implications. This work 

separation in neurodegenerative diseases. It proposes that targeting the synergistic 



 

 
 

pathological behaviour of tau and A may represent a promising direction for future 
therapeutic development in AD. 
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sa enfass n  
Die Alzheimer-
Prävalenz steigt mit zunehmender Lebenserwartung und Alterung der Bevölkerung stetig an. 

sten 
Todesursachen. Trotz intensiver Forschungsbemühungen existiert bislang keine kurative 
Therapie, was die dringende Notwendigkeit unterstreicht, die zugrunde liegenden 
Mechanismen der AD-Pathogenese besser zu verstehen, um wirksame therapeutische 
Strategien zu entwickeln. Die pathologische Akkumulation der Proteine Tau und Amyloid-
Beta (A ) in Form amyloidogener Aggregate gilt als charakteristisches Kennzeichen der 
Erkrankung. Therapeutische Ansätze, die sich bisher ausschließlich auf eines dieser beiden 
Proteine konzentrierten, konnten jedoch keine kurativen Erfolge erzielen, was auf komplexe 
und miteinander verknüpfte pathologische Prozesse hinweist. 

Diese Dissertation befasst sich mit der Aufklärung der pathologischen Wechselwirkungen 
zwischen Tau und A . Die zentrale Hypothese lautet, dass die zellulären Interaktionen dieser 
beiden Proteine eine entscheidende Rolle im Krankheitsverlauf spielen könnte. Ein tieferes 
Verständnis dieser Prozesse könnte neue Einblicke in die zugrundeliegenden Mechanismen 
der AD-Pathogenese liefern und darauf hindeuten, dass therapeutische Strategien, die beide 
Proteine gleichzeitig adressieren, vielversprechender sind als Ansätze, die nur eines der 
Proteine anvisieren. 

Kapitel 1 bildet eine allgemeine Einführung in die AD sowie verwandte neurodegenerative 
Erkrankungen. Neben einer Beschreibung der Strukturen und den physiologischen 
Funktionen der Proteine Tau und A  befasst sich das Kapitel mit den pathologischen 
Prozessen, die zu ihrer Aggregation führen. Darüber hinaus werden bisherige Studien zur 
Wechselwirkung zwischen Tau und A  im Kontext der AD-Pathologie zusammengefasst. 

Kapitel 2 bietet eine Einführung in das Konzept der Flüssig-Flüssig-Phasentrennung ( –
, LLPS) von Tau und -Synuclein und diskutiert, wie LLPS die 

Aggregation von Proteinen modulieren kann. Es beschreibt, wie heterotypische 
Phasentrennungen zwischen amyloidogenen Proteinen deren Aggregationsverhalten 

 

zwischen Tau- und A -Oligomeren unter phasentrennenden und nicht-phasentrennenden 
Bedingungen. Die Ergebnisse zeigen, dass Tau und A  
aufweisen, die zur Bildung gemischter Kondensate und Aggregate führt, welche die 
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A -Aggregation modulieren kann und , wodurch neue Perspektiven für das 
Verständnis der molekularen Grundlagen der AD  werden. 

Kapitel 5 fasst die erzielten Ergebnisse zusammen und diskutiert ihre übergeordnete 
Bedeutung im Kontext der aktuellen Literaturlandschaft. Die vorliegende Arbeit hebt die 
Relevanz von heterotypischer Protein-Interaktionen und Phasentrennung bei 
neurodegenerativen Erkrankungen hervor. Zudem deutet sie darauf hin, dass die 
gemeinsame pathologische Dynamik von Tau und A  ein vielversprechendes Ziel für 
zukünftige therapeutische Ansätze in der AD-Forschung darstellen könnte. 
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Chapter 1: ntro ction 
1.1  Neurodegenerative diseases 
Neurodegenerative diseases (NDs) are a wide group of chronic, progressive disorders that 
are characterized by the gradual loss of structure and function of neurons, resulting in 

 (1,2). These conditions impact millions of 
individuals globally, posing a substantial burden on public health systems. An important 
feature of NDs is the deposition of misfolded proteins as amyloids with altered 
physicochemical properties (3). Frequent proteins involved in the pathogenesis of NDs are 
tau, amyloid-  (A , prion protein (PrP), -synuclein ( S), TAR-DNA-  kDa 
(TDP-  and fused-in sarcoma protein (FUS) and their pathological deposits give rise to a 
wide variety of NDs . and the 

 (5). Table 1.1 gives an overview of important NDs and their key 
characteristics. 

NDs can arise through a combination of genetic and non-genetic factors, and are broadly 
 familial or sporadic (6–8). Familial cases account for a smaller proportion of 

total cases and are caused by inherited mutations that follow clear patterns of genetic 
transmission, often autosomal dominant or recessive (9). These cases typically appear 
earlier in life and are linked to mutations in genes that disrupt cellular processes. In contrast, 
sporadic cases which represent the vast majority of NDs, occur in individuals with no known 
family history of the disease (10). The causes of sporadic NDs are often multifactorial, 
involving a complex interplay of age-related cellular decline, environmental exposures and 
common genetic risk variants that do not follow classic inheritance patterns. 

         Table 1.1: Key NDs and their key characteristics 

 

ND Key proteins A ected brain 
regions 

Clinical symptoms 

Alzheimer's Disease (AD) A Tau Hippocampus, cortex Memory loss, cognitive 
decline 

Parkinson’s Disease (PD) S Substantia nigra Bradykinesia, tremors 

Frontotemporal Dementia (FTD) Tau, TDP-  Frontal/temporal lobes Personality changes, aphasia 

Amyotrophic Lateral Sclerosis 
(ALS) 
Multiple Sclerosis 

TDP-  
 
Autoimmune myelin  
attack 

Motor neurons 
 
White matter tracts in 
CNS 

Muscle weakness, paralysis 
 
Visual loss, paraesthesia 

Huntington’s Disease (HD) Huntingtin Striatum Involuntary movements, 
dementia 
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1.1.1 Prevalence and social impact 

Among all NDs, Alzheimer’s disease (AD) is the most prevalent, accounting for 60–70% of 
dementia cases worldwide (11). According to the World Health Organization (WHO), more 
than 55 million people live with dementia globally, with nearly 10 million new cases each 
year (12). As life expectancy continues to rise, the prevalence of age-related disorders such 
as AD, Parkinson’s disease (PD), and frontotemporal dementia (FTD) is expected to increase 
dramatically. Along with the NDs 
leading to progressive cognitive decline, behavioural changes and ultimately causing death
(13).

1.1.2 Common hallmarks of NDs and major risk factors 

regions, which underlies the diversity of clinical symptoms observed across diseases
(Fig 1.1 A). In AD, widespread cortical atrophy is observed, particularly in the hippocampus 
and temporal lobes, contributing to memory impairment (15). PD is characterized by the 
degeneration of dopaminergic neurons in the substantia nigra within the midbrain, leading 
to motor dysfunction (16). HD exhibits prominent atrophy in the striatum, associated with 
motor, cognitive and psychiatric disturbances (17). Multiple sclerosis is marked by 
demyelinating lesions within white matter tracts across the central nervous system, often 
involving periventricular regions, spinal cord and optic nerves (18). Despite their clinical and 
pathological diversity, many NDs share hallmark features at the molecular and cellular 
levels (19). These include protein aggregation, synaptic failure, disrupted proteostasis, 
mitochondrial dysfunction, oxidative stress Fig 1.1 B).

Fig 1.1: Di erent NDs and their hallmarks. A
(Created with Biorender) B) Common pathological hallmarks of NDs (10).
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NDs arise from a complex interplay between genetic, environmental and lifestyle-related 
factors (20)

Among the risk factors, aging is 
-  (21). 

While aging itself is not a pathological condition, it induces a range of biological changes 
that create a permissive environment for neuronal dysfunction and degeneration. Genetic 

 of various NDs, 
particularly in familial and early-onset cases (22). These mutations can interfere with 
essential cellular processes such as protein folding and clearance, mitochondrial function, 
RNA metabolism and synaptic regulation. Environmental and occupational exposures are 
increasingly recognized as important contributors to the risk of developing NDs, particularly 
in sporadic cases (23). Chronic exposure to certain environmental toxins such as pesticides, 
heavy metals, industrial solvents and air pollutants has been associated with elevated 
incidence of NDs. Lifestyle factors such as diet, physical activity, sleep quality, stress levels 
and cognitive engagement have been shown to modulate brain health over the lifespan . 
Sedentary behaviour, poor sleep hygiene and chronic psychological stress may exacerbate 

linked to increased risk of vascular dementia and other cognitive impairments. 

1.2 Alzheimer’s disease (AD) 
AD is a progressive ND and the most prevalent form of dementia, characterized by gradual 
cognitive decline, memory impairment, behavioural disturbances which ultimately leads to 
death (25). AD was  (26) and now it is one of the 
leading cause of deaths worldwide imposing severe economic impact on the health care 
system (27). 
severe impairment in executing daily functions, language and self-care abilities. Although 
advancing age remains the strongest risk factor, genetic mutations, polymorphism of 
apolipoprotein E gene (APOE  allele), vascular comorbidities and lifestyle factors 
contribute  AD susceptibility (28). 
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Neurodegeneration in AD are attributed to cerebral atrophy, synaptic dysfunction, neuronal 
loss and mitochondrial dysfunction, particularly within the hippocampus and cortex regions 
of the brain (29). However, the pathology of AD is associated with 2 major hallmark 
accumulations; extracellular senile plaques composed of amyloid- and intracellular 

(30) (Fig 1.2).

Till date there is no curative therapy for AD (31). However, several pharmacological 
interventions have been developed that primarily provide symptomatic relief in 
neurodegenerative diseases, whereas non-pharmacological strategies aim to delay 

duals (32,33). Lecanemab is 
for AD in the current times that targets soluble amyloid-

and thereby reducing amyloid plaque formation in the brain . It is a 
monoclonal antibody approved for the treatment of early AD and
slowing down cognitive and functional decline. But Lecanemab was associated with adverse 
events, indicating potential safety concerns that require longer trials and further 
investigation (36,37). Given its rising prevalence and profound socioeconomic burden, AD 
represents a major global health challenge necessitating continued research into disease-
modifying treatments and preventive strategies.

Fig 1.2: Pathology in AD. Comparison between a healthy brain and AD brain.
(Created with Biorender)
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1.3 Tau: structure, function and pathology
Tau protein is a critical microtubule-associated protein that plays a fundamental role in the 
development of AD and other tauopathies, which are a group of neurodegenerative disorders 
characterized by tau aggregation (38). In AD, tau undergoes hyperphosphorylation, leading 

disease (39). These tangles contribute to neuronal dysfunction and degeneration, ultimately 
resulting in cognitive decline and memory loss.

, as a heat stable microtubule-associated protein, that exists
in highly soluble form in neurons throughout the central nervous system (CNS) . Tau is 
predominantly found in the axons of neurons, and the pivotal function of tau is to bind to 
microtubules, enhance the assembly and regulate the stability of microtubules .

Unlike other globular functional proteins, tau is an intrinsically disordered protein (IDP) . 
IDPs contain high proportion of polar and charged amino acids in their sequence, which 
results in the absence of a well- -dimensional structure in their native form . 
Hence, being an IDP, under physiological conditions tau lacks a well- -
dimensional structure and instead, exists as an ensemble of conformations. This structural 

contributes to the interaction of tau with a wide variety of binding partners, 
supporting its physiological roles in microtubule stabilization . Further, tau is a 
versatile protein in neurons and highly multi-functional in nature (Fig 1.3). In the nucleus, tau 

Fig 1.3: Functional roles of tau. Cellular functions of tau based on its occurrence.



contributes to DNA protection and chromatin organization. As a membrane-bound protein, 
signalling and structural 

stability. At the synapse, tau participates in regulating synaptic plasticity and signalling and 
additionally and extracellular tau has been implicated in cell-to-cell communication.

In the adult human brain, six isoforms of tau are expressed, generated through alternative 
splicing of the MAPT (Microtubule-associated protein tau) gene located on chromosome 
17q21 . and 
We refer to the full-length tau as “tau” in this thesis. Tau is characterised into distinct 
structural domains, each composed of s and charge 
properties ( ). At the N-terminus, tau contains a highly acidic projection domain 
that mediates interactions of tau with cellular membranes and other proteins. Next to the N-
terminal region is the proline-rich region, which carries a net positive charge and contains 
multiple sites for phosphorylation and protein-protein interactions. The microtubule-
binding repeats in the central region are critical for the assembly, nucleation, and 
stabilization of microtubules. They are highly basic and are dominated by positively charged 
residues that mediate electrostatic binding of tau to the negatively charged surface of 
microtubules. Finally, the C-terminal region is positively charged and supports microtubule 
stabilization and tau-tau interactions. Together, tau is a basic, hydrophilic protein and is 
highly stable under acidic and high temperature conditions .

structural composition and pathophysiological implications . The K18 isoform of 
tau consists of four microtubule-binding repeats (R1– -terminal region. 

Fig 1.4: Domains of tau. in tau construct and their charges 
B) shows the K18 and K19 isoforms of tau. Adapted from
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K18 retains important structural features that facilitate interactions with microtubules but 
lacks the regions that modulate phase behaviour and other functions associated with the 
full-length protein. In contrast, the K19 or 3R isoform 
domains (R1-R3) of tau. 
occur at a 1:1 ratio and several tauopathies are characterized by the alteration of this ratio of 

 –51). 

1.3.1 Post-  of tau 

Post-
pathogenesis and are also important for the regulation of cellular functions by tau (52). PTMs 
refer to the chemical alterations to a protein that occur at various stages of its life cycle. The 

lead to changes in protein properties and loss of protein functions (53). PTMs are catalysed 

targeted protein (52). They alter the charge and electrostatics of a protein, inducing 
-protein interactions and protein 

aggregation . 

multiple regions (55) (Table 1.2). Phosphorylation is one of the most common and important 
PTMs in the tau protein and is involved in both its physiological and pathological states 
(56,57). Tau has 85 potential phosphorylation sites, and this contributes to about 20 % of the 
whole protein that have the tendency to get phosphorylated (58). It involves the addition of 
a phosphoryl group (PO ) to the polar side chains of amino acids and are carried out by a 
wide variety of kinases and phosphatases. Phosphorylation usually leads to increased 
polarity and hydrophilicity of the targeted amino acids enabling it to form intramolecular and 
intermolecular hydrogen bonding. While a normal phosphorylation of tau is critical for 
neuronal plasticity, a hyperphosphorylation interactions induce large conformational 
changes that may lead to aggregation or disaggregation of proteins (59). In the healthy brain, 
two to three amino acid residues on tau are phosphorylated. However, under pathological 

phosphates per tau protein (60). Ultimately abnormal hyperphosphorylation leads to 
(61,62). 

In addition to hyperphosphorylation, other types of PTMs of tau also contribute to the 
functions and dysfunctions of tau. Site-
brains of AD (63). However, acetylation has been shown to strongly attenuate aggregation of 
four-repeat tau protein while promoting amyloid formation of three-repeat tau . Similar 
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to acetylation, a site-

aggregation (65,66). 

 Table 1.2: PTMs of tau 

 

The role of methylation and ubiquitination in tau aggregation is controversial. Since they are 
observed in both healthy and diseased brains, their exact role in tau aggregation still needs 
to be explored (67,68). The oxidation of the cysteine residues promote tau aggregation into 

 (69). Other PTMs like glycosylation, glycation, ubiquitination and 
SUMOylation involve addition of large sugar groups or protein macromolecules. They impose 
steric hindrance  on the native conformation of tau and hence 
and aggregation (70). All major PTMs of tau, their mode of action, functional and pathological 
roles are listed in  Table 1.2. The transition from functional to pathological tau is not likely a 
consequence of a single PTM, but rather a combination of the intrinsic structural alterations 
and extrinsic cellular conditions that  ultimately end in 
pathogenicity. 

 

PTM Mode of action Functional roles Pathological roles 

Phosphorylation Addition of a 
phosphate group 

Regulates tau’s interaction 
with microtubules 

Hyperphosphorylation reduces 
microtubule binding, disrupts axonal 
stability, and promotes aggregation 

 
Acetylation Addition of an acetyl 

group to lysine 
residues. 

Modulates tau–microtubule 
interaction 

Prevent degradation of tau leading to 
accumulation of tau 

Ubiquitination Covalent attachment 
of ubiquitin to lysine 
residues 

Tags tau for proteasomal 
degradation 

Impaired ubiquitination leads to 

buildup and toxicity 
O-GlcNAcylation Addition of O-linked 

N-acetylglucosamine 
Stabilizes tau and support 
microtubule binding 

Reduced O-GlcNAcylation in 
Alzheimer’s disease enhances 
hyperphosphorylation and aggregation 

Nitration Nitration of tyrosine 
residues 

 Promote tau aggregation; dependent 
on the residues targeted 

Oxidation Oxidation of 
cysteine/methionine. 

 Promote tau aggregation into paired 
 

Methylation Addition of methyl 
groups to lysine or 
arginine residues. 

Modulates tau–microtubule 
binding and structural 
conformation 

Aberrant methylation increases 
aggregation propensity and 
mislocalization. 
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1.3.2 Pathology of tau 

The functional nature of tau under physiological conditions is disrupted by pathological 
abnormalities including aberrant PTMs, mutations in the MAPT gene, hyperphosphorylation 
or enzymatic imbalance (71). Under these pathological conditions, tau undergoes 
misfolding and conformational changes, leading to its cytosolic accumulation and 
subsequent initiation of a pathogenic  cascade. Various tauopathies exhibit a 

 (72). 

The aggregation pathway of tau initiates with the formation of dimers, oligomers from 
 (73). Two 

hyperphosphorylated tau monomers can associate to form dimers, which serve as nuclei for 
the growth of larger aggregates.  The addition of further tau monomers to these dimers gives 
rise to small, soluble oligomers that are structurally diverse and highly toxic. Tau oligomers 

stability .  While the large insoluble NFTs have been the histopathological hallmark of AD 
and other tauopathies, it has been proposed that the soluble tau oligomers formed prior to 

 
(75,76). These oligomeric intermediates cause synaptic dysfunction, mitochondrial 
damage, cellular cytotoxicity and can induce neurodegeneration in animal models (77–80). 
Tau oligomers can further . PHFs are 
insoluble, less toxic than oligomers and exhibit a characteristic twisted double-helical 
morphology. -  

(81,82). PHFs can further associate into 
 -sheet rich insoluble NFTs of tau. NFT deposition interfere will cell functioning 

and contributes to neuronal deaths. The extent of NFT deposition correlates with dementia 
severity and neuronal loss. Although the controversy surrounding the most neurotoxic 
species of tau persists, in recent years there is a shift in the therapeutic strategies to target 

(83–85).  

A variety of negatively charged cofactors are known to induce tau aggregation , 
including polyanions like DNA, RNA and heparin (86–88). These anionic inducers bind to the 
positively charged regions of tau and disrupt its long-range intramolecular electrostatic 
interactions, thereby promoting aggregation. This disruption promotes local concentration 
of tau and facilitates its self-association into pathological aggregates. In 1996, Goedert  al. 
showed that heparin can stimulate tau zation (89). 
Structurally, heparin resembles sulphated glycosaminoglycans (GAG) that have been found 
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to colocalize with tau inclusions in AD and since then heparin has been widely used to study 
tau aggregation. 

Recent studies have revealed that tau, particularly the full-length isoform exhibits a strong 
propensity to undergo liquid-liquid phase separation (LLPS) forming dynamic, protein-rich 
liquid droplets. (90). 
Subsequent investigations by Wegmann  showed that LLPS can initiate the aggregation 

, while Kanaan  illustrated that LLPS 
disease-associated forms of tau that further promoted pathogenic conformations of tau 

 (91,92). This link between LLPS and aggregation of tau has been a great advancement 
in the study of pathology of tau. Further details on the general principles of LLPS and its 
relevance to tau are discussed in the next section. 

One widely proposed mechanism for the propagation of tau pathology is the “prion-like 
seeding” enabling its spread to distinct parts of the brain (93). This was supported by the 
observation that brain extracts from tauopathies can induce tau aggregation in healthy 
neurons . Misfolded tau can act as pathological “seeds” that initiates aggregation 
pathway. They eventually disrupt neuronal structure and intracellular transport, contributing 
to cellular dysfunction. The misfolded tau that is released into extracellular space via dying 
cells are internalized by neighbouring. Internalized seeds convert native tau into misfolded 
forms and thus spreading pathology from neuron to neuron. 

1.4 LLPS  
Eukaryotic cells contain organelles that provide distinct chemical microenvironments for 
carrying out biochemical functions crucial for maintaining cellular homeostasis. These 
organelles can be (i) membrane-bound organelles; facilitate spatially 
restricted biochemical processes and (ii) membraneless organelles; lacks a surrounding 
membrane yet exhibit distinctive organization within the cell (96,97). Nucleolus, Cajal 
bodies, P granules, stress granules, signalling complexes, processing bodies, 
and germline granules  are critical membraneless organelles that carry out a range of distinct 

 (97,98). These membraneless organelles, also known 
as "biomolecular condensates” and are formed through the process of LLPS. LLPS is a 
physiological process that drives the transition of a homogeneous solution components into 
a concentration-deprived dilute phase and a concentration-rich dense phase (99). Hence 
formed condensates exhibit liquid-like properties, 
reorganize and fuse freely, thereby facilitating dynamic exchange with the surrounding 
cellular environment (100). They mediate critical processes in cells including gene 
expression, signal transduction and stress response (101). Several factors contribute to the 
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formation of these condensates, and these include multivalent, weak and transient 
interactions between protein-protein, protein-RNA and RNA-RNA interactions. 

LLPS is particularly enriched in intrinsically disordered regions (IDRs) or low-complexity 
domains (LCDs) of proteins, which lack a stable secondary or tertiary structure, making 

hence prone to phase separation (102). These regions enable 
interactions such as - stacking, dipole-dipole interactions, cation-anion interactions and 

-cation interactions, which collectively facilitate the reversible formation of liquid-like 
droplets . LLPS is a tightly balanced process regulated by biomolecular 
composition, post-translational , RNA interactions and cellular environmental 
cues such as temperature, pH and salt concentration (105). 

An increasing number of proteins implicated in neurodegenerative diseases are now 
recognized to physiologically undergo LLPS (106). Over time, these dynamic and reversible 
condensates can gradually “age,” transitioning from an initially liquid-like and mobile state 
into more viscous, gel-like 
pronounced cytotoxicity (92,107,108). behaviour 
bridge normal physiological organization and pathological aggregation. Consequently, LLPS 
is now regarded as an early molecular event in the cascade leading to neurodegeneration, 

to restore or 
modulate healthy phase behaviour. 

1.4.1 Thermodynamic basis of LLPS 

LLPS arises from a balance between enthalpic attractions among biomolecules and 
entropic contributions from solvent reorganization. From a thermodynamic view, LLPS 
occurs when the total free energy change ( G) becomes negative, allowing spontaneous 
demixing of a homogeneous solution into a dense condensate phase and a dilute phase 
(109). Enthalpic gains arise primarily from multivalent weak interactions such as - and 
cation- stacking, hydrogen bonding and electrostatic complementarity, which stabilize the 
condensed state (110). These interactions often involve aromatic and polar residues within 
IDRs of phase-separating proteins. 

1.4.1.1 Flory-Huggins theory 

Flory-Huggins (FH) theory explains the thermodynamic model of liquid mixing (111). It 
describes LLPS as a phenomenon that is driven as the competition of entropy of mixing and 
interaction energy between species involved (112,113) as: = 1 1 1 + 2 2 2 + 1 2 



     where:

Gmix = Free energy of mixing

1, 2 = Volume fractions of each component

N1, N2 = Degree of polymerization (size of the chains)

FH interaction parameter

A high 
exceeds a critical value (~0.5), consistent with experimental 

IDPs such as tau .

Fig 1.5 illustrates the phase behaviour
composition on LLPS as described by the Flory-Huggins model (116,117). Temperature 

alters the free energy landscape of phase separation. At lower temperatures, 

stable states corresponding to dilute and dense phases. This transition marks the onset of 
demixing, where molecular crowding and attractive interactions drive the system into the 
two-phase regime. Importantly, the boundaries of this region in the phase diagram also 

-dependent saturation concentrations (Csat) (118). Csat is the 
threshold concentration below which the system remains homogeneous and above which 
phase separation occurs. As the temperature increases, interaction strength decreases, free 
energy minimum merges and the two-phase region collapse, restoring miscibility and 

This thermodynamic relationship encapsulates how environmental and molecular factors 

Fig 1.5: Phase diagrams of LLPS. A) shows free energy of mixing as a function of volume fraction ( for three
representative temperatures (T1 < T2 < T3). Free energy surface at T1 exhibits two minima corresponding to 
coexisting dilute ( d) and concentrated ( c) phases, separated by a barrier B) summarizes temperature 

-phase coexistence region (green 
area) is bounded by the binodal curve.



 

 
 

converge to control both the propensity for phase separation and its saturation thresholds 
in protein solutions.  

1.4.2 Key types of LLPS  
 simple, complex and segregative LLPS (119–121). 
Fig 1.6 gives a schematic overview of the key types of LLPS described below. 

1.4.2.1 Simple / Homotypic phase separation 

Simple phase separation occurs when a single type of molecule self-associates into a dense 
phase through intermolecular interactions. Their coacervation is driven by a combination of 

- , cation- , hydrogen bonding, dipole-dipole and charge interactions and strength of 
these interactions determine the rate at which they undergo coacervation. The stability of 
these LLPS systems is as pH, ionic strength, and 
temperature, which in turn impact the intermolecular interactions. Such a phase separation 
system is often shown by proteins that have intrinsically disordered regions (IDRs) or low 
complexity domains (LCDs) (90,122). 

-dimensional structure 
and can exist in a variety of conformations. 
molecular recognition,  binding interfaces for interaction partners and as cellular sensors 
(123–127). 
characterised to have a very frequent amino acid composition (128). They often have a 
higher composition of amino acids such as glycine, alanine, serine, and threonine. While all 
LCDs are IDRs, not all IDRs are LCDs. 

1.4.2.2  Complex / Associative / Heterotypic phase separation 

A complex or associative phase separation is driven in a solution comprising of molecules 
that have high tendency to interact with each other. Several factors would govern these 
interactions similar to the simple phase separation. Often oppositely charged polymers, for 
as observed for RNA and tau (91), often show phase separation leading to a dense phase 
rich in both components. DNA is a highly charged polyelectrolyte and is prone to associate 
with multivalent cations, charged surfactants, proteins, polymers to undergo phase 
separation (129).  

1.4.2.3  Segregative phase separation 

them to separate into two independent phases rich in each of the component. This creates 
a non-
compositions (130). In this case, the thermodynamic factors such as pH, temperature and 



the concentration of components play crucial roles and determine the state of the solution 
between co-solubility and phase separation.

A system demonstrating this phenomenon is the combination of the molecular crowders, 
polyethylene glycol (PEG) and dextran. They segregate into distinct two-phase system, PEG 
rich-phase and dextran-rich phase (120).

1.4.3 LLPS of Tau

Tau was studied to undergo LLPS, driven largely by electrostatic and hydrophobic 
interactions between its distinct charged regions (90). Upon LLPS, tau concentrates to form 
dynamic, reversible droplets and facilitates an increased multivalent intermolecular 
interactions and conformational changes within the protein.

Tau LLPS has been widely studied for its role in both cellular and pathological functions
(131) (Fig 1.7). dimers partition 
into tau condensates increasing their local concentration by several folds when compared 
to the surrounding (132). These enriched tubulin dimers have been shown polymerize and 
assembling into stable microtubule tubule networks, indicating that tau condensates could 
function as nucleation centres of microtubules. With time, these liquid droplets transform 
into less dynamic gel-like forms through the process of droplet aging and under pathological 
conditions this aging can result into the formation of amyloid aggregates for several proteins 
(133). Heparin, RNA, metal ions, pro-aggregation mutations and abnormal PTMs modulate 
LLPS of tau, promoting the liquid-to-gel transition of tau condensates . The charge 
distribution and net charge of are altered upon PTMs and induces 
conformational changes in tau
hydrophobic interactions within the droplets, thus leading to modulation of the LLPS 
behaviour. Interestingly, the functional role of tau LLPS was by inhibited by disease-

Fig 1.6: Types of LLPS. Schematic illustration of key types of LLPS



associated phosphorylation and acetylation of tau where these tau condensates could not 
recruit tubulin and hence failed to support microtubule nucleation (135,136). Similarly, the 

of tau (91,92). Tau condensates also associate with other amyloidogenic proteins and stress

granule proteins such as TIA1, and these interactions often promote the maturation and 
aging of tau condensates (137,138).

Several recent studies suggest that tau LLPS leads to tau aggregation. Condensed phases
increase the local concentration of tau and change the conformation of tau which in turn 
contributes to the aggregation. However, some studies also suggest that tau LLPS may be 
not necessarily on pathway to amyloid aggregation and rather they are two processes that 
occur under overlapping conditions (139). LLPS is a critical phenomenon in tau pathology 
that provides insight into the early stages of tau aggregation. However, despite growing 
interest, current studies have not yet fully elucidated the mechanisms underlying these 
processes and their connection to amyloid aggregation. 

1.5 Amyloid- (A
Amyloid beta (A is a 39- acid long peptide involved in the pathogenesis AD, 
together with tau . In humans, A is produced through the sequential proteolytic 
cleavage of the amyloid precursor protein (APP) by - and -secretases . A was

constituent of the polymorphic deposits in patients with Down syndrome

Fig 1.7: Tau LLPS in physiology and functions (107).



. Later, A peptides were found to aggregate extracellularly forming amyloid plaques, 
which are hallmark pathological features of AD brains together with NFTs by tau . These 
aggregates disrupt neuronal function by inducing synaptic toxicity, oxidative stress, calcium 

processes underlying cognitive impairments.

1.5.1 Origin of A

APP protein is a member of transmembrane glycoprotein protein family and encoded by APP 
gene on chromosome 21 . They possess receptor-like structural features, but their 
cellular functions are not yet fully studied. APP can undergo cleavage through the non-
amyloidogenic pathway, generating the neuroprotective sAPP fragment and it is considered 
as a part of normal cellular functioning (Fig 1.8). But the sequential cleavage of APP by 

-and then -secretases leads to the formation of A peptides. The family of APP also 
include two other isoforms, namely, amyloid precursor-like proteins 1 and 2 (APLP1/2) but 
they do not produce A peptides upon cleavage. The cerebral cortex and hippocampus are 
regions that are enriched in A and under normal functioning these peptides get degraded
and removed by enzymatic degradation or other clearance mechanisms . A and 
A are the most abundant isoforms in humans and can be generated by neurons, 

is the most 
abundant form of A peptide but A is the main component in the amyloid plaques. The 
presence of low amounts of the A peptides in non-demented individuals indicates A can 
be involved in normal physiology . However, net balance of this production and 
degradation of A peptides will be very critical and the disturbance of these clearance
mechanisms lead to their deposition as senile plaques (150).

Fig 1.8: Origin of A . During the amyloidogenic pathway, sequential cleavage of APP produces A peptides.
Adapted from .



 

 
 

 

The physiological roles of A peptides are among the most intensively investigated topics in 
neurodegenerative research. Emerging evidence suggests that A may serve important 
physiological functions, including modulation of synaptic activity, regulation of neuronal 
excitability and antimicrobial defence (151,152). However, when the production, clearance 
or structural integrity of A monomers becomes dysregulated, they can transition from 
functional to pathological, aggregating into toxic forms that contribute to 
neurodegeneration.  

1.5.2 Amyloid Cascade Hypothesis and A Pathogenesis  

Amyloid cascade hypothesis or A in 1992 
(153). They propose that deposition of A is the main causative agent of AD pathology and 

 this 
deposition. Till date, there are several observations that support as well as contradict the A
hypothesis. The observations that mutations in the tau gene do not cause amyloid plaques 
and that amyloid buildup triggers tau aggregation are critical in supporting the A hypothesis 

. There are also several concerns that are raised against A hypothesis. The amount of 
amyloid plaques does not always match the severity of dementia and mouse models with 
amyloid buildup often lacks  (155). These observations indicates that 
amyloid accumulation alone may not fully account for the neurodegenerative features. Also, 
the amount of plaque deposition not correlating with the severity of dementia point out that 
rather than plaque themselves may not be toxic and there might be other critical 
intermediate species like monomers, oligomers  for A  plaques that are responsible 
for building up and spreading toxicity (156). Understanding these intermediate assemblies 
is critical to study neurotoxic pathway of A  

A peptides are produced under physiological conditions as soluble monomers, which 
represent the primary and most abundant species during the early stages of A
homeostasis. Structurally, A monomers exhibit a predominance of -helix and random coil 
conformations (157). Despite their inherent instability, A monomers are not merely by-
products of amyloidogenic processing but are increasingly recognized as possessing 
distinct physiological functions within the CNS (158). Under homeostatic conditions, A
monomers are implicated in cytoprotective and intracellular signalling pathways, including 
those related to synaptic modulation, metabolism and neurogenesis. However, the delicate 
equilibrium governing their production, solubility and clearance is critical for maintaining 
these physiological functions. Perturbations in A homeostasis such as increased peptide 
concentration, post-  or isoform imbalance can shift A



 

 
 

monomers toward pathological self-assembly (159). During the aggregation process, A
monomers dominate the lag phase, but due to their high aggregation propensity, obtaining a 
stable and homogeneous population of A monomers has been challenging (160). 

A oligomers (A Os) represent intermediate assemblies in the amyloidogenic cascade, 
formed by the self-association of A  and are widely regarded 
as the most toxic and pathogenic form of A  (161). Os caused a major 
shift from the still popular amyloid cascade hypothesis towards A O hypothesis, 

 or plaques, as the 
principal neurotoxic species in AD (162). These soluble aggregates are structurally and 
biochemically heterogeneous, encompassing species ranging from dimers and trimers to 
higher-order assemblies with molecular weights from >50 kDa . Their soluble nature 

distinguishes them from the  Membrane disruption, ion 

A Os  (163). In addition, their ability to disrupt Ca2+ 
homeostasis  and to induce endoplasmic reticulum (ER) stress (165) makes them 
central to the progression of AD. Structurally, oligomers can form via multiple pathways 
(166,167). On-

-pathway oligomers represent metastable assemblies that diverge from 
pathway. On-pathway oligomers accelerate -

(~200 nm), persist longer within neurons and are linked to pronounced neurotoxicity 
(166,168,169). Studies indicate that most of the A Os have the tendency to dissociate back 
to  (170) . This highlights 

-pathway oligomeric pathway of A The coexistence of 
these pathways contributes to the heterogeneity and persistence of toxic A species within 
diseased tissue. A Os occupy a critical position in the A pathway between monomeric and 

 species. Their structural heterogeneity,  and potent neurotoxicity 
render them central to the pathophysiology of AD. While traditionally been distinguished as 
an intermediate step en route to matur
the broader spectrum of oligomeric assemblies (166,169). Recent studies suggest that A

stage (171,172). 

A  (173). They exhibit the 
canonical cross- -sheet structure, with -
and stabilized through extensive hydrogen bonding . Fibrils are insoluble, polymorphic, 



(A or A
solubility, growth kinetics and neurotoxicity (175). and studies indicate that 

assemblies disrupt synaptic architecture, impair neurogenesis and activate 
microglia, (176)
surfaces can catalyze secondary nucleation events, generating new oligomeric species that 
further propagate toxicity (177). While the traditional amyloid cascade hypothesis 

enabling the shift of focus towards

to AD pathology, both as a source of toxic oligomers and as a contributor to neurotoxicity.

1.6 DimA -a dimeric A construct

The extraction of A in its oligomeric inherent metastability 
and heterogeneity (178). Most extraction protocols yield a mixture of many pathological 
species. DimA represents a recently developed dimeric A variant that selectively forms 

-pathway oligomers of A (179) . In dimA , two A units are 
linked in one polypeptide -serine-rich linker. DimA possess 
the same conformational properties as of free A monomers (180). DimA brings together 
two A units that mimics a concentrated environment for A and triggers the formation of 

-pathway oligomers. This allows the study of sole Os with minimized 

Fig 1.9: A  pathology. Key pathological species of A (127).



disturbance by A . DimA Os are of spherical and curvilinear shape and 
rich in -sheet structure (169). Using cryo-EM and 3-D reconstruction it was determined the 
small dimA Os consist of six dimA monomers which corresponds to twelve A units. 
Such dodecameric A Os species have been observed before in AD brains and have been 
associated with neuronal impairment (181).

There are several advantages in applying dimA for the study of A Os. First, using dimA
A Os are formed above a critical oligomeric concentration (COC) of ~1.5 μM dimA at 
neutral pH (162,161). This is very low COC compared when compared to the COC of A
peptides and helps in preserving the protein during experiments. Second, the 
increased local A concentration preferentially accelerates A O formation. The
formation of A Os from dimA results in a well-separated kinetic phase for A O and A
formation. This helps us to extract oligomers free from disturbances from other A species 
including .

Importantly, dimA Os recapitulate the biophysical and functional properties of native A Os.
DimA Os cause missorting of tau into dendrites like native A Os (169). Tau which is 
normally localized into the axons become mislocalized into the somatodendritic 
compartments of neurons under pathological conditions. Tau missorting is a characteristic 
for several tauopathies (182) and dimA Os could cause this like A Os but at lower 
concentrations. Also, like A Os, dimA Os were also observed to be concentrate inside the 
endo-lysosomal compartments which enhanced their oligomer formation (169). These 
observations point out that dimA is a relevant model that can be used to study the 

Fig 1.10: DimA . A) Schematic illustration of DimA construct B) CD spectra of dimA monomers and 
oligomers C) AFM images showing dimA Os. Adapted from (156,162)



1.7 Interaction of tau and A in AD pathogenesis

For long time, A and tau have been extensively studied as distinct neurotoxic entities. As 
discussed, early as a trigger for the sequential events in AD pathology 

of A -mediated toxicity . However, emerging evidence highlights 
their critical interplay in AD pathogenesis. The development of many AD drugs that focused 
on the reduction of amyloid deposition and the clearance of A Os and have not yielded 

(183). Similarly, extensive studies focusing solely on the neurotoxicity of 
tau have also . 

Experimental studies demonstrate that  A -induced synaptic dysfunction, neuron death and 
-dependent, as demonstrated by tau knockout or reduction 

in transgenic mouse models, which protected against A -mediated neurotoxicity –186).
Conversely, A promotes tau hyperphosphorylation via activation of kinases and interfere 
with the oligomer formation by tau (187,188). 

In addition to their bi- A and tau synergistically impair 
mitochondrial function and oxidative phosphorylation system, contributing to 
neurodegeneration (189–191). A aggregates accumulate within mitochondria, disrupting 
electron transport chain activity, increasing ROS and causing Ca2+ overload that triggers 
mitochondrial dysfunctions. Hyperphosphorylated tau further exacerbates this by impairing 

-fusion dynamics, and 
interacting with key mitochondrial proteins. Interestingly, studies have also shown that A

that is comparable to tau and it displaces the mitochondria-

Fig 1.11: Disease associated conformers of tau and A .
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bound tau, promoting its aggregation and toxicity (192). Further, the combined presence of 
toxic A
and compromises synaptic bioenergetics, thereby accelerating neuronal vulnerability and 
degeneration . Also, both A and tau and their misfolded forms exhibit prion-like 
propagation mechanisms, whereby misfolded aggregates acts to trigger conformational 
changes in native proteins, facilitating their trans neuronal spread (195). A Os have been 
shown to interact with tau where it enhances the binding and internalization of tau oligomers 
at human synapses (196). Increased tau uptake in AD synaptosomes and in control 
synapses were observed when exposed to recombinant A Os. Also, A Os interact with 

 and these interactions progressively 
increases as the disease advances (197). This suggests that A -tau interactions contribute 
to synaptic dysfunction and neuronal damage, ultimately leading to cognitive decline. 

A and tau engage in pathological cross-seeding and 
therefore, therapeutic strategies targeting both A and tau, as well as their interaction 

. However, the understanding of the 
molecular association of A and tau is still unclear and speculative, warranting further 
investigation. 
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This chapter presents a review submitted to , focusing on heterotypic 
LLPS. This review reveals the role of various heterotypic partners of tau and S in modulating 
their LLPS and aggregation. It provides a relevant background on for understanding the 
interactions between A Os and tau under LLPS conditions discussed in subsequent 
chapters. 
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2.1 Abstract
Liquid–liquid phase separation (LLPS) of proteins implicated in neurodegenerative diseases 
has gained growing attention in recent years, due to its potential role in driving the transition 
from functional protein monomers to pathogenic aggregates. However, the mechanisms by 
which phase separation contributes to the loss of protein function and promotes 
aggregation remain poorly understood. Recent studies show that multiple proteins or other 
biomolecules can colocalize within the biomolecular condensates, creating a highly 
interactive microenvironment that can modulate aggregation. In this review we look into the 
heterotypic phase separation of tau and -synuclein, the two key proteins responsible for 

modulatory role of heterotypic condensates in disease progression and aims to provide an 
alternative perspective on regulation of protein aggregation in neurodegeneration.

2.2 Introduction

2.2.1 Emergence and biological roles of LLPS

Liquid-liquid phase separation (LLPS) refers to the process by which distinct phases emerge 
from a homogeneous solution. In eukaryotic cells, phase separation serves as a crucial 
mechanism for the spatial organization of biomolecules into dynamic compartments to 

(198–200). These compartments are distinct from 
conventional organelles, as they lack a membrane that allows selective regulation of 

Fig 2.1: Investigation into modulatory role of heterotypic phase separation.
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molecular transmission through it. Typically, they exhibit liquid-like characteristics and 
adopt a spherical shape, minimizing the interfacial surface energy (201). They show rapid 
molecular exchange with the surrounding cytoplasm and undergo physical processes such 
as Ostwald ripening and fusion, further reducing system energy (202). Strome and Wood et. 
al. were among the pioneers who recognised P-granule as a membraneless organelle with 
liquid-like properties (203). Since then, several other cellular systems, including nucleolus 

, Cajal bodies (205), stress granules (206) were found to be formed through LLPS. 

Although still in the early stages of investigation, LLPS has emerged as a fundamental 
mechanism regulating a wide range of biological processes. LLPS plays critical roles in 
transcription and translation, signal transduction, stress responses, chromatin organization 
and DNA damage response (207,208). Recent studies have also underscored the role of 
LLPS in cancer biology, suggesting its potential as a therapeutic target for modulating drug 

tumor cells (209–211). LLPS is highly responsive to 
-

(207,209,212). To 

in the context of proteins implicated in neurodegenerative diseases  

2.2.2 The convergence of phase separation and protein aggregation 

cellular dysfunction and neurodegenerative disorders (213–215). Upon aggregation, 
proteins misfold and form non-native structures that contribute to cellular toxicity. Recently, 
phase separation has gained attention as a potential intermediate in the transition from 
functional protein states to pathological aggregates (216,217). Several proteins associated 
with neurodegenerative diseases have been shown to undergo phase separation, 
particularly above a critical threshold concentration or in response to external stimuli (218). 

Proteins with greater proportions of intrinsically disordered regions (IDRs) and low-
complexity domains (LCDs) are more likely to phase separate. IDRs are multifunctional, 

multivalent interactions during phase separation (219,220). LCDs are compositionally 
biased regions of a protein, often being a subset of IDRs. However, IDRs and LCDs are not 
strictly required for phase separation; phase separation abilities of  proteins are also strongly 

- tions, environmental conditions, and heterotypic 
interactions (219). The saturation concentration (Csat) represents the threshold 
concentration above which a molecule undergoes phase separation, serving as a key 
determinant of phase separation propensity. Several factors including temperature, pH, 



 

 
 

ionic strength, intrinsic molecular properties and interactions with other molecules can 

sat. While self-association and phase separation of proteins have been 
extensively studied and implicated in various neurodegenerative diseases 
(133,198,221,222), this review will now focus on heterotypic LLPS, exploring how 

and aggregation. 

2.2.3 Heterotypic LLPS 
Membraneless organelles can contain dozens to hundreds of components, interacting 

the relative strengths of homotypic and heterotypic interactions (200,223). When diverse 
biomolecules are recruited into a single condensed liquid phase, they create 
microenvironments that facilitate biochemical reactions and enhance cellular 
compartmentalization . This recruitment process establishes a two-, three- or multi-
component system, resulting in a heterotypic organization, commonly referred to as 
heterotypic LLPS or multicomponent LLPS. While homotypic LLPS involves the self-
association of identical molecules, heterotypic condensates arise from multivalent 

–
or cation– interactions between distinct molecular species (225). 

We consider three possible cases for heterotypic systems; other cases have been discussed 
elsewhere (226,227). (i) Cooperative heterotypic phase separation; both components have 
strong self-interactions and phase separate. They also exhibit strong cross-interactions and 

-client heterotypic phase separation; 
h

-client system will be elaborated in a later 
section. (iii) Cross-interaction driven heterotypic phase separation. In this system, neither of 
the components can phase separate on its own and phase separation occurs only through 
strong mutual cross interactions.  

Recent studies have highlighted the ability of proteins implicated in neurodegenerative 
diseases to form heterotypic condensates with distinct biophysical properties (200,228). 

toxicity in cells,  and in animal models. The recruitment of one protein into the 
condensates of another might also provide the basis for synergistic aggregation of proteins. 
For instance, the amyloidogenic proteins, S and tau which are known to co-aggregate in 
various dementias, have also been shown to form heterotypic droplets that may contribute 
to the pathophysiology of  Alzheimer’s disease (AD) and Parkinson’s disease (PD) (227,229). 
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Furthermore, studies demonstrating that the synergistic action of multiple proteins 
accelerates neurotoxicity (230–235) underscore the importance of studying protein phase 
behaviour in a heterotypic context. 

2.2.4 -client heterotypic phase separation 

-

o form condensates, 
driven by multivalent interactions or the presence of LCDs. The client partners do not favor 
condensation independently (223)

structural properties of condensates (223,236–239). Low-valency clients compete for 
-

Alternatively, high valency clients form additional client–
condensate stability (238)
proteins may not be essential for condensate formation itself. One of the key determinants 

components. Negatively charged molecules, such as RNA, exhibit a strong propensity for 
partitioning into condensates due to favourable electrostatic interactions with cationic 

. Additionally, the concentration of the components, phase separating conditions, 
-

modulate the partitioning into condensates . Importantly, the distinction between 

conditions (237) -client distinction is useful for understanding 
condensate composition. 

In the following sections, we aim to integrate two key areas of research: molecular 
interaction studies and phase separation studies. We discuss the heterotypic phase 
separation partners of tau and S, analyse the driving forces underlying their interactions, 

condensates formed. We further classify the nature of each heterotypic system according 
ts on tau and S aggregation. 
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2.3 Heterotypic phase separation of tau and the impact on its aggregation 

2.3.1 Tau  
Tau is a prevalent protein in the central nervous system (CNS) primarily responsible for 
microtubule stability and other vital cellular functions like axonal transport, synaptic 
plasticity, and cell signalling . Tau is an intrinsically disordered protein (IDP) that 
exists in six isoforms in the human brain, generated by alternative splicing of the MAPT gene 
(12). Structurally, tau can be divided into four distinct domains: an N-terminal projection 
domain, a proline-rich domain, a repeat region, and a C-terminal domain . The repeat 
domain, also known as the microtubule binding domain, is critical for tubulin binding and 
microtubule stabilization. Under normal physiological conditions, tau is predominantly 
bound to microtubules, and the concentration of unbound cytosolic tau remains in 
nanomolar range. This low abundance of free tau makes it particularly challenging to 
investigate the early molecular events that lead to tau pathology .  

The abnormal aggregation of tau into large, insoluble protein assemblies is a hallmark of AD 
and other neurodegenerative disorders collectively known as tauopathies . The 
pathological cascade of tau involves several intermediate species; each associated with 
varied neurotoxicity. Kinases and phosphatases play vital roles in regulating tau under 
physiological conditions. However, dysregulated kinase activity, along with inhibited 
phosphatase function, can lead to tau hyperphosphorylation and misfolding. In response to 
these pathological triggers, monomeric tau aggregates into small, soluble oligomeric 
species. These oligomers have been implicated in a variety of neuroto
considered key drivers of tau mediated toxicity . With time, these oligomers are 

less toxic than the early-stage oligomers – . This is supported by studies showing 

despite both species being capable of propagating tau pathology (80,250).  

The process of LLPS drives the local crowding of tau, raising its concentration well above the 
threshold required for aggregation. As a result, LLPS has been proposed to serve as a 
molecular bridge between physiologically soluble, monomeric tau and its pathological, 

 (90) (92), was a striking addition for understanding the early steps 
of tau pathology. Tau condensates have been shown to gradually transition into amyloid-like 
aggregates, indicating LLPS as a potential intermediate step in tau aggregation (92,251). 
Although the precise contribution of LLPS in the pathology of tau still remains under active 
research, LLPS provides a mechanistic basis for tau accumulation. 
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Interestingly, tau condensates are not exclusively linked to pathology. In a physiological 
context, they can recruit tubulin and function as microtubule nucleation sites (132), 
highlighting potential functional roles of tau phase separation. However, disease-associated 
phosphorylation of tau has been shown to impair its microtubule-nucleating ability, even 
though tubulin still partitions into tau condensates (135)

between the functional and pathological roles of tau condensates. 

As discussed generally earlier, tau LLPS is mediated by a combination of electrostatic forces, 
hydrophobic interactions, and thermal modulations (90,92,228,252,253). The presence of 
IDRs and sequence-based charge anisotropy, confers tau with a strong propensity for phase 
separation . High tendency for post-

range of binding partners including proteins, nucleic acids and membranes (255). This 
versatility of tau in binding diverse partners, together with its ability to undergo LLPS, 

(252,256,257). In many of 

condensates and conferring properties distinct from homotypic tau condensates. 

Here, we bring together the key systems in which tau undergoes heterotypic phase 
 

2.3.2 Tau and RNA 

The interaction between tau and RNA is among the most extensively studied heterotypic 
LLPS systems, explored under diverse thermodynamic conditions (228,252,253). RNA acts 
as a multivalent binding partner promoting tau assembly and phase separation. 
Interestingly, the phase separation boundary in the phase diagram of tau:RNA LLPS lies 
close to physiological conditions, highlighting its potential  relevance (115). The net 
positive charge of tau at physiological pH and ionic strength facilitates its interaction with 
negatively charged polyanions such as RNA through long-range, weak, multivalent 
electrostatic interactions. Consequently, cellular ionic strength is a critical regulator of 
tau:RNA LLPS. The repeat domain of tau, enriched in positively-charged lysine and arginine 
residues, exhibits the strongest propensity for RNA association (253).  

Zhang  -driven phase separation 
and that tau binds to RNA in cells (252). This entropically driven heterotypic condensation 
maintains a dynamic and disordered structure of tau within condensates. Tau did not 
undergo any conformational changes upon coacervation with RNA and the resultant 
condensates were resistant to any change in charge distribution on RNA or disease-
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associated mutations (256,258)  showed that tau forms reversible, RNA-
mediated condensates with higher viscosity and stability compared to homotypic 
condensates of tau (228)
hydrophobic interactions and has reduced tendency for percolation into irreversible 
aggregates (92). However, other studies revealed that tau:RNA condensates, while being 
stable and non-percolating, show enhanced higher-order tau accumulation and elevated 
intracellular seeding potential compared to tau LLPS (138,259). These observations suggest 
a balance between two competing forces: (i) increased local tau concentration, which 
promotes aggregation, and (ii) high-
and slows aggregation kinetics (256). Nonetheless, the precise behaviour of these systems 
in the complex cellular context remains to be fully elucidated.  

RNase treatment of these heterotypic condensates leads to RNA degradation and 
dissolution of tau:RNA condensates, underscoring the essential role of RNA in stabilizing 
these condensates (260). Tau:RNA condensates are also involved in microtubule 
organization. Although RNA reduces the amount of tau directly binding to microtubules, it 
promotes tau-mediated microtubule bundling by sequestering tubulin into tau:RNA 
condensates. These condensates 
through wetting interactions (259). 

Phosphorylation is a major post-
(261). With more than 80 potential phosphorylation sites, tau becomes 

more negatively charged and hydrophilic upon phosphorylation (259,262). Phosphorylation 
attenuates the overall positive charge of tau and weakens its electrostatic interactions with 

(S262) enhance coacervation with RNA, whereas phosphorylation at threonine 205 (T205) 
suppress it (259)
tau. However in the presence of RNA, both ptau and tau show a similar delay in the formation 
of condensates (260). Also, ptau:RNA condensates disassembled at lower salt 

LLPS.  While enhancing  the stability of ptau condensates, RNA promoted their aging into gel-
like states (260). 

Together, studies to date indicate that tau:RNA LLPS is less associated with amyloid 
aggregation than tau LLPS, and both of the systems appear to follow distinct mechanistic 
pathways (258). Nevertheless, under certain cellular conditions, these mechanisms may 

-RNA coacervation in cells may be 
to spatially organize tau and its cofactors, potentially facilitating aggregation under 
permissive conditions without necessarily being a direct driver. 
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2.3.3  Tau and amyloidogenic proteins 

One of the most intriguing coacervate partners of tau is S and several studies have reported 
their co-localization (108,263–265). S is an extensively studied protein due to its critical 
role in the development and progression of PD. The presence of tau aggregates in PD and S 
aggregates in AD and other tauopathies indicate overlapping pathological mechanisms 
(235,266,267). Siegert . were among the pioneers who study that monomeric S is 
recruited as a client molecule into tau droplets, as S showed limited homotypic LLPS under 
physiological conditions (265). The recruitment of S into tau droplets was driven primarily 

-terminal 
domain of S and the positively charged proline-rich P2 region of tau. Interestingly, Gracia 
al. showed that 
polypeptides and subsequently recruiting tau, including non-LLPS tau mutants (108). The 
heterotypic tau: S LLPS formed dynamic, liquid-like droplets with high electrostatic surface 
potential due to charge imbalance. These droplets showed a high rate of coalescence into 
larger condensates to compensate for charge imbalance and exhibited increased resistance 

S on tau dynamics 
upon co-localization (265), although some studies reported that the mobility of both 
proteins was reduced in comparison to their respective homotypic condensates (108,268). 
The maturation of these heterotypic condensates involves a gradual reorganization of their 
complex protein network, driven by both homotypic and heterotypic interactions. Over time, 
some tau: S condensates may undergo valence exhaustion, become gel-like and fusion-
incompetent whereas the larger, still liquid-like droplets serve as nucleation sites for 
amyloid aggregation (108). ATP acts like a protective agent on these heterotypic 
condensates by increasing protein dynamics, reducing both tau and S partitioning into the 
condensates and solubilizing the proteins. The presence of polyamines also suppresses 
tau:aS condensation, but, in contrast to ATP, polyamines promote the formation of 
heterotypic amyloid-like aggregates. Interestingly, -
also be incorporated into tau condensates (265)

support a biophysical model in which S accumulates inside tau condensates and forms 
rix, potentially leading to their release into the 

cellular environment. 

Human prion protein (PrP) is widely expressed in various organs and tissues, particularly in 
the central nervous system. Misfolding of PrP leads to a group of fatal and transmissible 
prion diseases (269). Elevated PrP levels in AD suggest a potential role for PrP in disease 
progression (270). PrP also interacts with A by acting as a receptor for A oligomers, and 



 

60 
 

together they synergize with tau to promote synaptic disruption (271,272). PrP lowers the Csat 

of tau and gets recruited into the tau condensates via electrostatic interactions (273). PrP 
enhances the number of condensates of tau and promotes smaller, more spherical complex 

ations. Increasing 
RNA levels leads to several multiphasic rearrangements in tau:PrP condensates and excess 
RNA ultimately cause their dissolution. PrP also accelerates the maturation into gel-like 
state and transition into solid-like co- rils. The protective role of RNA in 
dissolving the heterotypic condensates into individual protein monomers warrants further 
investigation and could be employed to target tau:PrP interactions. 

2.3.4 Tau and RNA binding proteins (RBPs) 

RNA-binding proteins (RBPs) bind to RNA through one or multiple RNA-binding domains and 
play crucial roles in regulating RNA metabolism . Many RBPs associate with RNA via 
LLPS, leading to the formation of ribonucleoprotein (RNP) granules such as stress granules, 
P-bodies, germ granules. These RNP granules are essential for various cellular functions, 
including RNA processing, storage of messenger RNAs (mRNAs), localization of RNAs 
and RNA degradation (275).  

Stress granules (SGs) assemble in the cytoplasm during cellular stress to mediate a pro-
survival adaptive response. The formation of SGs helps minimize cellular energy demands, 
and their disassembly upon stress removal is essential to restore normal cellular 
metabolism (276,277). Many protein components of SGs, including TDP- -1, PABP-1, 
and TTP, have been extensively studied and these proteins are often mutated or mislocalized 
in neurodegenerative diseases (278,279). Several stress granule proteins exhibit unique 
interactions with tau and are thus closely associated with AD, with TIA-1 being a prominent 
example (253,280). Colocalization of TIA-1 with tau aggregates has been observed in AD, and 
knockdown of TIA-1 results in suppression of TIA-1 mediated tau aggregation (281– . Tau 
supports the normal cellular functions of TIA 1, including its interactions with other RBPs 
and stress granule formation. In contrast, overexpression of TIA1 promotes tau misfolding 
and neurodegeneration, while reducing TIA-1 levels mitigates tau toxicity (282).  

including the domain structure of the RBPs, the relative concentration of RBPs to tau, 
electrostatic interactions, thermodynamic factors and the balance between homotypic and 
heterotypic interaction enthalpy. Among all RBPs studied, TIA-1 exhibits a uniquely potent 

-
(138). TIA-1 driven 



 

61 
 

condensates were smaller but higher in number. Upon heterotypic coacervation with TIA 1, 
tau showed a reduced mobility and accelerated maturation into a gel-like state (285). Tau 
also showed multiphasic organisation within the condensates. At higher TIA-1 
concentration, tau formed concentrated microdomains inside TIA-1 condensates, 
suggesting that homotypic tau-tau interactions override heterotypic tau:TIA-1 interactions, 
leading to internal immiscibility. However, these condensates of tau were not toxic even at 
high concentrations of both proteins.  

In the presence of RNA, TIA-1 selectively promoted the formation of oligomeric tau species 
(138)

(80). TIA-1 together with RNA triggered the formation of 
oligomers of tau at a faster rate than compared to RNA alone but did not induce the 

presence of TIA-1 showed 
of RNA alone. However, a parallel study showed that TIA-1 couldn’t trigger tau aggregation in 

factors. Overall, TIA-1 promotes tau phase separation and the formation of toxic oligomeric 
aggregates, but this process could be sensitive to cellular context, highlighting the need for 
further investigation. 

Among other tested RBPs, G3BP1 was able to recruit condensates of tau in the presence of 
RNA, but to a lesser extent than TIA-1 (138). Several other RBPs, including DDX6, HNRNP1, 

concentration-dependent shift in condensate morphology, indicating a dynamic balance 
between homotypic and heterotypic interactions. HNRNP1 formed distinct microdomains 

-dependent partitioning, driven by changes in 
net charge and electrostatic interactions. 

However, none of these RBPs other than TIA-1 triggered the formation of neurotoxic 
oligomers or any other accumulations of tau. Hence, the role of these RBPs which co-
localize with tau condensates still needs to be explored in the context of tau aggregation. 

2.3.5 Tau and molecular chaperones / regulatory proteins 
Molecular chaperones are a diverse group of proteins that regulate essential cellular 
functions. They assist in protein folding under both physiological and stress conditions, and 
are therefore critically implicated in the context of neurodegenerative diseases (286,287). 
The protective roles of several classical chaperones against neurotoxic protein deposits 
have been well studied (288)
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converting them back into monomers (289). Recently, chaperones have been recognized for 
their ability to regulate phase separation, particularly in preventing the transition of protein 
condensates into solid-like aggregates (290,291). Several heat shock proteins (Hsp) 
modulate condensation behaviour of disease-related proteins and protect them against 
pathological aggregation (290,292). In this section, we explore how various chaperone and 
regulatory proteins interact with tau and modulate its phase separation and aggregation 
behaviour. 
Small heat shock proteins (sHsp) are stress-induced chaperones characterized by their low 
molecular weight and ability to prevent protein aggregation (293). Hsp22 is one of them and 

smaller condensates 
and prevented its maturation into amyloid-like aggregates. 

aggregation and has been linked to pathological nucleation events in AD and other 
neurodegenerative diseases (295)
enriched within tau condensates (296). Ydj1 promoted tau phase separation at lower critical 
concentrations, and its interaction with tau is mediated by both electrostatic and hydrophobic 
forces and results in dense co-condensates. Ydj1 inhibited tau aggregation even at sub-
stoichiometric leve 1:tau co-condensates formed non-

-mediated chaperone 
mechanism, in which proteins like Ydj1 enhance tau LLPS while preventing its pathological 
matur  

S100B is a Ca²  binding protein known for its chaperone activity, particularly in binding to AD 
proteins and preventing their misfolding (297,298). The chaperone activity of S100B is 
regulated by Ca2+ and it binds to proteins in a Ca² -dependent manner. S100B has been shown 
to interact with tau  and inhibit the seeding ability of tau oligomers (298). Ca² -bound 
S100B (Ca² -S100B) was recruited into tau LLPS and slowed down tau phase separation (299). 
In the presence of Ca² -S100B, a higher level of molecular crowding was required to induce 

-S100B. In 
contrast, Ca² -free S100B had minimal impact on tau LLPS and aligned with the previous 
study that S100B- tau interaction is regulated by Ca²  levels (298). Importantly, excess calcium 

 itself. Ca² -S100B did not alter 
the internal dynamics of tau after incorporation into condensates. Interestingly, although high-
molecular-weight (HMW) tau oligomers formed early, their levels decreased at later time 
points in the presence of Ca² -S100B. -S100B acts as a 
regulator within tau condensates, dampening both condensation and subsequent 
aggregation processes. 
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-3-3 proteins are a family of multifunctional regulatory proteins widely expressed in the 
central nervous system. They typically interact with target proteins at their phosphorylated 
sites, and these interactions are crucial in a variety of cellular processes (300) -3-3 
proteins have been found to associate directly with tau (301–303) and are present in 

-3-3 one of the seven 
isoforms, plays a particularly important role in tau regulation. Several studies have shown 

-3-3 binds tau and enhances its phosphorylation and aggregation  (305–307). 
-3- is recruited into condensates formed by both phosphorylated and 

unphosphorylated tau, interacting with the proline-rich domain (PRD) and the microtubule-
binding domain (MTBD) of tau. These co-condensates are stabilized by a combination of 
hydrophobic and electrostatic interactions (257,308) -3-3 regulated tau LLPS in a 
concentration-dependent manner, where the droplet number increased initially and then 

-3-3 -3-
reduced molecular mobility, while it had no si

dynamics (257,308) -3-3 did not 
promote the maturation or aging of these co- -3-3 in 
preventing tau aggregation is context-
tau and -3-3 -mediated 
regulation of tau aggregation (308,309) -3-3 in LLPS-mediated 
aggregation of tau is not fully understood and demands further studies. 

endoplasmic reticulum (ER), where it plays a crucial role in protein folding, particularly during 
ER stress (310,311). PDI binds preferentially to misfolded proteins through hydrophobic 
interactions and has been implicated in various neurodegenerative diseases, especially AD 
(312–
upregulated in AD mouse models (315,316). PDI directly interacts with tau, inhibiting its 
phosphorylation and aggregation (317). PDI undergoes heterotypic condensation with tau and 
suppresses phase separation of tau (317). PDI diminishes the number of condensates and in 
the resulting co-condensates, PDI enhanced the liquid nature of tau. PDI slows down the 

-
nitrosylation of PDI, an aberrant 
role. S-nitrosylated PDI fails to be recruited into tau condensates and does not inhibit phase 
separation. Instead, it is associated with increased formation of tau droplets, hydrogels, and 

. This highlights how post-
factor into a contributor to tau pathology. 



 

 
 

EFhd2 is a highly conserved calcium-binding protein predominantly expressed in the central 
nervous system and implicated in various pathological conditions, including cancer and 
neurological disorders (318). In AD, EFhd2 colocalizes with pathological aggregated forms of 
tau and is increasingly detected as neurodegeneration progresses (319,320). Also,  
studies demonstrate that EFhd2 promotes tau amyloid formation, suggesting a critical role in 
AD progression (321). EFhd2 alone exhibits phase separation in the presence of molecular 
crowding and in response to calcium ions (Ca² ), forming dynamic liquid condensates. 
However, in the absence of Ca² , EFhd2 formed solid-like amorphous aggregates (322). EFhd2 
also modulates LLPS of tau at sub-molar concentrations and in a Ca² -dependent manner. In 
the presence of Ca² , EFhd2 forms co-condensates with tau, whereas without Ca² , EFhd2 
disrupts tau phase separation and together they accumulate into solid-like structures (322). 
While the solid-
transition toward pathological states, the study does not directly demonstrate this, and the 
role of EFhd2 in neurodegeneration remains unclear (323). 

Peptidyl prolyl isomerases (PPIases) or cyclophilins are a family of molecular chaperones that 
facilitate protein folding by catalysing the cis–trans isomerization of proline residues . 
PPIases are essential for proper protein conformation and function, and have been implicated 
in a range of pathological conditions, including cancer, neurodegenerative diseases, viral 
infections, and psychiatric disorders (325–327). Peptidyl prolyl isomerase A (PPIA) is vital for 
numerous biological processes, including those linked to neurodegenerative diseases 
(328,329). PPIA has been shown to reduce tau aggregation, and high proline content of tau 
enhances its interaction with PPIA. PPIA is recruited into tau condensates and becomes 
enriched within them (330). PPIA does not alter the liquid-like properties or dynamics of tau in 
co-condensates. However, when added to pre-formed tau droplets, PPIA induces their 

maturation of tau condensates remain to be fully characterized, these studies suggest a 
potential chaperone-like role in regulating tau LLPS and preventing pathological aggregation. 
Given its chaperone-like role in regulating tau aggregation (331), PPIA enzymes represent 
promising candidates for developing therapies for AD.  

2.3.6 Tau and small molecules  
Suramin is a polyanionic compound with broad pharmacological activity and has been used 
for treating various diseases, including neurodegenerative disorders (332). Suramin has 
been previously shown to inhibit the aggregation of amyloidogenic proteins, including A

. Suramin strongly enhances tau LLPS, resulting in the formation of larger 
condensates (335). Like RNA, suramin interacts electrostatically with tau through its 
multiple negative charges. Interestingly, suramin disrupts pre-formed tau condensates with 



 

65 
 

RNA and heparin by outcompeting these polyanions for tau binding. Moreover, it inhibits the 
formation of seeding competent species from tau:suramin condensates and tau:heparin 

idate to 
interfere with tau condensation and its pathological maturation. 

Methylene Blue (MB) is a well-known redox-active dye with established clinical applications 
across various diseases and infections (336). In the context of neurodegeneration, MB 
reduces hippocampal amyloid- levels and inhibits tau aggregation  (337,338). MB 
directly binds to tau and enhances its phase separation, even in the absence of crowding 
agents (339). MB increases droplet turbidity and size and lowers the Csat for LLPS. This 
modulation of tau LLPS by MB is independent of its redox activity on tau cysteine residues 
and is instead mediated through electrostatic and hydrophobic interactions. MB 

tes, suppresses 
droplet fusion, and promotes a transition from a liquid-like to a gel-like state. Importantly, 
MB does not interfere with tau’s functional role in tubulin polymerization. While MB-induced 
condensates mature into non-toxic amorphous aggregates, they deviate tau from forming 

- gainst pathogenic tau 
aggregation by redirecting it toward alternative, less cytotoxic pathways. 

Table 2.1 provides an overview of heterotypic LLPS partners of tau discussed in this study. 

original publications. Due to its strong intrinsic phase-separating propensity, tau 
pre

partners have been categorized as either drivers or deterrents of tau aggregation. 

     Table 2.1 :  

Partner LLPS type ect on LLPS ect on tau 
aggregation 

Enhance (+) 
Suppress (–) 

Reference 

RNA  
RNA (client) 

promotes heterotypic 
LLPS, increases 
droplet viscosity and 
stabilitv 

decreases aggregation 
tendency, context-
dependent 

+/– (228,2
52,25

3) 

S both tau and 
S can act as 

 

promotes heterotypic 
LLPS, retains liquid-
like state, more 
resistant to 
electrostatic screening 

enables nucleation of 
amyloid aggregation, 
forms heterotypic 
aggregates with 
polyamines 

+ 
65) 

PrP  
PrP (client) 

promotes heterotypic 
LLPS, increases 
number, forms smaller 

Accelerates 
maturation into solid-

 

+ (137) 
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and more spherical 
condensates 

TIA 1 (RBP) Cooperative 
LLPS 

forms heterotypic 
condensates, 
increases number, 
smaller in size 

accelerates gelation, 
with RNA promotes 
toxic tau oligomer 
formation 

+ (138,285) 

Efhd2 Cooperative 
LLPS 

heterotypic phase 
separation regulated 
by Ca2+, forms 
dynamic co-
condensates with tau 

can trigger formation 
of solid-like co-
aggregates with tau 

+/– (322) 

Hsp22 
(chaperone) 

 
Hsp22 
(client) 

Hsp22 is recruited into 
tau LLPS, increases 
number of 
condensates 

prevents maturation 
and inhibits tau 
aggregation 

– (81) 

PDI 
(chaperone) 

 
PDI (client) 

reduce number of 
condensates, 
regulated by 
nitrosylation of PDI 

inhibits tau 
aggregation, 
nitrosylation impairs 
the neuroprotection 

– (317) 

14-3-3  
(chaperone) 

 
-3-

(client) 

-3- recruited into 
tau condensates, 
concentration-
dependent regulation 
of tau LLPS 

maturation or aging of 
co-condensates 

+/– (257) 

S100B 
(chaperone) 

 
S100B 
(client) 

slows down tau LLPS reduces formation of 
HMW tau oligomers 

– (299) 

Ydj1 
(chaperone) S100B 

(client) 

lowers critical 
concentration of tau 
LLPS, enhances phase 
separation 

forms non-
amyloidogenic 
heterocomplexes 

– (296) 

PPIA 
PPIA (client) 

PPIA recruited into tau 
LLPS, maintains 
dynamic state of 
condensates 

dissolves the 
condensed phase into 
single mixed phases 

– (330) 

Suramin 
Suramin 
(client) 

enhances heterotypic 
LLPS, promotes bigger 
droplets 

inhibits formation of 
seed competent tau 
species 

– (335) 

Methylene 
Blue  MB (client) 

binds to tau in 
condensates, 
enhances phase 
separation  

accelerate liquid-to-
gel-like transition, 
redirects tau into less 
cytotoxic pathways 

– (339) 
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2.4  Heterotypic phase separation of and the impact on its aggregation 

2.4.1  S 
Parkinson's disease (PD) is a prevalent neurodegenerative disorder characterized by the 
progressive loss of dopaminergic neurons. The hallmark feature of PD pathology is the 
aggregation of alpha-synuclein ( S), a presynaptic protein, into Lewy bodies. Genetic 
mutations and altered expression of the  gene, which encodes S, are the key 
contributors to disease progression – . 

-amino acid protein predominantly expressed in neurons of the central and 
peripheral nervous system. S plays crucial roles in synaptic function and neurotransmitter 
release and is predominantly localized at presynaptic terminals . In its native state, 

S is inherently disordered, which allows it to interact with various cellular membranes and 

accumulation in neurons. The resultant toxic assemblies disrupt neuronal homeostasis and 
. 

The structural properties of S 
is comprised of three major domains: an N-terminal domain involved in membrane binding, 
a central hydrophobic non-A ril formation and 

-terminal domain . S exists as an unstructured monomer, resistant to 
. In contrast, pathological conditions induce a 

conformational shift toward -sheet-

rentially to toxicity (350). Increasing evidence implicates 

(351,352). 
S oligomers, they 

drive disease progression (353–357). 

Recent studies have highlighted that S can undergo LLPS, majorly driven by the N terminus 
(358–

360). Although S exhibits relatively low LLPS propensity at physiological pH, the phase 
separation behaviour of S was regulated by various PD-associated factors such as local 
concentration of S, pH shifts, metal exposure, lipid interactions and mutations (263,361). 
Initially, S droplets show liquid-like properties and undergo a time dependent liquid-to-

oligomeric species (358). Fibrillization of S is accelerated when mediated through LLPS. 
Conditions that suppress LLPS delay or inhibit -synuclein aggregation, suggesting a 
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potential implications of S condensation in PD progression (362). However, some disease-
associated 
conditions exhibit structural properties distinct from those formed under non-LLPS 
conditions (363) S phase 
separation and highlights the need for further investigation within the broader landscape of 
neurodegenerative diseases. 

S interacts with a diverse array of biomolecules, including enzymes, chaperones, and 

aggregation propensity, and contributions to neurodegeneration . More than 70 of these 
(365). Moreover, other 

neurodegenerative disease-associated proteins such as tau, A , prion proteins, TDP-
Huntingtin, are often found to cross-seed and co-deposit with S aggregates (366–368). 
Heterotypic interactions between these proteins may underlie the co-occurrence of 
multiple pathologies and their synergistic contribution to disease progression (369,370).  

In the following sections, we review the interacting partners that undergo heterotypic phase 
separation with S aggregation. 

2.4.2 S and amyloidogenic proteins 

Tau is a major amyloidogenic interaction partner of S, and their heterotypic condensation 
has been discussed in section 2.3 

Transactive response DNA- -
implicated in various neurodegenerative diseases, predominantly in amyotrophic lateral 
sclerosis (ALS) and frontotemporal dementia (FTD) (371). TDP-
RNA-binding protein involved in RNA processing as well as a cytosolic regulator of stress 
granule dynamics. Under pathological states, TDP-
cytoplasmic aggregation, a hallmark of ALS and FTD pathology (372,373). Previous studies 
indicate a direct interaction between TDP- S. They co-deposits in glial cytoplasmic 
inclusions and synergistically enhance cytotoxicity –376). S also interacts with the 
prion-like domain of  TDP- -

(367). TDP-
and form highly dynamic condensates. Although, S alone does not phase separate under 
these conditions, it was readily recruited into pre-formed TDP- –RNA droplets (377). 
The interaction between S and TDP-
interactions and occurred under cellular conditions as well. 
liquid-like nature of TDP- S localized 
asymmetrically to the droplet surfaces and prevented the coalescence between 
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condensates. 
indicative of a more solid-like state. 
aggregation within these co- ies 
resembling both S and TDP-
aggregates suggests a mutual promotion of aggregation between S and TDP-
that their co-pathology in neurodegeneration might be mediated by LLPS.  

As discussed earlier in this review, PrP undergoes heterotypic condensation with tau. 
Interestingly, PrP also interacts with S and similarly forms heterotypic condensates. 
Several studies have demonstrated that PrP can act as a receptor for S aggregates, 
promoting their internalization and enhancing their toxicity (378,379). The role of PrP in S 
pathology appears to be complex and context dependent. While several studies support its 
involvement in S propagation and toxicity, others report minimal or no 
contribution (380,381). Under physiological conditions, where neither PrP nor S phase 
separate on their own, their mixture leads to the spontaneous formation of co-condensates 
rich in both PrP and S (382). These PrP: S condensates exhibit dynamic liquid-like 
properties and both proteins showed high mobility within the condensates. The heterotypic 
condensation is primarily driven by electrostatic interactions and is sensitive to higher 
stochiometric mixing. Spatiotemporal organisation within the PrP: S condensates was 
modulated by RNA, leading to the emergence of multiphasic condensates (382). Under 
quiescent conditions, these droplets undergo a gradual liquid-to-solid transition; however, 
mechanical agitation triggers a rapid conversion into heterotypic amyloid aggregates. 
Notably, this conversion does not occur under non-LLPS conditions, highlighting the critical 
role of LLPS in facilitating aggregation. Given that the PrP: S interaction is highly context 
dependent, further studies under  contexts are needed to explore their LLPS-mediated 
interaction. 

-Synuclein ( S) is a member of the synuclein family, sharing 78 % sequence homology with 
S (383). S is found abundantly in the central nervous system and co-localizes with S at 

the presynaptic terminals. Despite their structural similarity, S is considerably less 
aggregation-prone and is generally considered neuroprotective, counteracting S 
aggregation and associated toxicity. Studies have shown that S inhibits both the initiation 

S aggregation by competitively binding to lipid surfaces and S 
–386). S, as a client component partitions into S condensates through 

electrostatic interactions and co-localizes with S under physiological and crowded 
conditions (387). Notably, S alone undergoes phase separation under these conditions, 
whereas S does not. The presence of S enhances S phase separation by increasing the 
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S can also negatively regulate (388). 
S in modulating 

S aggregation via LLPS. S dramatically delayed the tendency of liquid-to-solid transition 
of the co-
evidence indicates that S may gain toxic properties under pathological conditions. Altered 
expression levels or disease-associated mutations in S have been shown to promote the 
maturation of S condensates into gel-like, aggregation-prone states (389)
highlight a delicate balance in the modulatory role of S, which may shift from protective to 
pathogenic in disease contexts. 

S100A9 is a pro-
cells, and monocytes and has been implicated in the pathogenesis of various types of 

(390). S100A9 is a potential 
-aggregate 

with (391). Both S100A9 and S independently 
undergo LLPS under conditions of molecular crowding at physiological pH, forming 
homotypic condensates. In the case of S100A9, these homotypic condensates often coexist 
with aggregates. Upon co-incubation of S100A9 and S, the number of condensates were 
enhanced and these included S100A9: S heterotypic condensates,  as well as, S100A9 and 

S homotypic condensates (392). The S100A9: S interaction was driven by a combination 
of electrostatic and hydrophobic interactions. Within the mixed condensates, S100A9 
aggregation is notably suppressed by S, although it displays uneven, clumped distribution. 
Conversely, S100A9 strongly promotes 

-synuclein 
aggregation collectively suggest that S100A9 may represent a therapeutic target for 
Parkinson’s disease. 

2.4.3 S and synaptic/disordered Proteins 

VAMP2 (vesicle-associated membrane protein 2) is a key component of the SNARE (soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor) complex (393). VAMP2 
mediates the fusion of synaptic vesicles (SVs) with the presynaptic membrane and 
facilitates exocytosis and plays a pivotal role in neurotransmitter release. S has been 
shown to directly bind VAMP2 and regulate SNARE complex assembly . Recent studies 
have demonstrated that S undergoes heterotypic condensation with VAMP2 (395), as well 
as with SVs containing VAMP2 (396). Under the corresponding experimental conditions, S 
forms homotypic condensates, and the presence of VAMP2 sat 
required for S phase separation. VAMP2 also enhances both the size and number of S 
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condensates. Within these heterotypic condensates, S retains high liquid-like mobility, 
indicating the preservation of a dynamic phase. Importantly, VAMP2 markedly suppresses 

S oligomerization upon heterotypic condensation and also inhibits on, 
highlighting a potential protective role for VAMP2 in S pathology (396). Thus, beyond its 
established function in SV clustering and synaptic transmission (397), VAMP2 may act as a 
molecular modulator that mitigates the aggregation propensity of S through LLPS. 

Small EDRK-rich factor (SERF) proteins are evolutionarily conserved, highly charged and 
conformationally dynamic molecules that play a critical role in modulating cellular 
mechanisms that underpin stress granule formation and protein aggregation (398). Their 
intrinsic disorder, driven by extensive intrinsically disordered regions (IDRs), enables them 

(399). SERF proteins have been 
directly implicated in modulating the aggregation of amyloidogenic proteins – . 

S in the cytoplasm, generating SERF/ S complexes . SERF 
competes with the protective intramolecular interactions within S and promote the 
nucleation of S aggregates . SERF undergoes electrostatically driven homotypic 
LLPS forming dynamic condensates both  and . Although S alone does not 
phase separate under these conditions, it is readily recruited into pre-formed SERF 
condensates, resulting in the formation of larger and denser heterotypic droplets . 
Interestingly, as these condensates mature, 
recovery, suggesting a transition to a solid-like state, whereas SERF retains its mobility. Over 

S. This co-localization 
-positive aggregates. Notably, while SERF 

promotes 
oligomeric intermediates. By redirecting aggregation toward less 
SERF reduces S-induced cytotoxicity, underscoring its dual role as both a pro-amyloid 
modulator and a mitigator of oligomer toxicity. 

Synapsin proteins are integral to several functions in neuronal physiology, particularly in the 
assembly of SVs and regulation of neurotransmitter release . Phase separation 
underlies SV organization, and synapsins have been shown to form liquid-like condensates 

 that incorporate liposomes mimicking SVs . Dysregulation of synapsin activity 
has been implicated in several neurological disorders . In the context of PD, synapsin 
and S are co-dysregulated and co-deposited, and synapsin knockout has been shown to 
reduce S aggregation and toxicity . Recent studies demonstrate that S is 

and S as the dynamic client partner . Importantly, excess S disrupts synapsin 
condensate formation, potentially interfering with the organization of synaptic vesicles and 
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contributing to early synaptic dysfunction. Current studies lack information on the role of 
synapsin in aggregation of S via heterotypic LLPS. While the precise role of synapsin in 
modulating t to a delicate 
stoichiometric balance between the two proteins that may be critical for maintaining 
synaptic integrity. 

2.4.4 S and polyphenols/small molecule modulators 

compounds, widely distributed in fruits, vegetables, nuts, and plant-derived beverages 
. Myricetin exhibits a broad spectrum of biological activities, including antioxidant, 

antiviral, antidiabetic, anti-
confers neuroprotection by mitigating oxidative stress  and inhibiting the aggregation of 
several amyloidogenic proteins implicated in neurodegenerative diseases, including A

S , insulin and superoxide dismutase 1 . Myricetin directly binds to the 
N-terminal region of S which is critical for oligomerisation and thereby suppresses oligomer 
formation . Upon heterotypic condensation with S, myricetin did not alter the 
morphology, number, or size of S condensates, but slightly reduced the dynamics of S 
within the co-condensates . Importantly, myricetin inhibited the liquid-to-solid 
transition of -dependent 
manner. Moreover, it demonstrated the ability to dissolve pre-formed S aggregates, 
underscoring its therapeutic potential. 

Curcumin, a natural polyphenolic compound derived from the rhizome of  
(turmeric), is increasingly recognized for its broad therapeutic potential, particularly in 

. Curcumin exhibits potent 
antioxidant, anti- . In the context of S 
pathology, curcumin enhances the solubility of S monomers and inhibits aggregation by 

 –
S undergoes heterotypic condensation with curcumin, where curcumin associates 

primarily with hydrophobic regions of S within the condensates . Curcumin does not 
alter the morphology, size, or number of S condensates but reduced the initial dynamics of 

S in the condensates. However, curcumin slows the liquid-to-solid maturation, and 
ng S aggregation. Strikingly, 

curcumin is also capable of disassembling preformed 
-

associated  -synuclein LLPS closely mirrors that of 
myricetin, suggesting that small polyphenolic molecules can modulate S phase behaviour 
and aggregation.  
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Peptide-based molecular strategies to inhibit protein misfolding, aggregation, and 
neurodegeneration represent a rapidly advancing frontier in therapeutic research. Owing to 

an be precisely 

intervention . The RaPID (Random Non-standard Peptides Integrated Discovery) 
system is a platform for identifying such therapeutic candidates, particularly against 
amyloidogenic targets . Using this system, two peptides FL2 and FD1 were 

S. These peptides induced LLPS with S 
in the presence of molecular crowding . The phase separation was concentration-
dependent on both peptide and S, and the resulting condensates displayed hallmark 

Binding of the peptides to S occurred via weak interactions or site-
Interestingly, although peptide-induced LLPS facilitated nucleation by reducing the lag 
phase of aggregation, it concurrently promoted the formation of hydrophobic, non-
amyloidogenic pre-

S within condensates, these peptides exert 

amyloid formation and misfolding.  

Spermine is a naturally occurring polyamine that plays critical roles in a wide range of 

responses. Dysregulation of the polyamine metabolic pathway has been implicated in the 
pathogenesis of neurodegenerative disorders . Biogenic polyamines are abundant 

concentration, and have been shown to promote the aggregation of both S  and A
. Under molecular crowding conditions, spermine forms heterotypic condensates with 

S via electrostatic interactions . Notably, neither S nor spermine alone, nor their 
individual combinations with PEG, underwent LLPS under these conditions.  These 

S:spermine condensates accelerated the aggregation kinetics of S and promoted its 
conversion into -sheet- t coexisted with aged droplets . In contrast, 
Rodríguez  reported that mesh-like aggregates formed during maturation lacked -

. This heterotypic condensation 
is modulated by three factors: acetylation of spermine, ATP, and RNA. Acetylation of 
spermine impairs liquid–
RNA dissolves condensates and delays S aggregation. Together, spermine promotes both 

process. 



 

 
 

The various heterotypic LLPS partners of S discussed above are summarized in              Table 
2.2
reported in the original publications. 

S concentration and various 
experimental conditions used in respective studies. Furthermore, depending on their 

S assemblies, the interacting partners have been 
categorized as drivers or deterrents of S aggregation. 

             Table 2.2 : S aggregation 

Partner LLPS Type E ect on LLPS E ect on S 
aggregation 

Enhance (+) 
Suppress (–) 

Reference 

TDP- 43 
(prion-like 
domain) 

S (client) 
TDP-  

 
 

S localized at 
droplet surfaces, 
reduces dynamics  
of TDP-
condensates  

accelerates amyloid 
formation, forms 

 

+ (377) 

S  
S (client) 

 

S is recruited into 
S condensates, 

can enhance or 
suppress phase 
separation 

blocks aggregation of 
S 

– (387,388) 

PrP Cross 
interaction 
driven LLPS 

PrP formed highly 
dynamic 
heterotypic 
condensates with 

S 

rapid formation of 
heterotypic 
aggregates under 
agitation 

+ 
 

(382) 

S100A9 Cooperative 
LLPS 

promote formation 
of heterotypic 
droplets 

enhances 

formation. 

+ (392) 

      
Synapsin S (client) 

Synapsin 
 

S recruited into 
synapsin 
condensates, S 
retains mobility. 

no direct aggregation 
S 

disrupt condensates 
and causes synaptic 
dysfunction 

+/–  

      
SERF S (client) 

SERF1 
 

promotes 
heterotypic LLPS, 
increases droplet 
size and density 

reduces oligomer-
mediated toxicity of 

S 

–  

      
FL2/FD1 
 (de-novo 
peptides) 

Cross 
interaction 
driven LLPS  

drives heterotypic 
LLPS, enhance 

characteristics of 
condensates 

reduces the overall 
 mass 

–  
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2.5 Quadrant plot summary 
In this review, we brought together the heterotypic phase separation partners of tau and S. 
Fig 2.2 (a) and (b) show the discussed phase separation partners of tau and S in a quadrant 

separation, as judged by the physical properties of heterotypic condensates, including 

maturation, progression into aggregates, and the toxicity of the resulting aggregates. From 
the plots, it is evident that most amyloidogenic proteins that co-phase separates with tau or 

observed co-pathology of these proteins in several neurodegenerative diseases. For tau, 
many molecular chaperones appear to suppress aggregation. Interestingly, this suppression 
does not necessarily equate to inhibition of phase separation. Rather, these chaperones 
often direct tau condensates towards less amyloidogenic pathways. Proteins like Efhd2 and 

-3- were not included in the tau plot due to limited data regarding their role in LLPS-
mediated tau aggregation. In contrast, phase separation with molecular chaperones is less 
studied in the case of S, likely due to the inherently low phase separation tendencies of 

      
Myricetin  

Myricetin 
(client) 
 

initial condensate 
formation, reduces 

S dynamics 

delays liquid-to-
solid phase 
transition, blocks S 

disassemble pre-
formed amyloids 

–  

      
Curcumin  

Curcumin 
(client) 

recruited into S 
condensates, 
reduces  

delays liquid-to-
solid like transition, 
inhibits amyloid 
aggregation 

–  

      
VAMP2  

VAMP2 
(client) 
 

promotes 
heterotypic LLPS, 
increases size and 
number of 
condensates 

prevents S 
aggregation   

– (395) 

Spermine 
 (Sp) 
 

S (client) 
 

 

promotes 
heterotopic 
condensation with 

S 

accelerates 
 S 

+  
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both S and chaperones. Polyphenolic compounds have shown promise in inhibiting S 
aggregation via LLPS mechanisms.

Further exploration of similar small molecules against tau could present new opportunities 
to slow or prevent neurodegeneration. Peptide-based therapeutic strategies have 

S condensates while 

the aggregation process. S, although 
bits 

S aggregation and holds promise as a therapeutic agent due to its endogenous origin and 

targeting heterotypic phase separation as a therapeutic strategy in neurodegenerative 
diseases.

2.6 Concluding remarks and future perspectives
In summary, heterotypic phase separation emerges as a pivotal mechanism modulating the 
aggregation behaviour of key neurodegenerative proteins including tau and S. Our review 
highlights that heterotypic condensates formed through interactions with diverse partners 
can either enhance or suppress pathological aggregation, revealing a complex regulatory 
network within biomolecular condensates. 

condensate properties and aggregation propensity. Moreover, the presence of cofactors and 
post-

Fig 2.2: uadrant plot sho ing the e ect of di erent heterotypic LLPS partners on tau and S. 
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aggregation pathways, emphasizing the multifactorial control of protein homeostasis via 
phase separation. 

Looking forward, a deeper mechanistic understanding of the molecular determinants 
governing heterotypic phase separation will be critical. Key challenges remain in 
investigating how these condensates transition from functional assemblies to pathogenic 
aggregates . Advanced biophysical techniques, combined with cellular and animal 
models, will be essential to elucidate the temporal dynamics and structural features of 
heterotypic condensates. 

Future research should also explore the therapeutic potential of modulating heterotypic 

properties could provide novel strategies to prevent or reverse aberrant aggregation in 
neurodegenerative diseases. Overall, embracing the complexity of heterotypic phase 

progression of neurodegenerative diseases. 
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Chapter 3. Ta -A  interaction n er 
LLPS conditions 
 
Manuscript Information 
 
Title: Liquid-liquid phase-separated tau colocalizes with and stabilizes A  
oligomers 
Authors: Tina Jacob, Marie Schützmann and Wolfgang Hoyer 

Journal: Nature Communications 

Status: Under revision (September 2025) 

Contributions: T FRAP assays, SDS-
PAGE, uorescent labelling, ThT kinetics, TIRF microscopy, Confocal 
microscopy, DLS and turbidity measurements, 
and reviewing of the manuscript. 

 
 
 
 
 
 
 
 
 
 
This chapter includes sections from the above manuscript that describe the interaction 
between tau and A Os under LLPS conditions. It has been further expanded with additional 
experimental data to provide a more comprehensive understanding of these interactions 
under LLPS conditions. 
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3.1 Aim of the study 
The aim of this study is to investigate the molecular interplay between tau and A Os within 
the framework of LLPS, a biophysical phenomenon increasingly recognized as a key 
regulator of protein aggregation, subcellular compartmentalization, and proteostasis. Using 
biochemical labelling strategies in combination with advanced biophysical and imaging 
approaches, this work seeks to elucidate the mechanistic principles that govern tau-A O 
interactions in a physiologically relevant, crowded environment. 

S Os interact with tau condensates and 
modulate their properties, and (ii) assess how pre-
aggregation kinetics and pathological characteristics of A Os. This bidirectional analysis is 
intended to clarify whether LLPS provides an active microenvironment that drives aberrant 
molecular association and . 

3.2  

3.2.1 Plasmid Isolation   
Plasmid DNA was isolated using the NucleoSpin® Plasmid kit (Macherey-Nagel, Germany) in 
accordance with the manufacturer’s protocol. For tau, a single colony of  XL1-Blue 
cells containing the recombinant plasmid was inoculated into 5 mL LB medium 
supplemented with kanamycin (50 μg/mL) antibiotic resistance. Following overnight 
incubation at 37 °C with shaking at 160 rpm, 3 mL of culture was harvested by centrifugation. 

containing RNase A, 
. After few gentle inversions to ensure complete 

cellular debris. The lysate was then centrifuged, and the clear supernatant was transferred 
to a NucleoSpin® column for plasmid binding. The column was washed sequentially with 

-warmed elution 
.  

3.2.2 Determination of nucleic acid concentration 

 under the nucleic acid analysis mode. Following the blank, 2 μL of each DNA 
sample was loaded onto the instrument pedestal, and measurements were recorded. DNA 
concentration was calculated from the absorbance at 260 nm. Sample purity was assessed 
using the A260/A280 ratio, with values of 1.8 considered indicative of high-purity DNA. 



 

81 
 

3.2.3 Bacterial transformation 
The pET-28a and pACYCDuet-1 plasmids encoding tau and dimA respectively, were 
transformed into chemically competent  BL21(DE3) cells (Novagen) using the heat-

-5 μL) was added to 50 μL of thawed competent cells 
and gently mixed, followed by incubation on ice for 20-30 minutes. Cells were then heat-

2 minutes. -warmed SOC medium was added, and the cell 
suspension was incubated at 37 °C with shaking at 300 rpm for 1 hour to allow recovery and 
expression of antibiotic resistance. After recovery, 100 μL of the transformation mixture was 
spread onto LB agar plates containing kanamycin (50 μg/mL) and incubated overnight at 37 
°C for colony selection. Individual colonies were selected the following day and inoculated 
into 50 mL of LB medium supplemented with kanamycin (50 μg/mL) to establish precultures. 
The cultures were incubated at 37 °C with shaking at 160 rpm overnight. 

3.2.4 Expression   
The preculture was inoculated into the main culture to achieve an initial optical density at 

. The cells in the main culture were grown in 2YT medium 
supplemented with kanamycin (50 μg/mL) at 37 °C until reaching an OD of 0.6. At 0.6-0.7 
OD, the main culture was induced for protein expression by adding 1 mM isopropyl -D-1-
thiogalactopyranoside (IPTG). Following induction, the culture was incubated for an 

ing a 
. The resulting cell 

dithiothreitol (DTT), pH 6.5, supplemented with a ethylenediaminetetraacetic acid (EDTA) 
protease inhibitor tablet (Roche Applied Sciences). Cells were lysed by Bandelin Sonopuls 
utilizing an VS 70T sonicator tip. The sonication was performed for a total of 5 minutes using 
3 s pulse followed by 5 s pause and repeated for three cycles. Cell debris was removed by 
centrifugation using a Beckman JA-
thermal stability of tau, the supernatant was heated to 80 °C for 15 min and centrifuged again 
to remove precipitated, heat-denatured proteins. Tau was subsequently precipitated by 

collected by centrifugation, resuspended in deionised water, and dialysed overnight against 
20 mM PIPES, 50 mM NaCl, 2 mM DTT, pH 6.5. 
was continued using ion-exchange chromatography (IEC) on a HiTrap SP FF 5-mL cation-
exchange column, and tau was eluted with a linear NaCl gradient (from 50 mM to 1 M) in 20 
mM , 2 mM DTT at -exclusion chromatography (SEC) step was 
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performed on a HiLoad 16/600 Superdex 75 pg column to remove truncated species. During 

50 mM NaCl, pH  

3.2.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) 
for protein analysis 

Protein analysis based on molecular weight was performed using sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS PAGE). Each gel consisted of a stacking gel (upper 
layer) and a resolving gel (lower layer). The choice of gel system depended on the size of the 
protein. Tris- -tricine gels 

evaluated using 
Tris-glycine gels, whereas dimA analysis (10.1 kDa) was performed on Tris-tricine gels. Tris-
glycine resolving gels were prepared at 8% polyacrylamide, while Tris-tricine resolving gels 
were cast at 20% polyacrylamide. 

Table 3.1 : Composition of 8 % tris-glycine gels 

Components Resolving gel Stacking gel 

1.5 M Tris-HCl, pH 8.8  2.5 ml  
0.5 M Tris-HCl, pH 6.8   1.5 ml 
Rotiphorese Gel 30 (37.5:1)  2.6 ml 830 μl 
Milli-Q H2O   2.8 ml 
10% SDS  100 μl 50 μl 
TEMED  10 μl 10 μl 
10% APS  100 μl 50 μl 

 

Table 3.2 : Composition of 20% tris-tricine gels 

Components Resolving gel Stacking gel 

3 M Tris-  10 ml   
Rotiphorese Gel 30 (37.5:1) 17 ml  2 ml 
Glycerol  3.2 ml   
Milli-Q H2O  2.3 ml  2.8 ml 
TEMED  50 μl  50 μl 
10% APS  100 μl  100 μl 

 

The resolving gel solution was prepared by combining all required components, adding APS 
and TEMED last to initiate polymerization. The mixture was gently but thoroughly mixed and 
immediately poured between the assembled glass plates. A layer of isopropanol was then 
added to the surface to create a smooth interface and prevent bubble formation during gel 
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polymerization. After complete polymerization of the resolving gel, the isopropanol overlay 
was removed. The stacking gel solution was prepared, with APS added last to initiate 
polymerization, and carefully layered on top of the resolving gel. A 10 or 15 well comb was 
inserted, and the stacking gel was allowed to polymerize. The gels were either used on the 

dehydration. Polymerized gels were assembled into a BioRad Mini-PROTEAN 
electrophoresis system. For Tris-glycine gels, 1x Tris-
both the cathode and anode chambers. For Tris-tricine gels, 1x Tris-
was added to the cathode chamber and 1x Tris-

x  

x x 
concentration in a total volume of approximately 20 μL. Samples were heated at 95 °C for 5 

-stained protein molecular weight 
marker (PageRuler™ or PageRuler™ 
Electrophoresis was performed at a constant voltage of 120 V for 2 h, until the bromophenol 

 used, until the lowest marker 
band reached the bottom. 

Following electrophoresis, the gel was removed from the cassette and processed either 

subjected to Coomassie staining. For Coomassie staining, gels were incubated in colloidal 
Coomassie blue or READYBLUE® Quick Stain (Sigma-Aldrich) for 2 h under gentle agitation, 
followed by three washes with distilled water and overnight destaining in water with 

ed using a Gel Doc XR 
imaging system. 

3.2.6 Fluorescent labelling of tau 

visualization within condensates and co-assemblies. N-hydroxysuccinimide (NHS) ester 
chemistry was used 
aqueous conditions . 
ester labelling (6.1). NHS ester reacts with the -amino groups of lysine side chains and the 
N-terminal amine through nucleophilic attack, forming stable amide bonds. This reaction is 

-8.5), which deprotonates the 
amine groups, enhancing their nucleophilicity while maintaining protein stability.  

Thermo Fisher 
-red dye with an excitation maximum at 650 



 

 
 

nm and an emission maximum at 668 nm, providing high photostability and minimal spectral 

dissolved in 90 mM HEPES/NaOH (pH 7.9) containing 10% (v/v) amine-free 
dimethylformamide (DMF) and incubated with an excess of dye for 70-90 min at 20 °C in the 
dark to prevent photobleaching. Free, unreacted dye was removed by reverse-phase high-
performance liquid chromatography (RP-HPLC) using a Zorbax SB-
semipreparative column. 
After successful RP-

 (Fig 6.1 A). 

-PAGE 
using a pre-stained protein ladder. Prior to loading, the samples were mixed with Laemmli 

detection. Following 
electrophoresis, the gel was imaged directly without Coomassie staining. Images were 

resulting images were overlaid (Fig 6.1 B). 

3.2.7 LLPS of tau 

tau condensates were prepared at a concentration of 10 
μM in 30mM Tris, 50 mM NaCl, , 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. 

3.2.8    

were carried out according to previously established 
protocols (169). Bacterial expression of dimA was achieved by co-expression of ZA a 
chaperone-like binding protein that shields aggregation-prone sequence segments of A
The gene encoding dimA consisting of an N-terminal methionine followed by an A

 linker, and a second A sequence, was obtained from Life 
Technologies and cloned into the pACYCDuet-1 vector using NcoI and  restriction 
sites. The resulting co-expression plasmid contained both the dimA gene and the gene for 

-tagged ZA arranged as follows: T7 promoter-1 – dimA – T7 promoter-2 – -ZA – 
T7 terminator (6.2). 
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For the expression of dimA M9 culture medium was used. The composition of M9 for 500 
ml is as described in Table 3.3. 

Table 3.3 Composition of M9 media for dimA expression 

 Components 
(stock concentration) 

Final concentration Volume for 500 ml 

NH Cl (20 %) 0.1 %(w/v) 2.5 ml 
G  0.2 %(w/v) 2.5 ml 
CaCl2 (0.1M) 0.1 mM 0.5 ml 
Chloramphenicol (25 mg/mL) 25 μg/mL 0.5 ml 
M9 salt (10 x stock) 1 X 50 ml 
MQ water   

For protein expression, bacterial cultures were inoculated with 0.1% (v/v) of preculture and 
grown to an OD of 0.6-0.8, followed by induction with 1 mM IPTG. Following a  incubation 
at 37 °C, cells were harvested using Beckman J2-21 centrifuge mounting a JA 10.500 rotor at 
5000 rpm for 15 minutes. For Sodium 
phosphate (NaPi), 0.3 M NaCl, 20 mM imidazole, pH 8, containing EDTA-free protease 
inhibitor (Roche Applied Sciences). The cell lysate was then lysed by Bandelin Sonopuls 
utilizing an MS72 sonicator tip. The pulse was applied for 5 min at 55% amplitude with a cycle 

 The cell debris was removed by centrifugation in a Beckman J2-21 
centrifuge mounting a JA20.1 rotor at 
dimA ZA
supernatant was loaded on a HisTrap FF column (GE Healthcare). DimA was separated 
from the resin-bound ZA and eluted with 8 M urea, 20 mM NaPi, pH 7 in a step gradient. 

RP-HPLC was performed. For 
this purpose the IMAC eluate was concentrated in a Vivaspin 20 centrifugal concentrator 
(Sartorius), followed by addition of 5 mM Tris(2-carboxyethyl)phosphine (TCEP) to reduce the 

and loading onto a semi-preparative Zorbax 300SB-C8 RP-HPLC 

was eluted in a gradient from 30% (v/v) to 36% 
containing fractions were 

pooled, lyophilized, dissolved in HFIP (1,1,1,3,3,3- -2-propanol), aliquoted in 1 
mg portions, lyophilized again and stored at 20°C. Before use in experiments, monomeric 
nature of dimA was ensured either by SEC or by dissolving it in HFIP. For SEC, lyophilized 
dimA was reconstituted in 6 M guanidinium-HCl, 50 mM NaPi
sonicated for 30 minutes in a SONOREX RK100H sonicator bath. Subsequently, the solution 
was loaded onto a Superdex 75 10/300 GL column (GE Healthcare) equilibrated with 

. Alternatively, lyophilised dimA
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and re-lyophilised in aliquots. Each aliquot was then dissolved in 50 mM NaOH and the 
 An equal volume of 

50 mM HCl, matching the volume of 50 mM NaOH used, was then added to neutralize the 
solution before it was used in subsequent experiments 

3.2.9 Fluorescent labelling of dimA  

Maleimide functional groups selectively react with thiol (-SH) groups under physiological 
conditions, enabling site-
For that a cysteine variant of dimA Cys-dimA provides a free 
thiol that undergoes a Michael addition reaction with maleimide , forming a 
stable thioether linkage. This reaction is typically performed at neutral to slightly basic pH 
(6.5-7.5), where the thiol remains nucleophilic and maleimide reactivity toward amines is 

 

ing dimA a variant with a cysteine at position 0 was conjugated 
with Alexa -
diluting into 1 mM DTT, 300 mM HEPES, pH 7, and adding the same volume of 50 mM HCl. 
Thereafter, the Alexa -maleimide was added and left to react for 30 min at room 
temperature RP-HPLC. The fractions that showed coincident signals 

were collected and lyophilised (Fig 6.2 A). The lyophilised 
and were analysed by SDS-

PAGE using a pre-stained protein ladder. Prior to loading, the samples were mixed with 

Following electrophoresis, the gel was imaged directly without Coomassie staining and 
(Fig 6.2 B). 

 
 for tau and dimA ensured no 

 (Fig 6.3).  

3.2.10  Preparation of dimA oligomers 

DimA was initially resuspended in a small volume of 50 mM NaOH, followed by the addition 

50 mM HCl. The stock solution prepared at higher concentrations (50-60 μM), was 
subsequently diluted to the desired concentration and incubated at 37 °C for 3-
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3.2.11  Turbidity measurements 

Turbidity measurements of protein solutions were conducted using UV-Vis spectroscopy on 
a Spectrophotometer V-650 (Jasco) equipped with QS High Precision Cell cuvettes (Hellma 
Analytics). Spectra were recorded using 90-100 μL of sample solution over a wavelength 

-300 nm, with a scan speed of 200 nm/min and a bandwidth of 1.0 nm in 
continuous scan mode. A control solution containing all components except the protein was 

then analysed 
under identical conditions. Following each measurement, the cuvette was thoroughly rinsed 
with deionized water, washed with isopropanol and air-dried to prevent cross-
contamination. 

3.2.12  DLS measurements 

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 repeated cycles, and the 
average distribution was generated. For samples containing 10% of PEG 6000, a refractive 
index of 1.33 and viscosity of 2.5 cp was considered. 100-120 μl of each protein sample were 
prepared for measurement. 

3.2.13  DIC microscopy 

microscope operated in DIC mode via Leica LAS AF software. For imaging, 6 l of each 

objective. Image analysis and processing were carried out using FIJI software (ImageJ, 
 

3.2.14  Confocal microscopy 

Confocal microscopy was performed on a Leica AF6000LX inverted microscope equipped 
with a Hamamatsu C9100-02-LNK00 EM CCD camera. For imaging, 6 l of each sample was 

 Image 
 

3.2.15   Fluorescence recovery after photobleaching (FRAP) 

FRAP experiments were done on  droplets formed by tau- mixed in the 
ratio -Cys0-dimA  dimA mixed in the ratio 
nm laser line, respectively, imaged on an Olympus FV3000 microscope with a 60x UPLSAPO 
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water immersion objective. To minimize photobleaching 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;1s) at 100% transmission in the respective laser lines, and post-bleach 
images were collected (1 s frame rate, 380 frames). For every experiment all the parameters 

ee regions, namely ROI1 = 
photobleached region inside a droplet, ROI2 = the whole droplet of interest, and ROI3 = 
background signal outside the droplet, were recorded. The recovery curves were corrected 

with easy FRAP , and the 
resulting data was analysed in Origin (Microcal) following the exponential growth model  A 1  e . 

3.2.16   Electrostatic and hydrophobic screening  

To study 
on condensate stability was evaluated by adding sodium chloride (NaCl) at concentrations 
ranging from 0 to 250 mM. Os were co-incubated in the presence 
or absence of crowding agent with the respective NaCl concentration. The prepared 
samples were incubated at 37 °C for approximately 5 minutes to reach equilibrium, after 

–Visible spectrophotometer. 
Hydrophobic interactions were probed using 1,6-hexanediol (1,6-HD), an aliphatic alcohol 
known to disrupt weak hydrophobic contacts. Condensate samples were treated with 1,6-

5 % (v/v). The sample preparation and turbidity 
measurements followed the same procedure as with the NaCl screening. 

3.2.17   -T (ThT) aggregation kinetics 

 at 20 mM ThT, 
. The measurement was 

performed in a 96-well low-binding plate (Greiner) in a BMG FluoStar Omega reader at 37°C 
and under quiescent conditions. Data points were collected every 5 min using the BMG 

 To calculate the half-time of oligomerization, the 
time values are placed in one column and the corresponding signal data in the next. The 

-level value is calculated as 50% of the rise from 
baseline to the peak. A h
rises above this half-level. The half-time is obtained by linearly interpolating between the 
time and signal values just before and just after this crossing with the following formula.  
t1/2 = t1+y1/2 y1) (t2 t1)/(y2 y1) 
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where: 
t ½ = half-rise signal value 
(t1, y1) = data point just before crossing half-rise signal value 
(t2, y2) = data point just after crossing half-rise signal value 

3.2.18   oligomers  

Oligomers from native A  construct were prepared to study their interaction with tau. 1 
mg aliquot of A  from BACHEM (CAS Number: 107761- - in HFIP, 

50 μl 50 
mM NaOH and sonicated for 30 s in water bath. After dissolution, it was further added with 

, followed by 50 μl of HCl. For preparation of oligomers, A
was incubated at 37°C 

A was added with Atto A in the ratio of 1:20 (labelled: unlabelled). The 
reaction mix was left for oligomerisation in dark for 2 hours. 

3.2.19    

For observing dimA amorphous aggregates of tau and dimA , 3 μl 
of each respective sample were applied 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 
performed in intermittent contact mode (AC mode) in a JPK Nano Wizard 3 atomic force 
microscope (JPK) using a silicon cantilever with silicon tip (either Olympus OMCL-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-
constant of 0.5-
made solely for reasons of availability. The images were processed using JPK DP Data 
Processing Software (version spm-
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3.3 Results

3.3.1

Recombinant tau protein was successfully expressed in BL21 cells carrying the pET-
28a vector. Following cell lysis and removal of debris by centrifugation, the soluble fraction 

by the 
salting-out method. Due to its intrinsically disordered nature and high solubility, tau exhibits 
a relatively high threshold for precipitation compared to globular proteins. The gradual 
addition of ammonium sulphate increases the ionic strength of the solution, with salt ions 
competing for water molecules and thereby reducing solvent availability for maintaining the 
protein’s hydration shell. After overnight incubation, pellet containing precipitated tau was 
collected by centrifugation

by a combination of chromatographic techniques, including 
IEC and SEC (Fig 3.1, Fig 3.2)

Cation-exchange In cation-exchange 
chromatography, the resin is negatively charged, allowing proteins with an overall positive 
charge to bind through electrostatic interactions. At pH 6.5, tau carries a net positive charge 
and binds strongly to the cation-exchange matrix, while other contaminants with lower or 
opposite net charge bind weakly or not at all. By applying a NaCl gradient, salt ions compete 
with the protein for interaction with the resin. This disrupts the electrostatic interactions, 
causing proteins to elute according to the strength of their charge-based binding. Because 

Fig 3.1: IEC puri cation of tau. A) B) C) Gel
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its separation from other proteins. Fig 3.1 C shows SDS-PAGE analysis of eluted IEC 
fractions. The gel showed the protein band of tau against the ladder band between 
55 kDa and 70 kDa and this can be attributed to the intrinsic disordered nature of tau as well.
IDPs have altered SDS binding and show an extended structure compared to globular 
proteins, resulting in altered electrophoretic mobility in SDS-PAGE. Additional lower
molecular weight bands were also observed on the gel, suggesting presence of truncations. 
To further improve purity, SEC was performed. The chromatogram showed multiple peaks, 
with one dominant peak corresponding to tau (Fig 3.2 A). SDS-PAGE gel of these fractions 

(Fig 3.2 B).

3.3.2

Recombinant dimA was successfully expressed in BL21 cells carrying the 
pACYCDuet-1 vector. Following cell lysis and removal of debris by centrifugation, the soluble 
fraction containing dimA was 

IMAC exploits the histidine residues to divalent metal ions immobilized on the
resin. The ZA dimA complex contains a His-tag, which enables selective binding to the 
Ni² charged HisTrap resin. Unbound and weakly associated proteins are removed during 
washing, while the target complex is retained throug between histidine side 
chains and immobilized nickel ions. The ZA dimA bound complex is then eluted by 
increasing imidazole concentration which competes with histidine residues for Ni² binding 
(Fog 3.3 A) sites on the resin. The fractions were collected generously. For the further 
separation of ZA dimA , the complex was destabilised by TCEP and by RP-
HPLC was followed. TCEP disrupts e stabilization of the complex and HPLC resolves 

Fig 3.2: SEC puri cation of tau. A) . B) Gel showing
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ZA dimA into individual proteins of distinct peaks. The dimA fractions collected from 
HPLC were lyophilised for overnight and SDS-gel was formed with the fractions ensuring 
purity (Fig 3.3 B). Prior to the usage in experiments, to ensure the monomeric state of dimA
the fractions were dissolved in HFIP and lyophilised again. SEC was performed optionally to 

3.3.3 Phase separation of tau
Tau was observed to undergo LLPS under crowding conditions. PEG acts as a crowding agent 
that mimics dense intracellular environment and lowers the energetic barrier for tau to self-
associate into phase-separated droplets. The protein-rich droplets formed via LLPS scatter 
light, and this can be quantitatively monitored by turbidity measurements. Increase in 

-
formation and provide a simple, indirect and preliminary method to follow phase separation 
in solution. Upon incubation with increasing PEG, turbidity of 10 μM tau solutions were 

A). Microscopic analysis of high-turbid solutions of tau 
indicated the formation of protein-rich droplets in solution ( B). These spherical 

supporting their liquid-like properties. The extent of droplet formation increased in response 
to increasing PEG concentration. Also, for 10 μM tau no droplet formation or turbidity was 
observed in the absence of PEG.

Fig 3.3: Puri cation of dimA . A) . B) SDS-
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Further to demonstrate that these droplets are enriched with tau protein, the PEG 
experiment was repeated with labelled tau. Alexa labelled tau was mixed 
with non-labelled tau in the ratio of 1:60 and incubated for 1-2 h. Further, the newly labelled
tau was incubated with 10 % PEG and were analysed with confocal microscopy. Microscopy
showed enrichment of tau in the droplets ( C). A 
showed a uniform of tau protein across the droplets, and they vary in their diameters in the 
range of several micrometres (Fig 3.5 A). These observations aligns with the previous studies 
that tau can self-associate into dynamic condensates under physiological-like conditions
(90). This provides a basis for further investigation to the dimA into phase
separation behaviour of tau.

Fig 3.5: Droplets of tau. A) 10 μM tau shows a uniform distribution of protein across the droplet

Fig 3.4: LLPS of tau. A) Turbidity of 10 μM tau in response to increasing PEG concentrations. 
B) DIC (Scale bar 5 μm) and C)

confocal microscopy (Scale bar 2 μm). Arrow mark indicating fusing nature of tau condensates.



3.3.4 Oligomers of dimA

The characteristic biphasic kinetics of dimA
(A).

of proteins . Upon binding to the 
-sheet-rich structures that are characteristic of amyloid aggregates, ThT undergoes a 

providing a quantitative and kinetic measure of amyloid formation. This makes ThT an 
invaluable tool for tracking the kinetics of A oligomerization , enabling the 

characterization of intermediate species. In the biphasic kinetics of dimA , where the initial 
lag- (Fig 3.6 A). 

-pathway oligomers from dimA (hereafter referred to as dimA Os) were isolated by 
incubating 10 μM dimA at and 37°C in the absence of any mechanical agitation (e.g., 

(169). The resulting dimA Os were harvested after 3-
hours of incubation and imaged by AFM (Fig 3.6 B) prior to their application in tau interaction 
experiments. In the course of our studies, to investigate the interaction with tau, dimA was 
labelled with Alexa . The cys0 variant of tau was labelled with Alexa -
malemaide and was incubated with fresh unlabelled dimA in the ratio of 1:20 and was co-
incubated for 1-2 h. ThT assays and AFM imaging of the labelled dimA were performed to 
ensure that the did not dimA (Fig 3.7 A, B).

Fig 3.6: DimA  kinetics and AFM. A) ThT assay depicts the biphasic kinetics of 10 μM dimA
B) AFM images

corresponding to the two phases.
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3.3.5 Turbidity measurements and DIC imaging of tau-dimA Os under LLPS 
conditions

Turbidity serves as a rapid and quantitative method for monitoring condensation in phase-
separating systems and is commonly used as a complementary readout to microscopy. To 
investigate the interaction between tau and dimA Os, tau was incubated with varying 
concentrations of dimA Os and PEG, and the turbidity of the resulting solutions was 
measured (Fig 3.8 A). The presence of dimA Os led to a higher turbidity of tau solutions and 
notably, samples containing the highest concentrations of dimA Os exhibited the greatest 
turbidity across nearly all PEG concentrations tested. This observation suggests the 
presence of droplets in these samples and a potential increase in either the number or the 
size of condensates. However, further complementary experiments would be required to 

.

Fig 3.7: Alexa 488 dimA . 2 μ dimA showing the characteristic biphasic 
A) ThT kinetics and the B) AFM image of oligomers formed.

Fig 3.8: Turbidity measurements. A) Turbidity of 10 μM tau titrated with varying concentrations of dimA Os 
(0- -12%). B) .
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PEG Os 
when tested alone (Fig 3.8 B). The turbidity of dimA Os-only solutions remained consistently 
close to the baseline control values with increasing PEG concentrations, indicating an 
absence of phase separation under these conditions.

Since an increased turbidity can arise not only from phase separation but also from the 

turbidity in tau-dimA Os-PEG samples resulted from condensate formation. Interestingly,
the evaluation of these samples with DIC microscopy showed a clear formation of
condensates (Fig 3.9 A, B). These condensates were morphologically similar to those formed 
by tau alone, raising questions regarding the localization, partitioning behaviour and 

Os within the condensates.

3.3.6 Co-phase separation of tau and dimA Os

Following the observation of condensates upon incubation of tau and dimA Os in the 
presence of PEG, we investigated the spatial localization of dimA Os within these 

dimA Os were labelled with Alexa
microscopy revealed that, 

respectively -localized with the condensates visualized in
DIC mode (Fig 3.10 A, B, C, D). DimA Os were found to preferentially partition into all tau

Fig 3.9: Tau-dimA Os interaction. A) 10 μM tau LLPS B) 10 μM Os LLPS.
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condensates, indicating a strong molecular association between tau and dimA Os within 
these phase-separated assemblies.

3.3.7 -condensates of tau and dimA

High-resolution confocal imaging of the condensates revealed a striking multiphasic 
organization of dimA Os within tau droplets (Fig 3.11). Os displayed a 
“phase-in-phase” distribution, forming discrete accumulations inside the droplets, while
tau remained uniformly distributed throughout the condensates. Interestingly, not all tau 
condensates contained nests of dimA Os, and their occurrence appeared heterogeneous 
in size, shape and number across the droplet population (Fig 3.12). 

Fig 3.10: Colocalization of tau and dimA Os. Os when mixed under 
crowding conditions colocalise within the condensates of tau. A)  DIC microscopy of the co-
condensates. B) Alexa- C) Alexa- Os co-
localised with tau. D) Overlay of all the channels.
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The dimA Os nests were observed both at the periphery and at the centre of tau 
condensates (Fig 3.11, Fig 3.12). Most nests exhibited a spherical morphology, resembling 
smaller condensates within the larger tau droplets, while others displayed irregular or
amorphous shapes (Fig. 3.12). Importantly, this multiphasic organization was not observed 
in homotypic condensates of tau, indicating that the formation of dimA O
feature of tau-dimA O condensates.

Fig 3.11: Tau-dimA Os co-condensates. A) Os in 
presence of 10 % PEG 6000 resulted in formation of colocalized droplets within minutes of mixing. 
B)

Fig 3.12: Multiphasic organisation of dimA O. A) B) DimA Os form distinct concentrated
A O nests in the condensates. The shape and number of dimA Os nests on tau 
condensates varied across droplets. Scale bar: 5 μm
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3.3.8 Particle size measurement of tau-dimA Os co-condensates

Further characterization of tau-dimA Os condensates was performed using DLS. DLS 
of 

molecules in the solution, providing insights into the size distribution and heterogeneity 
among between We analysed the particle sizes of tau monomers, 
dimA monomers, dimA Os, tau condensates and tau-dimA Os condensates. 

Tau monomers showed a particle distribution ranging from 1 nm to 50 nm with a mean 
diameter of 7.2 nm and 90 % of the tau species occurred within the range of approx. 18 nm
(Fig 3.13 A). These values aligns with the theoretical reported values of tau monomers (332).
While dimA monomers showed a particle distribution in the range of 1 nm to 20 nm, upon 
oligomerisation the particle size increased to the range of 10 nm to 1 μm (Fig 3.13 B, C). The 
mean hydrodynamic diameters of dimA monomers and dimA Os were 3.2 nm and 100.2 
nm respectively, consistent with AFM images and previous reported values (169). These 
control experiments also ruled out the presence of larger aggregates in these samples.

We next assessed the size distribution of tau condensates formed via LLPS. Tau droplets 
displayed a mean diameter of 2.3 μm, with particle sizes spanning from 500 nm to 10 μm (Fig 

A). Percentile distribution show that most of the tau condensates occurred within 3.5 
μm, in agreement with microscopic observations. When examining tau-dimA Os 
condensates, the mean diameter increased to 3.2 μm, with 90 % of droplets distributed 
below approx. 5 μm (Fig in mean 
condensate size relative to tau alone. The enlargement of droplets in the presence of 

Fig 3.13: Particle size distribution and percentile distribution. DLS measurement of A) 10 μM tau, B)
monomers and C) oligomers
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dimA Os is consistent with their partitioning into tau condensates and correlates with the 
turbidity increase observed in the tau-dimA Os samples.

3.3.9 Electrostatic and hydrophobic screening of tau-dimA Os condensates

Phase separation studies widely employ NaCl to study the role of electrostatic interactions 
in stabilising condensates formed through LLPS (102). NaCl disrupts electrostatic 
interactions by shielding opposing charges present on protein surfaces, thereby weakening 
the forces drive condensate formation. As salt concentration increases, Na+ and Cl ions 
neutralize charged groups, disrupting the salt bridges and other electrostatic interactions,
leading to the dissolution of assemblies stabilized by these forces. Like NaCl,1,6-hexanediol 
(1,6-HD) is also widely used to study the role of hydrophobic interactions . 1,6-HD is an 
amphiphilic alcohol that interferes with weak hydrophobic contacts between proteins. 
Increasing concentrations of 1,6-HD disrupts the surrounding water molecules stabilising 
the interactions and break short-ranged hydrophobic associations.

Fig 3.14: Particle size distribution and percentile distribution. DLS measurement of A) 10 μM
tau + 10 % PEG, B) Os
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To investigate the roles of electrostatic and hydrophobic interactions, we incubated tau-
dimA Os condensates with increasing concentrations of NaCl and 1,6-HD and monitored

as the turbidity readout. Initially, the turbidity of tau-dimA Os 
condensates did not show any response to 25 mM NaCl but showed a drop at 50 mM NaCl 
and followed by a gradual decrease until 250 mM NaCl (Fig 3.15 A). In contrast, 1,6-HD 
treatment caused an initial reduction in turbidity at 1.25% (v/v), but no further decrease was 
observed at higher concentrations (Fig 3.15 B). These results suggests that tau-dimA Os
condensates are highly sensitive to ionic strength, indicating the importance of electrostatic 
interactions for their stability. On the other hand, the condensates were only moderately 

increasing concentration of 1,6-HD, indicating that 1,6-HD can interfere with the 
weak hydrophobic contacts but does not dissolve the condensates.

Fig 3.15: Electrostatic and hydrophobic screening of tau-dimA Os condensates. Turbidity of co-
incubated Os in the presence of crowding agent and with increasing 
concentrations of A) NaCl and B) 1,6 HD.



102

3.3.10 FRAP assay of the co-localised droplets

FRAP is widely used to study the dynamic nature and molecular mobility within assemblies 
like aggregates or condensates . In this technique, a region of interest (ROI) is selected 
and uniformly bleached using a high-

kinetics of recovery
the assembly.

We used FRAP to investigate the impact of dimA Os on tau dynamics within colocalized 
condensates (Fig 3.16 A, C, E). FRAP experiments were performed on freshly prepared Alexa 

-
presence/absence of dimA Os were measured over a time period 
subsequently analysed and compared. The results revealed a wide distribution of recovery 
times and immobile fractions for tau in the condensates. In the absence of dimA Os, tau 

Fig 3.16: FRAP recovery experiment. A), B)
(A) and dimA Os (B), respectively. The experiments were performed at 10 μM

Os in the presence of 10 % PEG. To determine the dynamics of the tau in the condensates, individual 
analysis of 25 independent experiments (n=25) was conducted. In each case, a region of interest (ROI), mostly central

μm. C) Recovery curves of tau in the condensates +/- dimA Os, depicting the mean values for half time of recovery and 
mobile fraction of tau in the respective cases. D) Recovery curves depicting the mean of recovery of dimA Os
compared with the recovery of tau in the co-condensates. E), F) Individual half-recovery times and immobile fractions
from each of the independent experiments.
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± 0.16 respectively, implying highly mobile, liquid-like dynamics for tau in the condensates. 
Upon addition of dimA Os to the tau condensates, tau showed an increase in both the half 
time of recovery and the immobile fraction in the majority of the droplets. The recovery half 
time of 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 

Os into tau condensates. These results demonstrate 
that dimA
of recovery and reducing the mobile fraction in the majority of the droplets, suggesting a 

condensates. This shift toward a less dynamic state of 
Os on the conformational behaviour of tau.  

An attempt was made to explicitly study the mobility of dimA Os in the condensates, both 
in the dimA O-dense puncta and in droplets exhibiting homogeneously distributed 
dimA Os. However, bleaching of the puncta was not possible due to their small size relative 
to the laser focus and due to their over-
Hence to study the dynamics of dimA Os, condensates without puncta were selected. 
Similar to the earlier FRAP experiment, 25 individual recovery curves were analysed 
separately to determine mean half time of recovery and the mobile dimA O fraction in the 
co-droplets (Fig 3.16 B, D, F). This analysis yielded a mean half time of recovery of 86 ± 60 s 

Os in the 
co-localised droplet showed a 18% higher recovery time and a 5% higher immobile fraction 
for dimA Os (Fig 3.16 D, F). However, the distribution of dimA O recovery times extended 
over a wider range, including high values up to 300 s. This hints at a heterogeneous 

Os in the condensates. The 
individual half time and mobile fraction for each of the photobleaching experiments are 
listed in 6.5. 

3.3.11  Aggregation kinetics of dimA within tau droplets  

As discussed, dimA Os, like A Os, have neurotoxic properties  and given our 
observation that preformed dimA Os interact with tau through co-condensation, we next 

As described earlier, 
dimA displays the characteristic biphasic assembly kinetics at a  COC of ~1.5 μM with an 

-pathway oligomer (dimA Os) formation phase, followed by a second phase in 
which these dimA Os (Fig 3.6) (169,179).  

in the presence of tau under crowding conditions (Fig 3.17 
A, B, C). Interestingly, the biphasic kinetics of dimA was inhibited at all the three 



concentrations in the presence of tau, regardless of the crowding conditions. 
suggest that upon sequestration of dimA Os within tau condensates, their progression 

inhibited. Thus, dimA Os remain stabilized as oligomeric species 
Os. 

Importantly, PEG alone did not hamper the continued aggregation of dimA Os, but in the 
presence of PEG, the half-time for oligomer formation was several hours shorter compared 
with the combined presence of tau and PEG (Fig 3.17 D). This observation suggests that PEG 
accelerates dimA through macromolecular crowding, whereas tau 

Fig 3.17: Aggregation kinetics of dimA in the presence of tau. A) 5 μM, B) 3 
μM and C) 1.8 μM of dimA in the presence and absence of tau under crowding conditions. D) Half-
time of oligomerisation was calculated for each of the curves.
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3.3.12 Interaction of A oligomers with tau under crowding conditions

To further validate the results of colocalization of dimA Os with tau, oligomers derived from 
native A construct was prepared and their interaction with tau was studied. Interestingly, 
we observed a colocalization of A Os with tau (Fig 3.18). However, this colocalization 
under crowding conditions was not only as condensates but also in the form of amorphous 
aggregates. Although the co-condensates retained dynamic properties, both the size and 
number of droplets were substantially reduced. Similar to dimA Os, A Os displayed an 
uneven distribution within tau condensates, suggesting a multiphasic internal organization. 
The co-existence of amorphous aggregates with condensates implies that, unlike dimA Os, 
A Os may exhibit greater conformational heterogeneity, leading to sub-populations in 
which some species partition into condensates while others misassemble into co-
aggregates.

Fig 3.18: Interaction of tau with A 42 oligomers. 10 μM tau co- Os in the 
presence of 10 % PEG in the form of both condensates and amorphous aggregates.
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This chapter includes sections from the manuscript that describe the interaction between 
tau and A Os under non-LLPS conditions. It has been further expanded to include the 
interaction of tau with monomeric dimA along with additional experimental data and 
techniques that were employed to provide a more comprehensive understanding of these 
interactions under non-LLPS conditions. 
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4.1 Aim of the study 
This chapter study interaction of tau and A Os under non-LLPS conditions. The non-LLPS 
condition highlights their association in soluble environments and without crowding agents. 
The study aims to provide a framework for understanding how these interactions could 
initiate in physiologically relevant, non-phase-separated contexts and how they could 
contribute to early aggregation events linked to AD pathology. 

4.2  
The materials and methods described in Chapter 3 have been applied here as well, and only 

. 

4.2.1 Western blotting 

Western blotting is widely used to detect proteins using antibodies and visualising them. It 
involves separating proteins using gel electrophoresis and transferring them to a membrane 
and then using antibodies to detect the target protein . For performing the 
western blot, the tau-dimA Os sample was incubated for 10 minutes and were centrifuged. 
The pellet hence obtained was dissolved in tris- supernatants 
from each sample were performed on a tris-glycine SDS-PAGE gel. After the completion of 
the electrophoresis, protein transfer was performed. For that, 
pre-
of identical size was activated in ethanol for 2-3 minutes. The transfer stack was assembled 

 Protein transfer was carried out using 
a standard Bio-Rad wet transfer system for 30 minutes. Following transfer, the membrane 
was blocked for 1 hour at room temperature in 5% (w/v) non-fat dry milk prepared in Tris-

-20 (TBST). 
(1-2 times
dilution in TBST). The following day, the membrane was washed three times with TBST, 10 
minutes per wash, and subsequently incubated with a goat anti-mouse horseradish 
peroxidase (HRP)-conjugated secondary antibody (1:5000 dilution in TBST) for 1 hour at 
room temperature. After incubation with the secondary antibody, the membrane was 
washed three additional times with TBST for 10 minutes each. For signal detection, the HRP 
substrate solution was prepared by mixing equal volumes of luminol enhancer and peroxide 

substrate mixture for 3-5 minutes in the dark and chemiluminescent signals were visualized 
using the ChemiDoc MP Imaging System (Bio-Rad). 
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4.2.2 LDH assay 

LDH assay was performed in SH-SY5Y human neuroblastoma cells that were maintained 
under standard culture conditions at 37 ° . 

Passage 6 (P6) SH-SY5Y cells were retrieved from 80 °C storage and thawed at the water 
bath for 2-3 min. The growth medium was prepared by supplementing fresh Dulbecco's 

-12 (DMEM/F-12) with 10% fetal bovine serum 
(FBS), 1% non-essential amino acids (NEAA), and 1% Penicillin-Streptomycin. 
Approximately 10-12 mL of this medium was added to a culture dish, and the thawed cell 
suspension was gently transferred into the dish. The plate was gently swirled to ensure even 
distribution of the cells and then placed in the incubator at 37 °C for continued growth.  

-90%), cells were split into desired 
experimental set-up. For splitting, the old medium was carefully aspirated from the culture 
dish, and the dish was rinsed with 5 ml of no Ca2+, no Mg2+ Dulbecco’s phosphate-
saline (PBS), to remove any residual FBS that could inhibit trypsin activity. The DPBS is then 
carefully aspirated. Then 1 ml of trypsin-EDTA (Gibco™ Trypsin-EDTA (0,25%)) is added to the 
dish and placed the dish back into the incubator for 2-3 minutes. The trypsination leads to 
the detachment of the cells from the dish surface. Further 5 ml of the growth medium was 
added and was thoroughly mixed 2-3 by releasing the cells at 90° angle. 500 μl of the cells in 
the medium was then transferred to cell counter tube and the cells were counted using cell 
counter. A 96-well plate was used for LDH assay and experiments were performed in a 
volume of 100 μl. Each well in a 96-well plate has a surface area of ~0.32 cm² 
per well were plated 
each of the conditions from 
each of the conditions were transferred into a new 96 well plate. To this, 50 μl of reagent mix 
was added from CyQUANT™ LDH Cytotoxicity Assay Kit. The preparation of reagent mix 
involved addition of dH2O to substrate mix, then mixed gently to dissolve. 
Combined the 600 μl of assay b stock s substrate stock 
solution, then mixed gently and protect from light until use. After 30 minutes of incubation 
with the reagent mix, 50 μl of stop solution was added. The absorbance of each well was 

nm and 680 nm using multi-detection plate reader. For 

value from 680 nm. Each subtracted signal was then calculated for its fold-increase in 
comparison with the baseline value. 
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4.3 Results

4.3.1 Turbidity and DTT measurements

PEG is widely used as a crowding agent due to its water solubility, chemical inertness, and 
availability across a broad range of molecular weights, allowing control over crowding 
strength. However, recent studies have shown that PEG may also interact with 

. PEG 
induced DNA replication and 
also d the aging of protein condensates – . Given these negative impacts 
of using PEG, we investigated the interaction of tau and dimA Os in the absence of crowding-
free conditions

To rapidly assess potential interactions, 10 μM tau was titrated with increasing 
concentrations of dimA Os (0-20 μM), and turbidity of these mixtures was recorded. No 

Os, but a gradual increase in turbidity 
high turbidity values at 20 μM dimA Os A). This increase in 

turbidity suggests the formation of larger assemblies, likely condensates or aggregates 
formed by one or both proteins. This observation implies that tau and dimA Os either 
promote structural transitions in each other or exhibit strong mut -
assembly. To further characterize these species, we analyzed a mixture containing 10 μM tau 

Os using DLS. The measurements revealed a broad range of particle sizes, 
from 1 μm to 50 μm, with an average diameter of 7.9 μm ( B). Although typical 
condensates usually fall within 3-7 μm, the presence of larger particles could suggest fused  
droplets . 
aggregates, additional microscopic analysis was used to determine the nature of these 
assemblies.  

Fig 4.1: Turbidity and DLS measurements under non-LLPS conditions. A) Turbidity of 10 μM tau titrated with
increasing dimA O concentration. B) Particle size analysis of the protein mixtures by DLS.
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4.3.2  Western blotting and DIC microscopy 

A subsequent investigation into whether both tau and dimA Os are associating together in 
these high-turbidity samples was performed using western blotting. Western blotting is a 

qualitative and semi-quantitative assessment of protein detection and aggregation states. 
For western blot, proteins are initially separated by electrophoresis based on molecular 
weight and are transferred onto a membrane, followed by their probing 
antibodies to visualize target proteins.  

We applied the western blotting to examine if molecular-weight distribution of dimA Os 
shifted in the presence of tau. Although a similar approach was attempted for tau, tau 

(data not shown). 
For western blot analysis, 10 μM of tau was incubated with dimA Os in the ratio 1:1 (10 μM) 
and 1:2 (20 μM). Higher concentrations of dimA Os were chosen to ensure rmed 
detection with A antibodies. The samples were incubated for 10-15 minutes and 
centrifuged thereafter. The supernatant was carefully removed from each of the samples 
and the pellet was dissolved in T er. Supernatants and the dissolved pellets were run 
on an 8% tris-glycine SDS-PAGE gel. The gel was then transferred to a PVDF membrane and 
was followed by detection with primary and secondary antibodies of A The resultant blot 
showed the bands for dimA Os near 10 kDa in the supernatants ( A). This could be 
due to the denaturation of higher-order assemblies of dimA into lower molecular weights 
dimers or monomers . In contrast, pellet fractions displayed A signals at 

( A). This implies the formation higher order 
assemblies containing A  in the presence of tau and these assemblies were not easily 
degraded by SDS indicating a higher stability in these samples.  

To further characterize these samples, we examined them using light microscopy. A mixture 
Os was prepared and imaged using DIC microscopy. 

We observed the presence of large, irregular amorphous structures in these samples (
B). These assemblies appeared substantially larger than typical condensates and exhibited 

that would match with condensates co-existing with these aggregates, but this would need 
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4.3.3 Co-aggregation of tau and dimA Os

Up to this point, our western blot results indicated the presence of dimA Os within the high-
order assemblies, but the distribution of tau within these samples remained unclear. To 
address this, we dimA Os and prepared the samples 
and observed them under TIRF microscopy. The results revealed a colocalization of tau and 
dimA Os within the aggregates, indicating that both proteins are incorporated into these 
assemblies ( A, B). Furthermore, the spherical structures observed together with the 
aggregates also contained both proteins.

Fig 4.2: Western Blotting and DIC microscopy. A) Western blot depicting the detection 
with A antibodies in the supernatant and pellet from tau-A Os under non-LLPS
conditions. B) DIC microscopy of these high turbidity interactive solutions revealed the
presence of amorphous aggregates that highly varied in size and shape. Scale bar: 5 μm
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A pr . TIRF imaging reveal that these
aggregates are irregular, non- and cluster-like in appearance and not canonical long 

This morphology is consistent with reported intermediate or non-
aggregation states of tau and A . We used AFM to further characterize these 
aggregates B). AFM provides a nanometer-resolution topography, and these 
aggregates existed as compact, densely packed clusters. Their heterogeneity suggests that 
the assemblies may be composed of multiple subunits, indicating nucleation and growth 

. Spherical condensate-like structures were not detected by 
-

their presence.

Fig 4.4: Aggregates in uorescence and AFM microscopy. A) Microscopic images indicating the non-
. B) AFM

images of the aggregates.

Fig 4.3: Co-localisation tau and dimA Os in aggregates. A) DIC microscopy showing the aggregates and B)
Os revealed their co-localisation into 

aggregates under non-LLPS conditions. Scale bar: 5 μm.



4.3.4 Interaction of tau with monomeric dimA

Intrigued by the presence of amorphous assemblies observed upon co-incubation of tau 
with dimA O, we next investigated if dimA monomers (dimA Ms) 
upon interaction with tau. dimA Ms with 10 μM tau and incubated it under 
conditions identical to those used for dimA Os. Notably, tau incubated with dimA Ms 
exhibited substantially higher turbidity compared to tau with dimA Os while dimA Ms or 
dimA Os showed no turbidity alone ( A). DIC microscopy revealed that the tau-
dimA Ms samples consistently formed large amorphous aggregates, similar to those 
previously observed, but with even larger size and higher abundance than observed for the 
tau-dimA Os samples ( B). These aggregates appeared as dense, irregular structures 
distributed throughout the sample, however unlike as observed with tau-dimA Os, no 
spherical condensate-like assemblies were detected.

This observation is consistent with earlier results (Section 3.3.12) where the oligomeric 
mixture of A led to the formation of large, amorphous aggregates upon interaction with 
tau, suggesting that structural diversity among A species may modulate co-assembly 
outcomes with tau.

Fig 4.5: Interaction of tau with dimA  monomers. A) Turbidity measurements of co-
dimA monomers compared to that with dimA Os and other controls. B) DIC microscopic images showing the 

monomers. Scale bar: 5 μm



115

4.3.5 FRAP assay

To further characterize the phase properties and molecular mobility of the tau-dimA Os co-
aggregates, we performed FRAP. The experimental protocol was identical to that used for 
condensate analysis, and photobleaching was carried out in both the tau and dimA

. -
condensates for tau, the co-aggregates displayed highly heterogeneous and irregular 

-dimA riate 

analysis.
used tornado-shaped ROI were selected and subjected to photobleaching. Tau 

approximately 0.8, consistent with restricted molecular mobility and a solid-like state (Fig 
A, C). Similar to tau, dimA Os also showed very limited recovery, with an immobile 

fraction greater than 0.9 ( .6 B, C). The poor recovery and non-exponential behaviour of 
the
applied to the co-condensates. Together, FRAP analysis strongly support that both tau and 
dimA Os are rigidly immobilised within the co-aggregates, indicating that they possess 
solid- or gel-like properties rather than liquid-like dynamics.

Fig 4.6: FRAP analysis of tau and dimA  under non-LLPS conditions. Time-series images following the FRAP 
experiments of A) tau and B) dimA Os within the clusters. C) Recovery curves for tau and dimA O. The samples
were prepared with 10 μM tau (Alexa- - O (Alexa- -
labelled dimA dimA
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4.3.6 Electrostatic and hydrophobic screening of tau-dimA Os aggregation

Similar to the approach used for tau-dimA Os condensates, we next examined the roles of 
electrostatic and hydrophobic interactions in the formation and stability of tau-dimA Os 
aggregates. For this, we incubated tau-dimA Os aggregates with increasing concentrations 
of NaCl and 1,6 HD. Remarkably, no reduction in turbidity was observed even at the highest 
levels of either NaCl or 1,6 HD tested ( A, B). These results indicate that, unlike the 
condensates, the stability of the co-aggregates is not dependent on electrostatic or weak 
hydrophobic interactions, suggesting that they are held together by strong, possibly 
irreversible interactions, consistent with a solid-like, highly stable aggregated state.

4.3.7 ThT aggregation kinetics

After observing that tau inhibited the progression of dimA
LLPS conditions, and that tau condensates could act as a reservoir for dimA Os, we next 

-LLPS conditions. To address this, 
we monitored the aggregation kinetics of dimA
presence of 10 μM tau, in the absence of crowding conditions ( A, B, C) . As expected, 
dimA alone displayed its characteristic biphasic kinetics at all concentrations. However, 

strongly suppressed across all concentrations tested. These observations suggest that tau 
prevents the oligomer-to- not only within condensates but also in 
the aggregates. We additionally compared the oligomerization half-times in these samples 

Fig 4.7: Electrostatic and hydrophobic screening of tau-dimA Os aggregates. Turbidity of co-
incubated Os with increasing concentrations of A) NaCl and B) 1,6 HD.
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and found that tau delayed the oligomerization of dimA , 
higher concentrations of dimA ( D). 

4.3.8 LDH toxicity assay

The next aim of the project was to determine whether the tau-dimA co-aggregates exerted 
cellular toxicity. For this, we employed an LDH cytotoxicity assay using the SH-SY5Y 
neuroblastoma cell line. The LDH assay is a reliable and widely used method to assess the 
cytotoxicity induced by protein aggregates in cell culture systems . It quantitatively 
measures LDH enzyme activity released into the culture medium when the plasma 

ometric signal 

he plate, culture 
media, or other assay components. To correct this, absorbance measured at 680 nm, a 
reference wavelength, removes the background 

Fig 4.8: ThT kinetics of dimA  in the presence of tau under non-LLPS conditions.
A) 5 μM, B) 3 μM and C) 1.8 μM of dimA in the presence and absence of tau. This was investigated on the
absence of crowding conditions. D) Half-time of oligomerisation was calculated for each of the curves.
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signal and improves accuracy by isolating the true LDH-dependent signal, ensuring that the 

dual-wavelength measurement enhances the reliability and reproducibility of cytotoxicity 
tau-dimA Os aggregates.

We cultured SH-
reached. Further, each well was treated with 30 
mM Tris at ) dimA Os and tau-dimA Os co-aggregates. Each 
condition was performed as standard triple replicates and phase-contrast microscopy was 

O-only conditions 
appeared morphologically comparable, although slight cell clustering was observed for tau 
and dimA Os ( A). In contrast, wells treated with co-aggregates displayed irregular 
patch-like regions where cells appeared stressed or morphologically altered, although cell 

Fig 4.9: Cell imaging and LDH assay. Phase-contrast images of SH-
following their incubation with A) B) tau monomers, C) dimA Os and D) tau-dimA Os aggregates. E) F)
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growth was still evident surrounding these areas. The LDH signal in each condition was 
recorded  ( B). Surprisingly, none of these 
conditions showed an increased toxicity when compared 

r 
detectable using LDH signal and would need additional assays to validate this 
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Chapter 5: isc ssion  Concl sion 
This thesis investigates the interactions between tau and A Os with a focus on the LLPS 
conditions. The crosstalk between tau and A represents a critical nexus in AD 
pathogenesis, yet the precise molecular mechanisms underlying their interplay remains 
elusive. This study provides new mechanical 
other’s phase behaviour and aggregation, aiming to provide insights that advance our 
understanding of neurodegenerative processes. 

LLPS has recently emerged as a fundamental biological principle in cellular biochemistry 
(101), where it enables dynamic compartmentalization of proteins and nucleic acids without 
membrane boundaries unlike the conventional organelles. LLPS also impacted severely on 
neurodegenerative diseases where it acts as a transition state that locally concentrates 
proteins above their critical threshold for aggregation . Previous studies have shown 
that tau can form liquid-

 (92). Similarly, A peptides can undergo LLPS, which 
modulates their aggregation pathways and toxicity (171,172). Based on these observations, 
we sought to determine whether these condensate phases could serve as interactive hubs 
for tau and A and how such interactions might contribute to pathological processes. 

In this study, we examined the molecular interplay between tau and A Os, focusing on how 

pathological consequences.  

5.1  DimA as a relevant oligomeric model of A  
We employed the dimeric A  construct, dimA , for studying the interaction of A Os with 
tau. DimA consisting of two covalently-linked A units, increases the local peptide 
concentration of A , reducing its critical thresholds of aggregation and promoting the 
accumulation into oligomers (169,179,180). Notably, dimA exhibits biphasic kinetics above 
a COC of ~ 1.5 μM 

 In this way, the A Os can be 
 The similar  toxicity 

between dimA -derived oligomers and A oligomers further supports the relevance of 
dimA construct. We used dimA Os in the experiments and these -pathway oligomers of 
dimA  will be addressed as A Os from now on. 
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5.2 Condensates as an interactive milieu for tau and A Os  
 in this study was the observation that tau and A Os can undergo 

heterotypic LLPS. Several proteins involved in NDs have been studied for their ability to co-
phase separate with diverse molecular partners and Chapter 2 gives summary of current 
research on heterotypic LLPS of tau and S. heterotypic partners of 
tau, we found that induce distinct n the phase separation 
behaviour and aggregation propensity of tau. Importantly, all amyloidogenic partners were 
reported to enhance the aggregation of both tau and S. These observations led to our 
hypothesis that, due to the amyloidogenic nature of A heterotypic phase separation with 
tau could allow A oligomers to modulate condensate properties and promote tau 
aggregation. 

Indeed, tau and A Os were found to co-localise within condensates under macromolecular 
crowding conditions. In our studies, PEG was used for inducing crowding conditions . 
PEG acts as a macromolecular crowding agent that mimics the dense intracellular 

protein 
concentration. PEG is widely used in LLPS studies due to its minimal impact on the intrinsic 
properties of proteins . 

Tau readily underwent homotypic LLPS in the presence of PEG and heterotypic LLPS when 
both PEG and A Os were present. Initially, with DIC microscopy, we observed that A Os did 

the condensates of tau. This observation was also supported by turbidity and 
particle sizing experiments. Turbidity measurements 
between tau condensates formed with and without A Os. DLS measurements was then 
used to determine the particle size distributions. The particle size ranges of tau monomers 
and A Os alone eliminated the presence of any higher-order assemblies in these control 
samples. Homotypic tau condensates exhibited diameters consistent with previous reports 
(335). In the presence of A Os, tau-A Os heterotypic condensates showed a 39 % increase 
in mean particle size. Although this indicates that A
measurements could not distinguish whether the changes arose from a co-localisation or 

microscopy to resolve the spatial distribution of each protein. To achieve this, tau and A
ide coupling for a 

cysteine-containing dimA proteins 
chromatographic methods as described in Chapter 3.  

Fluorescent labelled 
presence of PEG. Similarly, labelled dimA
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respectively. Fluorescently labelled tau and A Os were then co-incubated under crowding 

-localisation of tau 
and A Os within the same condensates. Interestingly, A Os did not distribute uniformly 
throughout the droplets. Instead, they formed microdomains dense puncta resembling 
nest-like structures, generating multiphasic condensates. Within these condensates, while 
A Os segregated into these distinct internal compartments, tau remained evenly 
distributed. Previous studies have shown that several amyloidogenic proteins including S, 
TIA1 and PrP can associate with tau as heterotypic condensate partners (137,138,265). Our 

Os can also engage in heterotypic LLPS with 
tau, highlighting a potential basis for synergistic toxicity in NDs. 

5.3   of tau and A Os 
We observed an interesting “phase within phase” organisation within the tau-A O 
coacervates, forming a multiphasic condensate. Multiphasic condensates exhibit a 
complex internal organization and composition. While simple condensate forms the single-
phase liquid droplets, multiphasic condensates undergo internal demixing that leads to the 
formation of two or more coexisting immiscible liquid phases with distinct molecular 
compositions. These multiphasic compositions are implied to be critical for cellular 
environment as it facilitates multiple biochemical reactions within the same compartment 

. This hierarchical structuring has been previously observed in several functional 
systems including nucleoli , stress granules , and anisosomes (292). This type 
of internal 
within membraneless organelles. Tau has been previously associated with amyloidogenic 
proteins like TIA 1 (138) and PrP (137) to multiphasic condensates. 
Micropolarity and interfacial tension have been shown to play critical role in the structuring 
of multiphasic condensates . Typically, such an organization arises when the 

shell and the hydrophobic components localizing to the core. Here, comparatively 
hydrophobic A Os preferentially adsorb onto the tau-rich matrix and form nested droplet-
like sub-domains of A Os probably due to their higher interfacial tension with the 
surrounding solvent. The nests of A Os minimize surface exposure to the solvent and hence 
also highly favour the homotypic A Os interaction . 

The multiphasic condensates formed by tau and A Os show an evenly distribution of both 
proteins throughout the condensate and A Os additionally form nested droplet-like 

-PrP 
condensates (137). Like PrP, A Os concentrate into nests, but unlike PrP, they remain evenly 



 

 
 

distributed within the overall condensate. Also, the nests of A Os highly varied in their size, 
shapes and numbers across the condensates indicating the existence of heterogenous 
A Os population in the condensates. This multiphasic architecture with A Os nests likely 
arises from a complex network of heterotypic and homotypic interactions, creating a milieu 
that may promote further aggregation of tau and A . 

5.4 A Os modulate tau dynamics inside the condensates  
Heterotypic LLPS partners often modulate the condensate properties of the  

. To assess whether A Os alter tau dynamics, we employed FRAP to measure the 
mobility of tau within the co-condensates. We compared the dynamics of tau in their 
homotypic condensates and in the heterotypic condensates with A Os. The recovery time 
of tau was increased from  s to 73 s in the presence of A Os. Further, the total immobile 
fraction of tau in these condensates also increased from 0.25 to . These changes 
indicate that 
dynamic upon co-condensation with A Os. This reduction in dynamics may arise from two 
non-mutually exclusive mechanisms: (i) heterotypic interactions between tau and A Os 
could generate a more extensively interconnected tau-A O network, or (ii) co-condensation 
with A Os could trigger tau aggregation, driving its transition into higher-order assemblies. 

ultimately promote aggregation. 

We next examined the dynamics of A Os within the heterotypic condensates. Previous 
studies have shown that although oligomers can exhibit dynamic and transient behaviour, 

-separated condensates 
. Consistent with this, A Os showed a recovery time of 86 s, implying an 87% increase 

relative to the recovery time observed for tau in its homotypic condensates. Their immobile 
fraction was also markedly higher, representing a 76% increase compared with tau in 
homotypic condensates. When compared directly to tau within the same heterotypic 
condensates, A Os exhibited an 18% higher recovery time and a 5% higher immobile 
fraction. 

Interestingly, the recovery times of A
the presence of multiple A O populations within these assemblies. Although we aimed to 

O “nests,” their very small size and highly 
 

Overall, these results indicate that A
heterotypic condensates, but their mobility is substantially lower than that of tau in 
homotypic condensates. In addition, the formation of nest-like A O microdomains and the 
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wide distribution of recovery times suggest that A Os experience structural transitions 
inside the condensates and exist as a heterogeneous population. 

5.5 A  
Intrigued by the co-localisation of tau with A Os in condensates, we next tested whether 
A Os interact with tau under non-LLPS conditions. Although PEG is widely used as a 
crowding agent, several studies have highlighted limitations to its use. PEG can directly 

macromolecules . Therefore, we examined tau-A O interactions in the absence of 
LLPS-promoting crowding agents. 

Upon co-incubation of tau with A Os we observed pronounced turbidity that increased with 
A O concentration. Particle sizing showed that this turbidity arose from assemblies ranging 
from 1 μm to 50 μm. To determine whether these assemblies contained both tau and A
species, samples were centrifuged and pellet and supernatant were analysed by western 
blot. The supernatant contained a single A O band, whereas the pellet contained A species 
of higher apparent molecular weight. Attempts to probe the same samples with tau 
antibodies were unsuccessful owing to technical problems with tau detection by western 
blot. 

tau-A Os samples comprised of aggregates of several 
micrometres in diameter together with numerous smaller accumulations. Fluorescent 
labelling of tau and A Os demonstrated a clear co-localisation of both proteins within these 

Os for tau monomers under non-LLPS conditions.  

The tau-A O aggregate assemblies varied widely in size and morphology, consistent with an 
amorphous character. Amorphous aggregates are protein assemblies that lack an ordered, 
high-resolution structure . For several years, these aggregates were commonly 
regarded as  non- translational byproducts and were rarely studied or characterized 
in the context of pathological processes . However, accumulating evidence indicated 
that these amorphous aggregates could 
Studies have shown that tau can accumulate into toxic amorphous aggregates  can 
form amorphous co-aggregates with other amyloidogenic proteins such as PrP (137). 

We next investigated the dynamics of these co-aggregates using FRAP, applying the same 
settings used for condensate dynamics. Both tau and A
recovery and a large immobile fraction after photobleaching, consistent with a solid-like, 
stable and persistent state. These observations suggest the modulation caused by A Os 
from highly dynamic tau in homotypic condensates to less dynamic heterotypic tau 
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condensates formed under LLPS conditions, and to solid-like heterotypic tau aggregates
formed under non-LLPS conditions (Fig 5.1).

To test whether tau binds only A Os or also A monomers, we prepared dimA monomers 
and avoided incubation at physiological temperature, so that they remained monomeric. 
Co-incubation of tau with dimA monomers produced markedly increased turbidity when 
compared to tau co-incubated with dimA Os. Microscopy revealed amorphous aggregates 
in these samples as well; however, aggregates formed with dimA monomers were larger, 
denser and more numerous than those formed with dimA Os. These observations indicate 
a s monomers and tau and suggest formation of stabilised hetero-
assemblies This is consistent with previous reports that fragments of tau and A can interact 
to form hetero-oligomers or granular aggregates , and supports the relevance of dimA
construct.

Finally, we assessed the cytotoxicity of these co-aggregates using an LDH release assay. 

72 h. 
controls; tau monomers and A
However, microscopy revealed patch-like material associated with cells exposed to 
aggregates, suggesting a tendency for aggregates to adhere to cell surfaces. 

-
imaging. While being widely used to monitor neuronal damage following exposure to toxic 
agents or aggregated proteins , it is also important to note limitations of the LDH 
assays.

Fig 5.1: Mobility of tau in di erent assemblies. Dynamic tau shows slower recovery upon 
heterotypic condensation and solid-like nature upon heterotypic aggregation with A Os.
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complicate interpretation of toxicity in neurodegenerative disease contexts. Thus, although 

more sensitive functional assays and  or advanced model systems are required to 
evaluate their pathogenic potential. 

Previous  Os, 
progressing towards granular aggregates and larger oligomeric assemblies when complexed 
with A  . Crucially, tau regions containing the aggregation-prone VQIINK and 
VQIVYK motifs appear central to this process. T indicate that tau-A interaction 

pathological co-assembly. 

5.6 The role of electrostatics and hydrophobics forces in tau-A
interaction 

Electrostatic and hydrophobic interactions are two principal non-covalent forces mediating 
protein-protein interactions . Electrostatic interactions arise from attractive or 
repulsive forces between oppositely charged amino acid residues  and are highly 
sensitive to the ionic strength of the environment. Hydrophobic interactions are driven by the 
tendency of non-polar side chains to avoid exposure to aqueous environments, promoting 
interfacial burial of hydrophobic surfaces . In this study, we examined the contribution 
of these interaction types to the stability of tau-A Os assemblies formed under LLPS and 
non-LLPS conditions. 

Under LLPS conditions, tau and A Os formed heterotypic condensates whose stability 
decreased with increasing ionic strength and, to a lesser extent, with hydrophobic 
perturbation. Turbidity progressively decreased between 50 mM and 250 mM NaCl, 
indicating that condensate formation is strongly dependent on electrostatic interactions. At 

is negatively 
charged. Hence, electrostatic attraction likely mediates their initial association and 
increasing salt concentration screens these charged interactions, promoting condensate 
dissolution. Previous studies have shown that tau homotypic condensates are 
predominantly driven by electrostatic interactions with a minimal contribution from 
hydrophobic forces . Consistent with this, our results suggest that although 
electrostatic interactions remain central, both homotypic (tau–tau) and heterotypic (tau–
A O) electrostatic interactions may contribute to stabilizing tau-A O condensates. The 
hydrophobic perturbant 1,6-hexanediol (1,6-HD) caused only a moderate reduction in 

concentrations. This implies that weak hydrophobic contacts contribute to condensate 
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stability but are not the dominant force and they appear to play a secondary, supportive role 
in maintaining the condensate network.

In contrast, tau-A Os assemblies formed under non-LLPS conditions remained highly turbid 
and resistant to even the highest concentrations of NaCl and 1,6-HD. This behaviour 
suggests that once tau and A Os transition into solid-like aggregates, they are stabilised by 
strong, irreversible interactions that are no longer susceptible to ionic screening or 
disruption of weak hydrophobic contacts.

Together, our results suggest a model in which electrostatic interactions predominantly drive 
the assembly and stability of tau-A Os condensates, while hydrophobicity contributes only 
partially to condensate integrity. However, under non-LLPS conditions tau and dimA Os 
form hetero aggregates that are stabilized by strong, irreversible interactions and are no 
longer sensitive to ionic or hydrophobic perturbations (Fig 5.2).

Fig 5.2: Role of electrostatics and hydrophobicity in tau-A Os interaction. Tau-A Os LLPS were
sensitive to high salt and moderately sensitive to hydrophobic perturbations. Tau-A Os aggregates 
were resistant to both high salt and high 1,6-HD.
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5.7 Tau inhibits continued kinetics of A Os  

tau on the aggregation kinetics of A
monomers in the presence of tau under both LLPS and non-LLPS conditions, using the 
dimA
Remarkably, tau markedly suppressed the biphasic kinetics of dimA and arrested A  in its 
oligomeric state. Control experiments performed either without tau or in the presence of a 
crowding agent showed no alteration in the biphasic behaviour, indicating that the observed 

-condensates 
and co-aggregates, A is stabilised in an oligomeric form, thereby functioning as a reservoir 
for tau-rich assemblies. 

Studies have demonstrated that non-phosphorylated tau can slow the elongation phase of 
A Os and shielding hydrophobic surfaces, suggesting that 

. Consistent 
with this, recent work shows that full-length tau can solubilize A  peptides and prevent its 

 . Tau delays A -

states of A
suggest that tau can modulate A aggregation pathways by stabilizing oligomeric species 

s into a possible mechanistic basis 
for a bidirectional A -tau interaction in NDs.  

5.8 Tau interacts with oligomeric population of native A  
Os for tau could also be reproduced using 

native A  constructs, we repeated the experiments with an A A key limitation was that 
biphasic aggregation kinetics of A require substantially higher peptide concentrations 
compared with dimA . Therefore, A -3 hours before co-
incubation with tau, according to a pre- protocol. Fluorescently labelled proteins 
were used to visualize the potential co-localisation. Under LLPS conditions, oligomeric A
clearly co-localized with tau within condensates. Additionally, we observed the presence of 
heterotypic aggregates, similar to those detected in tau-dimA O samples. This behaviour is 
consistent with the 
species from native A or A constructs due to their inherent tendency to form 
heterogeneous mixtures comprising monomers, oligomers, and higher-order assemblies. 
Such heterogeneity likely contributes to ambiguity in tau-A Os interactions and 
complicates mechanistic interpretation. 
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-pathway 
oligomer 

behaviour without interference from heterogeneous higher-order A species. 

5.9 Conclusion 
This thesis provides novel insights into the molecular interplay of tau and A Os, studying 
how LLPS conditions modulate tau-A Os interactions, dynamics, and assembly states. Fig 
5.3  By employing the dimeric A model, dimA
we demonstrated that tau and A Os undergo heterotypic LLPS to form multiphasic 
condensates where A Os form nested microdomains in a tau-rich phase. These 
condensates are primarily stabilized by electrostatic interactions while hydrophobic forces 
provide a weak supportive role. Notably, tau in tau-dimA Os condensates showed reduced 
dynamics when compared to tau in 
interprotein interactions formed during co-condensation. This suggests that the heterotypic 
condensates provide a microenvironment promoting cross-interactions that may lead to 

-
A pathology. Also, we emphasize the importance of electrostatic interactions in driving 
pathological tau-A
properties of the condensates. 

In contrast, tau and A Os form stable, solid-like amorphous aggregates under non-LLPS 
conditions. These aggregates were resistant to perturbation by salt or hydrotropes, 
indicating that irreversible intermolecular interactions dominate their stabilization than the 
transient electrostatic or hydrophobic interactions. Similar aggregate formation was 
observed upon interaction of tau with dimA monomers as well as monomers derived from 
the native A construct. The emergence of these amorphous aggregates indicates a strong 

Os and A monomers, raising the possibility that tau may 
act as a nucleation platform that facilitates A aggregation. 

Moreover, tau modulates A aggregation kinetics by arresting dimA in its oligomeric states, 
suggesting that tau-A assemblies act as reservoirs of A Os. These reservoirs increase the 
lifetime of the oligomers and may lead to their enhanced toxicity in a cellular context. While 
LDH cytotoxicity assays did not show acute toxicity for these aggregates, preliminary 
microscopy observations show their adherence to the neuroblastoma cells underscoring 
the need for further investigation using advanced neuronal models. 

Together, our provide a framework for understanding tau-A Os interaction primarily 
on the context of phase separation. We also indicate that their ability to 
aggregative assemblies based on the environment. 
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molecular mechanisms advances our knowledge in understanding AD pathogenesis and 
highlights LLPS as both an interactive milieu and a potential precursor state for pathological 
aggregation. 

Fig 5.3: Interaction of tau and A Os. Tau interacts with A Os under LLPS and non-LLPS
conditions leading to the formation of co-condensates and co-aggregates respectively. Tau
inhibited the transition of these A indicating that these assemblies act as 
a reservoir for A Os.
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Chapter 6. APPENDIX
6.1 Tau amino acid sequence
MAEPRQEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESPLQTPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPG
KQAAAQPHTEIPEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKKAKGADGKTKIATPRGAAPPGQKGQANATRIPAKT
PPAPKTPPSSGEPPKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTREPKKAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENL
KHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSK
IGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSIDMVDSPQLATLADEVSASLAKQGL

6.2 DimA amino acid sequence
MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVGGGGSGGGGSGGGGSGGGGSDAEFRHDSGYEVHHQKLVFFAE
DVGSNKGAIIGLMVGGVV

6.3 Fluorescent labelling of tau

6.4 Fluorescent labelling of dimA

Fig 6.1: Fluorescent labelling of tau. A) B) SDS-gel of labelled tau.

Fig 6.2: Fluorescent labelling of dimA . A) HPLC chromatogram of Alexa labelling of dimA . B) SDS-
gel of labelled dimA



 

 
 

6.5  FRAP half-times of recovery (t-half) and immobile fractions  

Table 6.1: T-half and immobile fraction of tau in the homotypic condensates from 25 FRAP experiments. 

t-half Immobile fraction 
 
17.99 

 
0.17012 

 0.003837 
  

20.8  
11.89 0.06396 

 0.065693 
26.65 0.178153 
16.5  
22.35 0.206352 
26.33  
19.22 0.17976 

 0.313961 
56.6  

 0.373361 
70.2  
88.3 0.639615 
59.8  
86.9 0.176671 
66.5  
62.37 0.112805 
57.9  

 0.327705 
57.22 0.375389 
52.82 0.292816 
76.8 0.189355 

 

Table 6.2: T-half and immobile fraction of tau in the heterotypic condensates from 25 FRAP experiments. 

t-half Immobile fraction 
 

 
 
0.20892 

  
 0.266338 

61.65  
  
 0.530966 

52.5 0.537935 
61.88  

  
78.66  

 0.188979 
83.2 0.590939 
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50.29  
 0.235508 

76.5 0.166689 
78.3  
78.66 0.191703 
96.65  
87.83 0.598222 
96.25 0.13753 
82.2 0.322933 
89.88 0.803178 
102.36  
71.73 0.787331 
79.8 0.706913 

 0.20892 

 

Table 6.3: T-half and immobile fraction of dimA in in the heterotypic condensates from 25 FRAP experiments. 

t-half Immobile fraction 
 
75 

 
 

38.5 0.523222 
 0.689677 

61.8 0.8392 
  

60.26  
28.3 0.53597 

  
38.5 0.128871 
65.37 -0.02786 
37.05 0.733675 
83 0.083095 

  
78.12 0.693732 

 0.625892 
 0.283583 

115.7 0.191377 
235.7 0.131118 
99.3 0.227209 
73.1 0.591386 
289.9 0.703275 
67.3  

61.3 0.576639 
106.8 0.502982 

85  
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6.6

6.7

1.37 M NaCl 

27 mM KCl

1.37 M NaCl 

27 mM KCl

Coomassie blue staining 0.02% Coomassie brilliant blue

5% aluminium sulfate

10% ethanol

2% orthophosphoric acid

10X TGS (pH 8.8) 250 mM Tris

1.92 M Glycine

1% SDS

Fig 6.3: Emission and excitation maxima of Alexa 488 and Alexa 647. Created using bdbiosciences.com
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10X Tris-tricine SDS-Page 
 

1 M tricine  
1% SDS  

 1 M Tris 
 

10X Tris-tricine SDS-Page 
(pH 8.9) 

2 M Tris 
 
 

10X M9 salt 33.7 mM Na2HPO  

 22 mM KH2PO  

 8.55 mM NaCl 

  

1X TBST (pH 7.5) 20 mM Tris 

 150 mM NaCl 

 0.1% Tween-20 
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