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Abstract

Neurodegenerative diseases, including Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Lewy
Body Disease (LBD), and related dementias, represents a global health challenge, particularly in
aging populations. The simultaneous occurrence of neurodegenerative diseases in an aging
population suggests a potential link between causative proteins. Such neurodegenerative proteins,
including amyloid- (A), t-protein (tau), a-synuclein, TAR DNA-binding protein 43 (TDP-43), and
Fused in Sarcoma (FUS), share key characteristics of intrinsically disordered proteins (IDPs), which
can explain promiscuous physical interactions, cross-seeding, co-occurrence, pathological synergy,
and shared upstream and downstream mechanisms. This review synthesizes current evidence on (1)
shared biophysical features of neurodegeneration-associated proteins, (2) mechanisms driving mixed
neuropathology, (3) experimental and therapeutic implications of disorder-driven interactions, and
(4) key unresolved questions shaping future research. By framing neurodegeneration as a network of
interacting, disorder-driven proteinopathies rather than isolated entities, this perspective highlights
the need for integrative, systems-level approaches to better understand disease heterogeneity and to
identify novel targets for intervention.

Keywords: protein intrinsic disorder; neurodegeneration; proteinopathies; liquid-liquid phase
separation; amyloid-[3; tau; a-synuclein; TDP-43; FUS

1. Introduction

1.1. Clinical and Pathological Motivation

Neurodegenerative diseases are a complex group of disorders that vary by pathology, genetics,
and clinical symptoms. Currently, they lack effective disease-modifying treatments. Pathologically,
they are classified as proteinopathies, characterized by the accumulation of specific, abnormal
proteins in neurons or glial cells. Many of these diseases share similar pathologies, where the same
misfolded protein deposits in different brain regions, causing distinct cognitive and motor
impairments. This is illustrated by synucleinopathies e.g., Parkinson’s Disease (PD), Dementia with
Lewy Bodies (DLB), and Multiple System Atrophy (MSA) [1] and tauopathies e.g., Alzheimer’s
disease (AD), frontotemporal dementia (FTD), Pick’s disease, chronic traumatic encephalopathy
(CTE), and corticobasal degeneration [2], where different pathologies are associated with the
accumulation of aggregated forms of a-synuclein and t-protein (tau) protein in different brain
regions. However, it is increasingly recognized that combinations of one or more proteinopathies
often occur in individuals with neurodegenerative diseases, rather than happening in isolation [3]. In
fact, around 75% of autopsies reveal multiple neuropathologies in older adults, highlighting a
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pressing global health concern in a growing aging population [4]. This mixed (neuro-)pathology
seems to be the rule rather than the exception [5] and makes diagnosis and treatment difficult, e.g.,
for AD, PD, LBD, Vascular Brain injury (VBI), or dementia. Since such mixed pathology is most seen
in dementia, it is frequently referred to as mixed dementia. It describes the simultaneous occurrence
of several distinct brain diseases or abnormalities in one patient. In these cases, hallmark markers of
AD (amyloid plaques and tau tangles) often overlap with other issues, such as vascular damage
(blood vessel disease) or the accumulation of additional proteins, a-synuclein (Lewy bodies), TAR
DNA-binding protein 43 (TDP-43), and Fused in Sarcoma (FUS) [3]. The simultaneous occurrence of
neuropathologies suggests that these proteinopathies are not independent, but rather interconnected,
with mechanistic interactions between aggregates driving, and not merely accompanying, disease
progression [6,7]. The synergistic effect of multiple pathologies commonly results in more rapid,
severe dementia, underlining why many cases involve complex, multifactorial, or “mixed” dementia
rather than pure AD. Since the prevalence of mixed pathologies increases in the context of an aging
population, and since the related pathologies are associated with misbehavior of specific proteins,
these findings need to be better understood, particularly considering the phenomenon of protein
intrinsic disorder (PID) which can shed additional light on neuropathologies.

PID refers to the property of many proteins or protein regions not to adopt a single, stable three-
dimensional (3D) structure under physiological conditions, but are fully functional, with intrinsically
disordered proteins (IDPs) and intrinsically disordered regions (IDRs) being the categories within
this framework [8-25]. IDPs are proteins that entirely lack a stable fold, while IDRs are segments
within otherwise structured proteins that exhibit disorder. Key characteristics of IDPs are (1)
structural features, e.g., high conformational flexibility, interconverting conformations, lack of a
stable folded 3D structure, and sensitivity to environmental conditions, such as pH, ions, and
crowding [9,11,13,14,26,27]; (2) sequence peculiarities, e.g., high content of charged and polar amino
acids ((Glutamic acid (E), Aspartic acid (D), Lysine (K), Arginine (R), Glutamine (Q), Serine (S)),
therefore low hydrophobic content and depletion in bulky hydrophobic residues (Isoleucine (I),
Leucine (L), Valine (V), Phenylalainine (F), Tryptophan (W)), low sequence complexity, and presence
of repetitive motifs [10,28-31]. Therefore, the absence of regular structure in these proteins has been
explained by these specific features of their amino acid sequences including the presence of numerous
uncompensated charged groups (often negative); i.e., a high net charge at neutral pH, arising from
the extreme pl values in such proteins [32-34], and a low content of hydrophobic amino acid residues
[32,33].

IDPs/IDRs are known as promiscuous binders capable of interaction with a variety of binding
partners, including other proteins, membranes, nucleic acids, and various small molecules, and as a
result, they have multiple biological functions [27]. Many IDPs/IDRs are capable of undergoing at
least partial disorder-to-order transition upon binding [27], whereas others retain a considerable level
of disorder even in their bound states forming “fuzzy” complexes [35-44]. IDPs/IDRs are commonly
engaged in formation of complex protein-protein interaction (PPI) networks, often acting as hub
proteins with many connections [45-49]. Among the important biological functions of IDPs/IDRs,
which are complementary to the activities of ordered proteins and domains [8,10,12,16,50], are
regulation of cell division, transcription and translation, signal transduction, storage of small
molecules, and chaperone activity [51-58]. These proteins regulate the function of binding partners
and promote the assembly of various complexes [59-61], ranging from BAF complex [62], mediator
complex [63], and mitochondrial enzymatic machines [64], to spliceosomes [65], nucleosomes [66],
and ribosomes [24]. Biological functions of IDPs/IDRs are fine-tuned by various post-translational
modifications (PTMs) [67-69].

Recent studies indicated that IDPs/IDRs serve as fundamental drivers of liquid-liquid phase
separation (LLPS), a biophysical process that yields diverse physiological results. Specifically, it is
associated with the biogenesis of numerous membrane-less organelles (MLOs, which are also known
as biomolecular condensates (BCs), granules, intracellular microdomains, speckles, bodies, puncta,
coacervates, and naked cellular organelles among others), which are ubiquitous throughout the
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cytoplasm and nucleus [70-80]. Often, LLPS is activated when cells experience stress, and thereby it
represents a protective mechanism [80,81]. The droplet-like structures formed as a result of LLPS
limit the interaction volume of the molecules and increase the probability of interaction [80]. Many
MLOs are expected to be present in a certain location at a certain time [80]. Beyond merely operating
within favorable conditions, MLOs are characterized by a distinct timeframe and specific
requirements for secure existence, alongside the “comfort zone” of the conditions favorable to LLPS
[80]. When MLOs persist beyond their intended functional lifespan, they can undergo a “pathological
aging” process. This transformation may trigger neurodegenerative diseases by turning these
organelles into hubs for the accumulation of toxic amyloidogenic proteins [80]. Other triggers for
pathological LLPS and abnormal MLOs include increased levels of proteins undergoing LLPS,
irregular PTMs, specific disease-linked mutations, or chromosomal translocations [80].

Finally, a key finding in the field is the prevalent association of intrinsic disorder with major
health challenges, ranging from cancer and infectious diseases to cardiovascular disease and
neurodegeneration [82-86].

1.2. Purpose and Scope of the Review

This review provides a comprehensive evaluation of the five major neurodegeneration-related,
aggregating proteins involved in mixed pathology such as Amyloid beta (Ap), tau, a-synuclein, TDP-
43, and FUS, within the context of PID. Figure 1 illustrates an accepted model linking misbehavior
and aggregation of the neurodegeneration-related proteins with transition from a healthy to a
diseased brain state. Misbehavior of these proteins that can occur individually or in combination, can
be better understood by applying the PID concept, which aids in explaining the underlying
regulatory failures. This raises questions about physical interactions, cross-seeding, co-occurrence,
pathological synergy, and shared upstream and downstream mechanisms with a unique view on PID
and its neuropathological impact. Here, we will discuss those proteins in the light of functional
advantages and disadvantages such as (1) binding promiscuity: IDPs can interact with many different
partners and one region can bind multiple targets using different conformations; (2) molecular
recognition flexibility where binding often occurs via disorder-to-order transitions and enables
context-dependent interactions; (3) regulatory versatility as ideal substrates for various PTMs, e.g.,
phosphorylation, acetylation, ubiquitination, and SUMOylation; and (4) multifunctionality, in which
the same protein participates in transcription, RNA metabolism, signaling, and stress responses
forming stress granules. All these interactions need to be considered when referring to
neuropathological proteins. In the past, the population prevalence of the co-occurrence of the
hallmarks of different proteinopathies was reported in mixed pathologies [3,87,88], what seems not
to be sufficient.
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Figure 1. Native protein monomers in healthy cells can reversibly assemble into oligomers or undergo LLPS to

form dynamic, liquid-like condensates. Under certain conditions, these assemblies may mature into more rigid
gel-like or glass-like condensates, which can serve as intermediates for the formation of protofibrils and
ultimately insoluble amyloid fibrils. Accumulation of amyloid fibrils is associated with cellular dysfunction and
neurodegeneration, as illustrated by the transition from a healthy to a diseased brain state. Arrows indicate

reversible and irreversible transitions between aggregation states. Created with BioRender.com.

2. Overview of the Five Neurodegeneration-Associated Protein and Their
Intrinsic Disorder Status

2.1. Amyloid- (AB)

Amyloid-3 (Ap) is a peptide abundantly produced in the brain. It is derived from the type I
transmemebrane amyloid precursor protein (APP) sequential cleaved by (3-secretase (BACE1) and y-
secretases. Low concentrations of soluble forms of amyloid-f contribute to normal neuronal activity
[89]. Various forms, such as A (40-residue-long peptide that corresponds to the residues 672-711
of the APP), A4 (42-residue-long peptide corresponding to the APP residues 671-712), N-truncated
A4+, and amyloid-a (also known as Ai7-4/42 or p3) and different oligomeric and aggregated states,
such as non-fibrillar or soluble forms, amyloid fibrils and amorphous aggregates are known. Among
these, AP« aggregates more readily, and oligomeric A{3 species are particularly associated with
neurotoxicity and the development of AD and related neuropathologies [90]. It is an intrinsically
disordered peptide as a monomer, whose amino acid sequence is characterized by a charged, flexible
N-terminus and a hydrophobic C-terminal region containing aggregation-prone motifs [91]. This
sequence organization underlies its conformational plasticity, binding promiscuity, and strong
tendency toward (-sheet-rich self-assembly [92]. The presence of additional hydrophobic residues in
AP« further enhances aggregation propensity, providing a molecular explanation for its increased
pathogenicity [93]. Furthermore, PTMs, such as phosphorylation and acetylation, can significantly
influence the aggregation of Af. It has been shown, that PTMs could modulate the polymerization
rates of AP and thus impact its neurotoxicity. Thus, the peculiarities of the amino acid sequence of
A directly link PID with aggregation and neurotoxicity [94]. AP aggregation emerges from the
plasticity of a disordered peptide, not from destabilization of a folded state [95-97]. It was also
indicated that clinical variability of AD, at least in part, can be associated with the possibility of
misfolded AP to acquire different conformations (referred to as “Af strains”) [98]. High levels of
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aggregated Ap are associated with cognitive decline, dementia, and AD, and misfolded A species
can promote the misfolding of other aggregation-prone proteins, particularly tau, thereby
accelerating disease progression through prion-like mechanisms [99-102].

AD, affecting approximately 35-40 million individuals worldwide, is neuropathologically
characterized by the accumulation of extracellular AP plaques and intracellular tau-containing
neurofibrillary tangles (NFTs), both of which contribute to impaired neuronal communication and
synaptic dysfunction [103]. Under physiological conditions, A{ is continuously produced through
Blood-Brain Barrier Transport, microglial phagocytosis, or chorid plexus function [104-106] and
efficiently cleared, indicating a role in normal brain homeostasis. An imbalance between Af3
production and clearance leads to the accumulation of extracellular A{, while abnormal tau
phosphorylation results in intracellular neurofibrillary tangle formation; either pathology alone, but
also their interaction, drives AD progression [107,108].

Importantly, AD pathology rarely occurs in isolation, particularly in aging populations.
Neuropathological and biomarker-based studies indicate that Ap plaques and tau NFTs frequently
coexist with additional proteinopathies, including a-synuclein-positive Lewy pathology and TDP-
43 inclusions. Moreover, increasing evidence implicates RNA-binding proteins, such as FUS, in
overlapping neurodegenerative processes, linking classical amyloid and tau pathology to
dysregulated RNA metabolism and stress-granule dynamics. Aggregation-prone biomolecules
including A, tau, a-synuclein, TDP-43, and FUS can interact through prion-like seeding, cross-
aggregation, and shared proteostatic pathways, thereby amplifying cellular dysfunction [109]. These
convergent mechanisms support the evidence that AD are central, but function within a broader
network of interacting IDPs rather than a disorder driven by a single misfolded protein [110]. Those
connections will be elucidated further below.

Figure 2 illustrates the intrinsic disorder status of human amyloid precursor protein (APP). This
protein operates as a cell surface receptor on neurons, facilitating critical physiological processes such
as neurite outgrowth, neuronal adhesion, and axonogenesis [111]. Furthermore, trans-cellular
interaction between APP molecules on adjacent cells can promote synaptogenesis [111]. Position of
the AP peptide, which is located within the C-terminal part of the protein is shown by black box.
Figure 2 shows that APP is predicted to have a high level of intrinsic disorder. This is evidenced by
the presence of long regions with low and very low confidence scores (propr (Predicted Local Distance
Difference Test) below 70) (see Figure 2A) and by the multiple IDRs confidently predicted (see Figure
2B). IDRs are very prominent especially in the central part of APP, which is also predicted to contain
12 disorder-based PPI sites (molecular recognition features (MoRFs), that are disordered regions
undergoing folding at binding to specific partners), and multiple different PTMs, indicating that
intrinsic disorder is utilized by APP for its binding functions, which are regulated by PTMs. Likely,
because of these features, APP is capable of interaction with a very broad spectrum of proteins (e.g.,
according to BioGRID [112,113], it has more than 2400 protein partners). Although A peptides are
lipophilic, they are also predicted to contain some disorder, which might be utilized in coordination
of Cu?* and Zn? ions by these metal chelators with metal-reducing activity [114]. As per the FuizDrop
analysis [115], APP is expected to spontaneously undergo LLPS (i.e., being characterized by a
probability of spontaneous liquid-liquid phase separation (LLPS), piies, of 0.7463, it can act as a
droplet driver) and contain five droplet-promoting regions (DPRs, residues 188-216, 230-285, 353-373,
437-451, and 624-657), indicating that LLPS is included in its functional repertoire. Curiously,
although most disease-causal mutations of APP occur within the Af-coding region or in its
immediate proximity, it was recently shown that mutations in the N-terminus of APP protein might
have pathological consequences as well, as they can promote AD-like tau pathology and notably alter
the LLPS of intracellular tau [116].
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Figure 2. Intrinsic disorder status of human amyloid precursor protein (APP) (UniProt ID: P05067). A. 3D
structural model generated for human APP by AlphaFold [117]. The structure is colored based on the per-residue
model confidence (pLopr), which ranges between 0 and 100. Regions with very high (proor > 90), high (90 > proor
>70), low (70 > proor > 50), and very low model confidence (proor < 50) are shown by blue, cyan, yellow, and
orange colors, respectively. Regions with low proor may be unstructured in isolation. B. Functional disorder
profile generated by D?P? [118] shows the outputs of several disorder predictors such as PONDR® VLXT,
PONDR® VSL2b, PrDOS, IU-Pred and Espritz. Consensus disorder predictions are shown by blue-green-white
bar, where blue indicates regions are where the disorder predictions intersect the SCOP domain prediction and
green indicates regions represent disorder that is not found within a predicted SCOP domain. The colored bar
highlighted by blue and green shade represents the consensus disorder prediction. Above this consensus bar,
line with numbered, colored bars show the predicted locations of SCOP (Structural Classifications of Proteins)
domains. Yellow zigzagged bars show positions of MoRFs, whereas colored circles in the bottom of the plot
show the positions of predicted PTMs. Position of AP, which is located within the C-terminal part of the protein

is shown within the black box.

2.2. t-Protein (Tau)

Tau, a microtubule-associated protein, is crucial for the stabilization and maintenance of
structure and function of neurons and a prominent example of an IDP that plays a critical role in
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neuronal function and stability. Understanding the structural and sequence features of tau,
particularly in the context of its intrinsic disorder, can provide significant insights into its biological
functions and pathological implications. Tau is characterized by high conformational flexibility
combined with the presence charged and polar amino acids, such as glutamic acid (E), aspartic acid
(D), lysine (K), arginine (R), and serine (S), while being low in hydrophobic amino acids. It also
contains low-complexity regions and is characterized by the ability to interconvert between multiple
structural states [119-121]. These amino acid sequence peculiarities are critical in preventing the
formation of stable secondary and tertiary structures typical of ordered proteins. The low
hydrophobic content and depletion of bulky hydrophobic amino acids like isoleucine (I), leucine (L),
valine (v), tyrosine (Y), tryptophan (W), and phenylalanine (F) further underscore tau’s propensity
for intrinsic disorder, allowing it to maintain a dynamic flexibility essential for its cellular functions
[120,122]. Unlike globular proteins that possess stable 3D structures, tau does not fold into a well-
defined conformation and instead samples a wide range of shapes under physiological conditions, a
hallmark of IDPs [119,120]. This structural plasticity allows tau to engage in diverse interactions with
microtubules and other proteins, vital for maintaining neuronal architecture [67]. Furthermore, tau’s
dynamic structure is highly sensitive to various environmental factors, such as pH, ionic strength,
and macromolecular crowding, further complicating its behavior in cellular environments [123].

Tau undergoes LLPS, which can lead to the formation of liquid-like droplets that subsequently
transition to more condensed amyloid structures under certain conditions [124-136]. This is
significantly influenced by tau’s charged, polar residues, which are crucial for its interactions with
other molecules [137]. For instance, the positively charged microtubule-binding domains of tau
contribute to its LLPS properties, essential for its role in cell signaling and pathology [80].

In neurodegenerative disease, e.g, AD and tauopathies, the protein undergoes
hyperphosphorylation, which leads to aggregation and formation of NFTs [138]. After chronic
traumatic encephalopathy (CTE) NFTs accumulate abnormally and disrupt normal cellular function.
Interestingly, disease models suggesting that Af3 initiate a pathophysiological change leading to tau
misfolding. Human studies showed that NFTs in the neocortex of the brain are more related to
cognitive decline than amyloid plaques [139]. For example, one study demonstrated that A3 plaques
enhance tau pathologies by facilitating tau aggregation in the presence of misfolded tau seeds,
indicating a significant interaction promoting neurodegeneration [140].

In conclusion, tau’s low sequence complexity, characterized by repetitive motifs, contributes to
its flexibility and functional diversity. Such properties enable tau to participate in various cellular
processes, including signal transduction and cytoskeletal organization [141,142]. In the context of
neurodegenerative diseases like AD, the disordered regions of tau are particularly important, as they
can aggregate into neurotoxic forms, highlighting the dual nature of PIDs [16].

Figure 3 provides an outlook on the prevalence of functional disorder in human tau proteins
and clearly shows that this protein is mostly disordered and contains multiple PTMs. Furthermore,
according to Figure 3B, tau’s almost entire sequence is expected to be involved in disorder-based
interactions and therefore can serve as a disordered scaffold. In line with these predictions, BioGRID
[112,113] indicates that tau has more than 1100 protein partners. According to FuzDrop, human tau
protein is clearly defined as a strong droplet driver, since it is predicted to have a very high prirs of
0.9985 and contain four DPRs (residues 1-30, 309-589, 608-622, and 719-739) that cover almost entire
sequence of this protein.
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Figure 3. Evaluation of intrinsic disorder in human microtubule-associated protein tau (UniProt ID: P10636). A.
3D structural model generated for human tau by AlphaFold. B. Functional disorder profile generated by D?P2.

2.3. a-Synuclein

a-synuclein (also known as non-Af3 component (NAC) precursor (NACP) of AD) is a 140-amino
acid transport protein primarily found in the brain, particularly in presynaptic terminals. It has three
functional regions, such as an amphipathic N-terminal region (residues 1-60) containing 11-residue
repeats including the KTKEGV motif, allowing the protein to bind to acidic lipid membranes and
form a-helices, a central domain (residues 61-95) known as NAC, which is a highly hydrophobic,
aggregation-prone region, and highly acidic and proline-rich C-terminal region (residues 96-140)
involved in regulating solubility, interacting with metal ions, and binding to protein partners [143].
a-synuclein is predominantly found in neuronal cell bodies, where it is involved in synaptic
transmission and vascular regulation. This “chameleon” protein [144] is highly conformational
flexible and is characterized by the propensity to exist in various structural forms, a characteristic
feature of IDPs [145]. Under physiological conditions, a-synuclein is largely unstructured, lacking a
stable 3D conformation [34,145-147]. This intrinsic disorder allows the protein to adopt different
conformations depending on environmental factors, such as the presence of membranes, which favor
an o-helical conformation [148]. The protein is also prone to undergo LLPS [149-153], and is capable
of shifting from a soluble disordered state to aggregated forms, such as oligomers and fibrils, which
are implicated in neurodegeneration [154,155]. This protein has strong aggregation potential and its
ability to form amyloid fibrils is enhanced by a variety of factors, such as interaction with pesticides
and herbicides [156-158]. The primary sequence of a-synuclein demonstrates several features typical
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of IDPs. The protein is enriched in polar and charged amino acids, particularly in its N-terminus,
which includes a high density of serine (S), lysine (K), and glutamic acid (E) residues [159]. This
contributes to its low hydrophobicity and helps maintain a flexible structure without the stable «-
helices or [3-sheets observed in globular proteins [159].

Furthermore, a-synuclein features repetitive motifs, specifically the NAC region, which has been
associated with aggregation [160,161]. This region’s sequence composition aids in its ability to
interact with lipid membranes and other cellular components, while simultaneously modulating its
propensity to aggregate into pathogenic forms. The low sequence complexity of a-synuclein reflects
the properties commonly associated with IDPs, enabling it to engage in multiple PPI crucial for
synaptic function [162]. The protein’s tendency to aggregate into filamentous structures is a result of
its intrinsic flexibility, which allows it to adopt multiple conformations that can stabilize
intermolecular interactions [154,155]. Furthermore, PTMs, such as N-terminal acetylation can affect
the protein’s binding properties and overall structure, thereby influencing its aggregation dynamics
[163]. Additionally, studies indicate that various factors, such as PTM modifications and interactions
with chaperones, can alter the aggregation propensity of a-synuclein, thereby influencing its
structure and stability in cellular environments [123,146].

Research has shown that a-synuclein can form oligomeric intermediates during its aggregation
process, which precedes the formation of amyloid fibrils seen in Lewy bodies and Lewy neurites
[154]. These pre-fibrillar oligomers are often more toxic than mature fibrils, emphasizing the
pathological implications of transient conformational states [155].

Mutations in the SNCA gene are responsible for synucleinopathies and PD. In PD, a-synuclein
can induce cellular toxicity through mechanisms such as mitochondrial dysfunction and impaired
protein degradation pathways. It's transmission and spread resembles prion-like behavior.
Misfolded a-synuclein induces misfolding of proteins in neighboring cells [164]. a-synuclein interacts
with AB and tau, which impacts neurodegenerative processes [165]. It was also shown that
heterotypic droplets composed of tau and a-synuclein are formed at physiologically relevant molar
ratios that mimic neurons’ soma and terminal buttons of neurons, indicating that heterotypic LLPS
of tau and a-synuclein can be implicated in overlapping neuropathologies and contribute to mixed
pathology [166]. Some strains of a-synuclein promote tau aggregations in neurons and coexists with
AD pathology [167], thereby a-synuclein is a biomarker in cerebrospinal fluid (CSF) for cognitive
decline. Combinations of A, tau, and a-synuclein biomarkers improves diagnosis of PD, dementia,
or LBD [168].

Understanding a-synuclein’s intrinsic disorder through its structural and sequence features
reveals crucial insights into its biological functions and pathological roles in diseases like PD. The
protein’s conformational flexibility allows it to participate in vital synaptic processes while
simultaneously predisposing it to aggregation, leading to neurodegeneration. A deeper
comprehension of these properties provides a framework for targeted therapeutic strategies aimed
at mitigating a-synuclein-associated neurodegenerative diseases. Different roles of intrinsic disorder
in multifunctionality and polypathogenicity of were discussed in a comprehensive review, where it
was emphasized that the remarkable structural, functional, and dysfunctional multifaceted nature of
this protein can be understood using the intrinsic disorder-based proteoform concept [143]. Figure 4
illustrates these points by showing a conformational ensemble generated for human a-synuclein by
AFflecto (Figure 4A) and functional disorder profile generated by D2P? (Figure 4B). High binding
promiscuity of a-synuclein is illustrated by the fact that according to BioGRID, it is involved in
interaction with more than 1500 protein partners. With the pries of 0.6249 and a long IDR (residues
101-140), human a-synuclein is expected to serve as a droplet driver capable of spontaneous LLPS.
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Figure 4. Evaluation of the intrinsic disorder predisposition of human a-synuclein (UniProt ID: P37840). A. 3D
conformational ensemble generated by AFflecto (https://moma.laas.fr/applications/AFflecto/) [169]. By
analyzing the structural properties of the AlphaFold model, AFflecto identifies IDRs based on the propr score
(i.e., based on the analysis of structural context) and classifies them as tails, linkers, or loops. To explore the
conformational diversity of these flexible regions, AFflecto employs computationally efficient stochastic
sampling algorithms [169]. It also incorporates a method to identify conditionally folded IDRs that AF may
incorrectly predict as natively folded elements [169]. Therefore, AFflecto generates protein ensembles that
provide realistic representation of protein structural heterogeneity [169]. Ensemble includes 28 models. Plot was
generated using Visual Molecular Dynamics (VMD) software for molecular visualization [170]. B. Functional

disorder profile generated by D?P2.

2.4. TAR DNA-Binding Protein 43 (TDP-43)

TAR DNA-binding protein 43 (TDP-43) is a predominantly nuclear RNA-binding protein that
regulates alternative splicing, mRNA stability, transport, and translation, thereby playing a central
role in neuronal RNA homeostasis and stress responses under normal conditions. It is predominantly
composed of IDRs that allow significant conformational flexibility. This flexibility enables TDP-43 to
dynamically interact with various RNAs and protein partners [83]. Under physiological conditions,
TDP-43 does not adopt a stable 3D structure; instead, it exists in a range of conformations, facilitating
its involvement in the regulation of gene expression and RNA processing [83]. The sequence of TDP-
43 reflects its intrinsic disorder, featuring a high content of charged and polar residues, contributing
to its low hydrophobicity. Such a composition is typical for IDPs and facilitates the protein’s flexible
and multifunctional nature, promoting interactions critical for its roles in cellular signaling and
regulation [145]. TDP-43 contains two RNA recognition motifs (RRMs) that facilitate its binding to
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RNA, showcasing how specific domains can play a vital role in modulating its interactions while
retaining overall disordered characteristics [83,145]. TDP-43 exemplifies the role of intrinsic disorder
in disease pathology and cellular function [72,171,172]. Its structural flexibility and unique sequence
features are fundamental to the normal biological functions of this protein, while also predisposing
it to aggregation in neurodegenerative contexts. A deeper understanding of TDP-43’s intrinsic
disorder can foster new therapeutic approaches to address the challenges posed by TDP-43
proteinopathies.

Importantly, TDP-43 can undergo LLPS, a process that leads to the formation of membrane-less
organelles, aging of which results in the accumulation of TDP-43 in cytoplasmic aggregates
[72,73,81,173-186]. This abnormal aggregation is a hallmark of several neurodegenerative disorders.
The aggregation propensity of TDP-43 is closely linked to its charge distributions and IDRs, which
can interact with various cellular components to modulate its function and stability [83].

Notably, TDP-43’s sequence integrity is crucial for its function; mutations within its coding
region have been implicated in familial forms of amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD), leading to disruptions in its normal cellular roles and
promoting pathological aggregation [187]. The presence of low-complexity regions in TDP-43 further
underlines its propensity to form aggregates under pathological conditions, pointing toward a link
between intrinsic disorder and neurodegeneration [187].

Under pathophysiological conditions, TDP-43 is hyperphosphorylated and ubiquitinated in the
cytoplasm of neurons and glial cells and plays a role in AD. TDP-43 misfolding is connected to
translocation of the protein from nucleus to cytoplasm due to stress like it has been seen for tau [188].
Evidence suggests, that TDP-43 occur alongside Af3, tau, and a-synuclein in older individuals and
has been shown to contribute to mixed pathology within the aging brain [189]. TDP-43 pathology is
a defining feature of ALS and FTLD, but it is also highly prevalent in aging-related neuropathologies.
Autopsy studies indicate that TDP-43 inclusions are present in approximately 40-50% of Alzheimer’s
disease cases and in 20-30% of cognitively normal individuals over 80 years [190]. This age-associated
presentation, termed limbic-predominant age-related TDP-43 encephalopathy (LATE) [191],
frequently coexists with A and tau pathology and is associated with disproportionate hippocampal
atrophy and accelerated cognitive decline. These epidemiological findings identify TDP-43 as one of
the most common contributors to mixed neuropathologies and proteinopathies in late-life dementia
[192,193].

Figure 5 illustrates the highly disordered nature of human TDP-43 and shows that its IDRs serve
as targets for various PTMs and are also used for disorder-based interaction with partners (as per
BioGRID, there are at least 572 protein partners of TDP-43). Furthermore, as per FuzDrop analysis,
human TDP-43 has a high probability of spontaneous LLPS (prirs = 0.8981) and contains a long, C-
terminally located DPR (residues 251-414), confirming that the amino acid sequence features of this
protein are consistent with its ability to undergo spontaneous LLPS.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.2145.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2026

12 of 40

B Very high (pLDDT > 90)
High (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

B Very low (pLDDT < 50)

Espritz-D

P 1y

b =5
i | "G o3 : WSLSES (2 4 : MoRF Regions
| | |
| Y =
(P} (U} o 0 UR @ PIPHFP L
(P} (U} ® @Q 8 @Q @ g § : (—-PTM Sites
|
g o @ 0 O (U] @ @ @06 -
0 50 100 150 200 250 300 350 400
Key: Disorder: Superfamilies:
Predicted SCOP Structure I Espritz-D .lll RNA-binding domain, RBD
i Weaker Support L] Espritz-X Pfams:
(OPfam Conserved Domain [ Espritz-N 2] PB006784 (Pfam-B)
[[]Predicted Disorder B 1UPred-L [3] PB002199 (Pfam-B)
#1Predicted MoRFs M 1UPred-s ()[4] RNArecognition motif. (a.k.a. RRM, RBD, or RNP domain)
© Curated PTM Site Epv2 [5) PB001862 (Pfam-B)
W Pos
B vsL2b B
B VLXT

Figure 5. Evaluation of intrinsic disorder in human TAR DNA-binding protein 43 (UniProt ID: Q13148). A. 3D
structural model generated for human TDP-43 by AlphaFold. B. Functional disorder profile generated by D2P2.

2.5. Fused in Sarcoma (FUS)

Fused in Sarcoma (FUS, also known as translocated in liposarcoma, TLS) is a nuclear DNA/RNA-
binding protein essential for RNA metabolism and stress responses that plays important roles in
various cellular processes ranging from transcription regulation, RNA splicing, and RNA transport
to DNA repair and damage response [194]. Mutations in FUS can lead to its cytoplasmatic
mislocalization, accumulation and aggregation which contribute to neurodegeneration such as ALS,
FTLD and display prion-like properties in experimental systems [110,195]. Abnormal aggregation
contribute to dysfunctional protein homeostasis to neurodegeneration, with FUS anomalies
exacerbating these conditions [6]. FUS is characterized by an intrinsically disordered structure, which
allows it to exist in a dynamic ensemble of conformations rather than adopting a stable 3D structure
[72,171,196,197]. This facilitates its interaction with multiple partners, essential for its roles in RNA-
binding and regulation of gene expression [123]. Moreover, FUS undergoes phase separation,
forming membrane-less organelles that play critical roles in stress response and RNA processing
[198-210]. The ability of FUS to condense into these structures underscores the significance of its
dynamic properties in cellular contexts. FUS contains a high proportion of charged and polar amino
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acid residues, typical of IDPs, which promotes its interaction with RNA and other proteins [211]. The
protein’s sequence includes two RNA recognition motifs (RRMs), facilitating its specific binding to
RNA molecules while remaining largely disordered overall. The presence of low-complexity
domains allows FUS to engage in various interactions while retaining flexibility, which is essential
for its multifunctional role within the cell [212].

While not a defining pathological hallmark of AD, FUS dysregulation may indirectly exacerbate
mixed neuropathologies by impairing proteostasis and RNA homeostasis [213]. Approximately 5%
of mutations in FUS/TLS account for familial ALS cases [214]. Around 10% of FTLD cases show
significant involvement of FUS, linking it to the broader spectrum of proteinopathies characteristic
of neurodegenerative diseases [215].

Additionally, mutations in the FUS gene can lead to forms of ALS and FTD, linking specific
sequence variations to pathogenic behavior and further suggesting that the functional capacity of
FUS is heavily dictated by its disordered nature [216]. Understanding these sequence characteristics
provides insights into how FUS can maintain functional flexibility while being prone to misfolding
and aggregation under pathological conditions. Furthermore, FUS aggregates can form cytoplasmic
inclusions associated with neurodegeneration. The transitions between soluble and aggregated states
are influenced by its IDRs, highlighting the pathogenic potential of FUS misfolding [83]. This
behavior exemplifies the connection between intrinsic disorder and neurodegeneration, as the
aggregated forms of FUS are implicated in cellular toxicity.

FUS exemplifies how intrinsic disorder can be pivotal for protein functionality, as structural and
sequence features of this protein enable it to play diverse roles in cellular processes. However, the
same characteristics that facilitate its normal functions can also predispose it to aggregation,
contributing to neurodegenerative disease pathology. A detailed understanding of FUS’s intrinsic
disorder can lead to potential therapeutic approaches for diseases associated with its aggregation.

Figure 6 illustrates the prevalence of intrinsic disorder in human FUS and suggests that
structural pliability is important for function of this protein, which is heavily decorated by multiple
different PTMs and contains 15 MoRFs that covers a very significant part of its sequence. Intrinsic
disorder can contribute to multifunctionality of this protein and its ability to interact with multiple
partners. According to BioGRID, FUS can interact with almost 850 proteins. FuzDrop analysis
revealed that human FUS has an extremely high prres of 0.9999 and contains three DPRs (residues 1-
294, 360-437, and 443-526) that cover almost 90% of its sequence, providing strong support to the
capability of this protein to act as a powerful droplet driver capable of undergoing spontaneous LLPS.
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Figure 6. Evaluation of intrinsic disorder in human RNA-binding protein FUS (UniProt ID: P35637). A. 3D
structural model generated for human FUS by AlphaFold. B. Functional disorder profile generated by D2P2.

2.6. Commonality of Individualities

Table 1 provides a systematic overview of some of the characteristic features of human Ap, tau,
a-synuclein, TDP-43 and FUS and shows that these proteins exhibit substantial IDRs that support
physiological flexibility but also predispose to aggregation and cross-interaction under pathological
conditions.

Table 1. Comparative overview of major neurodegeneration-associated proteins with respect to intrinsic

disorder, aggregation behavior, phase separation, and contribution to mixed neuropathology.

Amyloid-B (AB) a-synuclein

Feature [90,92,94,217] T-protein (tau) [120,139] [161,165,218] TDP-43 [189,191,219] FUS [123,193,195]
APP-derived . . . . g . .RNA/DNA-.
. . . Microtubule-associated ~Presynaptic protein RNA-binding protein  binding protein
Physiological peptide; modulates . s . . . D . .
role svnaptic activity at protein stabilizing regulating vesicle regulating splicing and involved in RNA
yhap ty neuronal cytoskeleton trafficking RNA metabolism metabolism and
low concentrations
stress responses
Pathological Extracellular Ir}tra.cellular Lewy bOdle? and Cytoplasmic inclusions ~ Cytoplasmic
plaques; soluble  neurofibrillary tangles Lewy neurites; . L. .
aggregate i : with nuclear depletion inclusions due to
toxic oligomers (NFTs) oligomers
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nuclear clearance

defects
Ir.u'rinsic .Int'rinsically Highly intrinsically A?mo.st e?ntirely Large intrinsically Hi.ghly intrinsit.:ally
disorder disordered as a disordered; intrinsically disordered reions disordered; prion-
features monomer conformationally flexible disordered & like domains
Charged N-
Sequence terminus; Low sequence complexity; ~ NAC region; Low-complexity C-  Low-complexity,
determinants hydrophobic C- charged and polar charged N-terminal ~ terminal domain; arginine-rich prion-
of disorder  terminal motits residues repeats charge asymmetr ike domains
f disord: inal if id P harge asy y like domai
(ABs)
Post Phosphorylation
. and acetylation . N-terminal . PTMs modulate
translational Hyperphosphorylation . Hyperphosphorylation .
modulate acetylation and hase behavior and
modifications . and acetylation . and ubiquitination .
(PTMs) aggregation phosphorylation aggregation
kinetics
Phase NoaC lasl‘sezlczlti];ips; Stress-granule— Prominent LLPS;
separation erfegr §S from Undergoes LLPS; droplets ~ Forms stress- associatge dLLPS condensate
p . 8 . can mature into fibrils induced condensates . hardening linked to
(LLPS)  disordered peptide precedes aggregation disease
plasticity
Prevalence in . . . Common, especially in Rare in community
. Very high Very high Moderate to high .
aged brain elderly autopsy series
Tau, a-synuclein,
- TDP-43; ALS/FTLD
Common ,CO TDP-43, vascular A, a-synuclein, TDP-43 AB, tau AR, tau, a-synuclein 3 ALS/
pathologies pathology spectrum
Cross Seeds tau Cross-seeds tau and Stress-granule and
seeding/ misfolding; Synergizes with Af3; AR straiiu a Often superimposed RNA Ign:taltl)oliZm
interacts with a- interacts with a-synuclein B on AD pathology . .
synergy synuclein dependent interactions
IIIr;piithOH Ea:g dﬁlf\;;r;;d Strong determinant of chifi:’zzbea;f d Accelerates dementia  Associated with
atholo dovfnstream cognitive decline and neufo svchiatric severity and memory earlier onset and
P &Y . . neuronal loss pey impairment aggressive disease
dementia  proteinopathies symptoms
ALS-FUS, FTLD-
FUS, neuronal
intermediate
AD, cerebral AD, progressive filament inclusion
loid ’ PD, DLB, multipl
an ioar;lti 01( CAA) supranuclear palsy (PSP), s ,stem,artr;g }llp € disease (NIFID),
Diwi s r}: drome " corticobasal degeneration }EMS A) ul:r)ey basophilic
A relat}e]d an iiti,s (CBD), Pick’s disease autonomi,cpfailure inclusion body
p ABRA), C Ai (PiD), frontotemporal (PAF), REM sl ALS, FTLD-TDP, disease (BIBD),
( relnted dementia with beln ‘)I'ior oo LATE, AD, CTE, LBD, essential tremor
Associated inflammation parkinsonism-17 (FTDP- (RBD), AD Huntington’s disease (ET),
diseases corebral ’ 17), argyrophilic grain Gaucher’s, dise,ase (HD), multisystem polyglutamine
amvloidoma disease (AGD), chronic neuroaxonal " proteinopathy (MSP), (PolyQ) diseases
den?,entia Witi’l traumatic encephalopathy dvstronh Perry syndrome, (HD and
Lewv bodies (CTE), down syndrome, neuro}::le eiefa,tion Alexander disease spinocerebellar
(DLB}; retinal Guam parkinsonism- with bfain iron ataxias SCA1 and
diSO,I‘ ders dementia complex, accumulation SCAB3), cancers
traumatic br,ain postencephalitic (NBIA) (myxoid
injury (TBI) parkinsonism, DLB, PD liposarcoma, ewing

sarcoma, acute
myeloid leukemia
(AML)

2.7. Mightly Alliance: Beyond the Individual Armies

Facts considered so far illustrated individual importance of AB/APP, tau, a-synuclein, TDP-43,
and FUS in both physiological and pathological processes. However, these proteins are not acting
alone but do interact with each other forming a network with seven edges and an average local
clustering coefficient of 0.767. Since the expected number of edges for the random network of this
size is 0, this intra-set PPI network has significantly more interactions than expected (PPI enrichment
p-value 3x10-1") (see Figure 7A).
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Figure 7. STRING-generated protein-protein interaction (PPI) networks of human proteins linked to mixed
pathologies. A. Intraset PPI network connecting APP, tau, a-synuclein, TDP-43, and FUS. B. Joint PPI network
centered at five major mixed pathology-related proteins, highlighting shared interactors. Positions of APP, tau,
a-synuclein, TDP-43, and FUS within this network are highlighted by yellow circles. This PPI network was
generated by STRING database (https://string-db.org; [220-222]) using the maximum number of interactors in
the first shell of 500 and a highest confidence level of 0.9 based on a minimum required interaction score. Here,
individual proteins act as network nodes, whereas differently colored edges show protein-protein associations
based on different types of evidence. The blue line represents information extracted from the curated databases,
the black line represents co-expression, and the green line represents gene neighborhoods. Based on the STRING
annotations, edges are expected to be specific and meaningful, indicating that linked proteins jointly contribute
to a shared function. However, this does not necessarily mean that they are physically binding to each other.
The interactive version of the joint PPI network can be viewed at the following permalink: https://version-12-
0.string-db.org/cgi/network?networkId=bhz5YRrIPsno.

Crucially, these five proteins not only possess individual “armies” of numerous interactors, but
they also exhibit collective interactivity, featuring multiple shared binding partners. This idea is
illustrated by Figure 7B showing that these proteins function not just as individual “hubs”, but as a
unified group with high interconnectivity. In fact, although this network was generated using the
highly restringing settings (the highest confidence level of 0.9 for a minimal interaction score), it
includes 190 proteins involved in 807 interactions, which significantly exceeds the 289 interactions
expected to occur in a random set of proteins of the same size and degree distribution drawn from
the genome (PPI enrichment p-value < 10-1¢). The average local clustering coefficient of this network
is 0.654, and its average node degree is 8.5. Among the 190 proteins in this network, 83 have at least
8 interacting partners, with 26 proteins interacting with more than 15 partners each. The most
significant number of interactors is ascribed to the “army commanders”, APP, MAPT/TAU,
SNCA/synuclein, TARDBP/TDP-43, and FUS, which interact with 63, 49, 45, 43, and 34 partners,
respectively. Next in the interactivity ranks within this united network are HNRNPA1, HNRNPC,
HNRNPM, HSP90AA1, HNRNPA2B1, HNRNPH1, HNRNPK, and GSK3B interacting with 30, 24,
24, 23,22,22,22, and 21 partners. There are also 26 proteins that interact exclusively with one of the
“army commanders”. There are no proteins that would serve as joint interactors for five and four
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connect human proteins linked to mixed pathologies, and only one “outside” protein, APOE, is
connecting three “army commanders” (APP, SNCA, and MAPT). However, TARD and FUS have 15
joint interactors DROSHA, EWSR1, HNRNPA1, HNRNPA2B1, HNRNPA3, HNRNPC, HNRNPH]I,
HNRNPK, HNRNPM, MATR3-2, OPTN, RBMX, SFPQ, SOD1, and UBQLN2); IAPP, KLC1, KLC2,
and PRNP are common binding partners of APP and SNCA; MAPT and APP share CASP3, GSK3A,
and PSEN1; LRRK2, PRKN and VDACI are shared by MAPT and SNCA; whereas HSPA4 and HTT
serve as joint interactors for TARDBP and SNCA. Obviously, if less restrictive settings are used, the
resulting PPI network will include more shared partners. However, conducting such analysis is
outside the scopes of this review.

The most enriched biological processes, molecular functions, and cellular components (as per
Gene Ontology annotations) of the members of joined network are shown in Figure 8, along with the
most enriched KEGG pathways and the most enriched subcellular localizations and disease-gene
associations. Figure 8 A shows that among the 1055 significantly enriched biological process GO terms
associated with the members of this network, the most enriched are related to modulation of chemical
synaptic transmission, amyloid precursor protein metabolic process, regulation of calcium-mediated
signaling, cellular response to Af, regulation of calcium ion import across plasma membrane,
negative regulation of mRNA metabolic process, and regulation of neurotransmitter levels. Figure 8B
shows that among the 150 significantly enriched molecular function GO terms, and the most enriched
are A{3 binding, tau protein binding, peptide binding, structural constituent of cytoskeleton, and
single-stranded RNA binding. As per Figure 8C, of the 188 cellular component GO terms, the most
enriched are distal axon, growth cone, inclusion body, cell body, somatodendritic compartment,
dendrite, and microtubule. Analysis of the most significantly enriched KEGG pathways revealed that
the members of the studied network are related to PD, AD, ALS, HD, prion disease, gap junction,
amphetamine addiction, dopaminergic synapse, and long-term potentiation (Figure 8D). Figure 8E
shows that among the 186 significantly enriched subcellular compartments are inclusion body, Af3
complex, extracellular membrane-bounded organelle, growth cone, distal axon, calcineurin complex,
and cell body. The multifunctionality of the analyzed five proteins and their interactors indicates that
misbehavior and deregulation of these proteins can be associated with various pathological
processes. In agreement with this notion, Figure 8F shows that among the 80 significantly enriched
diseases linked to the members of this network are dementia, cognitive disorder, AD, ALS, FTD, PD,
neurodegenerative disease, central nervous system disease, motor neuron disease, and
synucleinopathy.

Importantly, not only APP, tau, a-synuclein, TDP-43, and FUS are characterized by high intrinsic
disorder content; many of their interactors are disordered as well. This is illustrated by Figure 9A
representing the PONDR® VSL2 score (average disorder score, ADS) vs. PONDR® VSL2 (%) (percent
of predicted intrinsically disordered residues, PPIDR) plot. Both PPIDR and ADS values are used to
rank proteins. Based on their PPIDR scores, proteins are classified as highly ordered, moderately
disordered, or highly disordered, if their PPIDR values are below 10%, between 10% and 30%, and
above 30%, respectively [223,224]. Alternative classification of proteins as highly ordered, moderately
disordered/flexible, or highly disordered is derived from their ADS values, with ADS < 0.15, 0.15 <
ADS < 0.5, and ADS > 0.5, respectively.

Based on these criteria, almost all interactors are clearly classified as moderately or highly
disordered by PONDR® VSL2, with just one protein being predicted as highly ordered by PPIDR and
not by ADS (i.e., is located within cyan area). For comparison, the analogous analysis of the entire
human proteome (20,317 proteins) revealed that 0.4%, 5.1%, 33.7%, 21.0%, and 39.8% proteins were
located within dark blue, cyan, dark pink, light pink, and red areas, respectively [225]. Therefore,
with their 0.0% — 0.53% — 37.04% — 20.10% — 42.33% distribution, interactors are generally more
disordered than the whole proteome. Note that APP, tau, a-synuclein, TDP-43, and FUS are all
predicted as highly disordered (see Figure 9). Figure 9B represents the results of global disorder
analysis of human proteins interacting with APP, tau, a-synuclein, TDP-43, and FUS in the form of
the ACH-ACDF plot that can be used for further classification of proteins as mostly ordered, molten
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globule-like or hybrid, or highly disordered based on their positions within the resulting CH-CDF
phase space [226-229]. This analysis provided further support to the idea that the human proteins
interacting with APP, tau, a-synuclein, TDP-43, and FUS include noticeable levels of disorder, being
a bit more disordered than human proteome in general, which contains 59.1%, 25.5%, 12.3%, and
3.1% proteins in quadrants Q1, Q2, Q3, and Q4, respectively [225]. Figure 9C shows correlation
between interactability of the analyzed proteins (in terms of their node degree) with their intrinsic
disorder status and demonstrates that there is a weak positive correlation between these two
parameters. This is an expected behavior, as disordered proteins are typically prone to be more
promiscuous binders. Finally, Figure 9D shows correlation between the propensity of all the query
proteins to undergo LLPS and their intrinsic disorder status in a form of the prrrs vs. PPIDR plot. This
analysis revealed that many studied proteins, which are predicted as highly disordered, are capable
of spontaneous LLPS. In fact, in addition to APP, tau, a-synuclein, TDP-43, and FUS 60 of their
interactors are expected to serve as droplet drivers, and 74 interactors can operate as droplet clients.
In other words, only about one-third of these proteins are not related to LLPS.
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Figure 8. Functional enrichment analysis of the joint interactome of APP, tau, a-synuclein, TDP-43, and FUS. A.
20 most enriched Biological Process (BP) Gene Ontology (GO) terms (of the 1055 significantly enriched BP terms).
B. 20 most enriched Molecular Function (MF) GO terms (of 150 significantly enriched MF terms). C. 20 most
enriched Cellular Component (CC) GO terms (of 188 significantly enriched CC terms). D. Enrichment analysis
of the members of the interactome in KEGG Pathways (20 most enriched of 114 significantly enriched KEGG
pathways). E. Enrichment analysis in the Subcellular Localization (COMPARTMENTS; 20 most enriched of 185
significantly enriched localizations). F. Enrichment analysis of interactome in the Disease Gene Association
(DGA) terms (20 most enriched of 80 significantly enriched DGA terms).
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Figure 9. Evaluation of global intrinsic disorder predisposition of human proteins associated with mixed
pathologies and their interactors. A. The PONDR® VSL2 score (average disorder score, ADS) vs. PONDR® VSL2
(%) (percent of predicted intrinsically disordered residues, PPIDR) plot, where each point corresponding to a
query protein. In this plot, the coordinates are derived from the PONDR® VSL2 data as the corresponding ADS
and PPIDR values. The areas containing highly disordered, moderately disordered, and ordered proteins (based
on the accepted classification, see text) are shown by red, pink/light pink, and blue/light blue colors, respectively.
The regions where the ADS are PPIDR agree are indicated by dark (blue or pink) colors, whereas light blue or
pink colors correspond to the areas, where only one of these criteria applies. B. Classification of query proteins
based on the outputs of the charge-hydropathy (CH, which correlates a protein’s net charge with its
hydrophobicity) and cumulative distribution function analyses (CDF, which correlates the cumulative frequency
of disorder scores with the disorder scores). The resulting ACH-ACDF plot integrates the corresponding outputs
as a two-dimensional graph, where the deviation of the disorder frequency of a query protein from the CDF
boundary (ACDF) is shown at the X-axis, and the distance of a protein from the CH boundary (ACH) is shown
at the Y-axis. Here, proteins, which are expected to be structured, molten globular/hybrid, highly disordered, or
mixed are located within the Quadrant 1 (blue, bottom right), Quadrant 2 (pink, bottom left), Quadrant 3 (red,
top left), and Quadrant 4 (violet, top right). C. Correlation between the interactivity (measured as the node
degree in the STRING-generated PPI network shown in Figure 7B) and intrinsic disorder (measured as PONDR®
VSL2-based PPIDR) among the members of the analyzed interactome. D. Comparison of the LLPS predisposition
of the analyzed proteins with their intrinsic disorder propensity. Vertical lines show 10% and 30% PPIDR
thresholds, whereas the horizontal line corresponds to the prirs threshold of 0.6. Proteins not related to LLPS
(showing prrs below 0.6 and not containing DPRs) are shown by dotted circles. In these plots, the positions of
individual major proteins associated with mixed pathologies are shown by differently shaped green symbols,

whereas the gray circles indicate the corresponding data for their interactome.
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3. And Intrinsic Disorder to Rule Them All

Despite their diverse primary sequences and physiological roles, A3, tau, a-synuclein, TDP-43,
and FUS share a pronounced degree of intrinsic disorder, low sequence complexity, and enrichment
in charged and polar residues. These common biophysical features promote multivalent and
dynamic protein—-protein interactions, extensive PTMs, and participation in highly connected
interaction networks. Importantly, the same disorder-driven properties that enable functional
flexibility under physiological conditions also predispose these proteins to undergo LLPS and
aberrant phase transitions. Consequently, intrinsic disorder provides a mechanistic bridge linking
protein-specific biology with the formation of biomolecular condensates and, under conditions of
stress or aging, their conversion into pathological aggregates.

Mixed proteinopathies and neuropathologies occur frequently rather than being rare exceptions
due to the structural and functional similarities of IDPs. These proteins often share IDRs and can
interact through multiple pathways, facilitating their co-aggregation [230]. As such,
neurodegenerative diseases are more likely to present symptoms stemming from multiple protein
aggregations [231].The pathological interplay among tau and a-synuclein exemplifies this
phenomenon, reinforcing the need for a holistic understanding of neurodegeneration. Understanding
the roles of intrinsic disorder in mixed proteinopathies and neuropathologies enhances the
comprehension of neurodegeneration. Sections below provide more focused considerations of the
involvement of intrinsic disorder in various functional and dysfunctional aspects of these proteins.

3.1. Intrinsic Disorder and LLPS

LLPS is a cellular phenomenon that plays a fundamental role in forming biomolecular
condensates, which are crucial for various biological processes. LLPS occurs when biomolecules
spontaneously demix into coexisting liquid phases, forming dynamic, membrane-less compartments
that concentrate specific proteins and RNAs. This process is driven by multivalent, weak interactions
among biomolecules that become energetically favored, leading to the formation of a dense phase
and a dilute phase to minimize free energy [232].

For example, APP [116], tau [80,124-137], a-synuclein [149-153], TDP-43 [72,73,81,173-186,233],
and FUS [198-210,234] undergo LLPS because of their IDRs, leading to the formation of membrane-
less organelles that are essential for cellular function. Weak and multivalent interactions among IDRs
enable reversible assembly and dynamic compartmentalization without membranes and play an
important role in neurodegenerative proteins [235]. Aberrant phase separation can also lead to the
pathological aggregation of these proteins, contributing to neurodegeneration [236]. In
neurodegeneration, many disease-associated proteins undergo LLPS separation as part of normal
cellular organization, but chronic stress, aging, or impaired proteostasis can drive these normally
reversible condensates toward pathology [237].

In contrast to irreversible protein aggregation, which involves stable (3-sheet-rich assemblies
and loss of molecular mobility, LLPS is intrinsically dynamic and reversible, with molecules
continuously exchanging between condensed and dilute phases [232,236].

3.2. Intrinsic Disorder and Aggregation

Intrinsic disorder confers a dual role in neurodegeneration-associated proteins, supporting
physiological flexibility and regulation while simultaneously increasing vulnerability to aberrant
phase transitions and aggregation. Many proteins, implicated in neurodegenerative disease,
including A [238], tau [125], a-synuclein [239], TDP-43, and FUS [201] are highly intrinsically
disordered, a property that enables dynamic interactions, extensive PTM, and participation in LLPS
required for neuronal plasticity [240]. Structural plasticity and exposed interaction motifs further
facilitate aggregation and cross-seeding among IDPs, providing a mechanistic explanation for the
frequent emergence of mixed proteinopathies in neurodegeneration [241].
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3.3. Intrinsic Disorder as a Driver of Mixed Proteinopathies and Neuropathologies

The role of intrinsic disorder among neurodegeneration-associated proteins highlights its
significance in understanding mixed proteinopathies and neuropathologies. This exposition explores
shared features of disorder across various proteins, the implications of disorder-facilitated cross-
seeding, prion-like behaviors, and convergence of aggregation pathways.

3.4. Shared Disorder Features Across Neurodegeneration-Associated Proteins

Potentially neurodegenerative proteins typically exhibit high conformational flexibility, a lack
of stable secondary and 3D structure, and a propensity for aggregation, characteristics often linked
to their neurodegenerative properties [165,242] The shared disorder features suggest that these
proteins may utilize similar molecular mechanisms that facilitate LLPS and aggregation and
interaction with other cellular components, underscoring connectivity in pathological processes
across different diseases.

3.5. Disorder-Facilitated Cross-Seeding and Co-Aggregation

IDRs in proteins can promote cross-seeding and co-aggregation —phenomena where one protein
facilitates the aggregation of another. Evidence shows that a-synuclein can enhance tau inclusions in
neurons, indicating that the aggregation of these proteins is not isolated but rather interconnected
[165]. This interplay further supports the concept of mixed proteinopathies and neuropathologies,
wherein multiple proteins can aggregate together, contributing to complex disease manifestations
[109]. Studies with A3 and tau suggest similar cross-seeding mechanisms [243,244].

3.6. Prion-Like Behaviors in Disordered Protein Systems

Proteins like a-synuclein and tau demonstrate prion-like behaviors, meaning they can template
their misfolded conformations onto native forms, thus propagating their aggregated states [245]. This
prion-like propagation can occur in IDP systems, with shared structural features aiding this process.
For instance, studies have shown the ability of a-synuclein aggregates to induce the fibrillization of
tau, framing both proteins as part of a shared pathological landscape where aberrant conformations
are transmitted [109,243].

3.7. Convergence of Aggregation Pathways in Mixed Pathology

There is considerable overlap in the aggregation pathways of different neurodegenerative
proteins. This convergence may allow for shared oligopeptide structures to act as nucleation sites for
aggregates, accelerating the aggregation process across proteins [246]. For instance, a-synuclein and
tau have been shown to influence each other’s aggregation behaviors, leading to a mutual
exacerbation of proteinopathies that can be detected in mixed pathology conditions, emphasizing the
interconnectedness of these pathways [243].

3.8. Intrinsic Disorder, Aging, and Proteostasis Failure

The intersection of intrinsic disorder, aging, and proteostasis failure provides significant insights
into the mechanisms underlying proteinopathies and neurodegeneration. This section discusses the
decline in proteostasis with age, the vulnerability of IDPs to age-related stress, the stabilization of
aberrant condensates, and the systems-level failures in long-lived neurons [4].

Proteostasis, a balance between protein synthesis, folding, and degradation, declines
significantly by age. This failure leads to an accumulation of misfolded proteins, increasing the risk
of neurodegenerative diseases like AD and PD [247,248].The decline in proteostasis capacity is
marked by decreased efficiency of molecular chaperones and degradation pathways, making it
harder for cells to manage protein integrity effectively [247,249].
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IDPs are particularly susceptible to aging-related stress, as their structural flexibility makes them
more prone to misfolding and aggregation under stress [238,250]. The progressive loss of proteostasis
efficiency leads to the aggregation of IDPs, which play pivotal roles in cellular functions but can lead
to toxicity when misfolded [247]. For instance, neuronal proteins, including tau and a-synuclein, are
susceptible to the decline of proteostasis, further linking age-related impairments with
neurodegenerative diseases [250,251].

3.9. Aberrant Stabilization of Condensates and Irreversible Aggregation

Proteins that undergo LLPS can, under pathological conditions, transition into solid-like states
and form irreversible aggregates that disrupt normal cellular function [249,252]. During aging, the
stabilization of aberrant condensates can lead to irreversible protein aggregation. This transition is
particularly troubling in neurodegenerative diseases where proteins like tau and FUS are implicated,
as the formation of stable aggregates can lead to neurotoxicity and cellular dysfunction [238,253]. The
stress-induced formation of these pathological aggregates highlights the importance of
understanding phase transitions in the context of aging-related neurodegeneration and therefore
long-lived neurons [249,254].

3.10. Systems-Level Failure to Regulate Disorder in Long-Lived Neurons

Long-lived neurons face compounded challenges in regulating protein homeostasis due to their
post-mitotic nature, which limits their ability to eliminate damaged proteins. This leads to an
accumulation of disordered proteins and aggregates that interfere with neuronal function [247,255].
The inability of the proteostasis network to adaptively respond to the accumulation of misfolded
proteins in neurons leads to the risk for neurodegenerative diseases, indicating a failure in managing
intrinsic disorder during aging [249,256].

3.11. Implications for Disease Classification and Mechanistic Understanding: Rethinking Neurodegenerative
Diseases as Disorder-Driven Network Failures

Neurodegenerative disorders can be reframed as failures in disorder-driven networks. The
intrinsic disorder of various neurodegenerative proteins suggests that their aggregated forms often
propagate through similar pathways, leading to interconnected disease manifestations [250,256]. This
perspective emphasizes the role of protein disorder in the development and progression of
neurodegeneration, necessitating a holistic understanding of these diseases and its therapeutical and
experimental implications.

4. Therapeutic and Experimental Implications

4.1. Challenges of Targeting IDPs

Targeting IDPs pose substantial challenges due to their flexible structures, dynamic behaviors,
and connections. Developing effective strategies to modulate the function and aggregation of IDPs
requires a detailed understanding of their mechanisms [238,257].

4.2. Modulating Phase Behavior and Proteostasis as Therapeutic Strategies

Therapeutic strategies focusing on the modulation of phase behavior and enhancement of
proteostasis. Approaches could include the use of small molecules to stabilize native protein
conformations or to enhance the activity of molecular chaperones [255,256].

4.3. Disorder-Aware Drug Discovery and Intervention Approaches

Drug discovery efforts should be informed by the properties of intrinsic disorder, enabling the
identification of compounds that specifically target disordered and aggregation-prone structures
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[258,259]. These strategies may help mitigate the detrimental effects of protein aggregates in
neurodegeneration.

4.4. Experimental Tools for Studying Intrinsic Disorder in Neurodegeneration

Neuropathological PPl among A, tau, a-synuclein, TDP-43, and FUS are measured
experimentally using a diverse array of methodologies that include in vitro, in vivo, and in situ
approaches. Each methodology addresses a distinct level of biological inference. In vitro biochemical
and biophysical assays—including co-immunoprecipitation (Co-IP), pull-down assays, surface
plasmon resonance, and isothermal titration calorimetry —are utilized to measure direct physical
binding and binding kinetics. Aggregation and cross-seeding are quantified using Thioflavin-T
kinetics, seeded fibrillization assays, real-time quaking-induced conversion (RT-QulC), and protein
misfolding cyclic amplification [260,261].

Cell-based systems enhance physiological relevance through confocal immunofluorescence,
proximity ligation assays, Forster resonance energy transfer (FRET), and split-reporter systems to
detect intracellular proximity and interactions. These methodologies are supplemented by functional
cell-based assays like cytotoxicity assays, calcium imaging, and proteostasis reporters that assess
downstream consequences of interactions [261].

In vivo studies utilize transgenic and viral-vector animal models, stereotaxic injection of
preformed fibrils, and time-resolved pathology mapping to evaluate synergistic toxicity,
directionality, and prion-like propagation of protein aggregates, with behavioral testing and
electrophysiology providing systems-level correlates [262,263]. Finally, human neuropathological
studies, including post-mortem immunohistochemistry and multiplex immunofluorescence, provide
the gold standard. Techniques such as spatial proteomics and cryo-electron microscopy (cryo-EM)
are critical for discerning aggregate strains and PTM [264,265].

Importantly, no single method can establish causality independently; robust inference of
pathogenic interactions requires convergent evidence across biochemical, cellular, animal, and
human tissue studies, along with perturbation or rescue experiments that extend beyond mere
correlation [263,266]. These studies lack real-time qualitative and quantitative causality in humans,
while animal models only provide a hint about the direction of causality.

4.5. Intrinsic Disorder Versus Protein-Specific Disease Models

Current models often focus on specific proteins implicated in neurodegeneration, which may
overlook the contributions of intrinsic disorder and protein interconnectedness. Recognizing the
shared features of disordered proteins across different pathologies encourages a shift toward
disorder-informed classifications that better represent their complexity [247,267].

4.6. Integrating Intrinsic Disorder into Models of Disease Progression

Incorporating intrinsic disorder into models of disease progression can enhance our
understanding of neurodegeneration. By emphasizing the roles of misfolded and aggregated
proteins, this integration allows for the identification of novel therapeutic targets and strategies to
mitigate the progression of associated disorders [258,268].

4.7. Conceptual Implications for Biomarker Interpretation

The consideration of intrinsic disorder in neurodegeneration has significant implications for
biomarker interpretation. Biomarkers might require re-evaluation based on the understanding that
aggregate formation and protein misfolding may not be strictly linear processes but rather complex
interactions influenced by protein disorder [268,269].
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5. Open Questions and Future Directions

Despite strong associations and correlations between PID and neurodegeneration, major
conceptual gaps remain. For tau, a-synuclein, TDP-43, and FUS, it is unresolved which disordered
conformational sub-ensembles are toxic and how physiological phase separation transitions into
irreversible aggregation. It is also unclear whether intrinsic disorder itself enables cross-seeding and
mixed pathology or merely amplifies vulnerability under conditions of aging and proteostasis
decline. A further unresolved issue is why broadly expressed disordered proteins produce highly
selective neuronal degeneration. A{3, while less intrinsically disordered, may act as an initiator that
destabilizes cellular environments rich in disordered proteins. Overall, intrinsic disorder appears to
function as a risk amplifier rather than a singular cause, with pathogenic outcomes emerging from
context-dependent failures of regulation, buffering, and cellular resilience.

5.1. Quantitative Thresholds Between Functional Disorder and Pathology

A central unresolved question is whether a quantitative or qualitative threshold of intrinsic
disorder exists that permits prediction of neuropathological severity or clinical disease. Importantly,
the presence of neuropathological proteins in the brain does not uniformly translate into disease, and
conversely, clinical neurodegenerative syndromes do not always correspond to a single, well-defined
pathology. Much of the current prevalence data relies on post-mortem studies with limited sample
sizes and substantial uncertainty arising from retrospective assessment, comorbidities, and
confounders. These limitations complicate efforts to draw causal or predictive conclusions and
highlight the need for longitudinal and ethically conducted human studies incorporating a risk-
benefit assessment with risky elements.

Another major open issue concerns the determinants of reversibility versus irreversibility in

protein condensates. Experimental and pathological studies suggest that IDPs can form dynamic,
reversible condensates under physiological conditions, but may transition into irreversible
aggregates in disease. Factors implicated in this transition include:
(1) biophysical properties such as composition, charge distribution, pH, and ionic environment; (2)
cross-seeding and direct interactions between different disordered proteins that co-localize within
the same cellular compartments; (3) pathological synergy arising from the simultaneous presence of
multiple proteinopathies; (4) shared upstream stressors, including inflammation, oxidative stress,
and proteostasis failure; and (5) shared downstream consequences such as synaptic dysfunction and
neuronal loss. The relative contribution of these factors, and their interaction over time, remains
incompletely understood and this knowledge could be an important advantage for systems
neuroscience.

6. Conclusions

6.1. Intrinsic Disorder as a Unifying Biophysical Principle

This review highlights PID as a unifying biophysical framework for the understanding of
neurodegenerative disease. IDPs play essential physiological roles in the brain, where synaptic
plasticity, rapid signaling, and dynamic PPI require structural flexibility. However, these same
properties render such proteins vulnerable to dysregulation, misfolding, and pathological
interaction. The evidence reviewed here suggests that PID does not represent a pathological feature
per se, but rather a context-dependent risk factor whose consequences depend on cellular
environment, aging, and network-level interactions.

6.2. From Isolated Proteinopathies to Interacting Disorder-Driven Networks

The isolated look on proteinopathies without considering interacting neuropathological proteins
and their PID leads to misunderstanding of the whole picture and must lead to a holistic
understanding of neuropathology and neurodegeneration, especially in an aging population.
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6.3. Outlook for Disorder-Centric Neurodegeneration Research

The understanding as interacting disorder-driven networks can lead to research which could
consider determinants of molecular biological, biophysical, and interconnectedness to move basic
research forward and convert it into treatment options in interdisciplinary manner.
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Abbreviations

The following abbreviations are used in this manuscript:

AB Amyloid-3

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

APP Amyloid precursor protein

CAA Cerebral amyloid angiopathy

CBD Corticobasal degeneration

CSF Cerebrospinal fluid

CTE Chronic traumatic encephalopathy
FTLD Frontotemporal lobar degeneration

FTLD-FUS  Frontotemporal lobar degeneration with FUS pathology
FTLD-TDP  Frontotemporal lobar degeneration with TDP-43 pathology

FUS Fused in sarcoma

IDP Intrinsically disordered protein
IDR Intrinsically disordered region
LATE Limbic-predominant age-related TDP-43 encephalopathy
LLPS Liquid-liquid phase separation
MSA Multiple system atrophy

NFT Neurofibrillary tangle

NAC Non-amyloid component

NACP Non-amyloid component precursor
PD Parkinson’s Disease

PID Protein intrinsic disorder

PiD Pick’s disease

psp Progressive supranuclear palsy
PTM Post-translational modification
RNA Ribonucleic acid

SNCA Synuclein alpha gene

TDP-43 TAR DNA-binding protein 43
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