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Abstract

Alzheimer’s disease is driven by multiple molecular drivers, including the pathological
behavior of two intrinsically disordered proteins, amyloid-f3 (A3) and tau, whose aggre-
gation is regulated by sequence-encoded ensembles and liquid-liquid phase separation
(LLPS). This review integrates recent advances in biophysics, structural biology, and com-
putational modeling to provide a multiscale perspective on how sequence determinants,
post-translational modifications, and protein dynamics regulate the conformational
landscapes of AP and tau. We discuss sequence-to-ensemble principles, from charge
patterning and aromatic binders to familial mutations that reprogram structural en-
sembles and modulate LLPS. Structural studies, including NMR, SAXS, cryo-EM, and
cryo-electron tomography, trace transitions from disordered monomers to fibrils and
tissue-level structures. We highlight experimental challenges in LLPS assays, emerg-
ing standards for reproducibility, e.g., LLPSDB, PhaSePro, and FUS benchmarks, and
computational strategies to refine and condensate modeling. Finally, we explore the ther-
apeutic implications, including condensate-aware medicinal chemistry, ensemble-driven
docking, and novel insights from clinical trials of anti-Af3 antibodies. Together, these
perspectives underscore a paradigm shift toward environment- and ensemble-aware
therapeutic design for Alzheimer’s and related protein condensation disorders.

Keywords: Alzheimer’s disease; intrinsically disordered proteins; amyloid-$; tau;
liquid-liquid phase separation; conformational ensembles; cryo-electron microscopy;
multiscale modelling

1. Introduction

Brains with Alzheimer’s disease show the accumulation of 3-amyloid (Af) and tau.
In aqueous solution, neither proteins adopt a stable fold; instead, they populate shifting
ensembles of conformations, which is the defining behavior of intrinsically disordered
proteins (IDPs) [1,2]. Many cellular proteins can form liquid-like condensates through
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liquid-liquid phase separation (LLPS). This process forms membrane-less droplets that
fuse and flow, and under certain conditions, can evolve into less dynamic, more solid
assemblies relevant to pathology [3]. Tau undergoes LLPS in vitro and in cells, and phase-
separated tau droplets can promote aggregation, which connects condensates to filament
formation [4]. Structural methods now anchor these concepts across length scales. Re-
cent cryo-electron microscopy and tomography initiatives solved patient-derived tau
filaments at nearly atomic resolution, and protofilament folds disease-specific, and have
actually viewed the three-dimensional structure of A} plaques and tau inclusions in
human brain tissue [5]. In aqueous solution, the conformational behavior of A} and tau
is largely governed by primary-sequence features. Global descriptors such as net charge
per residue influence overall chain expansion or compaction, and the linear patterning
of oppositely charged residues controls intrachain electrostatics and the extent of struc-
tural flexibility. Studies have shown that shuffling positive and negative residues, even
without changing composition, measurably shifts ensemble dimensions and intrachain
contacts. These sequence—-ensemble rules provide a practical basis for anticipating how
mutations or post-translational modifications will alter conformational states in A3 or
tau [6,7]. Many proteins that include disordered regions can also separate into two liquid
phases under physiologic-like conditions. The dense phase behaves like a fluid, i.e.,
droplets fuse, flow, and exchange components with the surrounding solution. Because
crowding agents, ionic strength, protein concentration, and surface effects can produce
misleading readouts, the field has issued best-practice guidance. Recommended steps
include titrating protein and salt to map phase diagrams, testing reversibility, combining
microscopy with orthogonal probes of material properties, and interpreting Fluorescence
Recovery After Photobleaching (FRAP) with care to avoid mistaking gels or aggregates
for liquids [8-10]. For tau, LLPS has been demonstrated in vitro and in cells. Under
crowding or salt conditions compatible with the cytoplasm, tau forms liquid-like droplets
that can age to less dynamic states and seed filament assembly. These observations place
LLPS on the mechanistic path to tau aggregation [4,11-13]. Evidence is also developing
for AP, where soluble oligomers have been observed to form liquid-like droplets that
modulate subsequent amyloid formation under defined conditions [14]. The current de-
velopments in structural methods have linked atomic structure to pathological outcome,
i.e., cryo-EM structures of patient-derived tau filaments up to nearly atomic scale have
characterized disease-specific protofilament folds, and cryo-electron tomography has
given a direct view of the three-dimensional organization of A plaques as well as tau
inclusions in human brain tissue [5,15,16]. More recently, cryo-electron tomography has
visualized the architecture of AP plaques and tau inclusions directly in the post-mortem
human brain. These data reveal mixtures of fibrils, including branched forms, together
with protofilaments arranged in parallel arrays and lattice-like assemblies in situ [5].
Clinical practice and trials now use a biological framework to stage disease. The National
Institute on Aging—Alzheimer’s Association’s AT(N) research framework categorizes
biomarkers into amyloid-f3 deposition (A), pathological tau (T), and neurodegeneration
or neuronal injury (N), and views cognitive impairment as a clinical manifestation [17].
Blood-based tests have advanced rapidly- in multicohort studies, a plasma p-tau217 im-
munoassay identified abnormal A3 and tau with accuracy comparable to cerebrospinal
fluid measures and showed longitudinal changes in individuals with biomarker-positive
Alzheimer’s disease [18]. On the therapeutic side, lecanemab met its primary endpoint
in the phase-3 Clarity AD trial, significantly reducing brain amyloid as measured by PET
imaging and leading to a moderately slower rate of cognitive decline over 18 months
in early Alzheimer’s disease [19]. Similarly, Donanemab slowed clinical decline in the
phase 3 TRAILBLAZER-ALZ 2 trial, which evaluated individuals with early symptomatic
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Alzheimer’s disease [20]. Together, these developments underscore the importance of
connecting ensemble behavior, phase separation, and structured aggregate formation
to measurable biomarkers and to therapeutic interventions now advancing in clinical
practice (Figure 1).
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Figure 1. Diagnostic scheme of the A3 and Tau sequence-encoded charge/hydrophobic pattern stimu-
lation of the conformational changes in Alzheimer’s disease. Distorted electrostatic interactions result
in inherently disordered aggregates and LLPS, which advance to amyloid aggregates. Cryo-EM/ET of-
fers structural information, whereas biomarkers allow for in vivo diagnosis. Lecanemab/Donanemab
is a monoclonal antibody that encourages the breakdown of amyloid plaques, reducing the develop-
ment of the disease (created using BioRender.com/v0zfo7e (accessed on 9 September 2025)).

2. Sequence-to-Ensemble Principles That Govern A3 and Tau
2.1. Sequence Features and the Shape of the Ensemble

In a dilute buffer, the average size and the conformational heterogeneity of IDP chains
are primarily governed by simple sequence-derived descriptors. One such parameter, net
charge per residue (NCPR), modulates the coil-globule equilibrium, which is a higher
absolute NCPR typically promotes chain expansion, as electrostatic repulsion between
like-charged residues disfavors intrachain compaction. This trend was experimentally
validated by Mao et al., who used single-molecule fluorescence and small-angle X-ray
scattering (SAXS) to demonstrate how varying NCPR alters the conformational dimensions
of synthetic IDPs [21].

A second key sequence descriptor is the linear patterning of oppositely charged
residues, quantified by the « (kappa) parameter. Although NCPR captures overall charge
content, k describes how charges are distributed along the sequence. Importantly, holding
composition constant but rearranging positive and negative residues can significantly
alter ensemble dimensions and intrachain electrostatic interactions. Sequences with more
segregated or “blocky” charge distributions (higher k) tend to compact, whereas well-mixed
patterns (lower k) favor more expanded conformations. This concept was introduced and
validated by Das and Pappu, who used both computational modeling and synthetic IDP
sequences to demonstrate k’s influence on conformational ensembles [6]. These electrostatic
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rules are supported by independent work showing that charge interactions dominate chain
dimensions for many IDRs under controlled solution conditions [22].

Beyond global charge, aromatic residues and their linear patterning serve as key
determinants of cohesive interactions in intrinsically disordered regions. In many prion-
like domains, aromatic side chains, especially tyrosine and phenylalanine, act as “stickers”
that mediate 71—t and m—cation interactions, influencing both single-chain compaction and
phase-separation propensity. The valence (number) and spacing of these aromatic residues
critically modulate this behavior. Martin and colleagues combined NMR spectroscopy,
SAXS, mutational scanning, and coarse-grained simulations to demonstrate that higher
aromatic valence and specific sequence patterns enhance intra- and intermolecular cohesion,
thereby promoting LLPS [23]. These observations connect naturally to the stickers-and-
spacers framework for condensates, where cohesive residues (stickers) are separated by
more solvated linkers (spacers) [24] (Table 1).

2.2. Charge Patterning Connects Chain Compaction and LLPS in Tau

Residue-level simulations and experimental data converge on a central principle: the
same sequence features that promote single-chain compaction, such as charge patterning
and cohesive stickers, also enhance LLPS when the protein concentration exceeds a critical
threshold. This mechanistic overlap reflects a continuity between intramolecular and
intermolecular interactions. Coarse-grained models, calibrated using experimental data on
radii of gyration for disordered proteins, successfully recapitulate phase diagrams and help
pinpoint the specific interaction motifs, such as 7, electrostatic, or cation—m interactions,
which drive LLPS in intrinsically disordered regions [25]. In tau, electrostatics between
negatively charged N-terminal regions and positively charged microtubule-binding repeats
make an important contribution to LLPS. Boyko and colleagues showed that changing salt
or charge balance strongly modulates droplet formation [26] (Table 1).

2.3. Disease Mutations as Sequence Edits

Mutations linked to familial Alzheimer’s disease (FAD) function as precise sequence-
level edits that reshape the aggregation behavior of the A peptide. Several of these
mutations cluster near the central and C-terminal hydrophobic segments, particularly
around residues 22-23, which are critical for modulating oligomerization and fibrillization.
Classic examples include E22Q), E22G, E22K, and D23N, all of which enhance aggrega-
tion kinetics in vitro and shift the balance toward protofibril or fibril formation. These
substitutions increase the structural cohesion of A3 assemblies and are often associated
with early-onset cerebrovascular or parenchymal amyloidosis. In contrast, N-terminal vari-
ants such as A2V and A2T exhibit divergent behavior; A2V can either promote or inhibit
aggregation, while A2T has been reported to confer protective effects in certain genetic
backgrounds. Together, these naturally occurring mutations illustrate how single-residue
changes can reprogram the conformational ensemble of A and influence its pathogenic
trajectory [27-29] (Table 1).

2.4. Post-Translational Modifications (PTMs) That Shift Ensembles and Condensates

Tau undergoes numerous post-translational modifications in the human brain. Mod-
ifications that introduce negative charge, such as phosphorylation at AT8 epitopes, can
disrupt long-range intramolecular contacts and promote LLPS under cytoplasmic condi-
tions. Early AT8 immunoreactivity is identified in the onset stage of the disease before
the development of obvious filaments, and thus is widely applied in neuropathological
staging (Braak stages I-1V). This phosphorylation process depends largely on the activity
of GSK3f and CDK5 among other kinases, and therefore, attributes AT8 positivity to tau
kinase signaling dysregulation in the pathology of Alzheimer’s. The resulting droplets
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can then age into less dynamic assemblies that seed filament formation. Wegmann and
colleagues were the first to place tau LLPS on the path to aggregation, while Kanaan and
co-workers demonstrated that LLPS can induce disease-like conformations [4,11].

Acetylation modifies lysines in microtubule-binding repeats and other regions.
Acetylated tau shows impaired microtubule binding and can form pathological aggre-
gates in cellular and mouse models. Cohen and colleagues identified major acetylation
sites, including K280, and demonstrated that acetylation is associated with loss of func-
tion and aggregation. Acetylation also reduces binding capacity by reducing electrostatic
interactions between the negatively charged tubulin surface and the positively charged
lysine residues in the inner portion of the microtubule-binding motif. At the same
time, acetylation at KXGS motifs can block phosphorylation at these motifs and, in
some systems, reduce aggregation, underscoring the context-dependent nature of this
process [30].

O-GlcNAcylation on serine/threonine residues generally stabilizes tau against
aggregation, and has been associated with slower neurodegeneration in mouse mod-
els when O-GlcNAc levels are pharmacologically increased. Yuzwa and co-workers
reported that inhibition of O-GlcNAcase (OGA), the enzyme that removes O-GlcNAc
modifications, elevates tau O-GlcNAcylation, which hinders tau aggregation and reduces
neuronal cell loss in tau transgenic mice. Subsequent studies confirmed that O-GlcNAc
modification directly inhibits tau fibrillization in vitro. This post-translational modifi-
cation maintains tau in a soluble, non-toxic form, reducing pathological aggregation,
and makes OGA inhibition a promising therapeutic approach for Alzheimer’s and other
tauopathies. Several OGA inhibitors are in preclinical and early clinical development
based on these findings [31-33].

Proteolytic truncations of tau are frequent in disease tissues, and contribute to in-
creased aggregation by exposing amyloid-prone segments or altering intramolecular con-
tacts. Early work demonstrated that caspase cleavage near the microtubule-binding region,
especially at residue D421, promotes tau aggregation. Caspase-3 and other caspases cleave
tau at this site, facilitating filament assembly. More recent studies have found that sev-
eral N- and C-terminal tau truncations display enhanced oligomerization and seeding
activity. N-terminal truncations toward the microtubule-binding repeat region modulate
phosphorylation and aggregation propensity, and some truncations significantly increase
tau’s ability to seed aggregation templated by Alzheimer’s disease tau. Specific fragments,
such as Tau_151-391, are highly prone to aggregate and seed pathological tau assemblies.
Truncations have been detected in oligomeric fractions, paired helical filaments, and tau
neurofibrillary tangles from Alzheimer’s disease brains and related mouse models. These
truncated tau fragments expose the microtubule-binding repeats, facilitating aggregation
and potentially initiating tau pathology [34-36] (Table 1).

2.5. Implications for AP

Although A is a short peptide, the same sequence-structure logic applies. It features
a polar N-terminus, a central hydrophobic region around residues 17-21 that favors f3-
structure, and a hydrophobic C-terminus. Mutations or chemical modifications that alter
charge at positions 2, 22, or 23, or that disrupt hydrophobic interactions in the C-terminal
region, can shift monomer conformation distribution and affect both nucleation rates
and fibril growth kinetics. Further mutational development could result in the dimer or
aggregation formation, resulting in neurodegeneration. FAD variants in these regions
illustrate how even subtle sequence changes can rewire aggregation pathways and alter
the balance between oligomeric and fibrillar states [27,28].
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Table 1. Sequence and biophysical determinants of AR and tau ensembles.

. Typical Experimental Expected Qualitative Effect .
Determinant Readouts on Ensemble and LIPS Representative References
Larger absolute NCPR ]
Net charge per residue SAXS Rg, smFRET, expands chains and generally ﬁi?l:;-gllﬁgleotl al. 2010
(NCPR) single-molecule methods disfavors LLPS at fixed P v

ionic strength.

[21,22].

Charge patterning (k)

SAXS, smFRET,
coarse-grained simulation
with sequence variants

Blockier patterns compact
chains and can favor
condensate formation relative
to well-mixed patterns.

Das & Pappu, 2013;
Sherry et al., 2017 [6,7].

Aromatic valence
and spacing

NMR, SAXS, mutational scans,
phase diagrams

More aromatics and certain
patterns increase cohesion,
compact single chains, and
raise LLPS propensity.

Martin et al., 2020 [23].

Stickers and spacers

FRAP, rheology,
microscopy, simulations

Sticker enrichment
strengthens cohesion; spacer
changes the material
properties of condensates.

Choi et al., 2020;
Dignon et al., 2018 [24,25].

Tau phosphorylation
(e.g., AT8)

Phospho-specific
immunoassays, LLPS assays,
and microscopy

Adds a negative charge, shifts
long-range contacts, and can
increase LLPS, promoting
ageing toward aggregates.

Wegmann et al., 2018;
Kanaan et al., 2020 [4,11].

Tau acetylation (e.g., K280,
KXGS motifs)

MS mapping, MT-binding
assays, aggregation assays

Impairs microtubule binding;
it can promote aggregation in
cells and mice. KXGS
acetylation can also block
phosphorylation and reduce
aggregation in some systems.

Cohen et al., 2011;
Cook et al., 2014 [30,37].

Tau O-GlcNAcylation

O-GlcNAc proteomics,
aggregation assays,
in vivo models

Stabilizes tau and suppresses
aggregation; slows
neurodegeneration in mice
when increased.

Yuzwa et al., 2012;
Yuzwa et al., 2014 [38,39].

Tau truncations

MS-based proteomics, seeding
and aggregation assays

Many truncations increase
oligomerization and seeding;
caspase cleavage promotes
aggregation.

Gu et al., 2020; Gamblin et al.,
2003; Chu et al., 2023;
Gao et al., 2018 [35,40-42].

AP familial mutations
(E22Q/G/K, D23N; A2V /T)

Kinetics, EM, solid-state NMR,
cytotoxicity

Alter nucleation and growth
rates and the balance of
oligomer and fibril states.

Kim et al., 2008;
Rezaei-Ghaleh et al., 2023;
Park et al., 2021;

Benilova et al., 2014 [27-29,43]

3. Structural Transitions Across Biological Scales: From Monomer to
Oligomer, Fibril, and Tissue

3.1. Solution Ensembles and Small Oligomers

Studies on intrinsically disordered proteins have shown that solution ensembles can
be defined by integrating data from NMR, SAXS, and single-molecule FRET (smFRET),
with each technique constraining different aspects of chain dimensions and conforma-
tional heterogeneity. Recent methodological advances describe how to combine these
readouts within a unified modeling framework, an essential step for accurately captur-
ing the highly dynamic, interconverting ensembles populated by disordered proteins
like AP and tau [44-46]. These experiments can be extended to low-order oligomers,
although short lifetimes and low abundance remain challenges (Figure 2).
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Figure 2. Mass spectrometry and structural techniques map the progression from disordered
monomers to mature fibrils and tissue-level assemblies in Alzheimer’s disease (created using
BioRender.com/32702fs (accessed on 9 September 2025)).

3.2. Ex Vivo Fibrils at Near-Atomic Resolution

The field changed when tau filaments from Alzheimer’s disease brains were solved
using cryo-EM at 3.4-3.5 A resolution. The cores of paired helical and straight filaments
were shown to comprise two identical protofilaments built from residues 306-378 of tau,
establishing disease-defining folds and a structural basis for tau polymorphism [5]. Com-
parable progress has been made for Ap. Cryo-EM structures of ARy, fibrils at ~4.0 A
revealed two intertwined protofilaments and provided atomic models that match solid-
state NMR restraints [47]. More recently, cryo-EM structures of patient-derived AB1-4»
fibril polymorphs grown by seeded growth have been reported, highlighting the structural
diversity of AP aggregates and underscoring the importance of considering multiple fibril
states in therapeutic development [48] (Figure 2).

3.3. In-Tissue Architecture by Cryo-Electron Tomography

Recent methodological advances that preserve the native ultrastructure have en-
abled the visualization of protein aggregates directly within the human brain. A 2024
study applied targeted cryo-fluorescence microscopy, focused-ion-beam milling, and
cryo-electron tomography to post-mortem Alzheimer’s tissue to map the spatial organi-
zation of amyloid plaques and tau inclusions. The resulting tomograms revealed parallel
fibril arrays, branched morphologies, and lattice-like architectures in situ. These findings
provide a structural link between purified fibrils and their native arrangements within
diseased brain tissue, offering new insight into the microenvironment of pathogenic
aggregates [5] (Figure 2).

3.4. Mass Spectrometry Toolkits for Dynamic Assemblies

Hydrogen—-deuterium exchange mass spectrometry (HDX-MS) offers insights into
solvent accessibility and conformational dynamics in solution, and is increasingly used
to monitor structural transitions during assembly processes and to map epitopes on large
protein complexes. Recent reviews have outlined the strengths, limitations, and best prac-
tices for HDX-MS, and advances in millisecond-scale labeling have significantly improved
temporal resolution [49,50]. Native ion-mobility mass spectrometry (nIM-MS) enables
oligomeric stoichiometries detection and can assess the stability of complexes. In the con-
text of AB—antibody interactions, nIM-MS has identified preferential binding to monomers,
dimers, and higher-order oligomers, and characterized unfolding behaviors upon anti-
body binding; In the nIM-MS, it has been demonstrated that various antibodies exhibit
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specific binding preferences when using A3 ensembles, with some preferentially attach-
ing to monomers or small oligomers, whilst others to higher-order aggregates, indicating
that there is conformation-selective recognition and unfolding behavior on binding [51].
Together with cross-linking mass spectrometry, these tools complement solution-state
and cryo-EM/ET approaches by capturing transient, intermediate states that are often
inaccessible to traditional structural methods (Figure 2).

4. LLPS of Tau and Af: Evidence, Mechanisms, and
Experimental Challenges

4.1. Tau LLPS and Links to Aggregation

Tau protein undergoes LLPS under physiological conditions with the cytoplasm, form-
ing dynamic liquid droplets that exhibit fusion and flow. Initial studies demonstrated that
prolonged incubation of these tau droplets forms less dynamic, more solid-like material
capable of seeding tau aggregation, positioning LLPS as a mechanistic intermediate along
the path to tau assembly and aggregation [4]. Subsequent investigations revealed that
extended phase separation drives tau into disease-relevant, non-filamentous conformations
and promotes toxic oligomeric species formation, with mutants such as P301L exhibiting
an enhanced propensity for LLPS and oligomerization. Notably, filament formation is
not a prerequisite for acquiring pathogenic tau conformations [11,52]. The regulation of
tau LLPS is profoundly influenced by electrostatic interactions, ionic strength, molecular
crowding, and charge-altering post-translational modifications, including phosphorylation
and acetylation, as well as disease-linked mutations, which together shift the phase bound-
ary and modulate phase behavior [26,53]. Phosphorylation at the AT8 epitope introduces
negative charges that disrupt tau’s long-range intramolecular contacts, increasing its LLPS
propensity and accelerating droplet aging toward more static, aggregation-prone states [11].
Collectively, these studies provide compelling mechanistic insights into how tau LLPS
functions as a dynamic precursor to pathological aggregation, bridging the soluble protein
state and neurotoxic aggregate formation. Understanding the biophysical determinants and
modulators of tau phase behavior elucidates fundamental processes underlying tauopa-
thy progression and offers potential avenues for therapeutic intervention targeting early
aggregation intermediates (Figure 3).

Tau
Protein . Weak electrostatic, ’
¥ T, cation—Tr istributi - Hydrophobic “sticker”
Charge redistribution, PTM _________ o @ » Yarop 4
(phosphorylation) I ‘-’-/ = interactions
Liquid-liquid phase © « ;
Disrupted charge balance lonic strength and physicochemical separation (Droplets) Y
' factors (NaCl, pH, phosphorylation) @®
E : Gel-like states (Trapping
' ! Tau)
' v
; Na*/Cl- shield charges, dispersing
E:V droplets into dilute solution

Alzheimer's disease

Tau oligomers

Neurofibrillary
tangles

Figure 3. Mechanistic description of IDP Tau-mediated LLPS. Intrinsically disordered Tau is charge-
redistributed and physiochemically modulated (constituent ionic strength, pH, phosphorylation)
to promote the formation of droplets of LLPS. These droplets have the potential to develop into
oligomers and fibrils, which cause neurodegeneration. Various other factors besides NaCl have a role
to play in condensate behavior and aggregation in Alzheimer’s disease (created using BioRender.
com/1v6060u (accessed on 9 September 2025)).
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4.2. AP Condensation as a Context-Dependent Intermediate in Amyloid Assembly

Recent evidence increasingly supports the ability of Ap to access LLPS. In vitro
studies have demonstrated that soluble A oligomers can form droplets exhibiting
classic liquid behaviors such as fusion and dynamic molecular rearrangements. These
condensates modulate the subsequent formation of amyloid fibrils, suggesting that LLPS
plays a regulatory role in A3 aggregation [14]. Furthermore, microfluidic experiments
that precisely control protein concentration and incubation timescales reveal that A9
can form a transient liquid-like intermediate state that feeds into the fibril formation
pathway. This highlights the kinetics and concentration dependence of A3 phase behav-
ior, providing new insights into amyloid aggregation mechanisms [54]. Complementary
studies show that A} undergoes phase separation on lipid membranes both in vitro
and in cells, linking A3 condensation directly to membrane environments relevant to
Alzheimer’s pathology. Presence of lipid surfaces appears to facilitate and modulate
Ap phase separation and aggregation, emphasizing the critical role of interfaces in
modulating phase behavior and amyloid assembly [55]. Taken together, these findings
support a condensate-mediated pathway for A assembly and amyloid fibrillogene-
sis, dependent on solution chemistry, peptide concentration, timescale, and interfacial
contexts, thus enhancing our mechanistic understanding of A} aggregation and its
pathological implications.

4.3. Conserved Biophysical Mechanisms Underlying LLPS Across Systems

Common mechanistic principles have emerged from LLPS studies of tau and Af3.
First, sequence features that promote chain compaction and increase intermolecular
“stickiness” also tend to lower the concentration threshold required for phase separa-
tion. Second, ionic conditions strongly modulate LLPS, i.e., monovalent salts typically
suppress electrostatically driven condensation by screening long-range interactions,
whereas polyvalent ions can either promote or inhibit phase separation, depending on
the charge distribution and valence. Third, condensates often “age” over time, with
their material properties transitioning from liquid to gel-like or solid-like states under
multiple conditions, e.g., high protein concentration or enhanced cohesive interactions.
These principles align with quantitative models for biomolecular condensates and un-
derscore the importance of explicitly assessing time dependence and reversibility in
LLPS experiments [52,56-58].

4.4. Experimental Challenges and Reporting Standards

Because multiple variables can mimic droplet formation or conceal gelation, LLPS
experiments require rigorous controls and standardized reporting. It is recommended
for (i) comprehensive mapping of phase diagrams by systematically varying protein
concentration, salt, pH, and additives to define the boundaries and conditions driving
phase separation; (ii) verification of phase reversibility, typically by dilution or salt-
dependent dissolution assays, to distinguish true LLPS from irreversible aggregation;
(iii) integration of microscopy with orthogonal methods that probe material properties,
such as passive microrheology or droplet fusion-time analysis, for quantitative character-
ization of condensate dynamics; and (iv) use of FRAP, recognizing partial fluorescence
recovery may reflect molecular exchange with surrounding or permeable gel states
rather than true liquid-like behaviour. Surface adhesion and high concentrations of
crowding agents (e.g., PEG) are known sources of artifacts and should be minimized
or explicitly controlled. Emerging microfluidic platforms enhance experimental repro-
ducibility by enabling rapid, high-throughput control over concentration, mixing time,
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and droplet geometry, thereby facilitating quantitative analysis of phase behavior and
kinetic properties [8,59].

5. Multiscale Computational Modeling of IDPs
5.1. All-Atom Force Fields for IDPs: Advances Toward Physically Realistic Ensemble Simulations

The development of all-atom force fields tailored for IDPs is pivotal in achiev-
ing accurate multiscale computational models to reflect experimental observations.
Traditional force fields often misrepresented the balance required among backbone
conformations, side-chain interactions, and protein-water dispersion, leading to either
overly collapsed or overly expanded IDP ensembles that deviated from solution mea-
surements. CHARMMB36m (a forcefield) emerged as a significant advance by refining
backbone torsional terms, which yielded more realistic coil and helix populations and
reproduced the radii of gyration seen in SAXS and NMR analyses of IDPs, thus im-
proving upon previous CHARMM generations [60]. In parallel, the a99SB-disp force
field was optimized by simultaneously tuning protein and water dispersion interactions.
This parameterization brought theoretical ensembles into quantitative agreement with
SAXS and NMR benchmarks for both IDPs and folded proteins, without sacrificing
accuracy for structured domains [61]. The choice of water model, particularly the use of
TIP4P-D over TIP3P, also plays a crucial role, as TIP4P-D enhances water dispersion and
prevents non-physical compaction of IDPs, further aligning simulated and experimental
ensembles [62,63]. Collectively, consistency across biophysical techniques, driven by
improved force fields and state-of-the-art sampling strategies such as replica-exchange
simulations, whereby a system is simulated repeatedly at different temperatures and
different exchange configurations to complement conformational sampling has enabled
computational models to produce IDP ensembles that are highly congruent with SAXS,
SANS, and NMR data, underscoring the importance of matching simulation physics
with experimental multiscale reality (Figure 4).

Force balance

CHARMMS36 m,
a99SB-disp %ﬁ]&rga
WE
Martini 3 I(\BAaS,\I(I/IEs)
Mpipi

CALVADOS

Multiscale
Modeling
Landscape

' Validation

T T
1 10

Figure 4. Multiscale computational modeling of IDPs, highlighting force field development, data-
driven refinement, coarse-grained models, ensemble validation, and kinetic approaches.
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5.2. Emerging Data-Driven and Differentiable Approaches in Force Field Refinement

Recent advances in molecular modeling have increasingly leveraged automated
and differentiable frameworks to refine force field parameters with greater accuracy
and reproducibility. Tools such as ForceBalance offer a systematic platform for pa-
rameter optimization against combined experimental and quantum mechanical (ab
initio) datasets. This methodology has been applied to the development of improved
point-charge water models and polarizable force fields, enhancing the transferabil-
ity and physical realism of molecular simulations [64-66]. In parallel, differentiable
molecular mechanics frameworks, notably Espaloma and JAX-MD, have introduced the
capability to compute gradients through entire physical simulations. These platforms
integrate machine learning architectures with physical simulation engines, enabling
the direct learning of force field parameters from structural, energetic, or dynamical
observables [67-69]. Furthermore, differentiable coarse-grained training methods allow
end-to-end optimization of simplified models while preserving key thermodynamic
behaviors. Although still in early stages relative to conventional all-atom force fields,
these approaches offer promising directions for the next generation of data-driven
biomolecular models (Figure 4).

5.3. Coarse-Grained Modeling of Condensates and Long-Timescale Dynamics

Coarse-grained (CG) simulations make simulations accessible to larger spatial and
time scales to allow for small mesoscale processes such as LLPS, condensate dynamics,
and material properties to be studied, which would have been inaccessible to all-atom
molecular dynamics. CG models do not have the atomic detail, but still have the neces-
sary physicochemical interactions. The Martini 3 force field provides a general-purpose
framework with refined bead types and interaction schemes for diverse biomolecular
systems. However, several studies have reported that unmodified Martini 3 tends to
over-compact IDPs and over-stabilize protein—protein interactions, thereby distorting
single-chain dimensions and phase behavior unless interaction parameters are empiri-
cally rescaled [70-72]. Complementing these general-purpose models, sequence-specific
CG models tailored to IDP properties and LLPS have shown improved predictive efficacy.
The Mpipi model reproduces single-chain compaction and shifts in critical temperature
with near-quantitative agreement for diverse IDRs that drive phase separation [73]. The
CALVADOS 2 model further refines conformational ensembles and LLPS trends across
varied sequences and has recently been extended to simulate macromolecular crowding
environments (e.g., with polyethylene glycol, PEG) [74,75]. Additionally, IDP-tuned
variants of Martini are being developed to correct for over-compaction and to better
replicate SAXS- and NMR-derived IDP dimensions [72] (Figure 4).

5.4. Ensemble Validation and Optimization Guided by Experimental Data

Despite the use of advanced, well-parameterized force fields and enhanced sam-
pling techniques, conformational ensembles generated using molecular simulations
often show residual discrepancies from experimental data. This arises from limitations
in sampling efficiency and inherent biases in force field parameters. To reconcile simu-
lations with experimental data, ensemble refinement methods have become standard.
These methods adjust the statistical weights of individual conformations in an ensemble
to better reflect observables measured experimentally. Bayesian or Maximum Entropy
(BME) frameworks are widely adopted for this purpose. BME systematically modifies the
probability distribution over simulation frames so that ensemble-averaged observables,
such as SAXS, NMR chemical shifts, paramagnetic relaxation enhancements, or sm-
FRET distances-match experiments within experimental uncertainties. Crucially, these
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frameworks minimize deviations from the original simulated distribution, preserving as
much of the unbiased simulation information as possible, thus providing statistically
principled refinement consistent with uncertainties [76]. An alternative is metainference,
which explicitly incorporates experimental noise and conformational heterogeneity by
running multiple replicas and averaging observables across them during simulation.
When combined with metadynamics, it can enhance sampling of rarely visited states
while integrating data-driven correction [77,78] (Figure 4).

5.5. Kinetics and Mechanisms at Relevant Timescales

Many fundamental questions in Af and tau biology involve kinetics, such as ligand
binding /unbinding, conformational exchange, and oligomerization steps, which occur over
microsecond to second timescales. These timescales often exceed the reach of conventional
molecular dynamics (MD), but modern enhanced-sampling and path-sampling techniques
now allow for mechanistic insight and rate constant estimation under controlled approxi-
mations. The Weighted Ensemble (WE) approach orchestrates many short, unbiased MD
trajectories to capture rare events efficiently, enabling the computation of rate constants and
mechanistic pathways. Tools like WESTPA 2.0 support scalable implementations and have
been successfully applied to protein folding, association, and ligand dissociation [79,80].
Milestoning divides configuration space into discrete interfaces and reconstructs kinetics
from trajectories initiated at these milestones, allowing estimation of mean first-passage
times and dissociation rates with good efficiency [81,82]. Replica-based methods enhance
sampling by selectively raising the effective solute temperature, followed by maintaining
realistic solvent conditions, generating equilibrated ensembles that can be used for kinetic
modelling or reweighting [83]. Gaussian accelerated MD (GaMD) applies a recoverable bias
to smooth the energy landscape, accelerating conformational transitions and binding events
by orders of magnitude. Hybrid approaches like GaMD + WE combine GaMD’s exploration
power with WE’s accurate rate predictions [84-86]. Finally, Markov State Models aggregate
diverse trajectory data from unbiased or enhanced sampling into kinetic networks that
predict long-timescale dynamics; recent reviews outline best practices for Markov State
Models construction and their integration with methods like WE [87] (Figure 4).

6. Druggability of Dynamic and Condensed States
6.1. Condensate Microenvironments and Small-Molecule Enrichment

Biomolecular condensates create physicochemical niches that can concentrate or
exclude small molecules by orders of magnitude. A large-scale screen of ~1700 metabo-
lites and approved drugs across four unrelated condensates found partition coefficients
spanning ~10°, with strong correlations across condensate types. A simple model using
computed physicochemical descriptors, dominated by hydrophobicity/solubility, pre-
dicted enrichment, arguing that broad solvent compatibility rather than high-affinity site
binding controls partitioning for many compounds [88,89]. Some condensates exhibit
unique solvating environments that influence small-molecule partitioning beyond con-
ventional affinity-based interactions. Complementary studies show that these chemical
microenvironments can be systematically characterized and predicted using molecular
descriptors, showing a new direction in “condensate-aware” medicinal chemistry that
considers both binding and differential enrichment within condensates [90,91]. Together,
these findings highlight medicinal chemistry strategies for tuning small-molecule enrich-
ment in condensates, i.e., increasing hydrophobic surface area, adjusting hydrogen-bond
donor and acceptor counts, and balancing ionizable groups to optimize both solubility
and compatibility with condensate interiors. However, due to the diverse chemical
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nature of different condensates, empirical profiling remains essential for accurate predic-
tion and optimization [88,90].

6.2. Ensemble-Based Druggability Profiling

For dynamic targets like A3 and tau, which exist as structural ensembles and par-
ticipate in condensates, druggability assessments require methods that go beyond static
structures. Pocket discovery on trajectories leverages MD to identify transient or cryptic
binding pockets using tools like TRAPP or FTMap, which detect ligandable hot spots across
frames [92,93]. Ensemble docking across experimentally guided or MD-generated con-
formers has become a common approach for targeting disordered regions, with pipelines
increasingly tailored for IDPs [94,95]. Chemical-free energy methods offer rigorous ligand
ranking when binding modes are known and sampling is sufficient. Despite advances in
automation and best-practice protocols, their reliability is higher for well-defined pockets
(such as those in folded tau segments or A3 oligomers) than for diffuse or interface-driven
condensate environments [96,97].

6.3. Insights from Clinical Trials of Anti-Ap Antibodies

Clinical trials of monoclonal antibodies targeting A3 have provided key insights into
which Af assemblies are tractable in humans, thereby shaping future small-molecule
strategies. Central or N-terminal epitopes of soluble monomeric A3 recognized by
first-generation antibodies such as Solanezumab and Bapineuzumab reduce periph-
eral AP levels and fail to confer benefit in cognitive phase III trials. Such antibodies
had no affinity with oligomeric and fibrillar forms, which become the most toxic to
synapses of neurodegeneration [98]. Lecanemab, which preferentially binds to soluble
Ap protofibrils, demonstrated a statistically significant, though modest, slowing of
cognitive decline in the phase 3 CLARITY-AD trial [19,99]. Mechanistic studies and
phase 2/3 analyses support protofibril selectivity as a defining feature of its therapeu-
tic profile [100,101]. Donanemab, by contrast, targets pyroglutamate-modified A3 at
position 3 (pGlu3-Ap), an epitope enriched in dense-core plaques, and showed clinical
benefit in the TRAILBLAZER-ALZ2 trial, as measured by the iADRS and additional
cognitive endpoints [20]. Meta-analyses across anti-A3 monoclonal antibodies indicate
class-wide efficacy signals alongside amyloid-related imaging abnormalities, highlight-
ing trade-offs in safety profiles depending on the targeted A species [102]. Contrarily,
Lecanemab and Donanemab were intended to bind protofibrils and pyroglutamate-
modified AB (pGlu3-A3), respectively. N-terminal truncation resulting in the production
of pGlu3-Af, which is a cyclized glutamate residue at position 3, is more hydrophobic,
aggregation-prone, and resistant to proteolysis as compared to canonical A{31.4». It is also
a seed of nucleation, which enhances the increase and propagation of amyloid. Selective
clearance of this species using Donanemab will result in clearance of the most pathogenic
aggregates and sparing of physiological Af pools, which has already demonstrated
potent plaque-reduction and a lesser, but significant cognitive improvement in recent
phase III studies [103].

6.4. Design Implications for Small Molecules and Biologics

If local enrichment within tau or A3 condensates increases drug concentration
by 10-1000-fold, even modest intrinsic affinity can yield meaningful effective potency.
This highlights two linked optimization strategies, i.e., tuning condensate partitioning,
guided by experimental measurements or predictive models, and optimizing target
engagement in the condensate environment. Several studies now offer practical frame-
works to support both, combining partition-coefficient assays (e.g., mass spectrome-
try, fluorescence microscopy) with machine learning-based predictors and ensemble-
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informed docking or free-energy calculations [88,90]. For biologics, epitope selection
is equally critical, i.e., protofibril-selective antibodies target dynamic aggregates and
may act synergistically with small molecules that alter condensate material properties or
modulate oligomer kinetics.

7. Conclusions

Alzheimer’s disease involves two intrinsically disordered proteins, A} and tau,
whose aggregation behavior is shaped by their sequence-encoded ensembles and context-
dependent condensation. Three key insights emerge from the current review. First,
sequence features dictate phase separation, conformational diversity, and the emergence
of ligandable pockets. Second, structural studies across multiple scales are increasingly
anchoring these dynamic states in experimental reality. Third, multiscale simulations
using IDP-refined force fields, coarse-grained models, and data-driven reweighting
quantitatively link molecular interactions to mesoscale behaviors like LLPS and oligomer
formation. These advances support a shift toward context-dependent therapeutic design,
where biophysical properties of the local environment are explicitly integrated into drug
discovery strategies. A practical workflow involves assessing compound enrichment
in condensates, probing cryptic pockets across ensembles, validating mechanisms with
orthogonal data, and using enhanced sampling methods to resolve kinetic steps. This
mirrors clinical lessons from anti-Ap antibodies, where agents targeting protofibrils
and plaque cores show distinct efficacy and safety profiles, and offers direction for tau-
targeted strategies. Progress will depend on standardizing LLPS assays, cross-validating
simulations, linking biophysical features to biomarkers, and enabling data sharing. With
these tools, we can move beyond single-structure models and design therapies that
reshape structural ensembles, modulate partitioning, and redirect aggregation kinetics,
offering new hope for disease-modifying interventions for Alzheimer’s and other protein
condensation disorders.
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