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Dissecting the Molecular Determinants of 𝜶-synuclein
Phase Separation and Condensate Aging: The Pivotal Role of
𝜷-Sheet-Rich Motifs

Yiming Tang, Jitao Wen, Zhongyuan Yang, Yifei Yao, Shaoshuai He, Jiyuan Zeng,
Xuewei Dong, Qin Qiao, Yun Zhou, Sarah Perrett, Si Wu,* and Guanghong Wei*

Emerging evidence indicates that liquid-liquid phase separation of
𝜶-synuclein occurs during the nucleation step of its aggregation, a pivotal
step in the onset of Parkinson’s disease. Elucidating the molecular
determinants governing this process is essential for understanding the
pathological mechanisms of diseases and developing therapeutic strategies
that target early-stage aggregation. While previous studies have identified
residues critical for 𝜶-synuclein amyloid formation, the key residues and
molecular drivers of its phase separation remain largely unexplored. Herein,
multiscale simulations and experimental approaches are employed to uncover
the molecular determinants dictating 𝜶-synuclein phase separation and the
pre-solidification of its condensates. Seven motifs are identified that exhibit
high 𝜷-sheet propensity in the monomeric state of 𝜶-synuclein and
progressively increase in 𝜷-sheet content during condensation. Notably, two
C-terminal motifs engage in a percolated network of intermolecular
interactions through transient hydrogen bonds, contributing to the phase
boundary properties. Deletion of these motifs reduces the phase separation
ability of 𝜶-synuclein, underscoring their essential roles in this process.
Together, the findings reveal crucial phase separation hotspots and shed light
on the molecular mechanism underlying 𝜶-synuclein phase separation,
offering significant insights and novel potential therapeutic targets for
Parkinson’s disease.
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1. Introduction

Biomolecular condensates formed through
liquid-liquid phase separation (LLPS) play
pivotal roles in the regulation of various
cellular functions.[1] The dynamic nature
of these condensates allows for rapid com-
ponent exchanges with the cellular envi-
ronment, enabling precise control of bio-
chemical reactions and regulation of sig-
naling pathways.[2] LLPS has also been im-
plicated in the pathogenesis of human dis-
eases, including cancer, inflammatory con-
ditions, and neurodegenerative disorders.[3]

In recent years, an increasing number of
proteins associated with neurodegenerative
diseases have been found to undergo LLPS,
forming condensates that progressivelyma-
ture into solid-like fibrils linked to neuronal
death.[4] 𝛼-synuclein (𝛼Syn), an 140-residue
intrinsically disordered protein (IDP), is
central to the pathology of Parkinson’s dis-
ease (PD) and other synucleinopathies due
to its pathological aggregation into amy-
loid fibrils, the main component of Lewy
bodies.[5] Recent studies have demonstrated
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that 𝛼Syn undergoes LLPS both in vitro and in cells,[6] and the
LLPS of 𝛼Syn serves as a precursor to PD-related pathological
aggregation.[6a,7] Understanding the molecular determinants of
𝛼Syn LLPS is crucial for elucidating the mechanisms of LLPS-
mediated aggregation and the pathogenesis of PD and will pro-
vide potential targets for therapeutic strategies.[6c]

The fibrilization of 𝛼Syn has been extensively studied,
offering valuable insights into the pathological aggrega-
tion mechanism.[8] A number of fibril structures of full-
length and truncated 𝛼Syn have been resolved,[9] with vari-
ous aggregation-prone regions identified. For example, the
preNAC and NACore motifs (residues 47GVVHGVATVA56
and residues 68GAVVTGVTAVA78) play critical roles in the
aggregation and cytotoxicity of full-length 𝛼Syn and can in-
dividually form amyloid fibrils.[10] Residues 36GVLYVGS42
(P1),[11] 45KEGVVHGVATVAE57 (P2),[11] and 2DVFMKG7,

[12]

have been identified as critical segments for 𝛼Syn aggregation,
whereas removal of these residues prevents 𝛼Syn aggregation
and suppresses in vivo toxicity. In contrast, the phase separa-
tion mechanism of 𝛼Syn remains poorly understood, and the
specific hotspots driving 𝛼Syn LLPS have yet to be identified.
Experimental studies have suggested that 𝛼Syn phase separation
is mediated by an interplay of electrostatic and hydrophobic
interactions.[6a] Elevating salt concentrations enhances 𝛼Syn
LLPS, implicating electrostatic screening in this process.[6b,13]

However, the underlying physical forces driving 𝛼Syn LLPS
remain unclear. In addition, while some aggregation-promoting
factors (e.g., low pH, mutations) have been shown to enhance
LLPS and liquid-to-solid transitions of 𝛼Syn,[6a] LLPS of 𝛼Syn ex-
hibits a monotonic salt dependence, unlike the non-monotonic
behavior of its aggregation.[13b] These discrepancies under-
score the urgent need for in-depth investigation to identify the
molecular determinants and hotspots governing 𝛼Syn phase
separation.
In the mechanistic exploration of protein phase separation,

computer simulation has become increasingly prevalent and has
achieved significant success in characterizing the phase behav-
iors of a large number of IDPs and revealing the underlying
molecular mechanism.[4d,14] Theoretic phase simulations have
been conducted on various model proteins to reveal their LLPS
capabilities.[15] Coarse-grained simulations have been widely em-
ployed to examine the phase behavior of IDPs or low sequence
complexity domains (LCD) of amyloid proteins.[14b,16] All-atom
simulations have been conducted on IDP monomers, with their
results compared with coarse-grained simulations and experi-
mental results, to assess the relationship betweenmonomer con-
formation and LLPS behavior.[17] Each of these approaches pro-
vides unique insights into the nature of phase separation at
specific scales. For IDPs with high sequence complexity, such
as 𝛼Syn, a comprehensive understanding of the driving forces
behind their phase separation and aggregation necessitates the
integration of simulation approaches with multiple resolutions
alongside experimental data.[18]
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In this study, we integrated multiscale simulations with exper-
imental approaches to achieve a comprehensive understanding
of 𝛼Syn in its monomeric and condensed states. We aimed to
identify the molecular determinants and critical residues driving
𝛼Syn phase separation by addressing the following unresolved
questions: a) which physical interactions drive 𝛼Syn LLPS; b)
how the 𝛼Syn condensate ages at the atomic level; and c) which
residues or motifs are critical for these processes? Specifically,
we explored 𝛼Syn monomer conformations through replica ex-
changemolecular dynamics (REMD) simulation (Figure 1A)with
its sampled conformational space expanded by a variational au-
toencoder (VAE) neural network (Figure 1B), investigated the
condensation process through million-atom molecular dynam-
ics (MD) simulation (Figure 1C), and characterized the phase di-
agram and phase behavior through coarse-grained simulations
(Figure 1D). These multiscale simulations employed progres-
sively increasing system sizes, with 𝛼Syn conformations of each
simulation initialized from the preceding one (Figure 1; Table
S1, Supporting Information). They elucidate the physical and dy-
namical properties of 𝛼Syn in monomeric and condensed states
and provide an atomistic-resolution understanding of the phase
separation pathway. Importantly, we identified seven motifs that
exhibit high 𝛽-sheet contents in themonomeric state of 𝛼Syn and
show an increasing probability of 𝛽-sheet formation during con-
densation and pre-solidification. Among them, five motifs pro-
vide persistent intermolecular interactions crucial for 𝛼Syn ag-
gregation, and two C-terminal motifs offer transient interactions
contributing to the phase boundary properties of 𝛼Syn phase sep-
aration. The computational predictions were validated by com-
paring them with existing experiments and our experimental ob-
servations on the LLPS and/or fibrillization capabilities of motif-
deleted 𝛼Syn variants.

2. Non-Monotonic Temperature Dependency of
𝜶-synuclein Single-Molecule Properties

We began by examining the conformational and physical prop-
erties of the 𝛼Syn monomer in order to establish a robust foun-
dation and provide a structural basis for detailed investigations
into the complex phenomena of phase separation. The 140-
residue 𝛼Syn is notably enriched with polar and charged residues
(44.9% in total, Figure 2A,B). It comprises N- and C-terminal do-
mains (NTD and CTD) and a non-amyloid-𝛽 component (NAC),
which experimental studies have shown to be crucial for 𝛼Syn
aggregation.[20] We studied the full-length 𝛼Syn monomer by
conducting a 400-ns all-atom REMD simulation with 60 tem-
perature replicas spanning a range of 308 to 410 K (Table S2,
Supporting Information). The protein was described using the
Amber99SB-ILDN force field, which has been used in previ-
ous computational studies on 𝛼Syn.[21] A detailed discussion on
the force field selection is provided in Supplementary Text S1,
Figures S1–S3, and Table S3 (Supporting Information). We first
assessed the convergence and sampling effectiveness of our sim-
ulations. The convergence was confirmed by the consistent dis-
tributions of radius of gyration (Rg), solvent-accessible surface
area (SASA), and contact numbers within two non-overlapping
time windows (Figure S4, Supporting Information). The sam-
pling effectiveness was evaluated using root-mean-square devi-
ation (RMSD), Rg and clustering analyses as described below.
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Figure 1. A flowchart illustrating our multiscale simulation approach. A) An all-atom replica exchange molecular dynamics (REMD) simulation on 𝛼Syn
monomer with initial structures extracted from a previous 30-μs MD trajectory.[19] B) A variational autoencoder designed to expand the monomer
conformational space sampled by the REMD simulation. C) An all-atom molecular dynamics (MD) simulation on the condensation process of 60 𝛼Syn
chains and the subsequent pre-solidification of the condensate. The initial conformations of the chains were taken from the all-atom REMD monomer
simulation. D) Multiple coarse-grained (CG) simulations aiming at revealing the phase diagram and phase behavior. The 𝛽-sheet secondary structures
of the chains were constrained according to all-atom simulation data.

Backbone RMSD values between frame pairs show a wide dis-
tribution with a maximum value exceeding 2.0 nm (Figure S5A,
Supporting Information), and increase over time (Figure S5B,
Supporting Information). Rg analyses revealed a wide range of
𝛼Syn monomer structures from compact (≈1.4 nm) to extended
(≈2.0 nm) states (Figure S2 and Text S1, Supporting Informa-
tion). Clustering based on a backbone RMSD cutoff of 3.0 nm
identified 611 distinct clusters in the 310 K trajectory. The cen-
tral structures of the 20 largest clusters show substantial varia-
tion in structural organization (Figure S6, Supporting Informa-
tion), secondary structure content, and distribution (Figures S6
and S7, Supporting Information). These results demonstrate that
our REMD simulation not only converges but effectively sam-
ples a broad and diverse ensemble of monomeric 𝛼Syn confor-
mations.

We then investigated the structural characteristics of
monomeric 𝛼Syn and identified a total 𝛽-structure content
of 12.9% from the REMD simulation (Table S4, Supporting
Information), which aligns well with experimental data obtained
from circular dichroism (CD) and Fourier-transform infrared
(FTIR) spectroscopy studies (11% and 15.6%, respectively, Table
S4, Supporting Information).[22] Distinct structural propensities
were observed across different domains, with NTD displaying
a high helix propensity and NAC showing significant 𝛽-sheet
content (Figure 2C; Table S4, Supporting Information). This
is consistent with experimental findings of the high helical
propensity in NTD,[23] and the view that NAC is crucial to 𝛼Syn
fibril formation.[24] The residue-based analysis identified four
helix-rich motifs and seven 𝛽-sheet-rich motifs, denoted as
H1-H4 and 𝛽1-𝛽7 (Figure 2D,E; Table S5, Supporting Informa-
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Figure 2. Sequence and secondary structure features of monomeric 𝛼Syn. A) Amino acid sequence of 𝛼Syn with residues color-coded based on their
physical properties. B) Compositional statistics showing the enrichment of polar and charged residues (44.9% in total). C) Helix and 𝛽-sheet probabilities
across the three domains. D,E) Secondary structure propensities at the residue level: (D) helical propensities with helix-rich motifs highlighted by blue
shading and (E) 𝛽-sheet propensities with 𝛽-sheet-rich motifs highlighted by orange shading.

tion). The roles of these motifs in 𝛼Syn LLPS/fibrilization will
be discussed in the following sections. Notably, residue L38
exhibits the highest 𝛽-sheet propensity (Figure 2E), reinforcing
its critical role in fibril formation as previously identified in an
experimental study.[25] We also compared our data with nuclear
magnetic resonance (NMR) data.[26] and found a positive cor-
relation in 𝛽-sheet distribution along the amino acid sequence
(see the detailed comparison in Text S2 and Figures S8–S11,
Supporting Information). Collectively, these results underscore
the suitability of our selected force field and computational
approach in capturing the physical properties of 𝛼Syn monomer.
Previous studies have shown, for IDPswith low sequence com-

plexity, a close correlation between their single-chain collapse de-
gree and LLPS capabilities.[27] Does a similar correlation exist
for 𝛼Syn with relatively high sequence complexity? Inspired by
previous experiments revealing a non-monotonic temperature-
dependent phase behavior of 𝛼Syn,[6a] we monitored the temper-
ature dependence of Rg and the SASA of hydrophobic atoms (HP
SASA) of the 𝛼Syn monomer. We observed that both parameters
exhibit non-monotonic temperature responses, reaching mini-
mum values at ≈340 K (Figure 3A,B). This behavior was fur-
ther supported by coarse-grained simulations using the HPS-T
model, a hydropathy scale force field specifically parameterized to

reproduce temperature-dependent experimental observables of
IDPs.[28] We also observed a non-monotonic temperature depen-
dence of Rg in coarse-grained simulations, butmore pronounced
compared to all-atom estimates (Figure S12A,B, Supporting In-
formation), as expected from the model’s tuning for captur-
ing temperature-responsive behavior.[28] We then computed the
Flory scaling exponent (𝜈) and observed that 𝛼Syn monomers ex-
hibit 𝜈 values below 0.5 (signifying sufficient monomer confor-
mational compaction to possess phase separation capability[27a])
across the 300–380 K temperature range, but display large 𝜈

values at both lower and higher temperatures (Figure S12C,
Supporting Information). These analyses confirm the non-
monotonic temperature responses of 𝛼Syn single-chain collapse
degree.
Additionally, the interplay between secondary structure and

the phase behavior of 𝛼Syn remains unexplored. Our all-atom
REMD simulation demonstrates that the 𝛽-sheet probability
peaks at ≈340 K while the helix probability monotonically in-
creases with rising temperature (Figure 3C,D). These findings in-
dicate that both compactness and 𝛽-sheet (but not helix) content
of the 𝛼Syn monomer possess non-monotonic temperature de-
pendences (Figure 3E), resembling the thermoresponsive phase
behavior of 𝛼Syn.[6a] It is thus concluded that the phase separa-
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Figure 3. Non-monotonic temperature dependency of the conformational properties and physical interactions in monomeric 𝛼Syn. A–D) Temperature
dependency of monomeric physical properties, including (A) Rg, (B) HP SASA, (C) 𝛽-sheet, and (D) helix probability. E) Representative snapshots of 𝛼Syn
monomer at five temperature points. F–I) Temperature dependency of intrachain physical interactions: (F) MC and SC H-bonding, (G) hydrophobic, (H)
𝜋–𝜋 stacking, and I) cation-𝜋 interactions. J) 𝛽-sheet propensity across residue indices and temperatures, with seven 𝛽-sheet-rich motifs highlighted.

tion of 𝛼Syn is encoded at themonomeric level, and 𝛽-sheet struc-
tures rather than helical structures are important for 𝛼Syn LLPS.
In our all-atom REMD simulations, both compactness and 𝛽-
sheet probability of 𝛼Syn peak at≈340 K (Figure 3A–C), which ex-
ceeds the physiological temperature range. This discrepancymay
arise because temperatures in MD simulations do not always di-
rectly correspond to experimental temperatures,[29] as force fields
are usually parameterized to reproduce experimental data at spe-
cific temperatures or within limited ranges.[30] We thus focus on

qualitative trends of 𝛼Syn properties in relation to temperature
rather than precise temperature values.

3. Molecular Determinant Governing the
Thermoresponsive Single-Molecule Properties of
𝜶-synuclein

We elucidated the molecular determinants that govern the ther-
moresponsive single-molecule properties of 𝛼Syn by analyz-
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ing how temperature variations affect the physical interactions
within the 𝛼Syn monomer. Non-monotonic temperature depen-
dencies were observed in total contact numbers (Figure S13, Sup-
porting Information), as well as in various physical interactions,
including mainchain (MC) hydrogen-bonding (H-bonding), hy-
drophobic and 𝜋–𝜋 interactions (Figure 3F–H). However, no
such dependency was observed in sidechain (SC) H-bonding or
cation-𝜋 interactions (Figure 3F–I). These observations reveal
that the temperature response of the 𝛼Synmonomeric conforma-
tional properties is governed by 𝛽-sheetH-bonding, hydrophobic,
and 𝜋–𝜋 interactions. Recent studies have highlighted similari-
ties between intramolecular and intermolecular interactions in
IDP systems.[31] Thus, although the above analyses are based on
a monomer system, they can be extrapolated to phase-separated
systems, namely, intermolecular 𝛽-sheet H-bonding, hydropho-
bic, and 𝜋–𝜋 interactions may play crucial roles in the thermore-
sponsive phase behavior observed in 𝛼Syn.[6a] This will be further
verified through our simulation of 𝛼Syn condensation in the sub-
sequent section.
To identify motifs that are critical for the thermoresponsive

secondary structure properties of 𝛼Syn, we examined the temper-
ature dependency of 𝛽-sheet contents at the residue level. We fo-
cus on the sevenmotifs with high 𝛽-sheet probability under phys-
iological temperature (Figure 2E; Table S5, Supporting Informa-
tion). Among them, only 𝛽6 and 𝛽7 display non-monotonic tem-
perature dependencies in 𝛽-sheet propensity (Figure 3J; Figure
S14, Supporting Information) which resemble the thermore-
sponsive phase behavior of 𝛼Syn.[6a] Thus, it is likely that 𝛽6 and
𝛽7motifs are pivotal for the LLPS of 𝛼Syn. Further analysis on se-
quence characteristics reveals that the 𝛽6 motif is enriched with
hydrophobic and aromatic residues (88IAAA91 and F94) that can
act as “stickers”, and that the glycine residue G93 may serve as a
“spacer” (Figure S15, Supporting Information). This corresponds
to the theory that the LLPS of polymers/IDPs is dictated by hy-
drophobic stickers separated by spacers, which respectively drive
inter-chain interactions and impart monomer flexibility.[32] Addi-
tionally, the 𝛽7motif is enrichedwith negatively charged residues
(E114, D115, D119) (Figure S16, Supporting Information), which
may enhance intermolecular electrostatic interactions between
the negatively charged CTD and the positively charged NTD, as
also evidenced by the high 𝛽7-𝛽1 and 𝛽6-𝛽1 contact numbers
(Figure S17, Supporting Information), and ultimately the LLPS
of 𝛼Syn. Previous studies have shown that CTD-mediated elec-
trostatic interactions are major driving forces for the heteroge-
neous phase separation of 𝛼Syn with various protein partners,
including Tau,[33] PrP,[34] and vesicle-associated membrane pro-
tein 2 (VAMP2).[35] Given the location of 𝛽7 motif within CTD
and its enrichment in negative charges, 𝛽7 is likely to play a criti-
cal role not only in promoting 𝛼Syn phase separation but also in
facilitating its co-phase separation with binding partners.
Conversely, the other five motifs (𝛽1-𝛽5) demonstrate a mono-

tonic decrease in 𝛽-sheet propensity as temperature increases
and possess high 𝛽-sheet probability in the physiological tem-
perature range (Figure 3J; Figure S14, Supporting Information).
Given that cross-𝛽-sheet is a common structural feature of amy-
loid fibrils,[36] these motifs are likely crucial for 𝛼Syn fibril for-
mation. In support of our predictions, recent studies have un-
derscored the importance of 𝛽3 and a motif overlapping with
𝛽5 in the fibrillization of 𝛼Syn (Figure S18A–C, Supporting

Information).[11,37] In addition, 𝛽4 and 𝛽5 motifs are located
within the NAC region (Figure S18A–D, Supporting Informa-
tion), which is known to play a key role in 𝛼Syn aggregation.[20] In
our simulation, the 𝛽1 motif exhibits the highest 𝛽-sheet propen-
sity among all motifs and retains stability over a broad tempera-
ture (Figure 3J; Figure S14A, Supporting Information), suggest-
ing its crucial role in 𝛼Syn fibrillization. This role was further
supported by our ThT fluorescence assays comparing wild-type
𝛼Syn (𝛼SynWT) with variants lacking either the 𝛽1 or 𝛽3 segment
(𝛼SynΔ𝛽1 and 𝛼SynΔ𝛽3, respectively). The 𝛽1-deleted variant dis-
plays a markedly prolonged lag phase relative to 𝛼SynWT (Figure
S19, Supporting Information), and the deletion of the 𝛽3 seg-
ment also extends the lag phase, though to a lesser extent than 𝛽1
deletion (Figure S19, Supporting Information). After completion
of our ThT experiments, we noticed a recent study that identi-
fies residues 2–7, which have four residues overlapping with 𝛽1
(residues 4–10, Figure S18E, Supporting Information), as regu-
latory elements for fibrillization in that deletion of these residues
slows fibril formation and diminishes the protein’s capacity to be
recruited by wild-type fibrils.[12] In addition, a very recent study
has revealed that truncation of residues 1–18, which include 𝛽1,
does not affect the ability of 𝛼Syn to undergo LLPS but accelerates
𝛼Syn amyloid formation.[38] These findings collectively confirm
the critical role of 𝛽1 in 𝛼Syn fibrillization.

4. Persistent and Transient Interactions that Drive
the Spontaneous Condensation of 𝜶-synuclein and
the Subsequent Pre-Solidification

We then investigated the condensation and possible pre-
solidification processes of 𝛼Syn using an all-atom simulation
starting from non-contacting 𝛼Syn chains. Most computational
studies on LLPS of IDPs, constrained by computational re-
sources, rely on coarse-graining, which simplifies the system and
models only a subset of interactions, posing challenges to the ac-
curate recapitulation of experimentally accessible behaviors.[39]

Here, we utilized a 3D-computing facility to conduct a large-scale,
microsecond simulation involving more than one million atoms,
starting from 60 non-contacting 𝛼Syn molecules in an aqueous
solution. This approach allows for a direct, atomistic-resolution
observation of the spontaneous condensation of 𝛼Syn and the
time evolution of the condensate. The initial structures of the
60 𝛼Syn molecules (Figure S20, Supporting Information) were
distinct from one another, derived from our REMD monomer
simulations and further enriched using a VAE-based generative
network trained on the REMD trajectory to expand the sampled
conformational space. During the 3-μs simulation, the time evo-
lutions of backbone RMSD for individual chains exhibit a broad
distribution, ranging from ≈0.3 nm to as high as 1.5 nm (Figure
S21A, Supporting Information), and Rg of each chain fluctuates
markedly over time, with the most pronounced variation span-
ning from 1.5 to 2.2 nm (Figure S21B, Supporting Information).
In addition, both parameters show an overall increasing trend.
These results demonstrate that the simulation captures apprecia-
ble conformational change of the 60 chains during condensation.
We first assessed the condensation pathways via visual inspec-

tions. Starting from a randomly dispersed state, the 60 𝛼Syn
molecules rapidly aggregated into a loosely packed assembly
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Figure 4. Condensation of 60 𝛼Syn chains and pre-solidification of the condensate. A) Simulation snapshots at four time points. B) Detailed snapshot
within a localized area of the condensate showing the interaction of 𝛼Syn chains with water molecules. C) MSD of 𝛼Syn molecules as a function of
lag time across four distinct time windows. D) Trajectory of the center-of-mass for a representative 𝛼Syn chain within the condensate, with each of
the four time windows highlighted in different colors. E) Time evolution of Rg averaged on 60 𝛼Syn chains. F) Time evolution of intra- and inter-chain
contact numbers. G) Evolution of 𝛽-sheet and helix contents over simulation time. H) Time evolution of MC—MC and SC—SCH-bond numbers. I) Time
autocorrelation functions for MC and SC H-bonds. J) Time evolution of hydrophobic, 𝜋–𝜋, and cation-𝜋 interactions. K) Number of mainchain H-bonds
between each pair of 𝛽-sheet-rich motifs. L) Lifetime of MC─MC interactions between each two motifs. M) Illustration of the mainchain interaction
network formed by the seven 𝛽-sheet-rich motifs. Wider lines correspond to motif pairs with higher H-bond numbers.
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within 1.0 μs (Figure 4A). Afterward, 𝛼Syn molecules contin-
ued repositioning within the aggregate (Figure 4A). The aggre-
gate comprises cross-linked chains interspersed with substan-
tial quantities of water molecules, possessing characteristics of
liquid-like condensate.[2a] (Figure 4B; Movie S1, Supporting In-
formation). Mean square deviation (MSD) analysis on the ini-
tially formed condensate (Figure 4C) reveals a diffusion coeffi-
cient of ≈2.01 × 10−12 m2 s−1 (Table S6, Supporting Informa-
tion), within the same order of magnitude as both experimen-
tally determined (2.7 × 10−12 m2 s−1) and computationally pre-
dicted diffusion coefficients for the dense phase of ProT𝛼 (1.8 ×
10−12 m2 s−1),[40] an IDP with a sequence length (111 aa) similar
to 𝛼Syn (140 aa). This further demonstrates the liquid properties
of 𝛼Syn condensate. Afterward, the MSD values decrease over
simulation time (Figure 4C), coinciding with the reduction in dif-
fusion constant (Table S6, Supporting Information). These obser-
vations suggest a progressive decrease in the molecular mobility
of 𝛼Synmolecules within the condensates over time (Figure 4D).
Such a reduction inmobility implies a gradual loss of condensate
liquidity, indicative of pre-solidification, a potential early step in
the aging process. Although the timescale ofMD simulations (on
the order of microseconds) is insufficient to directly capture the
full progression of condensate maturation, the observed molec-
ular rearrangements resemble the early stage of condensate ag-
ing reported in various LLPS-induced IDP condensates.[41] Re-
cent studies have uncovered that biological condensates form
percolated networks to ensure strong interactions and transient
confinement.[42] To determine whether the 𝛼Syn condensates ex-
hibit characteristics of a percolated network, we analyzed the
time evolution of network connectivity,[42] a parameter that char-
acterizes the strength of system-spanning interaction networks,
within a cubic 3D model. We observed a gradual increase in net-
work connectivity, reaching an equilibrium value exceeding the
percolation threshold of 0.5 (Figure S22, Supporting Informa-
tion). This suggests that 𝛼Syn molecules form a molecular net-
work mediated by multivalent interactions, exhibiting character-
istics of percolation.
To elucidate themolecular determinant governing the conden-

sation and pre-solidification processes, we monitored the time
evolution of single-chain conformations and intra-/inter-chain
interactions of 𝛼Synmolecules. Over time, the Rg of 𝛼Syn chains
gradually increases (Figure 4E), accompanied by increasing inter-
chain and decreasing intra-chain contacts (Figure 4F), indicating
a progressive elongation and a shift from intra-chain to inter-
chain interactions. These observations are consistent with recent
studies demonstrating elongated conformations upon LLPS in
𝛼Syn,[43] and other IDPs.[44] Concurrently, 𝛽-sheet content rises,
while helix content changes slightly (Figure 4G; Figure S23, and
Movie S2, Supporting Information), marking the structural rear-
rangement of the condensate into 𝛽-rich aggregates.
We further analyzed the contribution of different physical in-

teractions in the condensation and pre-solidification processes.
We observed an increase in H-bond numbers over time, with
MC─MC H-bonds significantly outnumbering and exhibiting
higher time correlations than SC─SCH-bonds (Figure 4H,I).Hy-
drophobic and 𝜋–𝜋 contacts exhibit a rapid rise while cation-𝜋
contacts remain at the lowest levels (Figure 4J). These findings
confirm the dominance of MC 𝛽-sheet H-bonding, hydropho-
bic, and 𝜋–𝜋 interactions in driving 𝛼Syn LLPS as predicted by

our monomer REMD simulation. We next assessed the inter-
actions mediated by the seven 𝛽-sheet-rich motifs, all of which
exhibit relatively high and increasing 𝛽-sheet propensities dur-
ing condensation (Figure S24, Supporting Information). Strong
and persistent MC H-bonds were observed for pairs involving
𝛽3, 𝛽4, and 𝛽5 motifs, particularly for 𝛽3—𝛽4, 𝛽4—𝛽4, and 𝛽3—
𝛽5 pairs (Figure 4K,L). Interactions involving 𝛽1 and/or 𝛽2 mo-
tifs (𝛽1—𝛽2/𝛽3/𝛽5 and 𝛽2—𝛽5 pairs) are relatively infrequent
(Figure 4K) yet possess long lifetimes once formed (Figure 4L).
In contrast, MC interactions involving 𝛽6 and/or 𝛽7 motifs are
mostly transient (Figure 4L), indicating a dynamic association.
Notably, strong intermolecular H-bonds form between 𝛽1 and
𝛽7. This observation, together with the pronounced intramolec-
ular interaction between 𝛽1 and 𝛽7 observed in our monomer
simulations (Figure S17, Supporting Information), suggests that
electrostatic interactions between the N- and C-terminal domains
of 𝛼Syn are preserved during condensation but are repurposed
from intra to intermolecular contacts. Interestingly, despite be-
ing the strongest interaction among all motif pairs, the 𝛽1—𝛽7
interaction remains relatively transient, further highlighting the
critical role of 𝛽7 in phase separation.
Existing literature emphasizes that a delicate balance between

persistent and transient intermolecular interactions is crucial for
biomolecular phase separation.[17b,40] These interactions must
be strong enough to facilitate the formation of stable conden-
sates yet sufficiently weak to allow for translational diffusion and
liquid-like dynamics within the dense phase.[2b,3a,40] In the case of
𝛼Syn, the seven 𝛽-sheet-rich motifs form a tight, interconnected
H-bond network (Figure 4M). Specifically, the 𝛽1-𝛽5 motifs pro-
vide persistent H-bonds that constitute the skeleton of the inter-
action network, and 𝛽6/𝛽7motifs engage in the network through
frequent but transient interactions.

5. Computational and Experimental Verification of
the Impairment of 𝜶-synuclein LLPS by 𝜷6/𝜷7
Deletion

To validate the critical role of 𝛽6 and 𝛽7 motifs in 𝛼Syn LLPS, we
conducted coarse-grained simulations and in vitro experiments
on 𝛼Syn and its motif-deleted variants. For each system, phase
coexistence simulations were performed in combination with the
hydropathy scale (HPS) protein model[16b,c] to generate an equili-
brated coexistence state comprising a dense phase and a dilute
phase (Figure 5A). The dense phase was then placed in a cu-
bic box and simulated to assess its physical properties.[14c] To ac-
count for secondary structures that are not included in the HPS
force field,[16e] we integrated the conformational characteristics
of 𝛼Syn revealed by all-atom simulations into the original HPS
framework by introducing additional harmonic angle terms for
each set of three adjacent residues within the 𝛽-sheet-rich mo-
tifs. The parameters for these terms were assigned based on the
𝛽-propensities of each residue, as determined by our all-atom
condensation simulations (see details in the Methods section).
This modification enables an extended yet flexible conformation
of the 𝛽-sheet-rich motifs (Figure S25, Supporting Information),
with their degree of extension correlating with their 𝛽 propensi-
ties (Figure S26, Supporting Information).
Our simulations at physiological temperature revealed that

deleting the 𝛽6 or 𝛽7 motif (𝛼SynΔ𝛽6 and 𝛼SynΔ𝛽7) increases
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Figure 5. Coarse-grained phase coexistence simulations unraveling the critical role of 𝛽6 and 𝛽7 motifs on 𝛼Syn LLPS. A) Final snapshots of the phase
coexistence simulations. For clarity, only part of the simulation box is shown. B) Saturation concentration of the three systems. C) Dense phase density of
the three systems. D) Surface tension of the interface between dense and dilute phases. E) Density profiles of the three systems. F) The phase diagrams
as a function of density and temperature.

the saturation concentration while reducing the density of the
dense phase (Figure 5B,C), indicating the reduced LLPS capa-
bilities due to motif deletion. The surface tension at the two-
phase interface decreases upon motif deletion (Figure 5D), sug-
gesting the weakening of condensate stability.[45] We further ex-
plored the temperature-dependent phase separation by conduct-
ing phase coexistence simulations at a series of temperatures.
For each system, the dense phase disperses progressively with
increasing temperature, culminating in a complete loss of phase
separation capability at high temperatures (Figure 5E; Movie S3,
Supporting Information). At each temperature point within the
phase separation regime, both 𝛼SynΔ𝛽6 and 𝛼SynΔ𝛽7 consistently
exhibit lower dense-phase densities and higher dilute-phase den-
sities compared to 𝛼SynWT (Figure 5E; Movie S4, Supporting In-
formation). Phase diagrams (Figure 5F) reveal lower critical tem-
peratures for 𝛼SynΔ𝛽6 (352.6 ±2.3 K) and 𝛼SynΔ𝛽7 (351.4 ±2.6 K)
versus 𝛼SynWT (358.8±2.8 K). These results demonstrate that the
deletion of 𝛽6 and 𝛽7 decreases the phase separation capability of
𝛼Syn and destabilizes its condensate, confirming the importance
of 𝛽6 and 𝛽7 in 𝛼Syn LLPS.
The importance of 𝛽-structures on phase behavior was further

assessed by comparing these results with simulations using the
original HPS force field, which lacks secondary structure con-
straints for the 𝛽-sheet-rich motifs. The removal of these con-
straints led to a marked decrease in the critical temperature and
the density of the dense phase (Figure S27, Supporting Informa-
tion), indicating a reduced phase separation capability. Moreover,
the effect of 𝛽6 or 𝛽7 motif deletion on phase separation remains
robust regardless of the inclusion or exclusion of the angle term.

These findings further underscore the critical role of the identi-
fied 𝛽-sheet-rich motifs in promoting 𝛼Syn phase separation.
While previous experimental studies have demonstrated that

𝛼Syn exhibits both lower and upper critical solution tempera-
ture (LCST and UCST) behaviors,[6a,46] our simulations captured
only the UCST behavior. This limitation arises from the lack
of temperature-dependent solvent interactions in the HPS pro-
tein force field.[28] We thus performed additional simulations of
𝛼SynWT at three temperatures using the HPS-T force field, which
incorporates temperature-dependent interactions.[28] These sim-
ulations reveal that 𝛼Syn undergoes LLPS at physiological tem-
perature (310 K), but not at either lower (280 K) or higher (390 K)
temperatures (Figure S28, Supporting Information), indicative of
both UCST and LCST phase behaviors.
To further verify our computational findings, we experimen-

tally constructed 𝛼Syn mutants with the deletion of either 𝛽6 or
𝛽7 or 𝛽6+𝛽7 (𝛼SynΔ𝛽6, 𝛼SynΔ𝛽7, and 𝛼SynΔ𝛽6Δ𝛽7) and purified the
proteins. In the presence of PEG as a crowding reagent mim-
icking the crowded cellular environment, spherical droplets of
micrometer size were observed for 𝛼Syn protein. The liquid-like
properties of droplets were tested by fluorescence recovery after
photobleaching (FRAP) experiments (Figure 6A,B). The droplets
formed by unlabeled 𝛼Syn, doped with 10% Alexa488-labeled
𝛼Syn, show rapid fluorescence recovery after photobleaching, in-
dicating liquid-like properties. The droplets formed by the variant
𝛼SynΔ𝛽6Δ𝛽7 also showed similar behavior (Figure S29, Supporting
Information). These results demonstrate that both 𝛼SynWT and
the deletion variants can form liquid droplets under our experi-
mental conditions. By fitting the fluorescence recovery curves to
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Figure 6. Experimental characterization of the phase behavior of 𝛼Syn and its 𝛽6, 𝛽7, and 𝛽6+𝛽7 deletion variants. A) Time-dependent fluorescence
intensity trace of Alexa488-labeled 𝛼Syn in the FRAP experiment. B) FRAP images of Alexa488-labeled 𝛼Syn droplets before and after photobleaching. A
region in the droplet, marked by the red circle, was bleached. C) Turbidity assays of 𝛼SynWT and its variants (𝛼SynΔ𝛽6, 𝛼SynΔ𝛽7, and 𝛼SynΔ𝛽6Δ𝛽7) in the
presence of different concentrations of PEG measured at 400 nm. D) Turbidity assays of 𝛼SynWT and its variants 𝛼SynΔ𝛽3 and 𝛼SynΔ𝛽1. E) Area statistics
of the droplets formed by 𝛼Syn and its variants. For each variant, 90 droplets were counted. F) Fluorescence and DIC images of the droplets formed by
𝛼SynWT and its variants (unlabeled 𝛼Syn doped with 10% Alexa488-labeled 𝛼Syn).

a single-exponential function, we obtained a recovery half-time of
0.75±0.02 s for the 𝛽6/𝛽7 deletion mutant, which is comparable
to that of wild-type 𝛼Syn (0.74±0.02 s). This result suggests that
deletion of the 𝛽6/𝛽7 motifs does not substantially alter the in-
ternal dynamics or molecular exchange rates within the conden-
sates. Instead, they primarily affect the phase boundary proper-
ties of 𝛼Syn. We then carried out turbidity assays to compare the
LLPS capability of 𝛼SynWT and its deletion variants. The three
variants show reduced turbidity values at a PEG concentration
above 12%, and this reduction in turbidity is more pronounced
for 𝛼SynΔ𝛽6Δ𝛽7 (Figure 6C). As a control, we also carried out tur-
bidity assays for 𝛼SynΔ𝛽1 and 𝛼SynΔ𝛽3 (with deletion of the 𝛽1
or 𝛽3 motif), which our simulations predict to be unrelated to
𝛼Syn LLPS. Both 𝛼SynΔ𝛽1 and 𝛼SynΔ𝛽3 show a comparable tur-
bidity value to 𝛼SynWT (Figure 6D), indicating that these two mo-
tifs have little effect on the LLPS of 𝛼Syn.
Additionally, we performed fluorescence and DIC imaging of

the droplets formed by Alexa488-labeled 𝛼SynWT and its deletion
variants (Figure 6E,F). The droplets formed by 𝛼SynΔ𝛽6Δ𝛽7 ap-
pear to be smaller and less abundant compared to those formed

by 𝛼SynWT. The statistics of the droplet area revealed that all
three deletions (𝛽6, 𝛽7, and 𝛽6+𝛽7) lead to a reduction in droplet
size, albeit with different extents of size reduction. Those results,
together with the turbidity assays, demonstrate that the dele-
tion of 𝛽6, 𝛽7, or 𝛽6+𝛽7 impairs the LLPS capability of 𝛼Syn.
We also checked the temperature effect on the LLPS of 𝛼SynWT
and the 𝛽6+𝛽7 deletion variant 𝛼SynΔ𝛽6Δ𝛽7 by imaging (Figure
S30, Supporting Information). The results show that the forma-
tion of 𝛼SynWT droplets exhibits a non-monotonic temperature-
dependent behavior consistent with previous reports.[6a] In con-
trast, the LLPS of 𝛼SynΔ𝛽6Δ𝛽7 nearly loses sensitivity to tempera-
ture, a phenomenon that remains to be further investigated. Al-
together, these experimental results demonstrate that 𝛽6 and 𝛽7
motifs are critical for the phase behavior of 𝛼Syn, in support of
our simulation predictions.

6. Discussion

One major challenge in studying IDPs is their inherent lack of
persistent structures,[39,47] i.e., their extensive array of metastable
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states.[39,48] This complexity poses significant difficulties for con-
ventional MD simulations, which often suffer from insufficient
sampling,[49] and tend to trap the system in metastable states for
extended periods.[49a] Specifically, 𝛼Syn monomer has been ex-
tensively simulated by D.E. Shaw and coworkers[19] using various
force fields, including Amber99SB*-ILDN and two IDP-specific
force fields, CHARMM36m and Amber99SB-disp. These simu-
lations exhibited a progressive decrease in inter-frame backbone
RMSD values over time and a continuous decline in the average
RMSD of each frame relative to all others (Figure S31A–F, Sup-
porting Information), indicating limited and decreasing struc-
tural variability. These observations suggest that, despite the long
duration of conventional MD simulations, the system remains
confined to local energy minima and fails to adequately explore
the diverse conformational ensemble of 𝛼Syn. In addition, AI-
based structure prediction tools designed for structured proteins
cannot capture the multi-conformational nature of IDPs,[50] as
seen with AlphaFold 2, which consistently predicts a monomeric
𝛼Syn configuration with a long helical N-terminal (Figure S32,
Supporting Information), corresponding to a membrane-bound
state.[51] This study addresses this challenge using a long all-
atom REMD simulation in combination with a VAE conforma-
tion generator, providing a comprehensive and accurate depic-
tion of the conformational space. In sharp contrast to conven-
tional MD, the inter-frame RMSD values from our REMD simu-
lations increase over time (Figure S31G,H, Supporting Informa-
tion), demonstrating that the system escapes from local minima
and continues to explore a wide range of conformations through-
out the simulation.
However, such a long REMD simulation is notably time-

consuming, requiring ≈200 days on a GPU card. Recognizing
the need for more efficient methods, we explored the use of a
generative autoencoder.[52] The strength of the VAE network was
assessed by training it on the first half of our REMD trajectory,
and the trained network is capable of producing conformations
not present in the training set but observed in subsequent parts
of the trajectory (Figures S33 and S34, Supporting Information).
The conformational landscape generated by the VAE closely re-
sembles that sampled by REMD, particularly in terms of the lo-
cations of major energy minima (Figure S34A,B, Supporting In-
formation). However, at the periphery of the sampled conforma-
tional space, the VAE enables an expansion beyond the bound-
aries explored by REMD, capturing novel conformations that are
absent from the REMD ensemble. This highlights the VAE’s po-
tential to enhance structural diversity by efficiently sampling low-
probability but physically plausible states. Interpolating within
the latent space produced 10000 samples whose 𝛽-sheet distri-
bution closely matches our 400-ns REMD simulation (Figure
S35, Supporting Information). We then trained an independent
VAE using the 400-ns REMD trajectory to explore conformations
for the construction of our subsequent condensation simulation.
This integration of REMD simulations and machine learning
paves the way for effective conformational mining methodolo-
gies in future work.
Another challenge in the computational study of LLPS lies

in its involvement of a large number of protein chains.[39,47]

The phase separation of 𝛼Syn has been previously investigated
using coarse-grained force fields of varying resolution, includ-

ing the multiple-bead-per-residue MARTINI 3 force field[53] and
the one-bead-per-residue HPS force field.[13b] Similar coarse-
grained approaches have also been applied to other IDPs such
as FUS and Tau.[54] While these studies have provided valuable
insights into the phase separation of IDPs, their limited resolu-
tion prevents the explicitly capture of the atomistic description
of proteins, secondary structure transitions, and detailed physi-
cal interactions.[39,55] All-atom simulations, while offering atom-
istic insights, are resource-intensive when applied to the simul-
taneous simulation of multiple protein chains. In our research,
we adopted a multiscale strategy to effectively study the sponta-
neous condensation of 𝛼Syn as well as the phase behavior and
pre-solidification of 𝛼Syn condensates.We utilized a cutting-edge
3D computing cluster to conduct a microsecond-scale, million-
atom all-atom simulation to simulate the self-association of 60
full-length 𝛼Syn chains with their initial structures taken from
an REMD monomer simulation combined with VAE networks.
Our simulation marks the first instance of directly observing the
spontaneous condensation and the pre-solidification of the con-
densates for IDPswith such long sequences as 𝛼Syn at the level of
atomistic resolution. It is noted that, due to the limited timescales
accessible by current computational simulations, our condensa-
tion simulation captures only the very early stages of 𝛼Syn ag-
gregation. This is evidenced by the continued increase in key
physical parameters, such as 𝛽-sheet probability and the num-
ber of H-bonds, observed at the end of the simulation. We there-
fore conducted further coarse-grained phase-coexistence sim-
ulations that started from a preformed dense phase, incorpo-
rating secondary structure restraints from an all-atom simula-
tion. These simulations provide valuable insights into the ther-
moresponsive phase behavior of 𝛼Syn and explore the impacts
of selectively removing 𝛽-rich motifs on its phase separation
properties.
The most important finding of this work is the identifica-

tion of the 𝛽6 and 𝛽7 motifs as critical drivers of phase sep-
aration for 𝛼Syn, which has promising therapeutic implica-
tions. While many current treatments for neurodegenerative dis-
eases focus on targeting pathological fibrils, increasing atten-
tion is being directed toward biomolecular condensates formed
through phase separation as novel therapeutic targets.[56] The
important role of 𝛽6 and 𝛽7 in LLPS suggests that they may
serve as potential targets for drug molecules that regulate the
phase separation and maturation of 𝛼Syn. As a preliminary test,
we examined the binding preferences of claramine[57] and La-
sioglossin III (LL-III)[58] on 𝛼Syn. These molecules have been
previously reported to promote 𝛼Syn LLPS while inhibiting
the conversion of droplets into fibrils. Molecular docking re-
vealed that claramine and LL-III bind to the 𝛽6 and 𝛽7 mo-
tifs in respectively 4 and 5 out of 9 docking runs (Figures S36
and S37, Supporting Information), suggesting that these mo-
tifs may play important roles in the regulatory mechanisms of
these molecules. Recently, the Huang group combined advanced
structural prediction tools with in silico virtual screening to de-
sign LLPS-inhibitory peptides.[59] A similar strategy could be
employed for 𝛼Syn, whereby small-molecule inhibitors target-
ing the 𝛽6 and 𝛽7 motifs may provide a compelling approach
to modulate 𝛼Syn phase separation and prevent subsequent
aggregation.
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Figure 7. Schematic figure showing the identified seven 𝛽-sheet-rich motifs of 𝛼Syn and the phase separation mechanism revealed in this study. Left:
Diagram of the conformational ensemble of monomeric 𝛼Syn, highlighting the multiple shallow free energy basins separated by low energy barriers
and the conformational diversity. Middle: Diagram of the 𝛼Syn amino acid sequence, with key motifs for fibrillization and those for LLPS respectively,
highlighted in red and green. Right: Depiction of the intermolecular interactions driving the phase separation of 𝛼Syn and the persistent and transient
interactions between 𝛽-sheet-rich motifs.

7. Conclusion

In our study, we utilized a combination of multiscale simula-
tions and experimental approaches to elucidate the molecular
determinants that drive the phase separation of 𝛼Syn and the
pre-solidification of its condensates. Through REMD simulation
on monomer and million-atom MD simulation on condensa-
tion and pre-solidification processes, we demonstrated the pivotal
roles of 𝛽-sheetH-bonding, hydrophobic, and 𝜋–𝜋 interactions in
driving phase separation. We identified seven 𝛽-sheet-rich mo-
tifs that form an interconnected network via persistent and tran-
sient H-bonding interactions. Among them, 𝛽1-𝛽5 motifs pro-
vide persistent interactions that promote 𝛼Syn aggregation and
are crucial for fibrillization, and 𝛽6/𝛽7 motifs engage in tran-
sient H-bonds that regulate the liquidity of the condensate and
are critical for LLPS. Our predictions were validated by coarse-
grained simulations as well as ThT and imaging experiments
on motif-deleted 𝛼Syn variants. Figure 7 presents a schematic
diagram depicting the multi-basin conformational ensemble of
monomeric 𝛼Syn, alongside the seven identified 𝛽-sheet-rich
motifs and the phase separation mechanism elucidated in this
study.
Collectively, this study identifies key residues essential for

𝛼Syn LLPS and fibrillization, reveals a close correlation between
monomeric conformational properties and phase behavior of
𝛼Syn, and elucidates the molecular interactions driving 𝛼Syn
LLPS. Our findings offer a comprehensive understanding of the
molecular determinants governing 𝛼Syn phase separation. This
research could lead to significant advances in treating diseases
associated with 𝛼Syn by targeting the critical regions involved in
LLPS and fibrillization.
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