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ABSTRACT

Intrinsically disordered proteins (IDPs) exert pivotal roles in Phase Separation Coupled to Percolation (PSCP), a process that drives the
formation of functional biomolecular condensates linked to diverse cellular physiological activities. In this study, we investigate how sequence-
encoded mesoscopic patterning modulates PSCP in IDP systems by leveraging the classic stickers-and-spacers framework, combined with
coarse-grained molecular dynamics simulations. Intriguingly, our analysis demonstrates that the distribution of stickers plays important roles:
compactness of sticker arrangement on IDPs exerts a substantial influence on IDP clustering process, while the patterning heterogeneity of
the arrangement additionally impacts the morphology of the resulting aggregations. Subsequent findings elucidate that sparse and homoge-
neous stickers facilitate the emergence of robust aggregation, whereas proximal sequential organization directly induces dispersed and small
clusters. These discoveries are validated through the statistical quantification of void volume fraction ¢,,,;4 (serving as a referential measure
for condensate maturation) in conjunction with the quantification of the total stickers present on the cluster surfaces. Collectively, this work
may shed new lights on the underlying mechanism for regulating IDP-mediated phase separation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0323902

INTRODUCTION structure-function paradigm in protein science, also play a cru-

cial and irreplaceable role in driving PSCP within organisms.”* ”’
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It is widely recognized that phase separation is a prevalent
physiological phenomenon in cells;' * among these processes, Phase
Separation Coupled to Percolation (PSCP), a phase transition pro-
cess defined by synergistic density and connectivity transitions,
is particularly relevant to the sticker-spacer intrinsically disor-
dered protein (IDP) systems investigated herein.”® The formation
of numerous membraneless organelles or condensates is associated
with such phase separation processes involving biomolecules.
These condensates play critical roles in organizing biochemical
processes, facilitating essential functions, such as transcriptional
regulation,'”'" stress responses,'”'’ and the assembly of signal-
ing complexes,'* allowing for the compartmentalization of cellular
activities without the need for membrane-bound structures.””

Recent experimental studies have increasingly demonstrated
that intrinsically disordered proteins (IDPs),'”** which constitute
a significant class of biomolecules that challenge the traditional

In contrast to folded proteins,lH U IDPs exhibit exceptional con-
formational flexibility and do not adopt a stable three-dimensional
architecture under physiological conditions.” " Owing to their
intrinsic disorder, IDPs possess a distinctive capacity for molecu-
lar interactions—an ability that is essential for driving the density
changes (via cluster assembly or disassembly) and connectivity tran-
sitions (via inter-cluster association or void network formation) that
underpin PSCP. This capacity further supports a broad spectrum
of cellular functions, including signaling, regulation, and cellular
organization.”” ** Disruptions in the PSCP of IDPs have been impli-
cated in several neurodegenerative disorders,””'""** highlighting
the importance of understanding the mechanisms underlying this
phenomenon.

Generally, IDPs feature a dual-module architecture, one com-
prising regions with pronounced interactions and the other con-
sisting of regions devoid of significant interactions, the latter
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serving predominantly as a connector.”’*° A distinctive approach
in contemporary coarse-grained hierarchical simulations exam-
ining the phase separation behavior of IDPs involves modeling
the significantly interacting modules within the IDP sequence as
“stickers,” while the primarily connective segments are designated
as “spacers.””’ ' This methodology is crucial for accurately captur-
ing the fundamental properties inherent to the structural sequence
of IDPs. Importantly, emerging evidence emphasizes that the lin-
ear patterning of substantial interaction motifs along IDP sequences
determines their phase separation behavior. For instance, site-
directed mutagenesis targeting aromatic residues (Tyr/Phe) in the
intrinsically disordered regions (IDRs) of Ddx4 and BugZ was found
to restrict phase separation behavior;"””’ moreover, the mutation
of Tyr residues in an IDR of hnRNPA2 inhibited the formation
of phase-separated droplets.”* The measured saturation concentra-
tions across all twelve constructs collectively exhibited an inversely
proportional relationship with the product of tyrosine and arginine
sticker residue counts yet display structural-concentration diver-
gences even when their sticker-product values are identical.” These
findings underscore that IDP phase behavior depends not merely on
the interaction valency and strength, concepts central to hierarchi-
cal models that account for both strong sticker—sticker and weak
spacer—spacer interactions,” but is also exquisitely regulated by
their linear patterning along the sequence. This offers a design prin-
ciple for engineering biomaterials and targeting PSCP-associated
disorders. While the importance of sequence features is recognized,
the qualitative rules governing how the one-dimensional patterning
of stickers, specifically the statistical characteristics of inter-sticker
spacing, determines condensate architecture remain to be fully
characterized.

To contend with this issue, we deploy the stickers-and-spacers
modeling framework. While it is now appreciated that spacers can
contribute non-specific interactions and modulate phase behavior,*®
we employ a reductionist model where spacers are treated as inert,
repulsive segments. This deliberate simplification is essential to iso-
late the specific, causal impact of one-dimensional sticker patterning
from the confounding effects of spacer properties. Through this
approach, we reveal that the sequence patterning of stickers in IDPs
crucially dictates their phase-separation behavior. The sequence
architecture is mainly characterized by two parameters: the mean
distance A between adjacent stickers and the variance £ of these
distances. These metrics respectively quantify the intrachain sticker
compaction and the distribution heterogeneity of the stickers. Our
extensive simulations demonstrate that the degree of local sticker
clustering dictates the size of the aggregate clusters, while the hetero-
geneity in inter-sticker spacing further influences the morphology
of the condensates. Further systematic analysis has revealed that
robust clustering predominantly occurs in IDPs characterized by a
sparse and homogeneous distribution of stickers, whereas a dense
distribution of stickers directly fosters the formation of small and
dispersed clusters, as validated by the statistical analysis of the void
volume fraction that serves as a referential measure for clustering
participation and the quantification of the total stickers present on
the cluster surfaces. These findings may provide essential theoretical
insights for modulating IDP phase separation, with potential impli-
cations for addressing neurodegenerative diseases linked to IDP
aggregation.
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MODELS AND METHODS

We consider a system composed of n; IDPs, each with
the coarse-grained stickers-and-spacers model of IDP, which is
schematically illustrated in Fig. 1. Under the framework of this mod-
eling, the strongly interacting modules within IDP sequences are
coarse-grained as spherical “stickers” (represented by blue spheres)
with characteristic diameter o. and mass m., while the predom-
inantly non-interacting linker segments are modeled as “spacers”
(depicted by red spheres) with diameter o, and mass m,. The
simulated system comprises #; independent IDP chains, each con-
taining a fixed total of n. stickers and n, spacers. This study
specifically investigates how the linear arrangement of stickers along
the polymer backbone influences phase separation behavior, while
maintaining constant total sticker content.

To characterize the distribution patterns of these stickers along
the IDP, we define the inter-sticker spacing distance x (1 < x < 20),
and the distribution pattern is described by two key parameters:
the mean spacing A and variance & = ¢ of x, to quantify the com-
pactness and heterogeneity of the sticker distribution. Although the
theoretical maximum inter-sticker spacing could exceed 20, exces-
sively large spacing values would lead to extremely heterogeneous
spacer allocation across different sticker pairs. This heterogeneity
would result in a drastic increase in the variance of inter-sticker
spacing, making it impossible to stably reproduce the predefined
target variance values that are critical for our comparative analy-
sis. It is crucial to note that conformational degeneracy persists even
under fixed parameters (A, £) quantifying sticker sequence distribu-
tion. In our simulations, all IDP chains in our simulation system
do not share an identical sequence; instead, each chain is stochas-
tically generated under the constraint that the mean and variance
of its inter-sticker spacing conform to the predefined parametric
values. In other words, any IDP chain sequence that satisfies the
target statistical characteristics of sticker spacing was included in
the system, leading to a library of diverse sequences rather than a
homogeneous set of identical chains. Furthermore, in addition to
the sequence heterogeneity, the initial three-dimensional confor-
mations of these 2000 chains were also randomly assigned. Collec-
tively, this dual randomization (sequence and initial conformation)

. Spacers .

FIG. 1. The coarse-grained stickers-and-spacers model for IDPs employs an ide-
alized representation where strongly interacting domains within IDPs are mapped
as spherical stickers (blue spheres) with diameter o, and mass m, while the pre-
dominantly non-interacting linker segments are modeled as spherical spacers (red
spheres) with diameter g, and mass m,. The simulation contains n; independent
IDP chains, each comprising a fixed total of n; stickers and n, spacers arranged
in sequence. To characterize the distribution patterns of these stickers along the
IDP, we define the inter-sticker spacing distance x (1 < x < 20), and the distribu-
tion pattern is described by two key parameters: the mean spacing A and variance
& = ¢2, to quantify the compactness and heterogeneity of the sticker distribution.
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constructs a heterogeneous conformational ensemble, which bet-
ter mimics the intrinsic diversity of natural IDP systems, rather
than a homogeneous system with identical sequences and con-
formations. For each combination of A and &, we performed five
fully independent simulations. The key details of these indepen-
dent runs are as follows: Each replicate was initialized with distinct,
uncorrelated starting states, including random spatial distributions
of the 2000 coarse-grained chains (each comprising 100 beads)
and random initial conformations of individual chains. No overlap
or correlation existed between the initial configurations of differ-
ent simulations, ensuring the independence and statistical validity
of each replicate. The intrachain bonded interactions in IDPs are
modeled through harmonic spring potentials Uy (1) = K (rij — 10)°,
wherein r;; denotes the distance between the corresponding ith and
jth units and K, represents the spring constant. Inter-sticker non-
bonded interactions are described by an attractive Lennard-Jones
(LJ) potential Ue(rij) = 4em[(a“/rij)lz - (Ucc/rij)6], wherein € and
o here and after denote the L] well depth and zero-potential distance,
respectively. The sticker-spacer and spacer-spacer interactions
are governed by the purely repulsive Weeks-Chandler-Andersen

(WCA) potential Uyp(ryj) = 46“/;[(0'0“3/?’,‘1')12 - (aal;/r,-j)6] + €qp for

rij < V/20,5 and Uyg(rij) = 0 otherwise, wherein af = cp or pp. Itis
important to state that our treatment of spacers as purely repulsive
is a deliberate reductionist choice and a specific theoretical construct
of this model. This approach is not intended to negate the estab-
lished understanding that spacers in real IDP systems can contribute
weak, non-specific interactions and modulate phase behavior. In
contrast, by defining spacers as inert, we aim to isolate the spe-
cific, causal impact of one-dimensional sticker patterning on cluster
architecture, systematically eliminating the confounding effects of
spacer properties. The insights gained from this well-defined base-
line are crucial for deconvoluting the complex drivers of phase
separation. To streamline the computational framework, our CG
model employs L] and WCA potentials not as literal representa-
tions of specific interactions (e.g., hydrophobic, cation-nt, and H-
bonding) but as effective potentials that collectively capture the net

Shape of cluster
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thermodynamic consequences of these underlying chemistries in
driving phase separation. The L] attraction term implicitly integrates
the cohesive effects arising from hydrophobic burial, weak van der
Waals forces, and transient non-specific attractions. Conversely, the
WCA repulsion encodes steric exclusion and charge repulsion (at
short ranges).

The diameter of spacers 0, the interaction strength between
two different spacers €yp, and the mass of spacers m, are cho-
sen as basic units. Other parameters are set as follows: n; = 2000,
ne = 20, np, = 80, K = 100,79 = 1.0, 0c = 1, m = 1, €pc = 1.0, €cc = 2.5,
Occ = %% = 1.0, 0 = G‘;ap = 1.0, and opp = szo" = 1.0. Molecular
dynamics simulations were performed using the LAMMPS package
on systems containing IDP chains with sticker distributions char-
acterized by two parameters A and & in a 220 x 220 x 220 box with
periodic boundary conditions. The Nose-Hoover hot bath of tem-
perature T = 1.0 is adopted to ensure NVT ensemble sampling. The
integration time step was set to 8t = 0.01, and 10° steps are used
for equilibration. Dynamic variables are averaged over 2 x 10° steps
in the equilibrium state, and all the snapshots shown below are
recorded at time.

RESULTS AND DISCUSSION

To elucidate the role of sticker linear patterning in governing
IDP phase separation behaviors, Fig. 2 presents the characteris-
tic simulation snapshots for two extremal configurations: optimally
uniform distribution (£ = 0) and most sparsely packed arrangement
(A =5). It is unequivocally evident that the alterations in the A
parameter exert a profound influence on cluster growth, with the
maximum cluster size exhibiting a positive correlation with vari-
ations in A. In other words, the alignment of stickers within the
sequence exerts a considerable influence on modulating the cluster-
ing of IDPs; in particular, a sparse arrangement enhances the phase
separation propensity of IDPs when stickers are evenly distributed.
Moreover, we also explore the impact of distributional heterogene-
ity on IDPs’ phase separation behavior, while maintaining a fixed
mean spacing (A = 5) for the sticker distribution. It is apparent that

o8

FIG. 2. Typical snapshots of IDPs featuring stickers arranged under varying conditions encompassing different distribution patterns, when stickers are optimally uniformly

distributed & = 0 and most sparsely packed A = 5.
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the distributional heterogeneity significantly alters the cluster mor- approach still physically represents the degree of heterogeneity in the
phology for the sparsest configuration. Collectively, these results spacing of the sticker distribution. It is evident that the phase
underscore the pivotal role of the arrangement of stickers on the IDP separation behavior of IDPs undergoes pronounced alterations in
chain in governing both the clustering behavior and morphological accordance with the variations in the A value that parameterizes
characteristics of IDP phase separation. the sequence; in particular, an elevation in the A value of invariably

To facilitate a comprehensive comparison of the simulated  facilitates the emergence of larger clusters, even when the variance
snapshots across various patterning scenarios, we meticulously remains constant. Notably, the & value associated with stickers’ dis-
aggregated and integrated the simulated snapshots from diverse tribution exerts negligible influence when the A value is minimal,
distribution cases to construct a holistic overview, as illustrated  while it substantially affects both its clustering and morphological
in Fig. 3. For the rare cases where the distribution does not characteristics when the A value is elevated. It is crucial to emphasize
meet the specific variance value, we adopt the arrangement most that an intensification of the distributional heterogeneity of stick-
closely approximating the selected variance as a substitute; this ers appears to induce an increasingly pronounced deviation from

K *®
] ¢
hd ® C -
- n nl . . .
g FIG. 3. Representative simulation snap-
4 shots under different configurations,
by which are strategically selected across
distinct parameter values of & and A;
for the rare cases where the distribu-
- tion does not meet the specific variance
value, we adopt the arrangement most
closely approximating the selected vari-
: ance as a substitute. This approach still
) ; physically represents the degree of het-
e Ty erogeneity in the spacing of the sticker
- distribution.
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FIG. 4. Statistical values of sticker quantities on cluster surfaces varying as functions of parameters (a) ¢ and (b) A, respectively.
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spherical symmetry, with the clusters becoming progressively more
distorted and asymmetric.

Given the pronounced interactional characteristics of stick-
ers along the IDP chain, a more profound comprehension of the
substantial disparity in cluster sizes and morphologies induced by
divergent sticker arrangement sequences necessitates a meticulous
quantification of the total stickers present on the cluster surfaces,
as illustrated in Figs. 4(a) and 4(b). Crucially, the influence of £
becomes markedly significant in modulating the distribution of sur-
face stickers when A is large. In particular, the presence of several
stickers in close proximity within the IDP chain induces a configu-
ration where the majority of IDPs align head-to-head at the cluster
core, while the cluster surfaces are predominantly occupied by spac-
ers that exhibit negligible interactional effects. This arrangement fos-
ters a more dispersed, less cohesive clustering structure rather than
the formation of a singular, dominant aggregate, and this finding is
in consonance with those snapshots depicted in Fig. 2. Moreover,
when A is small, the effect of £ is negligible on the total number of
surface stickers, corroborating the minimal morphological changes
observed in Fig. 3 under the same conditions. In addition, Fig. 4(b)
underscores that the variations in A exert an undeniable influence on
the distribution of surface stickers when the & value is fixed, particu-
larly for & = 0. The statistical analysis of surface sticker distributions
reveals the underlying clustering tendencies, which are consistent
with the morphological trends observed previously.

In order to accurately quantify the degree of phase separation
within the sticker arrangement sequence, we meticulously ana-
lyzed the volume fraction of voids under the specified conditions.
In particular, we employed a unit-based scanning method using a
cubic unit cell, ensuring an unambiguous classification of particle-
occupied and unoccupied regions, to systematically analyze the
entire domain of each scenario presented in Fig. 3. The box is par-
titioned into non-overlapping 20 x 20 x 20 lattice-unit small grids,
which are scanned sequentially. Each grid is labeled “occupied” if
occupied by particles, or “void” if empty. In 3D space, void grids are

(@) 4]

0.6 1

0.5 4

void

<04+

0.3 4
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0.1 1
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defined as “connected” only via face-sharing adjacency; those con-
tacting solely through edges or vertices are excluded from connected
void clusters to avoid the overestimation of void connectivity. The
total void volume fraction is the ratio of all void grids to the total
grid count, while the maximum void volume fraction refers to the
ratio of grids in the largest connected void cluster to the total grid
count. Utilizing the smallest void as a fundamental unit, designated
as 20 x 20 x 20, we computed the corresponding max and total void
volume fractions for each scenario depicted in Fig. 3, as presented in
Figs. 5(a) and 5(b).

These metrics can be employed as an order parameter to indi-
rectly assess the extent of IDPs’ involvement in the phase separation
process. Our grid-based approach is tailored to our system’s focus on
cluster-void coexistence, and it provides an indirectly, macroscop-
ically representative measure of the density transition in PSCP. In
particular, the total void volume fraction quantifies the overall sep-
aration between dense (cluster) and dilute (void) phases: a higher
total void volume fraction indicates more pronounced density par-
titioning between clusters and the bulk. The maximum void volume
fraction we reported is inherently a connectivity metric: a larger
maximum void volume fraction indicates that unoccupied regions
are highly interconnected, which corresponds to more aggregated
clusters and stronger system-level connectivity; conversely, a smaller
maximum void volume fraction reflects fragmented clusters and
weaker connectivity. In particular, when protein clusters are highly
dispersed, occupied grids distribute uniformly and widely across the
system, leading to several isolated small voids and, thus, smaller total
and maximum void volume fractions. In contrast, when large aggre-
gated clusters form, occupied grids concentrate in localized regions,
allowing adjacent void grids to merge into large connected domains,
which results in larger total and maximum void volume fractions
and better void connectivity.

Notably, as depicted in Fig. 5, when the variance is fixed, an
increase in the A value (which signifies a more sparse distribution)
corresponds to a significantly larger maximum and total void size.

(®) o]

0.7 1
0.6
0.5

0.4

¢ void

0.3+
0.2

0.1+

0.0+

Total void

S1:€€'6l 920T Ydie 1o

FIG. 5. Statistical summary diagram of (a) the maximum void volume fraction and (b) the total void volume fraction across the parameter (£-1) space.
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FIG. 6. Global picture of the statistical total void volume fraction across the two-dimensional parameter (£-1) space at (a) T = 0.8, (b) T = 1.0,and (c) T = 1.5.

This observation suggests that the sparsity of the sticker distribu-
tion facilitates an enhanced degree of phase separation in the IDP
components.

However, when the average interspacing of distribution is rela-
tively small, the variance (the non-uniformity of the arrangement)
exerts a negligible influence on the phase separation behavior. In
stark contrast, a pronounced alteration in the sticker distribution
is evident when the average interspacing is large. Evidently, under
the sparse sticker distribution, the non-uniformity in the distribu-
tion imposes a significant constraint on the formation of large voids.
Only under conditions of diminished variance, indicating a nearly
homogeneous arrangement of stickers, does the system demonstrate
an augmented tendency toward the generation of extensive voids,
concurrently facilitating the emergence of pronounced cluster for-
mations. This discovery provides the additional validation of the
trends delineated in Fig. 3. Primarily attributable to the dense con-
figuration of stickers on IDPs, numerous small clusters are dispersed
throughout the system—precluding the formation of large, robust
aggregations—and ultimately leading to a significant reduction in
the system’s void volume fraction, a direct consequence of non-
uniform sticker distribution. This observation finds strong support
in experimental data from Wu et al.,”” who used single-fluorogen
tracking and super-resolution imaging to visualize nanoscale
spatial inhomogeneity in A1-LCD condensates: specifically, the
coexistence of small, slow-moving hubs (formed by reversible cross-
linking of aromatic stickers) and fast-dispersed molecules. Their
experimental characterization resonates with the core trend of our
simulation—namely, that sticker patterning is a key regulator of
cluster heterogeneity, as dense sticker configurations similarly favor
dispersed small clusters over large aggregations, aligning with our
measured reduction in void volume fraction.

Furthermore, to provide a comprehensive overview that eluci-
dates the parameter space conducive to phase separation, we gen-
erated a global picture illustrating the two-dimensional parameters
at three distinct temperatures, as depicted in Fig. 6. This figure dis-
tinctly illustrates that significant void occupation is observed only
when stickers are distributed with both large spacing and high uni-
formity across all three temperatures. Smaller distribution spacing
and greater patterning heterogeneity inhibit the formation of large
voids, indicating that they hinder the development of large, dense
clusters within the system. This observation underscores that robust

clustering predominantly occurs in IDPs characterized by a sparse
and uniform distribution of stickers, whereas a dense distribution
of stickers directly fosters the formation of small, dispersed clus-
ters. In particular, published experimental studies’”>”® on model
IDPs (e.g., FUS, hnRNPA1, and LAF-1 RGG domains) and related
biophysical assays collectively indicate that modulating the spatial
distribution of sticker residues (arginine/tyrosine) alters IDP phase
separation propensity, with uniformly dispersed stickers favoring
the formation of more stable condensates; these overall experi-
mental trends are broadly consistent with the clustering behavior
predicted by our simulations. The results are in full agreement with
the aforementioned discussion, further corroborating the observed
trends.

CONCLUSIONS

In summary, our systematic investigation employing the
stickers-and-spacers model has unraveled how coarse-grained
sequence patterning in IDPs governs their phase separation behav-
ior. Strikingly, our systematic analysis reveals that the compact-
ness of sticker alignment on IDPs exerts a pronounced regulatory
influence on the clustering of phase-separated aggregations, while
the heterogeneity in arrangement spacing periodicity further alters
the morphology of the resulting cluster assemblies. Further inves-
tigations reveal that robust clustering emerges predominantly in
systems within IDPs exhibiting sparse and homogeneous sticker dis-
tribution, whereas densely packed sticker configurations promote
fragmented, spatially dispersed cluster formation. These conclu-
sions are strongly supported by the statistical quantification of the
void volume fraction (serving as a referential measure for conden-
sate maturation), complemented with the meticulous quantification
of the total stickers present on the cluster surfaces. These results
may establish mechanistic principles for modulating IDP-governed
phase separation, directly linking its regulation to therapeutic strate-
gies targeting neurodegenerative diseases driven by pathogenic IDP
aggregation.
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