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Summary. Biomolecular condensates are ubiquitous structures found throughout eukaryotic cells, with
nuclear condensates playing a key role in the mesoscale organization and functionality of the genome™?.
Protein- and RNA-rich liquid-like condensates form through phase separation on and around chromatin,
driving diverse condensate morphologies with varying sphericity and intra-condensate chromatin
density®®. However, a unifying set of physical principles underlying these varied interactions and their
implications for chromatin organization remains elusive. Here, we develop and experimentally validate a
mesoscopic model that bridges the physics of phase separation and chromatin mechanics. Specifically,
by integrating computational modeling with experiments using two canonical condensate proteins, the
heterochromatin protein HP1a, and the euchromatin protein BRD4, we demonstrate that wetting
properties and chromatin stiffness shape condensate morphology, while condensates remodel
chromatin mechanics and organization. This two-way interplay is governed by elastocapillarity—the
deformation of chromatin by condensate interfacial tension — and resolves discrepancies in nuclear
condensate behavior, with emergent behaviors that deviate from the simplest liquid-liquid phase
separation (LLPS) models®®. Our findings underscore that nuclear condensates and chromatin cannot be
studied in isolation, as they are fundamentally interdependent, impacted by biomolecularly-defined
wetting properties, with implications for genome organization, transcriptional regulation, and epigenetic
control in diverse phenotypes, including cancer*>'®. Beyond the nucleus, the methodologies we present
offer a generalizable platform for exploring multiphase, multicomponent soft matter systems across a
broad range of biological and synthetic contexts™'.

In the cell nucleus, liquid-like condensates including large-scale nuclear bodies are embedded in the
chromatin matrix, and their interactions with chromatin are intimately linked with their biological
functions (Fig. 1a). While both euchromatin- and heterochromatin-associated condensates, such as
those driven by the proteins BRD4 and HP1da, form spherical mesoscale droplets in vitro>™*, their
behavior in cells deviates from that of simple liquid droplets. Intracellular condensates enriched in these
proteins exhibit differential shapes, structures and functionalities, significantly influenced by the nature
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of their interactions with heterogeneously modified and distributed chromatin'***%, BRD4, a
component of transcriptional initiation condensates****%, is predominantly located at chromatin-sparse
regions (Fig. 1b) while HP1a, which aids gene repression'>*7?* localizes to chromatin-rich compartments
near the nuclear or nucleolar peripheries which are often aspherical and irregularly shaped (Fig. 1c). This
deviation from the spherical morphology expected from conventional LLPS has prompted debate
regarding the role of phase separation in the formation of heterochromatin domains*?, but could result
from the deformation of the condensate by the surrounding mechanical environment.

Previous models of nuclear organization have typically focused on either chromatin fiber organization®*°

or condensate properties®'’3'3? in isolation. However, these features are inherently interdependent, as
condensates are tightly coupled to surrounding structures, including not just chromatin®®, but also
membranes®****, and cytoskeletal filaments**°. We thus sought to develop a modeling framework that
incorporates both phase separation and the chromatin network; an ideal model would use minimal
parameters, be directly linked to surface tensions and elasticity, and capture the complex morphological
changes in the liquid-fiber mixture at low computational costs***?. To achieve this, we developed a
model representing the condensate (A), filaments (F), and nucleoplasm (B) by their volume fraction

fields q)i(r) (i = A, F, B) at spatial location r. The filament q)F(r) =) K(r - rl,) consists of Gaussian
i

contributions K from each bead located at T, (Fig. 1d). The total energy E of the system consists of the

bending and stretching energies of the filaments and a chemical energy that generates surface tension
between condensate (a), nucleoplasm (B), and the filament (F) phases based on pairwise interaction
energy parameters X (See Methods for details)****. Large values of X, correspond to a disfavored

interaction between the condensate and the filament, resulting in a large surface tension Y Our model

captures a spectrum of condensate-filament interactions with varying contact angles (Fig. 1d, bottom;
see Supplemental Information and Extended Data Fig. 1a for the relationship between Xij and surface

tension). Condensates and filaments evolve toward equilibrium via diffusion and overdamped dynamics,
respectively (see Methods). Importantly, results of our diffuse interface model (Fig. 1d, Supplemental
Video 1) agree quantitatively with classical elastocapillary simulations®™® (Extended Data Fig. 1b).

Having established its validity, we proceed to apply our model to the interaction between condensates
and a crosslinked filamentous network, as a coarse-grained model for chromatin*~* (Extended Data Fig
1c), which can withstand mechanical deformation with finite stiffness>>*.

We begin by exploring how interfacial wetting shapes morphology — three-dimensional simulations (see
Supplemental Video 1 for rotating 3D views) show that nonwetting condensates (purple) exclude
crosslinked filaments and form a spherical droplet (Fig. 1e), neutrally wetting condensates permeate the
filamentous network (Fig. 1f), and wetting condensates (orange) colocalize with and condense
crosslinked filaments (Fig. 1g). Two-dimensional simulations in Extended Data Fig. 1d show qualitatively
similar morphologies and will be used in the subsequent discussions.
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Figure 1. A biologically inspired model of condensate-filament interaction. (a) Micrograph of cultured human
HEK293 cell nuclei stained with DNA-labeling Hoechst (magenta) and antibodies recognizing BRD4 (cyan) and HP1a
(orange), contain (b) chromatin-depleted euchromatic BRD4 condensates and (c) chromatin-enriched
heterochromatic HP1a condensates, enlargements at right, condensates indicated with arrows. (d) In our
computational model, the condensate is represented by a continuum volume fraction field cI)A(r). The filament is

represented by beads located at T, (i = 1,2,...), each contributing a Gaussian kernel K(r — ri) to the volume
fraction of the filament d)F(r). Vo Yar Ypr 2T€ surface tensions between the condensate phase («), the
nucleoplasm phase (), and the filament (F). Below the schematics are simulations of condensate wetting on a rigid
and flexible filament in 2D. With increasing wettability, the contact angle GC = Cos_l[(yBF - thF)/thB]

decreases and the filament-condensate contact area increases. 3D simulations of nonwetting (e), neutrally wetting
(f) and wetting (g) condensates in the fiber network in a periodic domain (Left: full. Right: half domain). The inset
below is the maximum intensity projection of a thin slice near the center plane. See Methods for simulation details
and parameters. See also Extended Data Fig. 1 and Supplemental Video 1.

Chromatin density and stiffness determine condensate size

To explain the wide spectrum of condensate shapes, sizes, and chromatin interaction behaviors seen in
the cell nucleus, we sought to use our model to systematically explore how condensate morphology is
impacted by condensate wettability and the mechanical properties of the fiber network. We vary the
wettability of the condensate w = (YBF - Y(xF)/Y(xB and the elastocapillarity number®, defined to be the

ratio of condensate surface energy to elastic energy h = Y(x(z/(Glo)’ where l0 is the mesh size, and G is

the elastic shear modulus, which reflects the rigidity of the fiber network and can be controlled by
varying the fraction of removed edges in the fiber network, P, (Extended Data Fig. 2a). Simulations on

the 2D phase diagram (Fig. 2a, Supplemental Video 2) show distinct regimes; in sparse and soft fiber
networks, strongly nonwetting condensates exclude the fibers and form large spherical droplets, which
we call the cavitation regime, while strongly wetting condensates wet all the fibers and form non-circular
shapes, which we call the engulfment regime (Fig. 2b). In denser fiber networks, the nonwetting phase
forms smaller and smaller droplets until it is on the order of the mesh size, which we refer to as the
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microdroplet regime. An order of magnitude estimate of the elastocapillary number of experimental
systems suggests that it can range from 5x107 to 50 (see Methods for the calculation®®) indicating that all
three regimes are possible in the cell nucleus. In the w — h phase diagram (Fig. 2b), the nonwetting
phase size increases with increasing |p|, the contours of the droplet size are well captured by the
permeoelastic number p = wh, i.e. the ratio of wetting energy to elastic energy, and the droplet size
increases with increasing |p| (Extended Data Fig. 2b). In regions where wetting energy dominates over
elastic energy (|p|>1), capillary forces overcome the mechanical resistance of the fiber network, forming
larger droplets. Furthermore, in Extended Data Fig. 2c-e, we demonstrate that increasing |p| still
captures the trend of increasing droplet size with decreased stiffness when the rigidity of the network is
varied by changing the fiber bending stiffness rather than bond dilution.

Within the nucleus, the density of the chromatin network is heterogeneous. To understand how
differential chromatin density within a closed nucleus influences the size distribution of
chromatin-wetting and nonwetting condensates, we simulated a network with a linear gradient in fiber
density (Extended Data Fig. 2f). At equilibrium, we observe smaller and fewer nonwetting condensates in
the densely connected region on the left, and larger condensates in the sparsely connected region on
the right (Fig. 2d). The condensate size is inversely correlated with chromatin density (Fig. 2d) or
chromatin stiffness (Extended Data Fig. 2g-i). To experimentally demonstrate the condensate size
distribution in a tractable manner, we created nonwetting synthetic condensates using the Corelet
system, a light-inducible method of oligomerizing condensation-prone proteins to trigger their phase
separation on demand in living cells*®. Endogenously, the BRD4 protein contains an intrinsically
disordered region (IDR) that mediates condensation through self interaction, and two bromodomains
which bind acetylated histone tails. First, we consider only the self-interacting IDR, investigating the size
of Corelet-induced synthetic BRD4"™® condensates as a function of the local chromatin density. Consistent
with prior work®>*® and simulations of nonwetting droplets (Fig. 1e, 2a), upon light induction, BRD4"®
Corelet condensates are formed throughout the nucleus (Fig. 2c, left), with smaller condensates tending
to form in regions with higher initial chromatin density, and larger condensates in areas with lower initial
chromatin density®’ (Fig. 2c, right). As condensates grow they exclude chromatin (Supplemental Video 3),
similar to the cavitation holes observed in simulations.

We next sought to examine the effect of chromatin heterogeneity on wetting condensates, using the
same simulated network. Interestingly, we observe an increased localization of wetting condensates in
areas of higher connectivity, shown by the positive correlation between local chromatin density and local
condensate volume fraction (Fig. 2f). To experimentally demonstrate the distribution of wetting
condensates, we again turn to the Corelet system, this time inducing oligomerization of heterochromatin
protein HP1a. We find that HP1a chromatin-wetting condensates preferentially form in areas of high
chromatin density (Fig. 2e, Supplemental Video 3), consistent with our simulations.

Together, these results explain how condensates can influence chromatin organization through cavitation
or engulfment, how chromatin rigidity can influence condensate formation, and that differential
chromatin density within one nucleus can regulate the size, shape and positioning of embedded wetting
and nonwetting condensates.
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Fig. 2 Wettability and elastocapillary number define three regimes of condensate-chromatin interaction in
simulation and experiment: Cavitation, Engulfment and Microdroplets. (a) A simulated phase diagram of phase
separation in a fiber network with varying fraction of removed bonds P, and wettability. Bonds are removed

sequentially from the same fully connected 2D fiber network on a hexagonal lattice, from which the shear modulus
G and hence the elastocapillary number h can be calculated as a function of D, (b) Phase diagram of the droplet

size that corresponds to (a). In regions where the magnitude of the permeoelastic number is large (
p > 1lorp <— 1 the wetting energy overcomes elastic energy and droplets are large. In regions where |p|<1,
droplets are small. The droplet size is defined to be twice the total area to perimeter ratio of the condensate phase
when Yo > YBF and that of the nucleoplasm phase when Y < yBFS“. (c) Experimental demonstration of

cavitation: local nonwetting condensate size differences due to chromatin density (left). Global activation of
BRD4"™® Corelet condensates (green) within a U20S cell nucleus with endogenous chromatin distribution (H2B)
marked in magenta. Quantification of droplet diameter as a function of chromatin density (right). The diameter of a

droplet is defined to be 24/A/m where A is the area of the droplet. The chromatin density is measured as H2B
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intensity at the site of droplet formation relative to the cell average before light activation. After binning chromatin
density, a box chart of droplet diameter within each bin shows the maximum, 75% percentile, median, 25%
percentile, and minimum (same for all box charts throughout the text). (d) A simulation of nonwetting condensates
(green) in a gradient fiber network (magenta) that is denser on the left and sparser on the right (left).
Quantification of condensate diameter as a function of the average density of pre-activation chromatin density in
the region occupied by the condensate (right). (e) Experimental demonstration of engulfment: local wetting
condensate enrichment at higher chromatin density (left). Global activation of HP1a Corelet condensates (green)
within a U20S cell nucleus with endogenous chromatin distribution (H2B) marked in magenta. Quantification of
HP1a enrichment as a function of chromatin density (right). The volume fraction was estimated by fluorescence
intensity of local HP1a and H2B relative to the average within each cell, then plotted across bins of chromatin
density. (f) Simulation of wetting condensates (green) in a heterogeneous fiber network (magenta, left).
Quantification of local wetting condensate volume fraction as a function of local chromatin density (right). See
Methods for simulation and quantification details. See also Extended Data Fig. 2 and Supplemental Videos 2, 3.

Chromatin-condensate wettability determines chromatin enrichment

We next sought to examine the biomolecular features that determine differential mesoscopic wetting to
chromatin, again focusing on heterochromatic HP1a and euchromatic BRD4 as model proteins. BRD4
contains a long C-terminal IDR that drives its phase separation, as well as two N-terminal bromodomains
(BD) that bind acetylated histones (Fig. 3a-b). HP1a contains an H3K9-methylation binding N-terminal
chromodomain (CD), central flexible ‘hinge’ and C-terminal chromoshadow (CSD) dimerization domain
(Fig. 3c). Corelet-driven phase separation of full length BRD4 creates spherical condensates that cavitate
chromatin (Fig. 3a, Extended Data Fig. 3a Supplemental Video 4). Interestingly, in experiments,
full-length (FL) BRD4 cavitates chromatin to a similar extent as the BDR4 IDR alone (Fig. 3b, Extended
Data Fig. 3b), even though this construct is capable of binding acetylated chromatin. Conversely, full
length HP1a condensates engulf chromatin (Fig. 3c, Extended Data Fig. 3c), and such engulfment
depends sensitively on the presence of the chromodomain (Fig. 3d, Extended Data Fig. 3d). Consistently,
Corelet-driven oligomerization of BRD4’s bromodomains alone (BRD4®) permeate chromatin without
causing substantial changes to chromatin density, while oligomerization of HP1a’s chromodomain
(HP1a®) exhibits slight engulfment (Extended Data Fig. 3e-f), suggesting it provides stronger
chromatin-wetting than BRD4’s bromodomain.

To gain further insight into the relative impact of these domains on wetting behavior, we created a
chimeric construct (HP1a-BRD4), which combines the ability of the HP1la chromodomain to bind
methylated chromatin and localize to chromatin-dense regions, with the strong non-wetting behavior of
the BRD4 IDR. Strikingly, these two opposing effects result in decompaction of dense chromatin regions
(Fig. 3e, Extended Data Fig. 3g, Supplemental Video 4). The converse chimeric construct containing
BRD4’s bromodomains fused to HP1a’s hinge and CSD (BRD4-HP1a) also results in weak cavitation (Fig.
3f, Extended Data Fig. 3h), and remarkably in this example, the BRD4-HP1a construct is unable to localize
within the dense chromatin region at the center of the activation area, so it accumulates at the edge of
the activation region where chromatin density is lower.

Given the localization preferences of wetting and nonwetting condensates to form in higher and lower
chromatin density regions respectively (Fig. 2c-f), we next investigated the initial chromatin density
where each construct forms (pre-activation, x-axis), as well as resulting chromatin density upon
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condensate formation (post-activation, y-axis, Extended Data Fig. 3i). We find that constructs containing
the HP1a chromodomain (HP1a™, HP1a®, HP1a-BRD4) prefer to form in higher-than-average chromatin
density regions, while those containing the BRD4 bromodomains (BRD4™, BRD4®°, BRD4-HP1a) and
those lacking any chromatin-binding domain (BRD4'"™®, HP1a*®) prefer to form in lower-than-average
chromatin density regions. HP1a™ condensates both form in higher density chromatin areas and further
increase local chromatin density through engulfment, while BRD4™ condensates form in areas of lower
chromatin density and further reduce local chromatin density through cavitation. The chimeric
HP1a-BRD4 is uniquely able to localize to high density chromatin regions and reduce local chromatin
density (Fig. 3e, Extended Data Fig. 3i). Of note, chromatin density modulation occurs rapidly, on the
order of seconds as condensates are formed (Extended Data Fig. 3a-h), and is similarly quickly reversible,
suggesting that condensate-chromatin interactions could represent a time-sensitive mechanism for
regulating local mechanics, and potentially transcription, for cellular events requiring a rapid response.

Generalizing our theoretical model to represent the Corelet system and capture the physics of
light-induced phase separation via oligomerization (see Methods for model details), we find that
simulations recapitulate the local degree of cavitation or engulfment of chromatin observed across
live-cell experiments (Fig. 3g-h, Extended Data Fig. 3j, Supplemental Video 5) and that the chromatin
density in the activated region increases with increasing wettability of the condensate (Fig. 3j). Of note,
phase-separating proteins that wet (or dewet) chromatin demonstrate a greater extent of chromatin
engulfment (or cavitation) compared to the non-phase-separating proteins with the same chromatin
interaction energy (Extended Data Fig. 3j-I), supporting the experimental observation that, without the
IDR, HP1a displays weaker chromatin engulfment than HP1a™. Together, these experiments and
simulations demonstrate the range of influence that condensation-prone proteins exert on local
chromatin organization (summarized in Fig. 3i-j), and provide an initial characterization of their
governing modular domain architecture.
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Fig. 3 A spectrum of chromatin-condensate interaction driven by different biomolecular features. Local light
activation of (a) BRD4™, full-length BRD4, (b) BRD4"™, the C-terminal IDR region of BRD4 without the
acetylated-histone-binding bromodomains, (c) HP1a™, full-length HP1a, (d) HP1a“®, HPla without the
H3K9-methylation-binding chromodomain, (e) HP1a-BRD4, HP1l’s chromodomain fused to BRD4’s IDR (f)
BRD4-HP1a, BRD4’s bromodomains fused to HP1a’s hinge and CSD. Each panel shows the activation region (dashed
white circle) over the composite image, with separated channels to the side. Panel e shows two timepoints, before
condensate formation (Pre-activation) and 5 minutes of condensation (Post-activation). (g-h) Simulations of locally
activated nonwetting (g) and wetting condensates (h) (white dashed circle represents the activated region). The
green channel represents the total volume fraction of Core and the protein while the magenta channel represents
the volume fraction of chromatin. (i-j) Summary of the chromatin density changes upon activation in experiments
and in simulations as a function of Xgp — respectively. See also Extended Data Fig. 3 and Supplemental Videos

4, 5.

Xyp

Toward a holistic elastocapillary nuclear model

Chromatin-binding proteins including HP1a and BRD4 exhibit binding specificity to epigenetically
modified nucleosomes (e.g. acetylation or methylation), motivating approaches to model chromatin as a
block co-polymer with different ‘flavors’ of beads representing diverse epigenetic states®***®. We
therefore next studied how this block co-polymeric nature of chromatin patterning potentially interplays
with the physics of elastocapillarity.

Specifically, the chimeric constructs in Fig. 3e-f allow us to explore if the block polymeric nature of
chromatin can direct the formation of condensates at particular nuclear locations. HP1a-BRD4 can
accumulate in areas of high chromatin density enriched for histone methylation due to the presence of
chromodomain (Fig. 3e), while without the chromodomain, BRD4-HP1a is excluded from methylated
regions and only found at the periphery of the heterochromatic regions (Fig. 3f, Extended Data Fig. 3i,
Supplemental Video 3). This suggests that condensate shape and chromatin enrichment are strongly
influenced by the heterogeneous epigenetic nature of chromatin and the specificity of interactions with
condensates. Indeed, generalizing our model to filaments with blocks of differential condensate
wettability, (Fig. 4a), we find that condensates can specifically wet heterochromatic blocks and conform
to the irregular shape of the heterochromatin. In contrast, nonwetting condensates that do not interact
with either heterochromatic or euchromatic blocks have more circular shapes (Fig. 4a-b, Extended Data
Fig. 4aa). This prediction can be tested using the HPla and HP1a®® constructs — without the
chromodomain that binds the H3K9-methylation regions, HP1a%® condensates are more circular, contain
lower chromatin density (Fig. 4c-d, Extended Data Fig. 4bb), and are dissociated from H3K9 methylation
marks (Extended Data Fig. 4cc). Thus, both simulations and experiments confirm that phase separation
of HP1a with wetting to methylated chromatin regions conferred by the chromodomain can indeed give
rise to nonspherical condensates and drive heterochromatin compaction®. Moreover, we found in
experiments that co-expressed wild type HP1a and HP1a2%° largely coexist as separate droplets in the
same cell, with the latter exhibiting chromatin cavitation and higher circularity than the former
(Extended Data Fig. 4dd), consistent with simulations of an immiscible pair of wetting and nonwetting
condensates (Extended Data Fig. 4ee).

Wetting condensates can engulf chromatin and locally increase its density and hence stiffness,
suggesting they could also influence the size and distribution of nearby nonwetting condensates. Indeed,
in simulations of a system with coexisting wetting and nonwetting condensates mentioned above, we
find that removal of the wetting condensate results in 13% larger nonwetting condensates (Extended


https://paperpile.com/c/oI8Gou/YGpW+R1SX+bGqy+r32n+15ro
https://paperpile.com/c/oI8Gou/nlNE
https://doi.org/10.1101/2025.06.12.659369

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.12.659369; this version posted June 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Data Fig. 4f-gf-g). To experimentally investigate this relationship, we created light-induced nonwetting
synthetic BRD4"™ Corelet condensates before and after degradation of endogenous HP1aq, in a cell line
previously used to demonstrate nuclear softening upon auxin-induced degradation of HP1a®. The
average BRD4™ condensate diameter, measured in the same cells before and after degradation,
increased 25% from 1.2 um to 1.5 um (Fig. 4e-f), suggesting that indeed the presence of a
chromatin-wetting condensate can limit the size of a nonwetting condensate.

We reasoned that a likely mechanism for wetting condensates to contribute to chromatin stiffness is
through microscopic elastocapillary deformations that give rise to bulk changes in chromatin material
properties. To test this hypothesis, we probe the stiffness of wetted fiber networks in our simulations by
imposing a sheared periodic boundary condition and calculating the stress-strain relation (Supplemental
Video 6). We find that the removal of the wetting condensate decreases the stiffness substantially (Fig.
4g). Extended Data Fig. 4hh summarizes the linear shear modulus at zero shear as a function of
wettability and average volume fraction of the condensate, showing that the fiber network stiffens with
increasingly wettable condensates with an up to 11-fold increase in shear modulus compared to fibers in
a pure solvent. We underscore the remarkable fact that wetting condensates, a liquid, can increase the
overall stiffness of a solid material by over an order of magnitude®. Interestingly, the shear modulus has
a nonmonotonic dependence on the amount of condensate —a small amount of wetting condensate can
cause substantial stiffening due to fiber bundling, but an excess amount releases the bundled fiber and
softens the network (Extended Data Fig. 4h-i), consistent with the non-monotonic dependence of the
nonwetting condensate size on the amount of wetting condensate (Fig. 4h). Overall, these data support a
model of mesoscale nuclear organization governed by elastocapillarity through two key parameters:
condensate wetting and chromatin stiffness. The presence of multiple condensate types within one
nucleus results in mutual interaction, where wetting condensates influence the size and morphology of
nonwetting condensates, and vice versa.
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Fig. 4 Heterogeneous chromatin blocks and multi-condensate interactions contribute to mesoscale nuclear
morphology and mechanics. (a) A model block copolymer network that consists of heterochromatic blocks (F;)

and euchromatic blocks (F,), simulated with an F;-wetting condensate (in orange box, Xgp = Xgp = 0, Xyp =7 3
1 2 1

= 3) and a non-wetting condensate (in cyan box, Xyp = 3, other parameters are identical). (b)
1

’ XAFZ
Quantification of condensate minimum circularity and chromatin volume fraction in the condensate from a set of
simulations with wetting parameters defined in (a). See Extended Data Fig 4aa for all simulations and detailed
calculations of the plotted quantities. Box charts in (b) and (d) show the maximum, 75% percentile, median, 25%
percentile, and minimum values. (c) Morphology of endogenous full length HPla and HP10®® and its
quantification (d) show agreement with simulations in (a-b). See Extended Data Fig. 4cc for their association and
dissociation with H3K9me2/3 markers. (e) Experimental investigation of the interaction between wetting and
nonwetting condensates shows that nonwetting BRD4™ condensates become larger upon auxin-induced
degradation of wetting condensate HP1a. (f) The condensate diameter was measured in the same set of 25 nuclei
before (0 hrs) and after (6 hrs) auxin-induced degradation of chromatin-wetting condensate HP1a, and in 25
control nuclei with no HP1a degradation. The condensate size in the same nuclear area was recorded and the
average ratio per cell at 6 hours over 0 hours was plotted. (g) Simulated stress-strain relation of a network wetted
by a condensate (orange) and a fiber network in a pure solvent (cyan). The shear is imposed through a sheared

-1
periodic boundary condition. The stress is definedto be be 0 =V dE/dy, where V is the volume of the system
and y is the shear. ¢ is normalized by k/lo where k is the stretching stiffness of the filaments. Images show the

corresponding simulations at y = 0 and y = 0.5. (h) Simulated average diameter of nonwetting condensates
(cyan) as a function of the average volume fraction of wetting condensate (orange). (i) A summary simulation and
schematic representing the interactions of three immiscible condensates and two types of fibers (F, and F,) within
one nucleus. In dense F, fiber areas (i), nonwetting condensates cannot grow, while in sparse F, fiber areas (ii),
nonwetting condensates grow and cavitate the network. F; fiber areas (iii) recruit wetting condensates, which
bundle the fibers and create cavities for nonwetting condensates to occupy (iv). See Methods for details of the
simulations. See also Extended Data Fig. 4 and Supplemental Video 6.
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Discussion

Combining theory and experiments, our work reveals that two material parameters of condensate and
chromatin interactions, interfacial energies and chromatin stiffness, are sufficient to describe a spectrum
of observed morphologies of nuclear substructures, illustrated in Fig. 4i. In this way, biomolecular
condensates not only serve to tune biochemical processes in the nucleus including transcription
initiation and ribosome biogenesis, but also to physically cavitate, engulf, and permeate chromatin. By
exerting capillary forces, they reorganize the nuclear landscape — excluding or incorporating specific
genomic regions, and selectively facilitating or inhibiting their participation in functional
interactions®? 71463763,

While the role of phase separation in chromatin-excluding condensates in the nucleus, such as nucleoli,
has been substantiated by evidence including liquid-like behavior, measurement of surface tension,
concentration-dependent thermodynamic phase diagrams’®*®, and droplet mechanics in elastic
media®***73, the physical principles connecting phase separation to chromatin-engulfing condensates
have remained less well defined. Notably, although HP1a readily forms liquid-like condensates in vitro,
its contribution to heterochromatin formation via phase separation has been debated®®?. In this work,
we dissected the biomolecular features that dictate the wetting behavior of chromatin-associated HP1a
and BRD4 proteins. Our findings reveal that the chromatin-engulfing, irregular-shaped HP1a foci arise
from its strong, selective wetting of methylated histones — a property conferred by its chromodomain.
Conversely, the BRD4 IDR drives the formation of cavitating condensates preferentially in euchromatic
regions, while its bromodomains alone (BRD4®") permeate chromatin without causing substantial
changes to chromatin density, despite their known interaction with acetylated histones that we
previously found to promote BRD4 condensate nucleation’. This distinction suggests that while
bromodomain-mediated chromatin binding facilitates nucleation at specific genomic locations, it does
not impart sufficiently strong chromatin wetting to drive engulfment. Strikingly, an HP1a-BRD4 chimera,
which fuses the HP1a chromodomain with the BRD4 IDR, can simultaneously access and decompact
regions of high chromatin density enriched in histone methylation. The full length HP1a protein
containing the chromodomain, IDR hinge and dimerizing chromoshadow domain amplifies chromatin
engulfment when compared to the chromodomain alone, suggesting that phase-separation-promoting
domains can synergize with histone mark-specific recognition modules to enhance chromatin wetting
and recruitment — a phenomenon also predicted by our model. These findings highlight the importance
of combinatorial domain architecture in governing chromatin and condensate partitioning. They suggest
that the impact of disease-associated fusion oncoproteins, translocation products of transcription factor
trans-activation domains with alternate DNA-binding domains’>”’, may be interpretable through this
model, and that engineered modular fusion of epigenetic targeting domains with phase-separating IDRs
could be harnessed to restructure chromatin compartments for synthetic biology or therapeutic
applications.

A key theoretical contribution of our work is a minimal physical model that reveals a surprisingly rich
phenomenology of condensate-chromatin interaction. Our work suggests that many seemingly complex
subnuclear structures likely arise from generic and macroscopically measurable interfacial and
mechanical properties . This highlights the underappreciated role of mesoscale physical forces in nuclear
compartmentalization, acting alongside microscopic biochemical mechanisms such as sequence-specific
binding and epigenetic modifications. Moreover, not only do capillary forces from condensates rearrange
the chromatin landscape, but by doing so, they also modulate chromatin’s mechanical properties,
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analogous to gel stiffening with liquid inclusions®>. The non-monotonic influence of condensate
concentration on chromatin stiffness intriguingly mirrors stoichiometric relationships typically seen in
specific protein—chromatin binding, yet arises here from an alternative mechanism of non-stoichiometric
condensation and wetting. Such mechanical regulation by condensates could potentially modulate
chromatin accessibility’®’®, alter the mechanical responsiveness of the nucleus to external forces®*®!, and
exert indirect control over other nuclear condensates, as exemplified by the enlargement of BRD4
droplets upon HP1la degradation. In many cancers, levels of heterochromatic proteins and epigenetic
marks, including HP1a, are lowered®, and it is tempting to consider that the increased expression of
oncogenes may be related to the altered distribution and increased size of transcriptional activation
condensates upon the loss of heterochromatic condensation. Looking forward, our model’s extensibility
to incorporate nonequilibrium processes — such as biochemical reactions and active forces during
transcription®® — positions it as a foundation for future efforts to dissect active nuclear dynamics and
genome organization.

Taken together, our work reveals that the nucleus can be viewed as a soft composite material, whose
properties and organization can be largely understood as arising from the interplay of biomolecular
phase separation and chromatin mechanics. The central role of the mesoscopic properties of surface
tension and stiffness invites new experimental strategies to examine how these properties emerge
through protein expression and valence®>®, chromatin interaction strengths®’, and epigenetic
patterning’®. These insights will help reveal how elastocapillarity sculpts the dynamic nuclear landscape,
and how its dysregulation contributes to disease.
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Methods

Elastocapillary model

As mentioned in the main text, the volume fraction of the filaments is the sum of contribution from all
the beads q)F(r) = ZK(r - ri), which allows us to couple the continuum modeling approach and
i

Eulerian description for the liquid and the discrete-particle approach and Lagrangian description for the
filament. In this work, we choose a Gaussian kernel:

K(r — rj) = Aexp (— ”T—;z’ﬁ)

where A is the standard deviation of the Gaussian kernel which dictates the characteristic size of the
bead and A is the magnitude of the Gaussian kernel, which is set to 0.35 for a single filament. At this
value of A, for a straight filament in which beads are equally spaced at a distance of A, q;F at the bead

location is 0.88.

The total free energy of the system E consists of the chemical free energy Ec[q)l, ¢2, - q)N, ch], which

treats all components including the filament in a mean field approach and is a functional of all volume
fraction fields, and the elastic energy of the filament Ee which is a function of the bead positions. Hence

E=EFE +E.
c e

We use the Cahn-Hilliard theory to model the phase separation and interfacial energies. For a
multicomponent system, the chemical free energy consists of the bulk free energy of mixing based on
Flory-Huggins lattice theory which is the sum of entropy of mixing as molecules randomly occupy the
lattice and the enthalpy of mixing due to pairwise interaction under a mean field approximation, and a
term that penalizes concentration gradient and leads to diffuse interface between phases at equilibrium,

T %:Tind)i +7§Xij¢i¢j—7 L_ijl.j - Vo |dr

where the summation index i and j includes all chemical components including the filament (1, 2, ..., N,
F), C, is the number density of the lattice, kB is the Boltzmann constant, T is the temperature, v, is the

number of lattice sites occupied by component j, Xij is the pairwise interaction parameter between

components i and j, and A is the interaction distance and is the characteristic width of the interface
between phases, which we assume to be the same as the characteristic size of the bead. We define the

~

integrand to be the normalized chemical free energy density g and define the homogeneous part of the

normalized chemical free energy density to be 9,= 2= Inin cl)i + %Z Xijq>i¢j. Assuming the filament
i ij

is much larger than the other chemical components (vF—>00), we ignore the filament's entropic

contribution to the chemical free energy. We emphasize that Flory-Huggins model is used as the free
energy only to generate surface tensions between the condensate, nucleoplasm, and the filaments. We
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denote the condensate species as A and nucleoplasm as B. We set v, =V, = 1 for the condensate and

nucleoplasm species.

For beads that are connected sequentially whose indices go from 1 to n, the elastic energy is

n—1 k 2 n—2 A2

K
E = (|r,—r, |—r)+ 0
e El 2r \l' j+1 0 El 2ry j

where n is the number of beads of the filament, T is the rest length between beads, k and k are the

stretching and bending stiffness of the fiber, respectively, and 9}_ is the angle between the two links

connected to bead,

COSé — (r/_riﬂ)'(rjﬂ_rnz)
Jj

r—r, r. —r.
Jjooojtil j+1 42

The contour (or reference) length of the filament is defined to be its length at the reference
configuration, that is, when the filament is at mechanical equilibrium in the absence of external force or
forces arising from the chemical free energy: lF = nr. We set T, = A throughout this work.

The chemical potential of all chemical components including the filament is defined to be the following
variational derivative,

4 sE
H =" 5o,

0

The system evolves toward equilibrium via unhindered diffusion of condensates, and overdamped
dynamics for the beads, assuming negligible hydrodynamic interactions and thermal noise. The dynamics

¢, or.
of the system is described by a_cl = V-(LiVui) for non-filament species, and 6_tl =— %g—f for beads,

where Ll, are the Onsager (mobility) coefficient of component i, and C is the friction coefficient. We

define normalized Onsager coefficient Li = LikBT and normalized chemical potential W= ui/(kBT).

Here, we provide a remark on the dynamics model in our study. We emphasize that in this work, we are
primarily interested in the equilibrium state. Hence, we choose the simplest dynamics of gradient
descent for the beads and diffusion for the condensate. Specifically, we use overdamped dynamics for
the beads, assuming negligible hydrodynamic interactions between the beads and thermal noise. Plastic
deformation is neglected, a reasonable assumption based on our findings that chromatin deformation
is reversible, upon optogenetic condensate formation and dissolution at a time scale of 10 min
(Extended Data Fig. 3a-d). We set the Onsager coefficient for condensate species (A) LA to be a constant,

so that it can freely diffuse unhindered by the filament. In other words, the filament is permeable to A.
This ensures that in 2D simulations the filament does not divide the space into separate isolated
compartments or impede the diffusion of A so that the equilibration of A can be achieved throughout
the domain and the state of lowest energy can be found. The equilibrium condition is that the chemical
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potential of non-filament species is constant in space W=, and that beads are at mechanical

—_ dE
equmbrlum? = 0.

i

From dimensional analysis, the characteristic chemical energy of a bead, whose volume is on the order

d . d . . . . . L. . . d—1
of A, is cOkBT)L , where d is the dimensionality, and hence the characteristic capillary force is cOkBTA .
We define normalized stretching and bending stiffnesses based on the ratio of characteristic bending and

stretching energies and the characteristic chemical energy: kEk/(cOkBT?\d_l) and

EEK/(COkBTAd_ll(Z)), where l0 is the characteristic fiber length scale, which in the case of a single fiber

we set l0 = lF. Based on the equation of motion of beads, we define a characteristic time scale based on
the time it takes for a bead to move over the contour length of the filament under the characteristic

* d—
capillary force defined above, that is, t EZlF/(cOkBTA 1). In all of the simulations where the equilibrium
state is shown, the system is relaxed for a sufficiently long time (104t*) to reach equilibrium.

We define a characteristic diffusion time scale to be the time scale of droplet growth and dissolution
t, = wam/(ZAx % based on a nominal length scale for the droplet which we define to be the radius of a
droplet enclosed entirely by the filament Rnom = lF/(21T). In all our simulations except for local
activation simulations, we set the diffusion time scale to be equal to the relaxation time scale of the

filament td =t.

As mentioned in the main text, the chemical free energy model dictates the surface tension between the
phases — the A-rich phase o which we call the dense (or condensate) phase, the A-poor phase 3 which
we call the dilute (or nucleoplasm) phase, and the filament F. The surface tension between the dense
and dilute phases yaB is defined to be the excess free energy associated with the equilibrated interface

between the two phases per interfacial area in the absence of the filament®. Integrating along the
direction perpendicular to the flat interface x,

~

Yap = CokBT_}:o[‘; [¢A(x)' 0] - ”A,oco(d)A(x) B ¢;a)) B gh(q);a)' O)de

®

M , the

Where q;ff) is the volume fraction of A in the dense phase (we can also equivalently use ¢
(@)
A

density in the far field. Far from the interface, the volume fractions reach the values in the dense and

®
A

volume fraction of A in the dilute phase as the reference). gh(cl) ,0) is the homogeneous free energy

dilute phases, for example, ¢A(x—>00)=c|>:x), ¢A(x—>00)=¢ . ch(x) satisfies the equilibrium

condition of W, =W, which is the chemical potential that corresponds to the far field volume fractions

W, =K, h(cb;a)) =n, h(cbis)), where w,, = 6gh/6¢A. Based on the equilibrium condition, we can

derive the following equivalent equation®,
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@
b, _
Yo = 2hcgk,T {m X, AP,
¢A
P @ ' . o~
Where Af = 9, “A,o(q)A cl)A ) We define a normalized surface tension Vg = yaB/(cokBTA). When
X, =35 =093, q)if) = 0.07,y, = 1.14.

Next, we define interfacial energy between the filament and dense or dilute phases based on an
infinitely long and straight filament whose inter-bead distance is T, = A. In 2D, the interfacial energy

between the dense phase and the filament per length along the filament is

k

y, =t z dx_of:o ]9 [,00 70, 0,00 9)] = (0,000 = 6°) = g, (6,0

where x and y are in the directions along and normal to the filament, respectively. q)A(x, y) satisfies the

equilibrium condition H, =Ky, and it reaches the dense phase value far from the filament

lirjp cl)A(x, y) = cl)ia) . A factor of 1/2 is to account for the dense phase on both sides of the filament.
y—-+oo

yBF and the interfacial energy in 3D can be defined similarly.

- . . . . d-1 .
Because the characteristic scale for the interfacial energy per filament length is cOkBT)\ , we define the

normalized interfacial energy per filament length Y= yaF/(cokBTAd_l). Extended Data Fig. 1a shows
the plot of (yaF - yﬁF)/yo([3 and the corresponding contact angle GC defined by yBF Y= Yas cos GC

(Young’s equation®) as a function of Xup — and the contact angle from numerical simulations

Xgp
confirm that the Young’s equation is satisfied.

In Extended Data Fig. 1b, we validate our model by comparing 2D simulations of the elastocapillary
interaction between a single flexible fiber and a droplet with classical elastocapillary model of a flexible
and inextensible fiber modeled as an elastica, where the Lagrangian is defined to be

El

BF BF

(04

L
o 2

1

TK{ (6 (s)) ds + yaFlaF +v L+ yaBlaB — PV

where s is the arc length, 8(s) is the angle of the fiber tangent, laF, lBF and lO(B are the contact length

between the three phases, P is the pressure difference between the dense phase and the dilute phase.
The last term serves as the Lagrange multiplier for the constraint on the droplet volume Va. The

equilibrium condition is determined by the extremum condition of E', leading to a boundary value
problem that can be solved numerically. The results from the classical model using the same parameters
in our model (using the interfacial energies calculated above), agree well with our model over a range of
tested droplet size and bending rigidity, hence validating our theory.
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The model can also be generalized to block copolymer filaments that consist of blocks with different
wetting properties. In this case, using subscript Fk to denote the part of the filament that is of type-k, the
volume fraction of type-k block is

bp =L Mij(r - rj)
]

where Mkj is the weight of bead j that contributes to the type-k block. This is used in simulations of block
copolymer fiber network in Fig. 4 and Extended Data Fig. 4 where Mkj = Mk(rj), and Mk(r) is a field
that describes the spatial distribution of type-k blocks.

Fiber network

In this work, we use the lattice-based bond dilution model** by Broedersz et al. for the fiber network.
The network consists of filaments placed on a hexagonal lattice (2D) or face-centered cubic lattice (3D).
Some lattice bonds (edges) are removed randomly to model the bond dilution. The fraction of bonds

that are removed is P, The remaining bonds of the lattice that lie on the same line belong to the same
filament. The filaments are connected via periodic boundary conditions. The lattice spacing (the length

of the lattice edge) is §&. We set the characteristic length scale to lO = ¢ for fiber networks (which affects

the definition of ). Vertices of the lattice are freely hinged crosslinks. The total mechanical energy of the
fiber network is the sum of the mechanical energies of all filaments. Notice that in our model, multiple
beads (10/7\, typically around 10) are placed along each lattice edge, and the angle between links of

adjacent beads is used in the bending energy, accounting the bending of filaments within the same
lattice bond, which differs from the original model where bending energy applies to neighboring bonds
and each bond remains straight®. In the case of fiber networks, we define the characteristic time scale
based on the time it takes for a bead to move over the length of the periodic box in the horizontal

direction lx under the characteristic capillary force defined above, that is, t*EZklx/(cokBT)\d_l). The

nominal length used to define the diffusion time scale is Rnomzlx.

Following Ronceray et al.*®, we analyze the relevant characteristic energies. Here, aiming for a simple
scaling analysis, we omit all the numerical factors. We define the characteristic elastic energy of

deforming the network per volume to be AgelEG, where GEV_ldzEe/dy2 is the shear modulus of the

fiber network at zero shear, V is the volume of the network, Ee is the elastic energy of the network, and

. . . . . Py d—
Y is the shear. Following Broedersz et al.**, we define a dimensionless shear modulus GEG/(k/lO 1).
Extended Data Fig. 2a shows the dependence of G on p,as the bonds are cumulatively removed. These

fiber networks are used to generate simulations in main Figure 2. The reference configuration of the
fiber networks in Fig. 2a are shown in Extended Data Fig. 2a. Extended Data Fig. 2c shows the network

used to generate simulations in Extended Data Fig. 2d as well as the dependence of G on K/(kl(z)). It is

well known that G~k/lz_1 when the fiber network is stretching-dominated and G~K/lZJrl when

bending-dominated®. We define the characteristic interfacial energy per volume for forming
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microdroplets within the mesh formed by the fiber network to be Agdr =Ya[s/lo' We define the
differential wetting energy between filaments in contact with the dense and dilute phases per volume,

) _ 3 d-1
or the permeation stress o to be Agperm =0 = (yBF Y )l

Based on the ratios of the three characteristic energies, we define the elastocapillary number to be
d—2

h=Sa _ Ya _ Yu
Agel GlU Gk A

and the permeoelastic number to be

p _ A‘g erm _O-L _ YBF yth _ YBF yaF
Ag,, G Gl Gk
And the wettability parameter to be
=~ d—2
w = Aggerm _ Gglo Y Ver Yer Var l_o
- Ag - Y - ld 2 T ~ A
dr af YaB 0 yO‘B

The three parameters are related by p = hw. Notice that in 2D, based on Young-Dupre’s equation,
W = cosS BC , Where GC is the contact angle.

Here, we provide an order-of-magnitude estimate of the elastocapillary number. The shear modulus of
chromatin G is on the order of 10%-10° Pa*, the chromatin mesh size is about 20 nm***, and the surface

tension of the nuclear condensates Vg is on the order of 10*-10" mN/m*>%, hence the elastocapillary

-3
number can range from5 X 10 "~ to 50.
We note that a special consideration is needed for constructing c])F from beads in the case of fiber

networks due to the crosslinks. In single-filament simulations, all beads have the same weight, that is,
d)F(r) =3y K(r - rl,). But in a network, the density of beads near the crosslinks is higher, so assigning
i

the same weight will cause q)F to be greater than 1 at the crosslinks, which is forbidden by our free

energy model. Therefore, we assign weights to different beads, that is,
q)F(r) = %:W]K(r — rj)

We solve for the weights W; based on a fully connected unit cell of the lattice with periodic boundary
condition and solve the following nonnegative least square problem so that ch at the center of the

beads are close to the value for an infinitely long and straight filament (I)Fsin . which is equal to 0.88

gl
when A = 0. 35 as mentioned above,

Ig‘}'}l}l 2 (¢F(r]') B d)F,single)z
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subject to the constraint of WL,ZO for all beads in the unit cell. In the case of fiber networks made of
block copolymer filaments, d)Fk(r) = %: W},Mkjl((r — rj).

While in the main text, we focused on the effect of Xgp ~ Xy which controls the wettability parameter.
The absolute values of Xur and Xgp also matters. A positive value indicates poor solvent quality. If both

values are positive, the filaments can bundle to reduce the contact with either the condensate or the
nucleoplasm (whichever phase is more wettable), thereby reducing the chemical energy of the system.
On the other hand, negative values of Xar and Xpp indicate good solvent quality, and if both values are

negative, the filaments tend to extend (which is resisted by the stretching energy of the filaments).

Simulations in Extended Data Fig. 1e show the effect of solvent quality. When min {XAF' XBF} = 0, the

nonwetting phase is a poor solvent, the fibers are more condensed, especially when the amount of
wetting phase is low (q)A = 0.1). In comparison, when max [XAF' XBF} = 0, the wetting phase is a good

solvent, the filaments swell and become longer. Despite the differences in solvent quality, when the
minority phase is wetting, it forms irregular shapes and bundles the filaments, especially when the
amount of the minority phase is low. When the volume of the minority wetting phase increases, the
filaments become more loosely packed inside the wetting phase. When the minority phase is
nonwetting, it forms circular shapes and excludes the chromatin. The shape becomes more irregular as
the volume of the minority nonwetting phase increases due to mechanical resistance of the network.
When the minority phase is neutrally wetting, the filaments tend to be located in between the two
phases.

Model for light activated phase separation

Following our previous work®®, we model the constituents of the light-inducible Corelet system — the
sspB-tagged query protein (HP1a or BRD4) and iLiD-tagged Core — as two components A and C,
respectively, which undergo association A + C —=AC. The dissociation constant Kd is dependent on the

light intensity — when the light is on Kd = Kd1 = 0.01 and and when the light is off Kd = Kd2 = 100.
Suppose v, = 1, v, = 1, and Ve =V, + v, = 2, and suppose the association between A and C does

not affect the enthalpy of mixing, that is, the enthalpic part of the free energy is dependent on the total
volume fraction of A and C, ¢At = d)A + cl)ACvA/vAC, and d)Ct = d)C + cl)ACvC/vAC. The chemical free

energy of the mixture, which involves, A, C, the filament (F), and the nucleoplasm (B), is

B ey 2 Pac 0
T —f(VA (uAO+lnq>A)+ . (“co+1“¢c)+ (uACO+1n¢AC)+¢B(uBO+1n¢B)

4
AC

'~

T X Pabee T XapPaPs T Xep®e Py + X P ¥ XepPe P+ Xy by

2
—A (XACVd)At C VO, XY, VE, XV VO, X, YD, VO X VD VL X Y, V¢F))dr
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For all cases we set Xae = 00 X5 = Xep

slightly above the critical value 2 for phase separation to occur) and Xgp = 0. Our model is extended to

= 2.2 (hence when A and B do not associate, Xa5 and X p are

include the rate of association R and the diffusive flux is proportional to the local volume fraction (I)i and

the gradient of chemical potential, that is,

0P, _ 0P, _ 09, _
e =V D0 V) —vR 5=V -DdVu)-vR —Z==V-D,d, V) +v,R

where R is the volumetric association rate of A + C—AC. As a volume conserving reaction, the
equilibrium condition for this reaction is v, v u =Y 1

The chemical potential of A satisfies UAEA :;AO + In d)A + 1+ v, 8f'/6c|)At, where
f'= q:s In q;s + fth[¢At, q;Ct, ¢B], ]?th are all the enthalpic part of the free energy involving X,y and
b, =1-b, —d,—d,. Similarly, v =+ Ind, + 1+ v 8F/80,, and
vACEAC = EACO + In cl)AC +1+ v, 6f'/6¢At +tv, 8f'/8¢a. Therefore, the chemical equilibrium
condition v, o =V, 1, can also be written in the form of ¢A¢B x ¢AB. Because dissociation
constant Kd is conventionally defined in terms of the number concentration, we convert the volume
fraction to a normalized number concentration c.= <|>i/vi and the equilibrium condition is C.Cp= K c

d AB
. A reaction kinetics that satisfies the thermodynamic equilibrium constraint (detailed balance) is thus

R = k(CACB N KdCAB)

It is known that the Corelet diffusivity is lower than the monomer®®. We set DA = DB = 10DAB. Light is

-1
IRy ) /A
imposed in a circular region defined by: H(r) = (1 + e( 0) ) , which is 1 inside the circle and 0

outside with a diffuse boundary on the order of A. The dissociation constant follows

_ 1=H(@) H() 1-H(r), H(r)
Kd(r) - KdZ Kdl 2 kl

are the rate constants in the light activated and inactivated regions. For the reaction rates during

, and the association rate constant follows k(r) = k , Where k1 and kz

activation and deactivation to be on the same order of magnitude, we set k2 = klet/KdZ, where

EAt = ¢At/vA is the average total concentration of A. We define diffusion time scale here as
3
t, = lx /(DAA), where again lx is the length of the periodic box in the horizontal direction. In addition,

we define another important characteristic reaction-diffusion length [, which is the width of the
interfacial region near the boundary of the activated and inactivated zones where association reactions

mainly occur, defined by the balance between reaction and diffusion rates, | = A /DA/(klet).

In the local activation simulations in Fig. 3 and Extended Data Fig. 3, we systematically vary the

wettability of the condensate x (we set Xep = XAF)’ and find that increasing wettability recruits

—X
BF AF
more filaments into the activated zone (Supplemental Video 5). We also study the effect of the phase
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separation capability of A and C. Comparing Extended Data Fig. 3j and k, and from Extended Data Fig. 3,

we find that when A and C do not phase separate (XAB =Xep = 0), the level of chromatin enrichment or

depletion in the activated zone is reduced compared to the phase separating cases. This is consistent
with experiments on HP1a® in Extended Data Fig. 3f, which shows that without IDR, which promotes
phase separation, the enrichment of chromatin decreases despite the presence of chromodomain, which
favors the wetting of HP1a® on heterochromatin. On the other hand, without IDR, local activation of
BRD4®® (Extended Data Fig. 3e) does not affect local chromatin density. In Extended Data Fig. 3I, we also

study the effect of the characteristic width of the interfacial region [ . Comparedtol = Ro (simulations
shown in Extended Data Fig. 3j,k), with an increased reaction length scale (slower light-induced

association rate compared to diffusion rate), | = 2R0, the level of chromatin enrichment decreases.

Shearing the fiber network

To probe the mechanical property of the wetted fiber network, we impose a sheared periodic boundary
condition (Lees-Edwards boundary condition) for the beads and the volume fraction field®’. Specifically,
for a 2D domain with a size of [lx, ly], we impose a simple shear y in the x direction. Suppose the unit

vectors in the x and y directions in the undeformed state are e and ey, then the unit vectors of the

periodic box after shear become a =le and a =1 (ye +e ) Therefore, under the sheared
x x x y y x .

periodic condition, the image of a bead located at T, in another unit cell is ro+ iax + jay, whereiand j

are integers. Hence, the displacement vector between two connected beads s
Ar. =r —r — ma — na with
ij i J x y

where [] stands for rounding to the nearest integer. For the continuum field cl)A(r), the periodic
boundary condition is d)A(r +la_+ jay) = cI)A(r). Linear interpolation is used to obtain the value in

between the grid.

We gradually increase the shear step by step by imposing a time-dependent shear that asymptotically
reaches the target shear of step i: y(t) = (yi - Yi—l)(l — exp (— t/ts) ) +y,_, where t is the time

scale of the shear (ts = 2. St*), Y, = 0, and Y, <Y, is a constant. Then we let the system fully relax for

104t* while holding the shear constant.

-1
Following the definition of the shear modulus, the stress is definedtobe o =V dE/dy.
Parameters, definitions, and postprocessing of simulations

In all simulations, a periodic boundary condition is used. For all simulations of phase separation in the
fiber network, the initial condition is that the fibers are placed in the reference configuration on the

lattice, and that the volume fraction of chemical component i is set at q)i(r, t=0)= &)i' . (1 — d)F(r)),
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where (T)i' = $i/(1 - $F), and 51‘ = fq)i(r)dr/f dr is the average volume fraction of componenti. In

the case of block copolymer cI)F = cI)F1 + cl)F2 is the total volume fraction of both types of filaments.

Additional parameters used in Main Figures:

Fig. 1: (d) 2D simulation of the interaction between a single filament and a condensate uses the following
parameters: Xp = 3.5, min {XAF'XBF}: 0, Xgp = Xyp = 3, — 1.5 0, 1.5, 3, )\/ZF = 0.005,

k=10, k= 10_3. (e-f) The FCC lattice in the periodic simulation box consists of 4 unit cells, and
lO/A = 13, that is, each edge of the lattice consists of 13 beads, hence ?\/lx = 0.0136, where lx is the

size of the simulation box, which has equal lengths on all sides. The fraction of removed bonds is

p,= 0. 05. The reference configuration of the lattice is given in Extended Data Fig. 1c. Other parameters
. _ _ ~ ~ -4 = _ _ .

are min [XAF' XBF} =0, Xp = 3.5, k=10, x=10 , cl)A = 0.2, Xpp — Xyp = 3,0, 3 for Fig. le-g,

respectively. The simulation box has 98 grid points in each direction.

Fig. 2 (a) The fiber network is placed on a 2D hexagonal lattice in the periodic simulation box that
consists of 16 and 14 triangles in the vertical and horizontal directions, respectively. 10/7\ = 14. The

mesh size is [256,256]. Xup = 3.5, min {XA }= 0,k=10,x= 10_3. The fiber networks used in

F XBF

the simulations in their reference configurations are shown in Extended Data Fig. 2(a). (b) The size of the
nonwetting phase in Fig. 2a is defined to be twice the total area to perimeter ratio of the dense phase
defined by {rch)A(r) > 0.5} when Xyp > Xgp and that of the dilute phase defined by {rl(I)B(r) > 0.5}

when X,

with 24 and 21 triangles in the vertical and horizontal directions, respectively. lo/?\ = 14. The mesh size

v < Xgp (d,f) For the network with a gradient in filament density, we used a larger 2D network

is [384,384]. The fraction of removed bonds is set to be spatially dependent pd(r) = 0. 35x/lx. Other

parameters are k = 10, x/k = 10_4. For the nonwetting condensate in (d): Xgp = 3, Xgp = 0,

d)A = 0. 3. For the wetting condensate in (f) Xgp = 3, Xgp = 0, EA = 0.1. In (d), we first identify the
region occupied by the nonwetting droplet defined by {r|¢A(r) > 0.8}. Then based on each disjoint

region, we find the local filament density d)F local which is defined to be the average volume fraction of

filaments within this region in the reference configuration. The droplet diameter is defined to be

d = 2+/A/m, where A is the area of each disjoint region. For wetting condensates in Fig. 2f, the entire
domain is divided into adjacent square subdomains with the size of 3 times the mesh size. In each

subdomain, we calculate and plot the average volume fraction of the condensate $A local and that of the
filaments in the reference configuration $Floml. Notice that for the box charts throughout the text,

outliers that are 1.5 interquartile range (25% to 75% percentile) from the top and bottom of the box are
excluded when showing the maximum and minimum.
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Fig. 3 (g,h,j). The fiber network used in this figure is shown in Extended Data Fig. 2c, that is, the 2D
hexagonal lattice in the periodic simulation box consists of 16 and 14 triangles in the vertical and
horizontal directions, respectively. lo/?\ = 14, p,= 0. 4. The mesh size is [256,256]. The choice of fiber

density for these simulations is important, because if the fibers are too dense, local activation of HP1a
cannot lead to significant increase of fiber density in the activation region due to steric repulsion
between filaments. In addition to the parameters already mentioned in the section “Model for local

activation”, we set EAt = 5& =01k=5 k= 5><10_4, X = 2.2, and x which is

a8~ Xcs ar = Xep
varied from -2 to 2. The radius of the activation zone is R0 = 60A. The width of the interfacial region is

set to [ = Ro' The simulations start from an equilibrated state of non activation. (g-h) show the

simulation snapshots at 25t after the activation. t /td = (0.009 (see Extended Data Fig. 3 for details on

the choice of diffusion and elastocapillary time scales.)

Fig. 4. (a) Simulations use a 2D fiber network with 30 and 26 triangles in the vertical and horizontal

directions in the periodic box, respectively. lO/A = 8, p,= 0.1. The mesh size is [256,256]. k = 1,

—4
k = 10 . The heterochromatin and euchromatin are constructed by a Gaussian random field yi(r)

2
7

. . , lIr
whose spatial covariance is C(r - rz) = exp (— —

) o ), where lC is the correlation length. We set

1
1+exp (—0-(L|J(r)+lpo

the field that represent the distribution of heterochromatin to be Ml(r) = DE where o

and lIJO are two unknowns to be solved such that its mean is M1 = fMl(r)dr/f dr = 0. 25, and that

—\2 — —
its variance is f(Ml(r) — Ml) dr/[ dr = 0.952M1(1 — M1)' In other words, the fraction of

heterochromatin is around 0.25 and M1 is close to 0 and 1. Then the block copolymer weight Mlj is
assigned based on the bead position rj in the reference configuration Mlj = M1(Tj)' and

sz =1- Mlj. The correlation length for the simulations in panels d and e is lc = 1.5l0. For the

simulation on the left, the condensates (HP1a) wet heterochromatin but not euchromatin, Xyp == 3,
1

Xup = 3. For the simulation on the right, the condensates dewet from both heterochromatin and
2

euchromatin, x =~ =yx, . = 3. For both cases, Xgr =X
1

AF, AF, =0, Xup = 3.5. The RGB values of the

BF
2

image is R = B = cl)F + 0. 5(|)F, G = q)A. (b) summarizes a set of simulations whose results and
1 2

parameters are described in Extended Data Fig. 4(a). Here, we describe the two metrics defined in Fig.
4a: chromatin volume fraction in the condensates and condensate circularity. In Fig. 2, the size of the
droplet is quantified based on the region occupied by the nonwetting phase. Because the nonwetting
phase excludes the filament, the disjoint region occupied by the nonwetting phase can be defined on a
threshold for cl)A. However, this definition causes an issue for the size of the dense phase when it wets

the filaments. Since filaments are found inside the wetting phase, the threshold definition excludes the
space occupied by the filament, hence dividing the nonwetting phase into multiple disconnected
regions. To make sure that the dense phase on either side of the filament is identified as a single region,


https://doi.org/10.1101/2025.06.12.659369

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.12.659369; this version posted June 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

we perform morphological closing d)A, which dilates and then erode with a “structure element”, which is

a disk with a radius of 32, to fill in the gaps between the phase on either side of the filament, and define
the closed dense phase region with a lower threshold of 0.5. Within each disjoint closed dense phase
region Qi (taking into account the periodic boundary condition), we then calculate the average filament

density 5

F,local,i

= fq)F(r)dr/Ai, where AL, = [ dr, and the circularity of each region, defined to be
Q Q

2
CiE4T[Ai/Pi’ where Pz is the perimeter of Qi. (g) For simulating the stress-strain relation, the fiber
network is placed on a 2D hexagonal lattice in the periodic simulation box that consists of 16 and 14

triangles in the vertical and horizontal directions, respectively. lo/}\ = 14. k=100, x= 10_3,
p,= 0. 4. The mesh size is [256,256]. Xup = 3.5, Xgp = 3, Xpp = 0, $A = 0.1and EA = ( for orange
and teal-colored cases. Setting Xgp = 0 ensures that the filaments are in a good solvent. This means that

when there is no wetting condensate ¢A = 0, the filaments do not condense and bundle, which leads to

a large stiffness. Note that in order to focus on the effect of wetting on the mechanics of the fiber
network and reduce the swelling of the filaments due to the repulsive interaction between beads in a

good solvent, we increased the stretching stiffness substantially to k = 100 compared to Fig. 2 and 3.
The shear is imposed sequentially, increasing the shear by 0.004 at each step. Each step is relaxed to
equilibrium before stress is computed. (h) Simulations of wetting and nonwetting condensate
coexistence use the same network with the same mechanical properties as (g). For the nonwetting

condensate A: Xp = 3.5, Xyp = 3, EA = 0. 25. For the wetting condensate C: Xep = 3.5, Xep = 3,

Xy = 6. (i) uses a 2D fiber network with 24 and 21 triangles in the vertical and horizontal directions in

the periodic box, respectively. 10/7\ = 10, p,= 0. 2. The mesh size is [256,256]. k= 1, x = 10_4. It

simulates a multi-condensate and block copolymer system that consists of three condensates, denoted
by X, Y, and Z, two types of chromatin denoted by F, and F,, and a nucleoplasm B. Xyp == 3, Xyp = 3,
1 2

XYF1 = XYFZ = 1.5, XZF1 = XZF2 =3 XBFI = XBFZ =0, XXB = XYB = XZB = 3.5, XXY = XXZ = XYZ = 6.

5}( = 52 = 0.1, EY = (.17 (the average fraction of Y is chosen to be slightly higher than those of X and

Z because when $y = 0. 1, the concentration of Y is too low to form condensates). Heterochromatin and

euchromatin are assigned based on the same Ml(r) as panel (c).

Additional Parameters used in Extended Data Figures:

Extended Data Fig. 1: (a) The relationship between the wettability parameter in 2D and xij parameters.

Xp = 3.5, which results in a surface tension between the dense and dilute phases that equals

Yog
predictions of our model show good agreement over a variety of bending rigidities and droplet sizes.
Simulations start a circular droplet placed tangent to a curved filament whose curvature is SZF. Other

= 1. 14cokBT?\. (b) Validation of the diffuse-interface elastocapillary model. Classical results and

parameters are Xup = 3.5,k =100, A/lF = 0.005. From top to bottom, $A increases from 0.07 to
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0.19. The length of the filament in the current configuration at equilibrium lFe and the size of the
condensate (Va defined to be area of the region where cl)A > 0.5) are calculated and the average value

of ldr/lFe of the same row is shown on the left, where ldr is the perimeter of the condensate if it is

circular ldrEZ v . Simulations are performed in a periodic box size of [1. ZZF, 0. 6lF] with a mesh size

of [1024, 512]. (c) The 3D fiber network used in Fig. 1(e-g) shown in its undeformed configuration. (d)
2D simulations of phase separation in a fiber network illustrating the effect of condensate wettability,
condensate volume fraction, and solvent quality. The 2D hexagonal lattice in the periodic simulation box
consists of 16 and 14 triangles in the vertical and horizontal directions, respectively. lO/A = 14,

p,= 0.4. The mesh size is [256,256]. Xup = 3.5. k=10, k= 10_3. For simulations on the left,

min {XAF' XBF} = (. For simulations on the right, max {XAF' XBF} =0

Extended Data Fig. 2: (a) The dependence of the normalized shear modulus G/(k/lg_l) on the fraction
of removed bonds P, The lattice consists of 16 and 14 triangles in the vertical and horizontal directions,
respectively. 10/7\ = 14. The bonds are removed cumulatively starting from a fully connected network.
Representative networks at different values of P, in their reference configurations are shown below.
These networks are used in simulations in Fig. 2a. (c) The dependence of the normalized shear modulus
on the ratio of normalized bending to stretching stiffness ;/I:= K/(kloz). The lattice consists of 16 and
14 triangles in the vertical and horizontal directions, respectively. 10/7\ = 14. The fraction of removed

bonds is fixed at p,= 0.4. The fiber network in its reference configuration is shown below. The

stretching stiffness is fixed at k = 10. (d) Simulations of condensates in the network shown in (c). The

mesh size is [256,256] (same as Fig. 2 (a)). The stretching stiffness is fixed at k = 10 while the bending
stiffness varies on the vertical axis. Xyp = 3.5, min {XAF' XBF} = 0. (e) Quantification of the nonwetting

phase size in (d). (f) A network in its undeformed configuration with a linear gradient in the fraction of
removed bonds pd(x, y) = O.35x/lx, where lx is the domain size in the horizontal direction. This

network is used to simulate Fig. 2 (d,f). (g) A fully connected network (pd = () with the same geometry

as (f). (h) Simulation of a nonwetting condensate in the fully connected network shown in (g) with a

~ ~

linear gradient in the stretching and bending stiffnesses with a fixed ratio x/k = 10_4. The stretching

2r
l

X

2
stiffness is color-coded in (g). The stretching stiffness follows k(r)= 1.5 + 5( ) , where r is the

distance to the center. Other parameters are Xap = 3, Xpp = 0, cl)A = 0. 3. (i) The relationship between

the droplet diameter in (h) and the local stretching stiffness.

Extended Data Fig. 3: (a-b) Snapshots of the simulations include the beginning and end of activation
(white dashed circle represents the activated region). The green channel represents the total volume
fraction of Core and the protein while the purple channel represents the volume fraction of chromatin.
The kymograph below is from the simulation along the grey line in the snapshots. Below are the
temporal evolutions of the average volume fraction of the condensate and chromatin in the activated
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region relative to the beginning of activation. The choice of the diffusion time scale t, is important to
ensure that the time scale of condensate and filament dynamics are similar, as observed in experiments.
We find t*/td = (0.009 produced a reasonable agreement with the experiments. For all simulations, we
first relax the system from the initial condition with no activation (Kd(r) = Kdz) as described above
(where the average volume fraction of the monomer A, B and the dimer AB satisfy the equilibrium

condition €.Cp= KdchB everywhere). Then we use the final equilibrium state (at 10 t ) as the initial

condition for the activation stage (which lasts for 25t*) according to the profile of H(r) followed by
inactivation. (j-k) Using simulations to study the effect of phase separation driven by IDR by comparing
() Xup = 2.2 (phase separating), and (k) Xup = 0 (non-phase separating, mimicking proteins that do not

contain IDR and hence does not phase separate). (k) Chromatin enrichment in the activated zone at the
end of activation as a function of the wettability Xgr = Xup phase separation strength X and reaction

diffusion length scale l*.

Extended Data Fig. 4: Panel (a) contains all the simulations used to plot condensate circularity and fiber
volume fraction inside the condensate in Fig. 4b. First row: reference configuration. Second row:
condensate wets F,; blocks. Third row: condensate does not wet either F, or F, blocks. Compared to Fig.

43, the same xij and 51, parameters and the same heterochromatin field Ml(r) are used, while network

parameters are different. For the first 5 cases from left to right, the numbers of triangles in the vertical
and horizontal directions are (24,21), (24,21), (24,21), (16,14), (30,26), l0/7\ is 10, 10, 10, 14, 8, P, is 0,

0.1, 0.2, 0.4, 0.1, and the average filament volume fraction EF is 0.58,0.52,0.47,0.27, 0.61, respectively.

In comparison, the average filament volume fraction in the wetting condensate is 0.51, 0.49, 0.46, 0.38,
0.50. This shows that the effect of wetting condensate on the compaction level of chromatin is
dependent on the chromatin density. When the chromatin density is low, the condensate which wets
heterochromatin can elevate the density of heterochromatin to above the average level. But when the
chromatin density is high, because the condensate in the simulation is a good solvent, it instead
decreases the chromatin density to below the average. We observe that when the condensate is
nonwetting to both types of filaments, the size of the condensate increases with decreasing filament
density. With decreasing filament density, the wetting condensate which localizes with the
heterochromatin can also move more freely and hence coarsen, and as a result, its size also increases,
and its circularity increases. Quantitatively, the diameter of the nonwetting condensate, which is defined
to be twice the area-to-perimeter ratio of the closed dense phase region, is 1. 25l0, 2. 56l0, 3.4210,

3. 3810, 1.61l0 and that of the wetting condensate is 1.27l0, 1. 2310, 1.22l0, 1. 39l0, 1.0210,

respectively. The average circularity of the wetting condensate (average circularities of all the disjoint
regions) is 0.67, 0.68, 0.69, 0.77, 0.66. The average circularity of the nonwetting condensate is
0.99+0.005 for the first 4 cases, and 0.70 for the 5™ case. (e) Simulation of the coexistence of
immiscible condensates. The fiber network is placed on a 2D hexagonal lattice in the periodic simulation
box that consists of 16 and 14 triangles in the vertical and horizontal directions, respectively. 10/7\ = 14.

k=10, k=107, p_

condensate C wets the condensate: Xyp = 1'XCF =— 1’XBF = O’XAB = 3. S'XCB = 3.5, X = 6. (f).

= 0.4. The magenta condensate A dewets the filaments and the green
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Simulations of wetting-nonwetting condensate interaction is performed on a fiber network placed on a
2D hexagonal lattice in the periodic simulation box that consists of 24 and 21 triangles in the vertical and

horizontal directions, respectively. lO/A = 10. The mesh size is [256,256]. k = 100,k = 10_3, p,= 0.4

v Xgp = 0. Left: nonwetting condensate A and wetting condensate C coexist. Right: nonwetting

condensate A only. A is magenta. C is not shown in both images. The nonwetting condensate A in both

cases uses the following parameters: Xup = 3.5, Xup = 3, $A = 0.25. When there is also wetting

condensate C, it uses the following parameters: Xep = 3.5, Xep = 3, Xyo = 6, 50 = 0.15. (g) shows

the histogram of the nonwetting condensate size defined in the same way as Fig. 2b. (h) The phase
diagram performs simulations of shearing and calculates the shear modulus at zero shear, defined to the
be slope of the linear regression between c/(k/lo) and y for 0<y<0. 2. Simulations are performed on a

small domain which is half the size of that in Fig. 4g, with 8 and 7 triangles in the vertical and directions,
and the mesh size is [128,128]. All other parameters are the same as Fig. 4g while the step size of shear
is 0.005. (i) Stress-strain relation using the same network in Fig. 4g and same parameters at different

wetting condensate concentration $A.

In-cell experimental methods

Constructs
Construct Name Description Used in figures | Source
H2B-miRFP Marking chromatin 2,3, 4, ED3, ED4 | Strom 2024%
iLID-GFP-Ferritin (Core) Light-inducible 2,3,4,ED3, ED4 | Bracha 2018%
oligomerization platform
sspB-mCherry-BRD4'"™® BRD4 IDR only 2¢, 3b, 3e, ED3b | Bracha 2018*
sspB-mCherry-BRD4™ Full length BRD4 3a, ED3a Strom, Eeftens
MBoC*°
sspB-mCherry-BRD4®° BRD4 bromodomains ED3e This work
sspB-mCherry-HP1a™ Full length HP1a 2e, 3¢, 4c, ED3c, | Strom elife 2021
ED4c, ED4d,
ED4e
sspB-mCherry-HP1aA° HP1a without 3d, 4c, ED3d, This work
chromodomain ED4c, EDA4d,
ED4e
sspB-mCherry-HP1a° HP1a chromodomain only | ED3f This work
sspB-mCherry- HP1a“°-BRD4'"™® Chimera: HP1a ED3g This work
chromodomain with
BRD4 IDR
sspB-mCherry-BRD4C-HP1a AP Chimera: BRD4 ED3h This work
bromodomains with
HP1a hinge and
chromoshadow
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sspB-mCherry-HP1a"??V HP1a with point mutation | ED4c, EDe This work
in chromodomain

Cell culture

Human cultured cells were purchased, Lenti-X (Takara Bio #632180), U-2 OS (ATCC #HTB-96) and Hela
(ATCC #CCL-2) and validated by STR profiling. In certain experiments, an established U-2 OS cell line with
auxin-inducible endogenously GFP tagged HP1a was used®’. Cells were grown in standard culture
conditions at 37 degrees C with 5% CO2 in DMEM (17-207-CV) with 10% FBS (Takara Bio #631107) and
1% Pen-Strep antibiotics (ThermoFisher #15140122), split when reaching 90% confluency, and used for
experiments before split 15.

Cell Line Description Used in Figures | Source

Lenti-X Cell line for producing Used to create Takara Bio
lentivirus lentiviruses #632180

U-2 0OS Human female Fig. 2c, 2e, Fig. ATCC #HTB-96
osteosarcoma 3a-f, ED3a-h

U-2 OS HP1a degron Endogenous HP1a tagged | Fig. 4c, 4e, ED4c, | Strom eLife 2021
with GFP and ED4d, ED4e
auxin-inducible degron

Hela Human female Fig. 1a-c ATCC #CCL-2
immortalized cancer cell
line

Antibody staining (Fig. 1a)

Hela cells were grown on 96-well glass bottom plate (Thermo Fisher Scientific, catalog no NC0536760) to
70% confluency, fixed for 10 minutes with 4% PFA (Electron Microscopy Science #15710), washed three
times with PBS + 0.1% triton X100 (Sigma-Aldritch T8787) for 5 minutes each at room temperature,
permeabilized for 30 minutes with PBS + 0.25% triton X100, washed three times with PBS + 0.1% triton
X100 for 5 minutes each at room temperature, blocked in PBS + 0.1% triton X100 and 5% goat serum
(Vector Laboratories S-1000-20) for 30 minutes, then incubated overnight in 1:1000 anti-HP1a (Abcam
ab109028) and 1:1000 anti-BRD4 (Cell Signaling Technology #13440). The next day, samples were
washed three times with PBS + 0.1% triton X100 for 5 minutes each at room temperature, incubated in
secondary antibodies 1:5000 goat anti-mouse Alexa 647-conjugated (Thermo Fisher A-21240) and
1:5000 goat anti-rabbit Alexa 568-conjugated (Thermo Fisher A-11036), with 1:10,000 Hoechst (Thermo
Fisher 62249) to stain DNA. Finally, samples were washed three times with PBS + 0.1% triton X100 for 5
minutes each at room temperature, then imaged in PBS + 0.1% triton X100.

Lentiviral preparation and application

Desired constructs were transfected into 70% confluent LentiX cells with FuGene (Promega PRE2311)
alongside 2™ generation lentiviral envelope plasmids (Addgene 8454 and 8455), and allowed to express
for 48 hours. Lentiviral particles were collected from supernatant after filtration through a 0.45-um filter
(VWR, catalogue no 28144-007) to remove cell debris, and either used immediately or stored at -80 °C.
Lentiviruses were tested for MOI and combined to infect cells plated at 30-50% confluency in 96-well
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glass bottom plates (Thermo Fisher Scientific, catalog no NC0536760), incubated for 48-72 hours and
imaged live.

Microscopy

Live cells were maintained at 37 °C and 5% CO, with a Okolab stage incubator with 96-well plate insert.
Images were acquired using Nikon Elements Advanced Research software, with a 100X oil immersion
Apo TIRF objective (NA 1.49 MRD01991) on a Nikon spinning disk microscope (Yokogawa CSU-X1) with a
Nikon Eclipse Ti body with DU-897 EMCCD camera and LU-NV laser launch. Images were obtained with
405 nm, 488 nm, 561 nm, and 647 nm lasers to visualize Hoechst, GFP, mCherry and miRFP constructs,
respectively. Local activation of Corelet droplets was achieved with a Mightex Polygon digital mirror
device (DMD) to pattern blue light (488nm) stimulation from a Lumencor SpectraX light engine. Laser
power, exposure time, region of laser activation, and pattern of acquisition was varied to obtain the
images and movies.

Condensate morphology experiment (Fig. 4c, d; Extended Data Fig. 4b, d)

In a U-2 OS cell line with both endogenous alleles of HP1a tagged with GFP and an auxin-inducible
degron®'!, H2B-miRFP was expressed lentivirally to visualize chromatin density, then cells imaged for GFP
(endogenous HP1a) and miRFP (chromatin density). In a separate sample, sspB-mCherry-HP1a*° or
sspB-mCherry-HP1a"?*" was also expressed, then cells treated with 1 mM auxin (NalAA, Sigma #15148)
to degrade endogenous full length HP1a. These cells were imaged for GFP to confirm degradation of
endogenous HP1d, mCherry to visualize wild-type HP1d or chromatin-binding deficient mutant HP1a
or HP1a"**™, and H2B-miRFP to visualize chromatin density. No Corelet construct GFP-core or light
activation was used in this experiment, so although sspB is present and conjugated to HP1a“, this
construct is not artificially oligomerized. Morphology of the HP1a WT and mutant domains were
obtained by segmenting the bright areas of HP1a WT and mutant channels, measuring the circularity of
the segmented domains, then measuring the intensity of the H2B channel within each segmented area

ACD

and dividing by the average H2B channel signal in that nucleus.

Antibody staining of H3K9me2/3 (Extended Data Fig. 4c)

The HP1a degron U-2 OS cells used for morphology measurements (Fig. 4c, d; Extended Data Fig. 4b, d)
were fixed with 4% PFA for 5 minutes, washed 3 times 5 minutes each with 0.1% PBST, permeabilized for
60 minutes with 0.5% PBST, blocked for 60 minutes with 5% goat serum in 0.1% PBST, and incubated
overnight in block with anti-H3K9me2/3 (1:1000 dilution, Cell Signaling #5327). The next day, samples
were washed 3 times 5 minutes each with 0.1% PBST, incubated for 2 hours in block with secondary
antibody (1:5000 dilution goat anti-mouse Alexa 405-conjugated, ThermoFisher A48255), washed again
and imaged in 0.1% PBST.

Droplet diameter and wetting condensate density measurement (Fig 2c, e)

U20S cells were infected with lentiviral constructs H2B-miRFP, iLID-GFP-Ferritin and
sspB-mCherry-BRD4'"®. Images of chromatin density were obtained before droplet activation, then BRD4
droplets were induced with global activation by imaging with the 488 nm laser every 5 seconds for 5
minutes. Resulting droplet diameters after 5 minutes of activation were measured by segmenting bright
spots in the BRD4 (mCherry) channel, and the initial H2B intensity at that site was measured by applying
the segmented droplet mask to the original chromatin intensity before droplet activation, divided by the
average chromatin intensity in that nucleus. 29 cells were measured and individual droplets were
combined from each of these cells to create the histogram.


https://paperpile.com/c/NkABp4/ZxXYG
https://doi.org/10.1101/2025.06.12.659369

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.12.659369; this version posted June 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

In a separate experiment, U20S cells were infected with lentiviral constructs H2B-miRFP,
iLID-GFP-Ferritin and sspB-mCherry-HP1a™. Images of initial chromatin density were obtained before
light activation, then HP1a droplets were activated as above. Because segmenting HP1a condensates is
difficult due to their abnormal shape, enrichment was measured by sliding a square box of 0.5 microns
on each side across the nuclear area and measuring the average intensity of HP1a and H2B within the
box at each point. 25 cells were measured and individual boxes from each cell were combined to create
the histogram.

Local activation (Fig. 3, Extended Data Fig. 3)

U-2 OS cells were infected with lentiviral constructs H2B-miRFP, iLID-GFP-Ferritin and one of the
following constructs: sspB-mCherry-BRD4"™®, sspB-mCherry-BRD4™, sspB-mCherry-BRD4®°, sspB-mCherry-
sspB-mCherry-HP1a™, sspB-mCherry-HP1a 2, sspB-mCherry-HP1a®, sspB-mCherry- HP1a°-BRD42E?, or
sspB-mCherry-BRD4°-HP1a P, A singular local circular region of interest of 2 micron diameter was
chosen in each cell and ‘activation’ images were obtained with the DMD stimulating the region of
interest every 5 seconds for a total of 5-10 minutes, then the local activation was turned off and
‘recovery’ images were obtained with every 5 seconds for 5-10 minutes. Intensity of the chromatin
channel (H2B-miRFP) and oligomerized protein channel (mCherry) were measured inside the region of
interest over the movie and plotted over time (Extended Data Figure 3 a-h) or plotted as the ratio of
intensity inside the region of interest at the end of the activation period over the intensity inside the
region of interest before the activation period (Figure 3i).

Kymographs in Extended Data Fig. 3a-h were created by drawing a line across the center of the region of
interest and showing the intensity of H2B-miRFP (chromatin, magenta) and mCherry-tagged construct
(Condensate, green) across the line over the activation-deactivation sequence. Line plots in Extended
Data Fig. 3a-h were created by measuring the average intensity within the region of interest over the
activation-deactivation sequence, line represents the average of 3 independent biological trials (separate
lentiviral infections) of at least 10 cells each, shaded area represents the standard deviation of 3
biological trials.

Wetting/nonwetting condensate interaction experiment (Figure 4c)

U-2 OS HP1a degron cells were infected with lentiviral constructs H2B-miRFP, iLID-GFP-Ferritin, and
sspB-mCherry-BRD4'"®™®. BRD4'"™® droplets were induced with global activation and cell positions marked.
Fresh media was added to control wells, and 1 mM Auxin was added to the experimental wells to
degrade endogenous HP1a for 6 hours, then BRD4™® droplets were induced again in the same cells.
BRD4 droplets were segmented and the diameter of condensates in the same nuclear area of the same
nuclei measured before and after media swap (control) or auxin-induced HP1a degradation (experiment)
was plotted as a histogram and as a ratio.
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Extended Data Fig. 1: Validation of fiber and fiber network elastocapillary simulations

(a) Summary graph of the relationship between surface tension and interaction strength. (b) Validation of
diffuse-interface elastocapillary model via 2D simulations of condensate-single fiber interactions across condensate
volume fractions and filament bending rigidities. Our model’s solutions (colored) quantitatively match predictions
from canonical elastocapillary models (dashed lines). (c) The undeformed fiber network used in Fig. 1e-g. (d) 2D
simulations of phase separation in a fiber network illustrating the effect of condensate wettability, condensate
volume fraction, and solvent quality.
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Extended Data Figure 2. Initial parameterization of elastocapillary phase diagrams

(a) Simulated normalized shear modulus of the network as a function of bond dilution (p,, fraction of bonds
removed). (b) Phase diagram of droplet size that corresponds to Fig. 2(a). Same as Fig. 2(b) with contours of
permeoelastic number p at additional values. (c) Simulated normalized shear modulus of the network as a function
of bending rigidity. (d) w — h phase diagram for condensates in a fiber network. The fiber network and stretching
stiffness is fixed. The elastocapillary number is varied by changing the bending stiffness. (e) Condensate size across
the w - h phase diagram in (c) has the same trend as that seen in Fig. 2b. (f) Fiber network used in Fig. 2d, f, with a
stiffness gradient from left to right, due to increased fraction of bonds removed at the right side. (g) Fiber network
used in (h), with a stiffness gradient from center to outer edge, due to bending rigidity. (h) Simulation of
nonwetting condensates in the network shown in (g), with lower stiffness in the center of the fiber network due to
bending rigidity. (i) Droplet size dependence on fiber network stiffness, showing that larger droplets form in softer
networks.
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Extended Data Figure 3. Kinetic characterization of fiber density changes across wetting parameters

Corelet system local activation in-cell experiments for HP1 and BRD4 constructs. From top, cartoon representing
the constructs, snapshot of in-cell activation, kymograph of separated and merged channels, quantification of
construct (green) and chromatin (magenta) enrichment in the activation area over time for 3 biological trials of at
least 10 cells each, shaded area representing standard deviation across trials. Matching simulation snapshot,
kymograph and quantification below. Constructs are (a) BRD4™, (b) BRD4'"™®, (c) HP1a™, (d) HP1a®, (e) BRD4®®, (f)
HP1a, (g) HP1a-BRD4, (h) BRD4-HP1a. (i) Quantification of chromatin density relative to that cell’s average (set to
1) in the region of interest at time of condensate initialization (x-axis, pre-activation) and after 5 minutes of
condensate activation (y-axis, post-activation) for the listed constructs. (j-k) Simulations representing local
activation of phase separating species (j) or non-phase separating species (k) while varying the wetting parameter
(left, wetting; right, nonwetting). (I) Quantitative summary of phase separating and non-phase separating

simulations across a range of wetting affinity and reaction-diffusion length scale [ , showing that phase separating
species (solid line) exhibit both more extreme cavitation and engulfment than non-phase separating species

(dotted line), while slow association rate (red | = 2R0, where Ro is the radius of the activation zone) results in

consistently lower chromatin enrichment compared to the blue curves for which [ = Ro‘
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Extended Data Figure 4. Shape and interactions of wetting and non-wetting condensates

(a) Additional block copolymer simulations showing reference configurations (top), filament network with
F,-wetting condensate (middle), and filament network with nonwetting condensate (bottom). (b) Micrographs of
nuclei with labeled chromatin (H2B) and endogenous and exogenous HP1a-based condensates. From left,
GFP-tagged endogenous HP1a marks H2B-rich condensates. The rest have auxin-induced degradation of
endogenous HP1a and expression of exogenous mCherry-tagged HP1 constructs. Exogenous full-length wild type
mCherry-HP1a condensates are non-circular and engulf chromatin, similar to endogenous. HP1a constructs that
lack chromatin binding due to truncating the chromodomain (HP1a“%°) or due to a point mutation in the
chromodomain that disrupts H3K9 methyl binding (HP1a"**") create circular condensates that cavitate chromatin.
(c) Immunofluorescence images showing colocalization of exogenous mCherry-tagged HP1a WT with epigenetic
mark H3K9me3, and lack of colocalization of chromatin-binding mutant (HP102°) with the epigenetic mark. (d)
Co-condensation in-cell experiments of endogenous GFP-tagged wild type HP1 (green) with each of the three
exogenous HP1a constructs (red), mCh-HP1a"", mCh-HP1a*®°, and mCh-HP1a" ?, Interestingly, wetting
condensate HP1a"" creates separate domains from the non-wetting HP1a®® or HP1a"??™ constructs, though these
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proteins can dimerize. (e) Cartoon summary and simulation of a wetting and nonwetting condensate coexisting in
the same filament network. (f) Comparison of (left) a simulation containing both wetting (not shown) and
nonwetting condensates (green) and (right) a simulation in the same filament network containing only a
nonwetting condensate (green). (g) Histogram quantification of the size of nonwetting condensates in (g) with and
without the wetting condensate. (h) Summary of shear modulus as a function of wettability and condensate
volume fraction, showing non-monotonic behavior of fiber network shear. (i) Individual stress strain relationships
for four simulated fiber networks containing increasing volume fraction of condensate, again demonstrating
non-monotonic behavior.
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Supplemental Video 1, related to Figure 1. Simulations of condensates in 3D fiber networks and
condensate-filament interaction. Three-dimensional rotating views of the simulations in Fig. le-g,
followed by animations of the elastocapillary interactions between condensates and a single filament in
2D shown in Fig. 1d, with varied bending stiffness.

Supplemental Video 2, related to Figure 2. Simulated phase diagram of condensates in 2D fiber
networks. Animations of simulations in Fig. 2a and Extended Data Fig. 2d from t = 0.1t* to t = 100 t*
shown in logarithmic time scale, where t* is the characteristic diffusion time.

Supplemental Video 3, related to Figure 2. Nonwetting and Wetting Condensate Experimental
Examples. Movies of light-induced condensates from Fig. 2c (nonwetting) and Fig. 2e (wetting).
Nonwetting Corelet condensates of BRD4'"™® were triggered in U20S cells through global blue light
activation from time 0:15 - 5:15 (min:sec). Chromatin shown in magenta, BRD4"*® shown in green. Note
the size distribution of condensates (center) and cavitation of chromatin (right). From 5:15-7:15, light
activation is removed, condensates dissolve and chromatin structure recovers. In the second example,
wetting Corelet condensates of full length HP1a are triggered from time 0:15 - 3:45 (min:sec). Note
pre-activation localization of HP1a to chromatin-rich areas (center) and additional engulfment of
chromatin upon activation (right). From 3:45-5:20, light activation is removed, condensates dissolve and
chromatin structure recovers.

Supplemental Video 4, related to Figure 3. Local Condensation of Wetting and Nonwetting Constructs.
Corelet condensates are locally triggered by aiming a circular region of interest of 2 micron diameter at
one point within the nucleus. Condensing constructs tested include BRD4™, BRD4"™f, HP1a™, HP1a%®,
BRD4®°, HP1a®, BRD4-HP1a and HP1a-BRD4. Merged channels at left, enlarged area of condensate and
chromatin channels at right; all examples are U20S cells, with chromatin marked by miRFP-H2B.

Supplemental Video 5, related to Figure 3. Simulations of local light activation of condensates in fiber
networks. Animation of simulations in Extended Data Fig. 3j-k (also Fig. 3g-h), including the activation
and deactivation stages.

Supplemental Video 6, related to Figure 4. Simulations of shearing fiber networks wetted by
condensates. Animation of simulations in Fig. 4g and Extended Data Fig. 4i with average condensate
volume fraction from 0, 0.1, 0.25, 0.4. Shear goes from 0 to 0.5.
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