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SUMMARY

Biomolecular condensates assemble in living cells through phase separation and related phase transitions.
An underappreciated feature of these dynamic molecular assembilies is that they form interfaces with other
cellular structures, including membranes, cytoskeleton, DNA and RNA, and other membraneless compart-
ments. These interfaces are expected to give rise to capillary forces, but there are few ways of quantifying
and harnessing these forces in living cells. Here, we introduce viscoelastic chromatin tethering and organi-
zation (VECTOR), which uses light-inducible biomolecular condensates to generate capillary forces at tar-
geted DNA loci. VECTOR can be utilized to programmably reposition genomic loci on a timescale of seconds
to minutes, quantitatively revealing local heterogeneity in the viscoelastic material properties of chromatin.
These synthetic condensates are built from components that naturally form liquid-like structures in living
cells, highlighting the potential role for native condensates to generate forces and do work to reorganize

the genome and impact chromatin architecture.

INTRODUCTION

Biomolecular condensates are membraneless assemblies that
form within living cells through liquid-liquid phase separation
and related phase transitions.”? These include P granules,®
T cell receptor clusters,” stress granules,® the pyrenoid,® and
nucleoli,” many of which physically interact with other cellular
structures. Within the nucleus, chromatin-associated conden-
sates are involved in nuclear functions, including chromatin re-
modeling,® transcriptional activation,® ' or repression’" of spe-
cific euchromatic sequences, and formation and silencing of
heterochromatin domains.’>'* Aberrant spatiotemporal regula-
tion of chromatin-interacting condensates is associated with
diseased states.®'>"®

Decades of work in soft (non-living) matter show how the pro-
cesses of nucleation, growth, and coarsening can be impacted
by structured environments.'”'® Studies suggest a role for
related effects in living cells, including the interactions between
condensates and viscoelastic environments including the cyto-
skeleton,'®?° chromatin,>' and the nuclear F-actin network of
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Xenopus laevis oocytes.’” In the nucleus, condensates form in
mechanically softer regions,?® and chromatin organization im-
pacts condensate coarsening dynamics.?**® Thus, the material
state of the cell, particularly the nuclear interior, impacts the for-
mation, positioning, and organization of condensates.

While the material state of chromatin influences functions
including replication, transcription, and protection from DNA
damage,?® there is no consensus model describing this material
state. Several studies suggest that chromatin behaves as a solid
on the mesoscale,’”*® while others have suggested a liquid-like
state.?®*° Existing intranuclear reorganization techniques have
informed functional outcomes of nuclear (re)positioning and
alteration of pairwise genomic contacts,®'® but there are
extremely few techniques for direct force-response measure-
ments utilizing local force application on singular chromatin
loci.®°

In considering possible methods of generating and harness-
ing forces within living cells, it is noteworthy that interfacial
(surface) tension between immiscible phases can give rise to
capillary forces.”?*°73° These mechanical forces arise from
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energetically unfavorable non-spherical condensates, which
can decrease free energy by rounding up into a sphere to mini-
mize interfacial area. Recent studies have shown that model
condensate systems exhibit interfacial forces that drive intra-
cellular restructuring.'®%4%4" Therefore, condensates could
function in a manner analogous to molecular motors,*” applying
picoNewton (pN)-level forces to intracellular objects; instead of
utilizing ATP hydrolysis, forces would result from free energy
stored in interfaces. By exploiting such condensate-driven
interfacial interactions in the nucleus, it could be possible to
probe local chromatin material properties and uncover princi-
ples of genome organization and function. However, there are
currently no techniques for measuring and controlling interfa-
cial forces in living cells.

Here, we introduce ViscoElastic Chromatin Tethering and OR-
ganization (VECTOR), a system that creates interfacial interac-
tions between an inducible synthetic condensate and target
chromatin loci to apply a pulling force on the attached loci during
condensate dissolution, resulting in their repositioning. Locus re-
positioning is rapid (~2 min), specific, and precise over micron
distances. We combine analytical simulations to understand
the work done through interfacial interactions and quantitatively
estimate differential viscoelasticity across chromatin regions.
Additionally, we demonstrate the versatility of the VECTOR plat-
form through automation for high-throughput locus reposition-
ing, force generation through a variety of synthetic condensate
identities, dCas9-based programmable repositioning of both te-
lomeric and non-telomeric sequences, as well as strategies for
condensate-interface mediated repositioning of nuclear bodies.
Together, these studies build a more complete understanding of
internal mechanical properties and processes in the nucleus and
provide a powerful toolkit for the study of cellular organization
and function.

RESULTS

VECTOR: A rapid and precise system for chromatin
locus repositioning in living nuclei

To engineer condensate capillarity, we leveraged our earlier
work demonstrating light-dependent condensate induction in
the nucleus.?®>*%*? We induced condensates in cultured human
osteosarcoma U20S cells with the two-component Corelet sys-
tem,* composed of an iLID-GFP-Ferritin 24-mer “core” and an
SspB-tagged phase separation-prone intrinsically disordered
region (IDR). Upon 488 nm light exposure, improved light-
induced dimer (iLID) and SspB interact, decorating each core
with up to 24 sticky IDRs and triggering intracellular phase sep-
aration. By fusing the same IDR (e.g., FUSy) to a tethering protein
that binds a particular chromatin locus, in this case, the TRF1
protein that binds to repetitive telomeric TTAGGG sequences,*®
we promoted interactions between the “condensate module”
(constructs that create the condensate) and the “adhesion mod-
ule” (constructs that create interaction between the condensate
and chromatin locus) (Figures 1A and 1B).

By directing blue light to a small region within the nucleus
(1.2 pm diameter circle), we can readily nucleate condensates
at tagged loci. With sustained light activation, condensates teth-
ered to two nearby chromatin loci grow and coalesce into one,
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remaining associated with the target loci. Upon deactivation,
the condensate shrinks, leading to a pulling force that reposi-
tions the loci (Figure 1A). In this example cell, we performed
two simultaneous repositionings (Figures 1B and S1A; Video
S1). With this localized light activation protocol, we achieved
loci-spanning condensates with diameters up to 3 um, enabling
successful repositioning of telomeres across multiple microns of
nuclear space. However, the probability of condensate merging
reduces significantly if loci are separated by more than 2 um (Fig-
ure 1C), a limitation set by achievable size of the loci-spanning
condensate, which could be tuned through construct expression
levels.

Tracking telomere position during the light activation/deacti-
vation sequence reveals their capillary-force-dependent move-
ment. We observe a jump together when the two loci-associated
condensates merge (0.72 pum/min), then the loci follow the
receding condensate surface as it shrinks (1.18 pm/min).
Directed locus repositioning occurs over 1-2 min as the syn-
thetic condensate dissolves, and the loci maintain their new po-
sitions for minutes after the condensate is dissipated, indicating
successful long-term repositioning (Figure 1D). Notably, these
micron-scale, rapid, and directed movements are achieved
without use of ATP-driven motors—the most commonly
described source of intracellular force generation. Instead, the
forces underlying movement of these genomic loci are gener-
ated through capillary forces®” at the interface between the
condensate and chromatin locus. The scale of the capillary force
is set by the relevant interfacial tension(s), which represents an
energetic cost per unit area, with forces generated from surface
area minimization.®” Measurements to date on simplified in vitro
systems,”***> and in some cellular contexts,”*° suggest
condensate interfacial tensions in the range of 10~"-1073 N/m.**

The data shown above rely on cell-specific, user-defined re-
gions of light activation/deactivation, an approach limited in
throughput capacity. To increase throughput while maintaining
specificity and precision, we tested a series of automated proto-
cols that incorporate real-time feedback into regions of interest
(ROI) generation for light patterning (see STAR Methods;
Figures S1B-S1E). Global activation creates temporally control-
lable but small condensates that fail to merge (Figure S1B,
“global” map of possible outcomes shown in Figure S1F). A
thinner activation region induces larger condensates, and sliding
this activation box promotes condensate fusion, but this
approach is slow (t > 60 min per frame) due to the numerous
sequential activation/deactivation cycles required (Figure S1B,
“sliding box”). A square lattice pattern of punctate activation re-
gions creates condensates that occasionally merge but are not
all associated with target loci (Figure S1B “array”).

Considering these limitations, we designed an approach that
uses real-time image analysis feedback to identify nearby telo-
mere pairs, then creates activation regions connecting them
(Figure S1C). Bright spot detection followed by activation be-
tween nearby pairs is consistent and efficient, resulting in at least
one pair of loci associated with the same condensate in 46% of
cells (81 out of 176 nuclei attempted) and leading to scalability
and successful repositioning in 64% of those nuclei (52 out of
81 potential locus pairs) in less than 5 min per field of view (Fig-
ure S1D; example kymographs in Figure S1E; map of potential
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Figure 1. A light-inducible system for rapid, precise repositioning of chromatin loci

(A) Schematic of VECTOR constructs that create a light-inducible condensate (condensate module, green) and adhesion between the condensate and chromatin
locus (adhesion module, magenta). By applying a localized light activation-deactivation pattern (blue circular ROI), locus-attached condensates grow, merge, and
shrink, pulling loci together. Force is applied (F, black arrows) during merging and light deactivation.

(B) Two pairs of telomeres were targeted, boxed in white and yellow (see also Figure S1A). Light activation (blue circle) triggers FUSy-SspB synthetic condensate
formation at targeted loci. Stills from the boxed areas show condensates (FUSN-SspB, green) growing at the locally activated loci (1:30), merging (2:20-2:30),
repositioning the attached loci as the condensate shrinks (3:10-4:20), and the loci remain for the duration of the time series (8:00). Kymographs demonstrate this

process over continuous time.

(C) A histogram of distances between loci pairs that fused (magenta) or not (black). n = 38 merged, 29 not merged locus pairs.
(D) Graph of the distance between target loci over time. Blue shading indicates light activation.

See also Figure S1 and Video S1.

outcomes in Figure S1F). These data exemplify how conden-
sates can be harnessed to rearrange intracellular objects without
the use of ATP-driven motors.

Adhesion between condensate and chromatin is
essential for precise force application

We hypothesized that capillary forces are transmitted to the
target chromatin locus by adhesion between the shrinking
FUSy condensate and the FUSy-coated telomere surface. We
performed the same light activation/deactivation protocol in
cells expressing a chromatin-bound fluorescent protein that
has no interaction with the condensate (miRFP670-TRF1)
(Figures 2A and 2B), and no sustained force was exerted on
the loci, as expected (Figure 2C; Video S2).

The small expansion and contraction of the distance between
chromatin loci (Figure 2C) may be due to the condensate itself
displacing the chromatin network between the loci. Marking all
DNA with a silicon rhodamine (SiR)-DNA dye shows that bulk
chromatin is excluded from the condensate (Figure S2A), consis-
tent with previous studies.’®>** The distance between two nu-
clear locations (yellow arrows, Figure S2A) over time increases
slightly during activation and recovers to the original distance
during condensate dissolution (Figure S2B). These data suggest
that the movement of chromatin loci not adhered to the conden-
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sate is due to bulk material displacement, and precise reposi-
tioning of loci depends on interfacial interaction with the
condensate.

The amino acids that contribute to self-interaction underlying
phase separation of FUSy have been extensively studied,**”
revealing that the 27 tyrosines of FUS\'T act as “sticker resi-
dues” separated by “spacer residues” (Figure 2D). To examine
the role of tyrosines in facilitating chromatin-condensate adhe-
sion, we created FUSy-miRFP670-TRF1 constructs with 3, 5,
9, 15, or 27 tyrosine-to-serine mutations (Y-to-S, Figures 2D-
2F) and asked whether these mutations altered adhesion to the
wild-type (WT) condensate by measuring the detachment prob-
ability. Single locus-condensate interactions were determined to
be adhered or detached based on whether the telomere and
condensate maintained contact or not during condensate disso-
lution (Figure 2E).

Detachment of FUS\V"-tagged telomeres from FUS\'T con-
densates is extremely rare, with 0 out of 33 loci detached (0%
detachment rate, Figure 2F). Detachment becomes more likely
with increasing number of Y-to-S mutations, resulting in 88%
detachment rate for the FUSNZ"YS-miRFP670-TRF1 construct
(Figure 2F), suggesting tyrosines mediate almost all of the
FUSNWr adhesion strength, which arises from an estimated
several hundred IDR-IDR interactions (see STAR Methods). If
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Figure 2. Chromatin-condensate adhesion is required for repositioning
A) Schematic of constructs with no adhesion. TRF1 binds telomeric TTAGGG repeats but does not have any added IDR.
) Stills and kymograph of a no-adhesion example. Condensates grow (1:55) and fuse (6:20) but do not reposition the chromatin loci (6:50-15:00).

D) Schematic of altered adhesion constructs of telomere-bound FUSy IDR with tyrosine-to-serine (YS) mutations.

(A
B
(C) Graph of the distance between two telomeres without condensate adhesion.
(
(E

) Locus-attached condensates were de-activated and classified as staying adhered if they maintained contact with the locus (top) or as detached if they lost

contact (bottom).

(F) Quantification of the number of adhered and detached chromatin-condensate pairs with increasing Y-to-S mutations. n indicated above each bar represents
individual locus-condensate interactions. Trend is statistically significant by chi-squared test for trend, p = 0.0001.

See also Figure S2 and Videos S2 and S3.

the number of tyrosines is deterministic of the adhesion strength
for a distinct pair of sequences, HNRNPA1s, an orthogonal IDR
that contains 8 tyrosines and has been reported to interact
weakly with FUSy,**“® should have a detachment rate of about
80%. However, we find only 13 out of 23 (56%) detach, suggest-
ing that spacing of tyrosines, neighboring amino acid context,
and other sequence features contribute to intermolecular inter-
action strength, consistent with previous reports.*®

Until this point, we have utilized a specific IDR, FUSy, to
mediate interfacial force generation. Capillary forces are a gen-
eral feature of condensates, so we next sought to create a
condensate module with adaptable sequence identity. We re-
placed FUSy in the condensate module (FUSNPR-mCh-SspB)
with phase-separation-prone IDRs from DDX4 or BRD4 [X'°F]-
mCh-SspB and replaced the chromatin-tethered FUSy IDR in

the adhesion module (FUSNPR-miRFP670-TRF1) with iLID
(iLID-miRFP670-TRF1),*° which recruits [X'°F]-mCh-SspB upon
light activation (Figures S2C and S2D). Similar to the FUSy sys-
tem, during light activation, chromatin loci remain adhered to the
[X'®F] condensate surface, and upon light deactivation, loci are
repositioned (Figure S2D), confirming that non-FUSy conden-
sates can also apply force to adhered loci.

In addition to chromatin loci, other structures, including nuclear
bodies, should be amenable to repositioning with VECTOR. We
attempted to reposition Cajal bodies, native nuclear condensates
associated with various aspects of RNA metabolism, using
Coilin to generate the adhesion module FUSy-miRFP670-Coilin
(Figures S2E-S2G). Interestingly, when a FUSy condensate forms
at a Cajal body, FUS\-miRFP670-Coilin distributes to cover the
entire surface of the FUSy condensate (Figures S2F and S2G).
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Figure 3. A dCas9-based adhesion module for repositioning non-telomeric loci

(A) Schematic of constructs used for dCas9-based VECTOR. Condensate module: as in Figure 1. Adhesion module: sgPPP1R2 single guide RNA targets dCas9-
SunTag to repetitive PPP1R2 locus. scFv-HaloTag-iLID binds multivalent SunTag, and upon blue light FUSL'PR-mCh-SspB decorates iLID, creating adhesion
between FUSy-labeled PPP1R2 locus and FUSy condensate.

(B) Representative images and kymograph of PPP1R2 loci repositioned using dCas9-based adhesion module.

(C) A histogram of distances between pairs of PPP1R2 loci separated by whether the locus-attached condensates merge (magenta) or not (black). n =31 merged,
27 not merged loci pairs.

(D-H) (D) Graph of the distance between two PPP1R2 loci over time; note recoil. Representative images, kymograph (E), and distance graph (F) of telomeric loci
repositioned using dCas9-based adhesion module with sgTelo telomeric sequence targeting guide RNA. Note locus recoil. Representative images, kymograph
(G), and distance graph (H) of telomeres repositioned using dCas9-based adhesion module with TRF1 overexpression.

See also Figure S3 and Video S4.

Nevertheless, from two original Cajal bodies, only one remains af- A dCas9-based approach to generate force on non-

ter deactivation, indicating successful repositioning (Figure S2F;  telomeric genomic elements

Video S3). These data demonstrate that capillary forces are gener-  Next, we sought to extend our intranuclear force generation
ated by IDR-IDR interactions and can reposition native nuclear approach to non-telomeric chromosomal loci using a dCas9-
condensates in addition to chromatin loci. based adhesion module (Figure 3A).2° We targeted PPP1R2, a
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repetitive locus of ~500 copies on Chr3g29, which enables bind-
ing of many dCas9 molecules using a single guide RNA (sgRNA).
In this dCas9-based system, the condensate module is the same
light-inducible FUSy Corelet as described above. The adhesion
module is made of four components that target the repetitive lo-
cus: (1) a small guide RNA complementary to the target locus,
and (2) dCas9 covalently linked to a SunTag, which has 24
copies of a binding site for viral protein ScFv. We covalently
link (3) ScFv to HaloTag (for visualization) and iLID such that
when blue light is activated, (4) FUSN-mCh-SspB binds ScFv-
HaloTag-iLID, creating a dCas9-targeted telomeric locus
decorated with FUSy. Precise stoichiometry between the four
adhesion module components was essential for locus-specific
labeling in this dCas9-based VECTOR implementation (see
STAR Methods). sgRNA targeting of PPP1R2 results in three
puncta in pseudotriploid U20S cells during G1 (Figure 3B) and
up to six puncta in G2 after DNA replication. As with telomeres,
PPP1R2 loci within 2 pm of each other are most likely to achieve
productive bivalent condensate attachment (Figure 3C), and
condensate dissolution applies force to move PPP1R2 loci to-
ward each other (Figure 3D). While the dCas9-based adhesion
module is overall more detachment-prone than the FUSy-
TRF1-based adhesion module, the lower number of repeats
bound by sgPPP1R2 (~500 copies per locus) only slightly in-
creases the detachment probability compared with a dCas9
adhesion module that uses a telomeric TTAGGG,-targeting
sgRNA (sgTelo, >1,000 copies per locus). The sgTelo module ex-
hibits 15/57 or 27% detachment, while the sgPPP1R2 module
exhibits 24/75 or 32% detachment (Figures S3A-S3C), suggest-
ing that 500 binding sites are sufficient for force generation at the
PPP1R2 locus.

Interestingly, PPP1R2 loci repositioned using the dCas9 adhe-
sion module recoil toward their original positions after conden-
sate dissolution (Figures 3B and 3D; Video S4), unlike telomere
loci repositioned using the TRF1 adhesion module (Figures 1,
S2C, and S2D; Video S1). These disparate recoil behaviors
may be due to (1) differences in the force application systems,
(2) end vs. internal chromosomal location, or (3) other physical
characteristics disparate between these loci. We measured
recoil probability with the dCas9-based adhesion module target-
ing telomeres, expecting that if chromosomal positioning or
other physical characteristics control recoil behavior, telomeres
will remain in their repositioned locations, while if differences in
the adhesion modules control recoil behavior, telomeres will
recoil similar to the PPP1R2 loci.

Telomeres repositioned via the dCas9 adhesion module recoil
after force application, similar to PPP1R2 loci (Figures 3E and
3F). We examined whether overexpression of TRF1 in combina-
tion with the dCas9 sgTelo adhesion module would prevent
recoil (Figures 3G and 3H). Indeed, while PPP1R2 loci and telo-
meres repositioned with the dCas9 adhesion module recoil after
force application in more than 90% of cases (16 out of 17 locus
pairs recoil in sgPPP1R2; 17 out of 18 locus pairs recoil in
sgTelo), sgTelo-labeled telomeres only recoil in 50% of cases
when TRF1 was also overexpressed (8 out of 16 locus pairs
recoil). This suggests that the apparent liquid-like coalescence
of telomeres”’ is impacted by stoichiometry of shelterin complex
components and is consistent with previous reports that non-
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stoichiometric expression of TRF1 can lead to aberrant telomere
clustering and telomeric DNA fusions.*%-5%:5"

Notably, during light activation, dCas9-labeled PPP1R2 loci
extend to coat the surface of the condensate, while FUSy-
miRFP670-TRF1-labeled loci remain punctate (Figure S3D).
This observation may reflect differences in the internal cohesion,
mechanical properties, or condensate wetting behavior of these
structures (see schematic Figure S3E). Overall, these findings
suggest that chromatin-bound IDR-containing proteins mediate
stable contacts between distal chromosomal loci, consistent
with 3D genome mapping results implicating IDRs in long-range
interactions.®?

Chromatin is a viscoelastic liquid with mesoscale
heterogeneity

The material state of the nuclear interior is technically difficult to
probe, and previous measurement methods include confound-
ing contributions from the nuclear lamina and envelope, as
with micropipette manipulation of whole nuclei,*® or atomic force
microscopy (AFM) compression.®* We sought to perform direct
active rheological measurements from within the nucleus with
VECTOR, then observe detachment rates and post-detachment
locus recoil trajectories, which yield insight into relaxation be-
haviors of mechanically stressed chromatin (Figure 4A).

If chromatin behaves as a purely elastic material, we expect lo-
cus-condensate detachment most often when the locus is
moved far from its initial position, when the strain is highest.
We measured the probability of locus detachment as a function
of strain, where dj is the initial distance between two loci, and dy
is the distance between loci under force, so dimensionless strain
is defined by fractional deformation (dp — dg)/dy but did not
observe a strain-dependent trend (Figure S4A). This suggests
that chromatin is not a purely elastic material but rather exhibits
fluid-like dissipation. Materials with partially liquid-like behavior
are characterized by stresses that depend not only on the magni-
tude of deformation but also on the rate of change of deformation
(e.g., velocity or strain rate). With VECTOR, the moving locus fol-
lows the receding condensate surface during light deactivation;
therefore, velocity is dependent on the rate of condensate diam-
eter shrinking, which we observed to range between 0.1 and
1.2 um/min. Chromatin loci attached to condensates with full
adhesion strength (FUS\"T-miRFP670-TRF1) did not detach
from the shrinking condensate at any tested velocity, while loci
attached by the very-weak-adhesion construct FUSy'SYS-
miRFP670-TRF1 showed a higher probability of detachment at
a broad range of tested velocities, though this did not trend
with velocity (Figure S4B). Loci attached with the moderately
mutated construct FUS\°YS-miRFP670-TRF1 exhibited a veloc-
ity-dependent detachment, with detachments more frequent at
lower velocities (Figure S4B; < 0.5 pm/min, chi-squared test
trend ***p = 0.0004), a behavior not expected for purely elastic
materials. We note that interpretation of velocity dependence
is confounded by the fact that the pulling velocity is coupled to
the size-dependent condensate dissolution rate. Nonetheless,
these data point to chromatin exhibiting significant liquid-like
properties rather than being a purely elastic material.

We next built an analytical simulation to examine the expected
relative influence of elastic- and liquid-like chromatin properties
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Figure 4. Simulations predict viscoelastic mechanical properties of chromatin repositioning

(A) VECTOR experiments using detachment-prone FUS\™"-miRFP670-TRF1 mutants result in detachment and recoil of the associated locus.

(B) Simulating locus detachment from a shrinking condensate and subsequent recoil with a viscoelastic solid (Kelvin-Voigt) model predicts that, during recoil, the
chromatin loci always return to their original positions, as the energy of the elastic spring must be dissipated.

(C-E) (C) Simulating locus detachment and recoil in a viscoelastic liquid (Jeffreys or Rouse polymer) model predicts that the chromatin loci will not return all the
way to their original positions, as some of the energy is dissipated through the viscous dashpot. Graphs of locus distance and estimated force over time from
experiments in live cells show that some detachments result in elastic-like recoil (D), while others result in viscous-like recoil (E).

(F) Locus distance and estimated force over time in an example that does not detach.

(G and H) (G) Graph of locus’ recovered distance normalized to their original position (fold recovery) for 15 loci pairs shows a wide spread of both viscous-like and
elastic-like recoil behavior using both the TRF1 overexpression-based system and (H) dCas9-based system targeting telomeres (n = 26 loci pairs) or PPP1R2 (n =
17 loci pairs).

() Graphs of force experienced by loci, estimated with a calibrated Rouse polymer model (see STAR Methods), over experiment time for the elastic-like, viscous-
like, and no recoil trajectories shown in (D)-(F).

(J) Average estimated force measurements for n = 25 loci pair trajectories during six experimental time windows. Error bars show standard deviation. ***p <
0.0001 by one-way ANOVA.

See also Figure S4 and Video S5.

on locus recoil behaviors. The simulation mimics dissolution-  (Figure S4D). Additional characterization and parameters of
dependent repositioning by light-inducible condensates (green) these simulations are described in the method details (Figures
wetting a second phase (magenta, representing the chromatin  S4E-S4M; Video S5).

locus) (Figure 4B). The condensate forms upon light-induced as- The addition of linear viscoelasticity to this simulation imparts
sociation of the core and IDR, with the free energy of mixing resistance to locus movement (Figures 4B and 4C). Starting
defined by the Flory-Huggins theory.>® As we observed experi-  with a system of two loci attached to a single condensate, we
mentally, these simulations show that both condensate coales-  simulated the chromatin locus movement during the force of re-
cence and dissolution lead to the associated loci moving toward  positioning and considered the chromatin material to be either
each other (Figure S4C), with adhesion required for repositioning (1) a viscoelastic solid following the Kelvin-Voigt model, which
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anchors the locus at its original position by a spring and dashpot
in parallel (Figure 4B, graph inset), or (2) a viscoelastic liquid
following the Jeffreys model,*® which adds a dashpot in series
with the spring (Figure 4C, left graph inset), or the Rouse poly-
mer model, based on polymer relaxation-controlled viscoelas-
ticity®” %% (Figure 4C, right graph inset and S4K-S4M). While
these are not the only possible models of viscoelastic solids
and liquids, we chose them as our initial models because they
are the simplest and most well-known models that make qual-
itatively different predictions.

In the viscoelastic solid Kelvin-Voigt model, the single spring
spanning the unit dictates that the loci will always return to their
original positions (Figure 4B). By contrast, in the viscoelastic
liquid Jeffreys or Rouse polymer models, a detached locus
would not necessarily return all the way back to its original posi-
tion (Figure 4C), since some of the energy is dissipated by
viscous relaxation. This relaxation is governed by the dashpot
in the Jeffreys model, where a short spring relaxation time
compared with repositioning time implies less recoil, while within
the molecular picture of the Rouse polymer model, it is governed
by polymer relaxation timescales. We observed locus detach-
ments with the FUS\°YS- and FUS'®YS-miRFP670-TRF1
weak-adhesion mutants (Figure 4A) and tracked post-detach-
ment recoil behaviors. Interestingly, we observed both elastic-
like recoil, with detached loci returning entirely to their original
positions (Figure 4D), as well as viscous-like recoil, with de-
tached loci returning only partially to their original positions (Fig-
ure 4E). Over 15 detachment and recoil events using the
FUSK'®"S-miRFP670-TRF1 mutant, we observed a wide spread
of recoil recovery, with some loci presenting viscous-like recov-
eries (green, Figure 4G, bottom) and others presenting elastic-
like recoveries (magenta, Figure 4G, top). Utilizing the dCas9-
based adhesion module, we also observe a spread of recovery
behaviors of PPP1R2 and telomeres (Figure 4H), consistent
with the recoil dynamics reflecting intrinsic chromatin
viscoelasticity.

We sought to estimate the magnitude of forces generated
with VECTOR, building from a framework recently deployed
to analyze intracellular force generation by magnetic twee-
zers.*® In particular, we estimated forces during the light activa-
tion/deactivation sequence by calibrating a Rouse polymer
model using telomere mean squared displacement (MSD)
data, then calculating the fluctuating forces required to move
loci on observed trajectories.®® Here, the Rouse polymer model
is used to represent force being applied at a point source along
the chromatin polymer, which allows the system to be cali-
brated by passive microrheological approaches (see STAR
Methods). This force estimation approach yields results on
the order of ~0.36 pN during condensate dissolution
(Figures 4D-4F, bottom), which is comparable to individual mo-
lecular motor forces (e.g., kinesin).®' Note that force estimation
is calculated based on the relative distance between two loci,
with positive force indicating loci moving toward each other
and negative force moving them apart. The force hovers
around zero before condensate growth and during late activa-
tion when the condensate is not changing size (—0.02, —0.01
pN, respectively, Figure 41 “preactivation,” “activation”), then
spikes during condensate coalescence (0.15 pN, Figure 4l
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“merge”) and exhibits sustained force during locus reposition-
ing due to condensate dissolution (0.36 pN, Figure 41 “pull
force,” see STAR Methods). In examples where loci recoil
after collision, the force drops to near-zero after detachment
(—0.02 pN, Figure 41 “recoil”), while in examples where loci
remain attached (Figure 4H), forces slowly decrease through
viscous dissipation; this sets the scale of the minimum sus-
tained adhesion required between chromatin-bound IDRs to
counteract the restoring force of the viscoelastic medium
(0.18 pN, Figure 4l “restoring”).

Taken together, our data are most consistent with a visco-
elastic liquid model of chromatin material state at the mesoscale
that arises from Rouse polymer-like movement of the chromatin.
However, the broad spread of recoil behaviors indicates signifi-
cant heterogeneity in the viscoelastic response of the chromatin
network.

Proximity to nuclear or nucleolar periphery influences
chromatin viscoelasticity

We next sought to examine the origins of heterogeneity in chro-
matin viscoelasticity that may arise from differential organization
states of heterochromatic and euchromatic regions of the nu-
cleus. Tracking diffusion of telomere loci in U20S cells every
3 s for 30 min and plotting their pairwise MSD trajectories reveals
that telomeres exhibit sub-diffusive motion with an average
exponent of o = 0.46 (Figure S5A). This is close to a Rouse poly-
mer model prediction of exponent o« = 0.5 and consistent with
previous studies.?**%"°> The nuclear periphery of most human
cell types is enriched in heterochromatin,®® the epigenetically
methylated, densely compacted, and transcriptionally silenced
regions of chromatin.®® Since heterochromatin is more densely
compacted and thus presumably stiffer than nuclear interior-
localized euchromatin, we plotted these pairwise MSDs binned
into two categories by their nuclear location (Figure S5A); pairs
where both loci were located within 0.55 um of the nuclear pe-
riphery were considered peripheral (blue), or pairs where both
loci were located greater than 0.55 um from any periphery
were considered internal (mauve). Peripheral pairs exhibit
slightly lower diffusion coefficient than internal pairs (peripheral
D = 0.001168 um?/s®, internal D = 0.001316 um?/s%), consistent
with previous reports®* indicating higher viscoelastic resistance
near the nuclear periphery, potentially due to heterochromatic
state (Figure S5B).

Given these indications of heterochromatin-associated me-
chanical heterogeneity, we reasoned that we may be able to
use VECTOR to quantify chromatin’s mechanical heterogeneity
across mesoscale (1-2 um) nuclear regions. To examine this,
we use simulations to predict the movement of chromatin loci
across either mechanically homogeneous or heterogeneous
systems (Figure 5A). We define a dimensionless parameter, p,
which represents the mechanical resistance of the spring-and-
dashpot viscoelastic system, with p; and p, indicating resistance
of the two respective loci attached to a singular condensate. In
the homogeneous case p,/ p; = 1, the viscoelastic parameters
between the two loci are equal, which result in symmetric locus
movement, each traversing 50% of the distance between them.
By contrast, when the movement of loci is simulated in an het-
erogeneous system with unequal resistance (p,/ p; = 5), we

Cell 187, 5282-5297, September 19, 2024 5289




¢? CellPress

OPEN ACCESS

.Q
=
3]
IS
S
>
(2]

Distance (d,/d,)

Cell

(9]

Distance (d,/d,)
D

; 3
Q
=
q) 2
€ 0
g 1
> 2 3 4 5 6 7 8 9 10
< 1/
0 2 4 6 8 10 P2/Py
Time (ti/t,)
D Locus Heterogeneous
movement Viscoelasticity
2 ns ok 8+ ki
"3 50 L *p =0.0016
| - @ = T 5
= g a IS [ E ns
o > g 405 65
E® >~ |o - =
= o
5 2 30 <
QL o c g
X = [} o
w g £
I o 20 p H
€ Q 2 ©
= IS i 24s
%) < 10g 2
< S 3 S
) >
<n=8 47 33 &
0 T T T 0 T T T
N N N N S
S A @ @
Q Q F Q & 3
@,&\QK\ \(\\@) W Q}\é\ \é@’ WY

Figure 5. Proximity to nuclear or nucleolar periphery dictates local heterogeneity in chromatin viscoelasticity

(A) Simulations of shrinking condensates with equivalent viscoelastic resistance of the two attached loci (po/p1 = 1) result in equal distance traveled by each locus
(top; 50%, 50%), while simulations with unequal viscoelastic resistance (p./p1 = 5) show unequal distance traveled by each locus (bottom; 77%, 22%).

(B) Plots of the loci positions over time in simulations of a symmetric (top) or asymmetric system (bottom).

(C) Graph describing the relationship between the ratio of viscoelasticity of two loci (po/p+) and the ratio of the distance traveled by each locus (d;/d>).

(D) Experiment-derived kymographs of a symmetric VECTOR system (top) and an asymmetric VECTOR system (bottom).

(E) Quantification of asymmetric locus movement and resulting heterogeneous viscoelasticity in pairs of telomeres both < 0.5 pm from the periphery of nucleus or
nucleolus (peripheral, blue, n = 8), both internal (mauve, n = 47), or one peripheral and one internal (mixed, green, n = 33). Box and whisker plot; box shows 25™,
median, and 75" percentile; whiskers span minimum to maximum. Statistical significance was calculated using one-way ANOVA with multiple comparisons, ns,

not significant. ****p < 0.0001.
See also Figure S5 and Video S6.

find asymmetric movement (77%, 22%; Figures 5A, bottom, and
5B). Simulations where p,/ p; =2,4,6,8,10 reveal the linear
relationship between differential viscoelastic properties and the
ratio of distance traveled by each locus (d»/d;) (Figures 5C and
S5C-S5K).

Consistent with local heterogeneity in mechanical response
manifesting in unequal loci displacement, in experiments we
frequently observe both symmetric (Figure 5D, top) and asym-
metric (Figure 5D, bottom) movement of loci pairs using the
FUSN-TRF1 adhesion module (Video S6). Moreover, we find
that when both loci are nuclear “internal” ( > 0.5 um from a nu-
clear or nucleolar periphery) or “peripheral” (< 0.5 um from a nu-
clear or nuclear periphery), movement is relatively symmetric,
while “mixed” pairs (one peripheral locus and one internal locus)
are asymmetric (Figure 5E). Given the linear relationship between
differential viscoelastic properties and the ratio of distance trav-
eled by each locus established in simulations (Figure 5C), these

5290 Cell 187, 5282-5297, September 19, 2024

data imply that mixed pairs connect loci from environments with
greater heterogeneity (o, / p1 # 1; Figure 5E). Together, these re-
sults support a model of a viscoelastic liquid nuclear interior with
an average of 3.1-fold increased resistance within 0.5 um of nu-
clear and nucleolar peripheries.

Chromatin density and epigenetic state influence local
chromatin viscoelasticity

Both DNA density and epigenetic state are thought to contribute
to total nuclear mechanics®*®> and could determine local me-
chanical heterogeneity of chromatin. However, until now, we
have lacked the tools to investigate the relationship between
local and global material properties with sufficient resolution. In
order to understand the mechanistic basis of local chromatin
material state, we sought to determine whether local compaction
state is correlated with asymmetric movement. We measured
the local chromatin density at telomeres by quantifying
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Figure 6. DNA density and epigenetic inhibitors control local chromatin viscoelasticity

(A) Example images and quantification pipeline of Hoechst intensities at target loci in U20S cells. Ratio of DNA density (H./H) of the Hoechst channel fluorescent
intensities measured within a 0.33 um radius (2 pixels) of the loci. Asymmetric travel (d;/dy) is the ratio of the distance traveled by the first telomere over the
distance traveled by the second telomeres.

(B) Graph of Asymmetric travel (d;/d>, left axis) or viscoelastic ratio (p,/ p1, right axis) vs. ratio of DNA density (H./H/) for telomeres measured with FUSN-TRF1-
adhesion module in n = 14 loci pairs from U20S nuclei.

(C) Example images and Hoechst quantification for NIH3T3 cells. Arrows: interior chromocenters.

(D) Graph of asymmetric travel (d;/d>, left axis) or viscoelastic ratio (p»/ p4, right axis) vs. Hoechst difference for telomeres in n = 7 loci pairs from NIH3T3 nuclei.
(E) Example images demonstrating DNA density by Hoechst intensity in untreated (left), TSA-treated (center), and methylstat-treated (right) U20S cell nuclei.

(legend continued on next page)
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Hoechst-labeled intensity in a 0.33 um radius around each telo-
mere locus labeled with FUSy-miRFP670-TRF1 (Figure 6A). We
find that the ratio of chromatin density in telomeric pairs is corre-
lated with their asymmetric movement and therefore differential
viscoelasticity (Figure 6B, R? = 0.403, *p = 0.019). This intensity
correlation holds true in mouse fibroblast NIH3T3 cells, whose
DNA-dense heterochromatic domains, or chromocenters, are
found internally as well as peripherally (Figures 6C and 6D), sug-
gesting that DNA density is correlated with local viscoelasticity,
independent of nuclear position.

Global nuclear mechanics can be altered with small molecule
drugs that affect epigenetic modifying enzymes, including
trichostatin A (TSA), a histone deacetylase inhibitor that increases
acetylation and reduces variation in chromatin density across
the nucleus,’® and methylstat, a histone demethylase inhibitor
that increases methylation and increases variation in chromatin
density.® These treatments lead to the expected DNA distribu-
tions in U20S cells (Figures 6E and 6F), and telomeres are found
throughout these differentially compacted regions (Figures S6A-
S6C). MSD of tracked telomeres in TSA-treated U20S cells
shows that they diffuse with a higher exponent (o = 0.6678)
than untreated cells (o = 0.6227), while telomeres in methylstat-
treated cells exhibit a lower diffusive exponent (« = 0.4685)
(Figures S6D-S6F), consistent with previous reports.®*®> After
calibrating the Rouse polymer-based force estimation model
on these MSD data, we confirm that FUSy condensates apply
the same 0.2-1 pN range of force in each condition (Figure S6G).
We find that these epigenetic inhibitors decouple movement
asymmetry and viscoelasticity from local DNA density in TSA-
and methylstat-treated cells (Figures 6G and 6H), suggesting
that DNA density is not the only determinant of local viscoelastic
state and that averaged measurements like MSD miss important
local variations in mechanics.

Taken together, though the number of loci measured under
these perturbations is not extensive, the data point to a mecha-
nism in which local mechanical heterogeneity of chromatin
arises from a combination of compaction state and epigenetic
modifications. The lack of direct correlation between local and
global mechanical states is an engaging concept that will un-
doubtedly be the subject of future studies.

DISCUSSION

In this work, we developed VECTOR, a technique that deploys
synthetic light-controlled condensates to impart force on spe-
cific chromatin loci in living cells and consequently reposition
them. Using VECTOR, we showed how biomolecular conden-
sates generate pN-level forces and harnessed these forces to
characterize material responses across nuclear positions. Our
findings on (1) lack of significant correlation between degree of
displacement (strain) and detachment probability, (2) velocity
rate-dependence of detachment probability, and (3) high fre-

Cell

quency of incomplete locus recoil suggest that the material state
of chromatin at the mesoscale is consistent with a viscoelastic
fluid. Together with locus MSD data, these findings are generally
consistent with predictions of a Rouse polymer. However, chro-
matin exhibits heterogeneity in viscoelastic resistance, coupled
to nuclear position. Our findings demonstrate the utility of
condensate capillarity in applying precise forces onto subcellular
targets and underscore the complexity and heterogeneity of
the viscoelastic chromatin material state within the nucleus
(Figure 7).

VECTOR demonstrates that condensates can generate
appreciable interfacial forces up to the pN-level, a magnitude
comparable to ATP-fueled molecular motors, though in this
case the energy is stored in condensate interfaces. Light deacti-
vation shrinks the loci-spanning condensate, dictating the rate
of loci movement, which we find to be between 0.75 and
1.25 um/min. This speed is comparable to whole-chromosome
movement in mitosis but not as rapid as individual molecular mo-
tors such as kinesin, which walk along microtubules (MTs) at
2-3 um/s.%® Work is generated by dissolving condensates, remi-
niscent of force generation through disassembling MTs.®” Sus-
tained attachment to the object against which force is applied
is key (e.g., Dam1 in the case of MTs,®” IDR-mediated adhesion
in VECTOR).

VECTOR harnesses and directs these interfacial forces via
IDR-mediated adhesion between the condensate and targeted
telomeric or non-telomeric repetitive loci, which are efficient
nucleation seeds for synthetic condensates.?*** Regulated as-
sembly and disassembly of endogenous chromatin-interacting
condensates like transcription factor hubs,?®:*® which form and
dissolve on the order of minutes, may represent an additional
layer of spatiotemporal regulation of pairwise locus interactions
related to mammalian gene expression. Long-lived nuclear
bodies like nuclear speckles, histone locus bodies, and Cajal
bodies may also shape the 3D genomic landscape and tran-
scriptional activity, serving as anchor points for adhesion of line-
arly distant loci and explaining long-range and inter-chromo-
somal interactions observed using chromatin conformation
capture techniques.®*"®"! We showed that VECTOR can also
reposition non-chromatin nuclear bodies, namely Cajal bodies
(Figures S2E-S2G), suggesting that a variety of cellular struc-
tures may be targeted by condensate-generated forces. Further
adaptations of VECTOR could enable examination of the nature
of pairwise locus interactions, locus positioning relative to nu-
clear bodies/compartments,®’> and kinetics of associated
functional outcomes.

Adhesion between chromatin-bound, self-interacting proteins
like TRF1 can counteract a locus’ tendency to recoil upon repo-
sitioning, suggesting that chromatin-bound IDRs mediate stable
long-distance or interchromosomal genomic interactions as
observed with telomere clustering, heterochromatic domain
coalescence, and even certain enhancer-promoter contacts.®?

(F) Frequency distribution of normalized DNA density in a 0.33 um radius ROI around telomeres; untreated N = 164 loci from 13 nuclei; TSA N = 130 loci from 9

nuclei; methylstat = 182 loci from 20 nuclei.

(G and H) Graph of asymmetric travel (d,/d>, left axis) or viscoelastic ratio (p, / p1, right axis) vs. Hoechst difference for n = 7 telomere pairs in TSA-treated (G) orn =
20 loci pairs in methylstat-treated (H) U20S nuclei. Trends are not significant in TSA- or methylstat-treated correlations.

See also Figure S6.
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Figure 7. Interfacial interactions mediate precise force generation in living cells

Target chromatin loci are bound by VECTOR system proteins, creating seeding sites for light-inducible condensates to grow and fuse during a few minutes of
localized blue light activation. Upon light deactivation, target loci remain attached to the shrinking condensate due to interfacial interactions, leading to equal
forces applied on the attached loci. Uneven viscoelastic resistance of the attached loci leads to asymmetric repositioning events, revealing increased local

chromatin viscoelasticity near the nuclear periphery.

Endogenous levels of shelterin proteins (including TRF1) poorly
mediate this long-term self-interaction between repositioned
telomeres, while non-stoichiometric overexpression of TRF1
does, suggesting that while miscibility of telomeric DNA re-
gions“? is sufficient for fusion of proximal telomeres, it is not suf-
ficient to counteract the restoring force of the chromatin
network. Potentially, imbalanced stoichiometry due to TRF1
overexpression results in increased strength of telomere associ-
ations that prevent recoil in our synthetic clustering system and
lead to aberrant telomere clustering and formation of dicentric
chromosome bridges in previous studies.”>°" Future studies
will unravel differences between cases where long-distance lo-
cus associations are functional,”*”* as with enhancer-promoter
interactions, and dysfunctional as with telomere bridges.
Chromatin loci experiencing forces via VECTOR show force-
response and recoil behavior consistent with a viscoelastic
liquid. Previously, the discrepancy between lack of intermixing
of chromatin with itself (e.g., labeled histones or replication-
labeled DNA) and rapid fluorescence recovery after photo-
bleaching (FRAP) recovery of chromatin-binding proteins (e.g.,
heterochromatic factors) have been interpreted as a solid-like
chromatin scaffold surrounded by a nucleoplasmic liquid.””*®
However, here we have directly measured chromatin mechanics
with VECTOR as an active rheology tool, illustrating that at the
mesoscale (~1 um), chromatin has both viscous and elastic
components. We find that loci recoil incompletely, indicating a
partially dissipative viscoelastic liquid rather than a purely elastic
solid model of chromatin. Our active rheological measurements
can be explained equally well by a phenomenological spring-
dashpot Jeffreys viscoelastic liquid model or Rouse polymer
model, but the Rouse model is more consistent with all data,
including the observed slope of a ~ 0.5 in MSD. A viscoelastic
liquid model arising from Rouse-like chromatin polymer move-
ment is consistent with previous work, including constrained
and coordinated diffusion of chromatin’>’® and scale-depen-
dent protein mobility within the chromatin environment.””""®
Importantly, we measured mechanical heterogeneity within
the nucleus up to 3-fold higher near nuclear and nucleolar pe-

ripheries than in the interior, which is consistent with known sub-
nuclear localization of heterochromatin.”® Increased chromatin
compaction of heterochromatic sequences®® correlate with
asymmetric locus repositioning in both U20S and NIH3T3 cell
types, and increased rigidity at the nuclear periphery would
explain observations of high mechanical stiffness of the whole
nucleus,”®®' even while interior genomic elements exhibit
more fluid-like viscoelastic response. Interestingly, recoil behav-
iors of a chromosomal-internal locus (PPP1R2) do not differ from
those of end loci (telomeres), suggesting that linear chromo-
somal positioning is not a strong predictor of viscoelasticity.
Our results highlight the complex relationship between local
and global mechanics within the nucleus and underscore contri-
butions of nuclear positioning, chromatin compaction, and
epigenetic alterations to nuclear organization and function.

In this work, we have deployed synthetic biomolecular con-
densates for systematic and programmable generation of intra-
cellular forces and used these forces to interrogate mechanical
properties of the genome. We have described the utility of capil-
lary forces and interfacial adhesion between condensates and
cellular objects to do organizational work within living cells and
suggest that endogenous condensates may utilize their interfa-
cial interactions for similar purposes. Our results underscore
the ubiquitous nature of such intracellular interfacial forces and
their potential importance in regulating physical changes of the
3D genome and other structures.®” The interplay between forces
generated by condensates and the mechanical resistance of
cellular structures provides an exciting perspective on the rich
regulatory landscape underlying chromatin compartmentaliza-
tion, nuclear organization, and their consequences for cellular
physiology and disease.

Limitations of the study

VECTOR is limited by several aspects of the light-induced con-
densates for force application: the total distance a locus can
be moved is set by the achievable diameter of the condensate,
and the velocity at which it moves is set by the condensate’s
dissolution rate. Using the dCas9-based adhesion module of
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VECTOR, we can reposition repetitive PPP1R2 and telomeres,
though this large number of bound proteins could alter the
endogenous material state of the locus, and repositioning
of non-repetitive loci will require further methodological develop-
ment. For future applications of the dCas9 adhesion module to
unique loci, a tiled array of 30-100 guides may still efficiently la-
bel loci,®* though the lower limit of number of chromatin-binding
sites required to transmit force to the chromatin is currently un-
known. Our simulations accurately predict the relative mechan-
ical stiffness difference between two loci, but the reported force
values are estimates. With VECTOR, we can compare mechan-
ical measurements of chromatin loci across nuclear positions
with high spatial resolution; however, future studies are needed
to determine whether rapid movement of a locus is sufficient to
induce changes in gene expression and nuclear function.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Stellar competent cells Takara Bio Cat#636776
Chemicals, peptides, and recombinant proteins

Trichostatin A (TSA) Sigma Cat#T1592
Methylstat Sigma Cat#SML0343
Hoechst 33342 solution Thermo Cat#62249
GIBCO DMEM, High Glucose, Pyruvate Thermo Cat#11995065
GIBCO DPBS, no calcium, no magnesium Thermo Cat#14190144
GIBCO Opti-MEM Reduced Serum Medium Thermo Cat#31985062
GIBCO Penicillin-Streptomycin (10,000 U/mL) Thermo Cat#15140122
Fetal Bovine Serum Corning Cat#35-010-CV
Critical commercial assays

CloneAmp HiFi PCR Premix Takara Bio Cat#639298
In-Fusion HD cloning kit Takara Bio Cat#638910
Transit293 transfection reagent Mirus Cat#MIR2700
Experimental models: Cell lines

u20s ATCC RRID: CVCL_0042
NIH3T3 ATCC CLS Cati# 400101, RRID: CVCL_0594
Lenti-X 293T Takara Bio Cat#632180
Recombinant DNA

FUSN-miRFP670-TRF1 Shimobayashi et al.*® N/A
FUS\®YS-miRFP670-TRF1 This study N/A
FUS\°YS-miRFP670-TRF1 Shimobayashi et al.*® N/A
FUSK®YS-miRFP670-TRF1 This study N/A
FUSK'°YS-miRFP670-TRF1 This study N/A
FUSN?""S-miRFP670-TRF1 This study N/A
HNRNPA1c-miRFP670-TRF1 Shimobayashi et al.*® N/A
iLID-miRFP670-TRF1 Jack et al.*” N/A
NLS-GFP-iLID-Fe Bracha et al.*? N/A
FUSN-miRFP670-Coilin This study N/A
DDX4-mCherry-SspB Bracha et al.*? N/A
BRD4*N-mCherry-SspB Bracha et al.*? N/A
GFP-TRF1 Jack et al.*° N/A
GFP-TRF2 Jack et al.* N/A
miRFP670-TRF1 Jack et al.* N/A
dCas9-SunTag(10X)-2A-BFP Tanenbaum et al.® N/A
SCFV(sunTag-HaloTag-iLID This study N/A
sgPPPP1R2 This study N/A

sgTelo?® Shin et al.** N/A

Lentiviral helper plasmid PSP Sanders et al.® N/A

Lentiviral helper plasmid VSVG Sanders et al.®* N/A

Software and algorithms

Fiji ImageJ)
MATLAB

Schindelin et al.®®
MathWorks, Inc.5®
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Python 3.7.10 Python Software Foundation https://python.org

Segmenting nuclear edges This study https://zenodo.org/records/12594255
Measuring locus distance from edges This study https://zenodo.org/records/12677174
Hoechst analysis This study https://zenodo.org/records/12594068
Telomeric viscoelasticity analysis This study https://zenodo.org/records/12628456
Simulation code This study https://zenodo.org/records/12675332
GraphPad PRISM 9.1.0 GraphPad https://graphpad.com

RESOURCE AVAILABILITY

Lead contact
Requests for resources and further information should be directed to the lead contact, Cliff Brangwynne (cbrangwy@princeton.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction. Resources and reagents
requests should be directed to the lead contact.

Data and code availability

Raw data reported in this paper will be shared by the lead contact upon request. Original code used to analyze data in this manuscript
can be found at the links provided in the key resources table. Any additional information required to reanalyze the data reported herein
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

All cell lines were incubated in and grown at 37°C with 5% CO,. U20S (human osteosarcoma) and NIH3T3 (mouse fibroblast) cells
were obtained from the ATCC (authenticated via ATCC’s STR profiling), cultured in DMEM (GIBCO, 11995065) with 10% FBS (Atlanta
Biological, S11150H) and 1% streptomycin and penicillin (GIBCO, 15140122), grown at 37°C with 5% CO..

Construct design and cloning

FUSK-miRFP670-TRF1 and HNRNPA1c-miRFP670-TRF1 constructs®® were generous gifts from Shunsuke Shimobayashi. FUSy
point mutants were PCR-amplified from original vectors™ gifted by Mackenzie Walls, using CloneAmp HiFi PCR Premix (Takara
Bio 639298). These PCR fragments were inserted into linearized FM5 lentiviral vectors that carry standardized linkers that were
kind gifts from David Sanders,®* using the In-Fusion HD cloning kit (Takara Bio, 638910). In addition to these point mutants, all other
DNA fragments of interest were cloned using the same protocol and reagents. All constructs were confirmed by GENEWIZ Sanger
sequencing.

Lentivirus production and lentiviral transduction

All live cell experiments used cells stably transduced with lentivirus. Lentiviruses were produced by plating Lenti-X 293T cells (Takara
Bio, 632180) into 6-well plates to reach ~70% confluence at the time of transfection. 24-48 hours after plating, the transfer plasmid
and helper plasmids VSVG and PSP were transfected into the Lenti-X cells using Transit293 transfection reagent (Mirus, MIR 2700)
incubated in OptiMEM (modified from Sanders et al.??). ~48 hours after transfection, viruses were harvested and filtered using a
0.45 um filter (Pall Life Sciences) and were either then used immediately or stored at -80°C. U20S cells plated at 30%-50% conflu-
ency in 96-well glass-bottom plates (Cellvis) were transduced for 2-3 days before live-cell imaging experiments.

Cell culture small molecule inhibitor treatment
U20S cells already transduced with fluorescent constructs were plated on 96-well glass bottom plates and treated with 100 nM Tri-
chostatin A in DMEM for 16-24 hours, or 1 uM methylstat for 48 hours before imaging.

Optimization for dCas9-based adhesion module

U20S cells were transduced with lentivirus for dCas9-SunTag(10X)-2A-BFP at low multiplicity of infection (MOI), expanded, followed
by single-cell sorting. Individual clones were expanded and a portion of each clone was further transduced with lentivirus for
scFv-HaloTag-iLID at low MOI and sgTelomere at high MOI for microscopy-based screening. dCas9-expressing clones with clear
telomere labeling upon JF646 HaloTag-ligand conjugation were selected and saved for dCas9-based VECTOR experiments.
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METHOD DETAILS

Microscopy

Cells for all live cell imaging experiments were plated on 96-well glass-bottom plates and incubated at 37°C and 5% CO, by an Oko-
lab microscope stage incubator with a 96-well insert. Images were taken on a spinning disk (Yokogawa CSU-X1) confocal micro-
scope with an Andor DU-897 EMCCD camera on a Nikon Eclipse Ti body and a 100x oil immersion Apo TIRF objective (NA 1.49
MRDO01991), and a Nikon LU-NV laser launch. A second spinning disk confocal microscope with a Nikon Plan Apo VC 100x 1.4
oil immersion objective, Nikon LU-N4 laser launch, and Oko Labs Bold Line Cage Incubator with a 96-well plate insert with 0.1% ac-
curacy CO, control at 37°C was used to take optogenetic stimulation images and the automated imaging experiments. 488 nm,
561 nm, and 640 nm lasers were used to image mGFP, mCherry, and miRFP670 constructs, respectively, on both microscopes.

Optogenetic stimulation

Specific regions in the nuclei of cells were locally activated by using a Mightex Polygon digital micromirror device (DMD) to pattern
blue light (488 nm) activation from a Lumencor SpectraX light engine. U20S cells expressing FUSy-miRFP670-TRF1, NLS-GFP-iLID-
Fe and FUSy-mCherry-SspB were imaged using a specific local activation protocol: 1) Pre-activation, imaging the mCherry (541 nm)
and miRFP670 (640 nm) channels every 5 s for 10 s; 2) Activation, using a circular region of interest (ROI) (with diameter of 1.2 um) to
locally activate two genomic loci/nuclear bodies to seed, grow, and fuse FUSy Corelet condensates using the 485 nm DMD every 5 s
for 2-10 min; 3) De-activation, back to only imaging the 561 and 640 nm channels every 5 s to allow the FUSy Corelet condensates to
dissolve and pull together attached loci/structures.

Automated imaging protocol

All automated imaging protocols were created by using the JOBS module of the Nikon NIS-Elements software. All protocols included
this workflow: 1) Define well selection, 2) Set up the autofocus, 3) Designate the 541 nm and 640 nm lasers as the ‘Capture Definition,’
and 3) Pre-define points with cells expressing all relevant constructs listed above in the optogenetic stimulation section. Each of the
following automated imaging protocols used the DMD to stimulate at pre-defined ROIs at 395 nm wavelength at 30% intensity unless
noted otherwise:

Sliding box

In order to mimic a slow scan across a cell from left to right, we defined a rectangular box (1.2 um wide, 64 um tall boxes) as the ROI
and stimulated two of these boxes at a time with one box remaining from the previous activation sequence to maintain condensates
formed from the previous sequence and the second box to form new condensates in the current loop). For each predefined point, the
JOBS protocol took a Z-stack before and after the optogenetic activation/de-activation segment. After the first Z-stack, cells were
imaged with two ROI boxes for 2-5 min (5 sec/frame) using the Capture Definition ND Stimulation with Sequential Stimulation feature
every second. The ND Acquisition sequence was then used to image cells for the de-activation segment (5 sec/frame) for 5 minutes.
Array patterning

The array patterning protocol used the following parameters on the Polygon pad: 0.405 um diameter of the stimulation ROl with each
ROI 2.835 um apart from its closest neighboring ROI with the array pattern covering an area of 56.7 um by 56.7 um of the field of view.
The protocol stimulated the ROIs using the 395 nm wavelength at 100% intensity. Cells were imaged for 10 minutes (5 sec/frame).
All telomere stimulation

All telomeres were detected using the ‘Bright spot detection’ with the NIS-Elements General Analysis 3 program. All bright spots were
then converted into ROIs and the same workflow laid out in the ‘sliding box’ section was applied.

Detect close telomere pairs

Each telomere was detected similarly as the ‘All telomere stimulation’ protocol. Using General Analysis 3, each bright spot’s centroid
X, ¥ positions were measured and two bright spots whose centroids were 10 pixels (1.35 pm) or less apart were connected with a thin
line. These measurements made and overlaid a binary image of these connecting lines on the telomere channel that were then con-
verted into ROls for stimulation.

Limitations of preceding automated activation protocols

First, we attempted a global activation pattern across the entire nucleus, which results in Corelet condensates nucleating at each
telomere, but infrequent condensate coalescence events due to small overall condensate size (Figure S1B, Global). The smaller
an area of the nucleus that is activated, the larger each condensate grows; in our next attempt we activated a smaller rectangular
region, then shifted the activation region of interest (ROI) across the nucleus over time to activate the nuclear area sequentially (Fig-
ure S1B, Sliding box). This sliding box pattern resulted in larger condensates that do fuse, but is prohibitively time-consuming at
60 minutes per nucleus. Next, we tested an array pattern of activation sites, reasoning that some of the array positions will nucleate
between closely positioned telomeres and lead to coalescence events (Figure S1B, Array); while this pattern does sporadically create
condensates at productive locations, most are not aligned with telomere loci positions, and thus its efficiency in merging multiple
condensates associated with telomeres is low. The best approach for successful repositioning was to identify close telomere pairs
at most 1.4 microns apart using a feedback protocol and to only activate those identified pairs, forming condensates at those po-
sitions (Figure S1B, Activate each locus).
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Physical model
We perform simulations of pulling and merging condensates with the Corelet system via capillary forces, using a phase field model
coupled with linear viscoelastic models. The Corelet construct consists of a ‘core’ (A) with 24 binding sites that can bind to the IDR
component (B) when light-activated due to iLID-SspB association.** The other component of interest is the telomere and the telo-
mere binding protein (FUSN-TRF1), which we treat as a single species that forms a phase that is distinct from the Corelet condensate,
and which we intend to move via capillary forces due to its interaction with the condensate. All other species are considered as the
buffer (S). We model the mixture using the Flory-Huggins free energy of mixing Ag.”>®” When there is no light activation, A and B do
not associate, and thus do not undergo phase separation. When light-activated, A and B bind (A + B — AB), and the majority exists in
the associated form AB which forms the Corelet droplet. Hence for simplicity, we set the interaction parameter between A, B, and
other species to zero and only consider the interaction parameter between AB, C, and S,

kAfg- = dLA/” Pa+ @ln ¢ +%/’7 Pas +$/’7 éc +$/’7 bs + XapsPasPs + XcsPchs + XapcPasde (Equation 1)
B Va VB VaB Ve Vs
where Ag is the free energy of mixing per lattice site based on the Flory-Huggins lattice theory, kg is the Boltzmann constant, T is the
temperature, ¢; is the volume fraction of component i, where i € {A, B, AB, C, S}, v;is the number of lattice sites occupied by species /,
and y;, is the Flory interaction parameter between component i and . The volume fractions satisfy the constraintthat Y "¢i = 1.Fora

1

phase-separating system, in addition to the bulk Ag, the total free energy of mixing also includes the contribution from the concen-
tration gradient, which we assume to have the same coefficient 12

AG = cokBT/ av, (Equation 2)

o1
Ag + E/122[:|V¢,|2

where ¢, is the number density of lattice sites, and Ag = Ag/kgT is the non-dimensionalized bulk free energy. This free energy is used
by Cahn and Hilliard for non-uniform systems and in Cahn-Hilliard equation,®® which is conventionally used to model phase separa-
tion. Due to the energy associated with the concentration gradient, the diffuse interface between phases is on the order of A.
We define the chemical potential to be the variational derivative
_410AG
0¢;

Notice that the variational derivative is taken while satisfying the > ;¢; = 1 constraint, in other words, the buffer is treated as a refer-

U = Co (Equation 3)

ence component whose volume fraction is a function of those of other components ¢s =1 — ", .#;. We define the activity a; by

W = k‘B/—TIn a; (Equation 4)
!

The equilibrium condition for the association reaction A + B — AB is apag = Ky aas, Where Ky is the dissociation constant that
changes with the light intensity. The kinetics of association can be described by a rate that follows detailed balance R = k(@aaag —
Kaaag).2® Both the kinetic prefactor k and the dissociation constant K, depend on the light intensity, which we denote with subscripts
“on” and “off” to refer to when the light is on (R = kon(@a@s — Ka,on @ag)) and off (R = Kot (@a8s — Ka,off @aB))- SUppose the association is
a volume-conserving reaction, that is, vag = va + Vg. As modeled previously for light-activated droplet systems,®® the gradient in the
chemical potential causes a diffusive flux and we assume a constant mobility M; for species i. In summary, the governing equations
for all the species are

a{;i: = L\Z_’;_v{uA — v\R (Equation 5)
af;itB = :Z%V%B — vgR (Equation 6)
6(2,?3 _ %VZMAB*'VABR (Equation 7)

6{% = g_f;_v?% (Equation 8)
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The model above considers C to be a freely moving fluidic species. However, we are also interested in the case where C interacts
with certain regions of the chromatin, such as telomeric chromatin. Because TRF1 binds to telomeric DNA, which may experience
viscoelastic forces, we model the interaction between C and the telomere using an isotropic interaction kernel K(Jr — r), which acts as
a potential well around the telomere that TRF1 binds to, where r is any point in space as defined above, and r; is the center of the
telomere locus i. In other words, extending Equation 2, the total free energy is now

AG' = coksT /[Ag + AZZ|V¢, quc (r — r,)} av (Equation 9)

where the summation over i refers to all the telomere loci of interest. Here, we use a Gaussian interaction kernel K(|r — r;|) =
Uoexp— (Jr — ri? /22), which has the same length scale as the diffuse interface. Note that U, is dimensionless.
Due to the interaction between the telomere and the droplets, the droplets also exert a force F; on the telomere:

BAG’

Fi = CoksT /d)c—dv (Equation 10)

The equation of motion of the center of the telomere locus can be described using various viscoelastic models which we
study later:

Newtonian : n;t; = F; (Equation 11)

Kelvin-Voigt : n;t; + Ej(r; — 1) = F; (Equation 12)

Maxwell : E;(r; — rp) = F;and n/ro = Ei(r; — rig) (Equation 13)
Jeffreys : nif; + Ei(r; — 1) = Frand n'fip = Ei(r; — i) (Equation 14)

where the dot refers to the time derivative, E; is the stiffness constant of the spring element, ; is the friction coefficient (inverse mobility)
of the dashpot, 7/ is the friction coefficient of the additional dashpot in series with dashpot in the Maxwell and Jeffreys models.

The time scales of these models are important to consider and have significant impact on the dynamics. Therefore, we define them
here. Because we are interested in the dissolution and coalescence time of the Corelet condensate, we define time scales based on
Ry, defined to be half the distance between the two telomere loci which are located on opposite sides of and in contact with the syn-
thetic condensate, or approximately the radius of it.

The diffusion-limited dissolution/growth time scale of the condensate can be derived based on the Cahn-Hilliard equation (elim-
RS CokBT 920

inating the reaction term in Equations 5, 6, and 7) to be ~ where v is the interfacial tension between the condensate and the

buffer phase. In the Cahn-Hilliard formulation, the |nterfaC|aI tenS|on is defined by the excess free energy per unit area between two
phases at equilibrium that form a flat interface. By integrating in the normal direction of the interface from one phase to another,

Y = CokBT/

J .
Ag + EAQZ\V@\ Z'“/O — ¢0) (Equation 15)
]

where o is the chemical potential of component j, ¢ is the volume fraction of component j in either phase far away from the inter-
face. It can be shown that v ~ AcoksT.?>°" Therefore, we define a characteristic diffusion time scale ty=R3/(Mag4). Similarly, the
reaction-limited dissolution/growth time scale of the condensate can be derived based on the Allen-Cahn equation (eliminating
the diffusion term in Equations 5, 6, and 7) t,=R3/(k korr72).°° Based on the diffusion and reaction time, we define Damkéhler number
Da = td/tr—kof’fROA/MAB

The equation of motion of the center of the telomere locus using the Newtonian model motivates us to define another viscously
dominated coalescence time t, ;. Because the length scale of the interaction kernel is A, depending on the dimensionality », the force
[F)| ~ cokgTA*~". Therefore, based on Equation 11 (n,Ro/t,; ~ |F}), we define t,; = Roni/(coksTA* ™).

We may define a dimensionless stiffness constant based on the ratio of the elastic force ~ RqE; and capillary force (|F| above), E; =
RoE/(CoksTA" 1. Slmllarly, for the Kelvin-Voigt and Maxwell models, we define the retardation time 7; = n/E;, and the Maxwell relax-
ation time 7, = 0/ /E;. We nondimensionalize these time scales by t,.

We visualize the simulation in images and movies where the red (R), green (G), and blue (B) values are R=B = ¢c, G = ¢a + ¢ + PaB,
in other words, magenta is used to denote component C, and green is used to denote the Corelet concentration. The kymographs
show the simulation results at the symmetry line connecting the two telomere loci over time.

Here, we provide a summary of the simulations and the corresponding dimensionless parameters.
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Base case simulation

The purpose of the first simulation is to illustrate the possibility that capillary forces can reposition attached objects. A simulation us-
ing the dashpot model reproduces the merging of two telomeres pulled by the condensate, shown in Figure S4C. Denoting the inter-
facial tension between the AB-rich (C-rich) phase and the buffer-rich phase by yag s and v¢ s, and that between the AB-rich and
C-rich phases by yag,c, then bringing AB-rich and C-rich phases into contact, the affinity between the AB-rich and C-rich phases
can be quantified by yag s +vc,s —7as,c- In the Cahn-Hilliard formulation, the interfacial tensions defined in Equation 15 are related
to the interaction parameters x;.°" In Figure S4C, xags = Xc,s = XaAB,C = 2-

Because we are interested in the capillary interaction between the condensate and the chromatin locus, we choose a set of
thermodynamic parameters that can give the desired capillary adhesion between components AB and C qualitatively. The precise
quantification of the saturation concentration and phase diagram*>*® is beyond the scope of the modeling here. For the base case
simulation where AB is the FUSy Corelet condensate (FUSy-mCh-SspB + iLID-GFP-Fe, in activated/interacting state), C is FUSy-
miRFP670-TRF1, xas,s =3, xc.s =3, xaB,c =2, Va=Vg = Vs = 1, Vag = V¢ = 2. Suppose when under light activation the association
between A and B is strong and K4 = Kg,on = 0, k = kon, While when not illuminated Ky = Ky ot = 0.2, k = kosr. Based on the free energy of
mixing (Equation 1) and the volume fraction, the activities of A and B are on the order of 102 while that of AB is on the order of 1. In
order for the initial rate of association ~ konaa@g When light is turned on and the initial rate of dissociation ~ kK4, 0ff @ag When light is
off to have the same order of magnitude, we set kon/kos = 4 X 10°.

We make the assumption that the diffusivity of component C is the same as that of the Corelet condensate component (AB). Based
on the measurement of the diffusivities of FUSN-mCh-SspB and iLID-GFP-FeS'2, we set Ma = Mg = 10Mag = 10Mc. For the base case,
we set the average composition to be ¢pa+@g+das =0.164, ¢c = 0.041, and suppose the constituents (A and B) of the condensate have
the same volume fractions.

For the time scale, we set Da =t,/t, =2000; t,1/ty = t,»/t; = 0.02, that is, the two telomere loci have the same inverse mobility and are
set to a small value so that it does not have a significant effect. Without yet considering the viscoelastic properties, we use the New-
tonian model for the base case. Here in this section, the purpose of the simulation is to illustrate the possibility that telomere droplets
can be pulled to merge with capillary forces. The ratios of time scales above remain to be studied and validated in later sections given
other experimental evidence.

The simulations are performed in a 2D periodic L x L domain to capture the dynamics qualitatively. For the base case L/ = 36.
Ro/2 = 9. As an example, in Figure 4 Ry = 0.245 um, which corresponds to A = 27 nm. Initially, the system is fully equilibrated
with the presence of two droplets that are rich in component C (which represents the FUSy-TRF1-marked telomeres that are
observed in microscopy and henceforth called droplet C) and the light is off. With the imposed average composition, the radii of
droplet C are 2.5 (defined by the region where ¢¢ > 0.5). Their centers are located at r4(t = 0) = [-do/2,0], ro(t = 0) = [dy/2,0], where
do/A=26. Att =0, acircular region {|r]| < do/2} is illuminated. Upon light activation, two Corelet droplets that are rich in AB nucleate in
the circular region next to the telomeres. We let the system fully equilibrate until the two droplets merge and form a single condensate
in between the two telomere loci. The distance between the two telomere loci becomes 2R, where Ry/A = 9, and then turn off the light
and let the condensate dissolve. The equations are solved on a grid of [128,128], that is, the grid spacing is 0.3A.

In the following sections where we study the effect of certain parameters, other parameters remain unchanged unless otherwise
stated.

Differential levels of adhesion

Increasing xag,c is expected to increase the energy of interaction between AB-rich phase and C-rich phase and hence the interfacial
tension yag,c, resulting in a decrease in the affinity between AB-rich and C-rich phases, modeling the changes in the condensate and
telomere loci. We performed two pairs of control simulations where the only difference between them is the value of xag c. We see
that when xag s = xc.s = xaB,c = 2, the adhesion between the telomere and Corelet droplet is strong, the telomeres stay attached to
the condensate and eventually merge (Figures S4C and S4E), whereas when xag s = xc.s = 2, XaB,c = 3.5, the telomeres detach and
do not merge (Figures S4D and S4F). In Figures S4C and S4D, additional parameters are chosen to match the observed length and
time scales in Figures 1A and 2A, while as a control experiment to illustrate the effect of adhesion, Figures S4E and S4F have identical
parameters except for xag,c-

Specifically, compared to Figure S4C, in Figure SAD we increase xag,c to 3.5 and keep all parameters identical to the ‘base case
simulation’ section except for the sizes of droplets and the average composition to better reflect the relevant experimental length and
time scales: the average compositions are ¢a + ¢ + ¢ag = 0.141, ¢ = 0.038. The distance between the two telomeres initially is do/A =
27.3. The illumination region is {|rf| < d¢/2}. When the two Corelet droplets merge into a single droplet, the merged droplet radius is
6.7 1. Again, t,and t4 are still defined using Ry = 94 as the characteristic length scale. For reasons we will explain in the ‘single telomere
interaction with condensate’ section, we increase the viscous resistance of the telomere loci to t,¢/ty = t,»/ty = 1, and increase the
Damkohler numbertoDa=t/ty;=1 0*in order to slow down droplet dissolution because, at this level of viscous resistance, it becomes
easier for the telomere to detach even for the base Flory interaction parameter of xag c = 2.

To illustrate the effect of xag ¢, we perform a controlled pair of simulations where the only difference is xag,c shown in Figures S4E
and S4F. The average compositions are identical and set to ¢a + ¢g + ¢pag = 0.167, ¢c = 0.038, and the initial distance to do/A = 26.7.
The illumination region is {|r| < do/2}.
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Single telomere interaction with condensate

Inspired by experiments shown in Figure 2E, we investigated single telomere-condensate interactions (Figures S4G and S4H). When
xaB,c = 2, the singular telomere remains attached to the condensate, but it detaches when xag,c = 4.7 (Figure S4H). We studied the
effect of viscous resistance and found that the displacement of the telomere toward the condensate decreases with increasing
viscous resistance (Figure S4G). The small telomere displacement seen in Figure 2E indicates the resistance experienced by the telo-
mere is high compared to the condensate.

Specifically, the domain size remains the same as the base case. The average volume fraction of C is increased such that the initial
radius of the C-rich phase is R; = 4.3, while the average volume fraction of A and B remains the same as the base case. Da =1 0*isthe
same as what is laid out in the Differential levels of adhesion" section. Initially, the single telomere is placed at [-3.34, 0]. The illumi-
nation region is {|r| < do/2} (where dyp/A = 26, the same as the base case). All other parameters are the same as the base case.

In Figure S4G, we study the effect of the viscous resistance n; by changing t,1/t4, where the subscript 1 refers to the only telomere
locus that is considered here. In the inset, we show the kymographs of the process of Corelet dissolution (t = 0 corresponds to the
moment when light is turned off) at various values of t,1/t,. The small telomere displacement seen from experiments in Figure 2E in the
main text indicates the resistance to telomere motion is high. This is the reason that in the ‘different levels of adhesion between drop-
lets’ section we set t,4/ty = 1.

In Figure S4H, setting t,1/t; = 1, we compare single telomere-condensate simulations with xag c = 2 and xag,c = 4.7. For both
cases, the Corelet condensate nucleates next to the telomere when the light is turned on. During condensate dissolution, when
xaB,c = 2, the condensate stays attached to the telomere, due to the stronger adhesion between the two, however, when xagc =
4.7, the weak adhesion causes the condensate and telomere to detach from one another.

Models of chromatin viscoelasticity

Next, we consider models of viscoelasticity including Kelvin-Voigt (Equation 12) and Jeffreys model (Equation 14). Consistent with the
‘single telomere interaction with condensate’ section, we set Da = 10%, and all other parameters are identical to the base case. For
better agreement with experiments shown in Figure 4A, namely the distance moved before telomeres detach, we choose normalized
retardation time 71 /ty = 72/t = 2, and dimensionless resistance E, = E, = 0.4, where the subscripts 1 and 2 refer to the two telo-
mere loci. For the comparison between Kelvin-Voigt and Jeffreys models, we vary the normalized Maxwell relaxation time 7/ t4 (Fig-
ure S4l), (where 7y = Tp1 = Ti2 is the Maxwell relaxation time for both telomere loci). The Kelvin-Voigt model is a special case of
Jeffreys model with Ty; = . We see that the amount of recoil lessens with decreasing the Maxwell relaxation time. Kymographs
predicted by the Kelvin-Voigt model (t; /7 = 0), which predicts that the telomere recoils back to its original position, and the Jeffreys
model (ty/7s = 0.8), which predicts a partial recoil, are shown in Figures 4B and 4C.

We do not consider the Maxwell model here because if the impedance on the telomere is described completely by the Maxwell
model, then the telomere will exhibit an instantaneous recoil when the condensate detaches. Notice that in our model, the dynamics
of the center of telomeric chromatin (r;) and that of TRF1 (component C) are modeled separately, the overall impedance is contributed
by both. In our physical model, using a Maxwell model (or a spring model) for the telomeric chromatin will not cause instantaneous
recoil, but the recoil dynamics will be faster than a Jeffreys model that has the same spring and dashpot connected in series but with
an additional dashpot in parallel. Thus, the retardation time 7/t4 controls the speed of the recoil dynamics and using the Maxwell
model is equivalent to setting 71 /ty = 72/ty = O.

Asymmetric viscoelastic resistance

In Figures S5D-S5K, we analyze the asymmetry of viscoelastic properties. We make the assumption that a telomere near the nuclear
periphery experiences a proportionately higher spring stiffness and viscous friction, that is, when using the Kelvin-Voigt model, we
assume po/p1 = Eo/E4 = n2/11, hence the definition of po/p4 in the main text. Since t; = n;/E;, this assumption is equivalent to t; = t,.

First, we use the Kelvin-Voigt model, set the retardation time on both sides to be equal 71/ty = 72/t4 = 2 and fix the normalized
stiffness on one side E; = 0.05 while varying E,. The trajectory x(t) of the two telomeres in this Kelvin-Voigt model is shown in Fig-
ure S5D. We define Ax; to be the distance that the telomere travels from t = 0 to the moment when the two telomere merge, defined
to be the time point with the highest |d2x/dt2 | indicated by the filled circles (Figure S5D). The ratio Ax1/Ax, increases linearly with
increasing Eo/Eq = po/p; (Figure S5E). Considering the resistance of the condensate in between the two telomeres, we use a simple
model to predict the asymmetry in the displacement given the asymmetry in the viscoelastic properties:

AXq ~E~2+:‘§
AX2 E~1+F~?

(Equation 16)

where R is the effective resistance of the condensate relative to that of the telomeric chromatin. Fitting these data to Equation 16, we
obtain R = 0.029.

Next, we fix the ratio of the stiffness constants E,/E; = 5 and vary E;. Figure S5F shows the trajectories and Figure S5G shows that
the ratio Ax;/Ax, gradually increases and reaches a plateau with increasing E;. Therefore, when the resistance from the chromatin
dominates over that of the condensate, which is likely the case given the negligible displacement of the telomere when a single telo-
mere is attached to the Corelet droplet as it dissolves, the ratio of displacement becomes closer to the inverse ratio of the stiffness
(Ey/Ey). Fitting the data to Equation 16, we obtain R = 0.030.
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In Figures S5H-S5K, we repeat the analysis above using the Jeffreys model. Again, we assume that all dashpot and spring ele-
ments have proportionately higher values near the nuclear periphery, that is, po/p1 =E2/E1 = mymy = m,/n;. In other words, both
telomeres have the same retardation time and Maxwell relaxation time. We set 71/ty = 7o/ty = 2 and 7y, 1/ty = a2/t = 2. Again, we
find that Equation 16 is a good approximation for the ratio of displacement and the fitted value of R is 0.042 and 0.041 in
Figures S51 and S5K, respectively.

The consistency in the fitted R indicates that Equation 16 provides a useful estimate of the asymmetry. More importantly, Equation
16 provides an upper bound to the ratio of the displacement equation

A < ::E =P (Equation 17)
AXZ E1 P1

In other words, given the ratio of displacement observed in experiments, Equation 17 provides a lower bound for the ratio of local

resistance.
Rouse model
In this section, we consider another model for describing the viscoelasticity of the genomic locus- the Rouse model, which describes
the motion of an ideal polymer chain without hydrodynamic interactions. The equation that governs the position of chain x(s), where s
is the arc length, is from Keizer et al.*°
2

772—); = Kg?);ﬁ(t, s), (Equation 18)
where n is the friction coefficient, k is a coefficient for the stiffness of the chain, f(t,s) is the force on the chain.

The condensate only interacts with the locus while all other parts of chain are “phantom” that do not chemically interact with other
components in this system, hence the capillary force only acts on the locus, which is approximated as a point located at s = 0, that is,
f(t,s) = F(t)3(s), where F is the capillary force defined in Equation 10. Consistent with previous simulations, we omitted the thermal
noise for simplicity, focusing only on the capillary force. Suppose the chain is infinitely long and initially straight, and using subscript
i=1,2 to denote the two loci, then the analytical solution to Equation 18 at the position of the locus ri(t) = x(t,s = 0) is

Fi(t)

it) = r(0)+ o /4mnk(t—t)

(Equation 19)
This dynamic applies to both telomere loci which are assumed to be located on two independent polymer chains. From Equation
19, we find that for infinitely long polymer chains, only one parameter is needed to describe its dynamics and the time scale of relax-

ation for the Rouse model t,5; satisfies Ry~ |Fj| (t,s‘,-/(47rn,-/<,'))1/2, hence we define

2
tsi =47TNK; (cokgﬁﬁ) . (Equation 20)
Similar to previous sections, we start from the state where the Corelet droplet has merged and study the effect of t,s/t5 on the evo-
lution of the distance between the telomere loci, as shown in Figure S4K. As the resistance of the polymer chain increases (t,s/ty in-
creases), the displacement of the locus decreases. For large resistances (t,s/t; > 0.01), the telomeres detach from the condensate
and recoil at about t/t; =1.4. For small resistances (t,s/ty > 0.1), the telomeres merge (Figure S4K). When the telomeres detach and
the capillary force vanishes, the recoil dynamics at long times follows |r(t) — r(0)| ~ t~1/2 (Figure S4L). In Figure S4M, we show the
evolution of capillary force F on the telomere loci in the direction toward each other over time. During condensate dissolution, the pull
force increases, and note that for small resistance, the capillary force remains after the condensate has dissolved since adhesion
force between the loci is necessary to keep them in place while the polymer chains relax (Figure S4M). Over the range of Rouse poly-
mer relaxation time t,s, the model predicts a spread of recoil dynamics similar to the Jeffreys model, so a Rouse polymer is not incon-
sistent with the observed range of viscous and elastic recoil recoveries in our experimental data (Figures 4G and 4H).
Repositioning non-chromatin nuclear bodies
A simulation of the Cajal body in Figure S4J uses Equation 2 without the interaction kernel. Parameters are chosen to match the
observed length and time scales in Figure S2F. We also perform an additional control simulation comparing the telomere (using Equa-
tion 9) and the Cajal body Equation 2 with the only difference being whether the interaction kernel is included. The Coilin construct
forms a ring at the interface between the condensate and the buffer (Figure S4J inset), similar to experimental results (Figure S2G).
Specifically, we perform simulations with all the parameters identical to the ‘base case simulation’ section except for the sizes of
the condensates and domain and the average composition to better reflect the experimental observation in Figure S2F. The average
compositions are ¢a + ¢ + pag = 0.104, ¢c = 0.03 The domain size is changed to L/A = 50. Initially, the radii of the two Cajal bodies are
2.3X. Their centers are located in the same way as the ‘base case simulation’ section, while the distance is do/A = 33. The illumination
region is again {|r| < do/2}. When the two condensates merge into a single droplet, the radius of the merged droplet is 82. Note that
while the single condensate size is different from Ry in the ‘base case simulation’ section, t, and t, are still defined using R = 94 as the
characteristic length scale.
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In Figure S4J, we compare the telomere (with interaction kernel) and Cajal bodies (without interaction kernel) using the same exact
parameters, average composition, and length scales as defined above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Kymograph production

Time series images of chromatin locus movement were registered to correct for whole cell movement in FIJI (ImageJ 1.52p)%° using
HyperStackReg,*? Rigid Body translation. A line was drawn across the activation region and kymographs were created using the
MultiKymograph plugin.

Loci tracking during repositioning

Registered time series images of chromatin locus repositioning were cropped to a region containing the relevant telomeres, then
loaded into the TrackMate plug-in Tinevez et al.”® in FIJI. Telomeres were identified in the miRFP670 channel with the LoG detector,
with an estimated blob diameter of 0.7 microns and no initial thresholding. Spots were filtered by quality to eliminate background.
Tracks were generated using Simple LAP tracker with max linking distance 1 micron, gap-closing max distance 1 micron and
gap-closing max frame gap 0 frames. Tracks of the relevant telomeres were identified and the XY distance (d) between them calcu-

lated for each time point d = \/(Y2 - Y1)2+(X2 — X )2.

Detachment probability

Constructs with FUSy point mutants (FUSKYS, FUSK®YS, FUSK®YS, FUSN'®YS, FUS\?"Y®) fused to miRFP670-TRF1 were created,
expressed in living U20S cells along with Corelet components, and imaged using the Optogenetic Stimulation protocol as described
above. ROIs were aimed at singular telomere loci to observe how a single locus-condensate pair would behave during condensate
dissolution during the de-activation sequence. Chromatin-condensate pairs were classified as ‘attached’ if the condensate dissolved
towards the locus or ‘detached’ if the condensate dissolved concentrically, away from the telomere.

Estimating number of IDR-IDR interactions at the chromatin-condensate interface

Previously, we have measured the diameter of telomeres in U20S cells by super-resolution STED microscopy to be on the order of
100-150 nm (data not shown), in agreement with published estimates of telomere sizes in different cell lines.®*°° The surface area of
an average telomere would then be 4m(0.075um)? = 0.071pm?. We estimate from our images that usually less than half of the surface
of the telomere is in contact with the Corelet condensate, so the interfacial area between the chromatin and condensate is up to
0.035 pm?. Each FUS\-SspB-decorated ferritin “core” particle has a radius of 20 nm,*” so a surface area of 0.005 um?. Assuming
packed spherical core particles coating the condensate-telomere interface, we estimate that approximately (0.035/0.0025) = 14
cores interact with the available surface of the telomere. Every core has binding sites up to 24 FUSy IDRs distributed on its surface,
up to half of which (12) are in an orientation to interact with the locus-tethered IDRs at any time. These experiments represent a bulk of
approximately 14 x 12 = 168 condensate IDRs interacting with a similar number of chromatin-tethered IDRs providing the interfacial
force between a chromatin locus and condensate.

Detachment probability as a function of strain and velocity

Probability of detachment of single FUSK'®YS-miRFP670-TRF1-marked locus from its attached condensate was separated into bins
by strain (0 - 1) and by velocity (0 - 1.0 microns/min). Images were processed in FlJI, using Trackmate to identify the XY position of the
locus of interest using the miRFP670 channel and XY position of the condensate centroid using the FUS\VT-mCherry-SspB channel.
Strain was defined as (do-d)/dp where dj is the initial distance between the chromatin locus centroid and condensate centroid during
the first frame of deactivation, when force application begins, and d, is their distance at the moment of measurement. Examples
which stay attached experienced all possible strains between 0 and 1. Detachment velocity was defined as the linear slope of locus
displacement over time for the 10 - 30 seconds before detachment; loci that did not detach were counted as ‘attached’ in the bin
within their highest recorded velocity.

Symmetric/asymmetric locus movement characterization

Allimages were analyzed using FIJI for the image pre-processing steps and Python 3.7.10 for image processing and analysis. During
pre-processing, each nucleus was corrected for whole cell movement using HyperStackReg, and set to a contrast level sufficient for
segmentation in Python. In Python, the last frame of the activation sequence from the mCherry and miRFP670 channels were used to
segment nuclei and telomeres respectively, and repositioned telomeres from the last frame of the de-activation sequence were
segmented, then binary nuclear masks were processed with the Canny Edge Detection method to identify the nuclear and nucleolar
peripheries from the FUS\'PR-mCherry-SspB channel. The nucleoli are detectable in this channel as dark spots within the nucleus
due to exclusion of the construct from nucleolar regions. The distance from all nuclear and nucleolar edges to telomere centroids
in both frames were calculated, and the edge bearing the shortest distance from each telomere was called out and characterized
as the point of ‘nearest periphery.’ This information was then used to find the actual distance between the closest edge and telomere
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ofinterestd = \/ (Yo — Yq )2+(X2 — Xj )2. Distances were plotted as a fraction of the total distance between the two telomeres, clas-

sified into three distance bins. A telomere pair was classified as ‘peripheral’ if both telomeres were < 0.5 um from the periphery of the
nuclear/nucleolar periphery, ‘internal’ if both were > 0.5 um from the nearest periphery, or ‘mixed.’

Heterogeneity in chromatin viscoelasticity

Numerical asymmetric distances moved by each locus were directly converted into a ratio of viscoelastic resistances associated with
each locus (p2/p;) using the calibration chart provided by a series of simulations (Figure 5C). These were plotted again in categories
‘peripheral’, ‘internal’ and ‘mixed’ as above.

Hoechst intensity analysis

All images were pre-processed and analyzed as described above in the ‘symmetric/asymmetric locus movement characterization’
section. Binary nuclear masks were processed in FlJI to obtain the average Hoechst intensity values for the whole nucleus with Py-
thon 3.7.10. The first frame of the activation sequence from the miRFP670 channel was used to segment telomeres in their original
nuclear positions. Telomere centroids and an area spanning 0.33 microns (2 pixels) radius around each centroid were found to mea-
sure local DNA density surrounding each telomere, normalized to that particular nucleus’ average. Hoechst intensities of all 2 pixel
radius areas were plotted to show the distribution of intensity differences in each individual nucleus with the values corresponding to
where the two telomeres experiencing force application are in color. The ratio between Hoechst intensities of the area surrounding
each of the two pulled telomeres, always with the higher intensity as numerator, was calculated to be Ho/H; measurement plotted
against the ratio of the distance traveled by each telomere d,/d. (‘Asymmetric Travel’), or against viscoelastic ratio p/po.

Mean squared displacement analyses
U20S cells were transduced with lentivirus to express miRFP670-TRF2, to fluorescently mark telomeres, and imaged 2-3 days post
transduction. Telomere tracking time series images for Figures S6A and S6B were obtained by imaging the 670 nm channel every
3 seconds for 30 minutes. In Figures S6D-S6F, images of FUSK'PR-miRFP-TRF1 labeled telomeres were obtained from non-pulled
telomeres in force application time series images, taken in 670 nm channel every 5 seconds for 10-20 minutes. MSD data were
analyzed as previously described.?* Briefly, tracking time series images were cropped to isolate individual nuclei, and processed
in FIJI using Trackmate with blob diameter 0.7 um and intensity threshold 85. LAP tracker was used to build trajectories with
maximum frame-linking and gap-closing set to 0.5 pm. For Figures S6D-S6F, the pulled telomeres, identified by eye as the ones in-
teracting with the condensate surface, were manually excluded from MSD analysis. Tracks were exported from Trackmate for further
analysis.

Pairwise mean squared displacement (MSD) is defined as a function of time-step T according to the following equation, where d(t) is
the distance between the two puncta at time t:

MSD(r) = ((d(t+7) — d(t))®),

Using a pairwise MSD in lieu of the more traditional single-particle version allows control for translation and rotation of the cell dur-
ing video acquisition without relying on image registration. MATLAB was used to compute, plot, and fit MSD (1) curves in Figures S4
and S6. Trajectories shorter than a minimal duration cutoff (1200 seconds for Figure S4 and 500 seconds for Figure S6) were auto-
matically discarded from the analysis; pairs of loci that coexisted for longer than the minimum cutoff were then identified, and MSD (1)
curves were computed for each pair, with maximum 1 set at 80 frames. For peripheral vs internal comparison in Figure S6, pairwise
MSDs were binned into ‘peripheral’ and ‘internal’ categories based on their component telomere’s nuclear positioning, determined
algorithmically as within 0.45 microns of the nuclear periphery and confirmed visually.

Passive microrheology to determine viscoelastic moduli
We used telomere mean squared displacement data to estimate the order of magnitude of the nuclear interior viscoelastic modulus,
G*, according to Equations 10, 11, and 12 in Mason et al.'®

G'(w) = |G+ (w)|cos(ma(w) / 2),

G'(0) = |G * ()lsin(ra(w) /2),

where

N kT
() ~ralrr(1 o) +a(w)]

|G *

Other studies have used similar approximations on MSD tracking data of peroxisomes from live ATP-depleted cells to estimate the
elastic shear modulus G’, viscous shear modulus G”, and viscoelastic modulus G* of the cytoplasm at angular frequencies between
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0.126 and 628 rad/s.'®" We estimated the telomere’s radius to be on the order of 0.1 micron that is consistent with previous
studies,®*° and frame rate was 3 seconds. Using a public MATLAB code (https://doi.org/10.5281/zenodo.12628456), we calculated
from average telomere MSDs of 18 nuclei the apparent elastic and viscous moduli. We call these apparent moduli because the
approach assumes thermodynamic equilibrium, so there may be some contribution from out-of-equilibrium (e.g. ATP-dependent)
effects. We find the apparent elastic and viscous moduli of chromatin measured via telomere probes are of equivalent magnitudes,
with the elastic modulus slightly dominating for lower frequencies. Additionally, we calculate that G* is on the order of 1 Pa (Fig-
ure S4C) across angular frequencies between 0.355 and 12.58 rad/s.

Initial order of magnitude force estimation from telomere trajectories

To approximate the magnitude of force applied on a chromatin point locus by a shrinking condensate, we used an estimation method
that is based on the generalized Langevin equation under the assumption that thermal fluctuations dominate the noise. From Eq. 1 in
Mason and Weitz, '°? ignoring inertia and with the presence of the pulling force F(t), we have

/Z(t — 7)v(r)dr = F(t) — fg(t) (Equation 21)

where t is time, {(t) is the generalized time-dependent memory function, v(f) is the particle velocity, fx(t) is the random force that sat-
isfies (fx(t)) = 0 and (fz(0)fg(t)) = kgTZ(t), where kg is the Boltzmann’s constant and T is the temperature. Taking the ensemble average
of Equation 21, we have

/Z(t — 7){v(1))dT = F(t) (Equation 22)

During the pull, the experimental telomere displacement curve in Figure 1 shows that the distance between telomere loci approx-
imately decreases linearly in time with a constant velocity vo ~ 1 pm/min. As an approximation for the ensemble average of the ve-
locity during the pull, (v(t)) = vo. Hence, during the pull the force is

F(T)zvo/i(f)df (Equation 23)
0

Denoting the Laplace transform with a tilde, the Laplace transform of F(t) is

Fis) = Y05(s) = BkeTVo _ BravoG(s)

s T s3{A(s))  s?

(Equation 24)

where s is the frequency in the Laplace domain, (A7(t)) is the mean squared displacement (MSD) of a tracer particle, and
(Afz(s)) is the corresponging Laplace transform, a ~ 0.1 um is the radius of the telomere, consistent with previous measure-
ments as noted above, G(s) is the Laplace transform of the shear modulus. The last two equalities are from Egs. 3-4 in Mason
and Weitz.'%?

As an order of magnitude estimation, from the MSD measured in Figures S5A and S5B, at the frequency of 1 min~"

, which is the

frequency scale that corresponds to the time window during which the pull force is applied onto the telomere, we have G~1Pa
calculated from G* as shown in Figure S5C (see ‘passive microrheology to determine viscoelastic moduli’ section), hence
F ~ 1 pN, which is on the same order of magnitude as the forces calculated using the Rousepull method from Keizer et al.* (see
‘generating pull force estimation plots’ section).

Generating pull-force estimation plots

In order to estimate the pull force applied on chromatin loci during the dissolution of the condensate, we referred to “Section Il. Force
Inference” in Keizer et al.* Supplementary Text and utilized corresponding code for force inference (https://github.com/
OpenTrajectoryAnalysis/rousepull) provided by Keizer et al.>C authors. With this “Rousepull” method, we use the Rouse polymer
model to infer forces in chromatin loci pulling experiments, calibrating it on our MSD tracking of telomeres in the absence of the
condensate (i.e. in the absence of applied force), using prefactor I' = 0.0021 pm?/y/s as a first approximation that was extracted
from our telomere tracking MSD data (x2(t)) = I 't (chromatin loci undergo Rouse diffusion essentially in the absence of the pull force).
In Figure 6, we measure the prefactor I' for each condition (Untreated, TSA-treated, methylstat-treated) through pairwise MSD of all
non-pulled telomere loci in pulling time series. Using HyperStackReg® in FlJI, we first corrected for whole cell movement, then track
the positions of the relevant telomeres in Trackmate (blob size 0.4 microns, initial thresholding 40) and run the Rousepull analysis on
the relative motion (i.e. distance between two loci) over time (in seconds) for each pair of loci to obtain estimated force profiles
(Figures 4D—-4F, 41, and 6G).

ell Cell 187, 5282-5297.e1-e12, September 19, 2024
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Statistical analysis

Statistics were performed using GraphPad PRISM version 9.1.0 software (GraphPad). Statistical significance of detachment prob-
abilities in Figures 2 and S2 were calculated using a Chi-squared test for trend; p value and size of n are noted in figure legends and
captions accordingly. Statistical significance of asymmetric locus movement as a function of locus position was calculated using
one-way ANOVA with multiple comparisons, number of replicates, and size of n are noted in the figure legends and captions
accordingly.
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Figure S1. A programmable system for repositioning genomic loci, related to Figure 1

Similar to Figure 1: representative images.

(A) Kymograph and a graph showing locus distance over time for a second locus repositioning (yellow box from Figure 1B) in the same cell, demonstrating that
multiple pairs of loci can be manipulated at once using VECTOR.

(B) Representative images from iterations of development of an automated imaging protocol with automatically generated activation regions indicated in yellow
(top) and resulting condensate pattern (bottom) for light patterns: global, sliding box, array patterning, and activation at each locus.

(C) Representative image of automatically generated activation regions between loci < 1.4 um apart using a custom JOBS protocol (see STAR Methods).

(D) Quantification of automated light-patterning protocol efficiency. Of 176 nuclei attempted, 81 nuclei, or 46%, produced productive condensate merger events,
and of those, 52 nuclei, or 64%, resulted in successful locus repositioning.

(E) Representative kymographs of telomere repositioning initiated by the automated imaging protocol.

(F) Schematic of potential outcomes observed when attempting to reposition two loci using VECTOR, with pathways to productive repositioning highlighted in
bold. From left to right, two loci are targeted by an ROI, which grow droplets either toward each other or away from each other. Growth away from each other leads
to a lack of bivalent attachment, no force is applied, and loci are not repositioned. If droplets grow toward each other and are large enough to successfully merge
into a bivalent attachment, when the light is deactivated, the condensate dissolved, force is applied, and attached loci are repositioned.
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Figure S2. Interchangeable condensate and adhesion modules of VECTOR, related to Figure 2

(A) Marking all chromatin with SiR-DNA reveals that chromatin (magenta) is excluded from the bulk of IDR-based condensates (FUSy-SspB, green), and
kymograph shows that chromatin can relax to fill the void as the condensate shrinks.

(B) Plot of distance between two chromatin-poor nuclear features (d, yellow distance) shows they are moved apart slightly as a condensate grows between them
and relax back to their original positions upon condensate dissolution (magenta). In green is the diameter of the condensate between the tracked features.
(C) Schematic of VECTOR system with adaptable IDR capability; iLID-miRFP670-TRF1 (magenta) recruits Any IDR-mCherry-SspB (green) upon light activation,
creating adhesion between the repetitive locus and IDR-based condensate.

(D) Example stills and kymographs of successful locus repositioning using iLID-TRF1 with DDX4'°®-mCherry-SspB (left) and BRD4'°R-mCh-SspB (right).

(E) Schematic of VECTOR system that repositions non-chromatin nuclear bodies: Cajal bodies. FUS\-miRFP670-Coilin (magenta) marks Cajal bodies and
creates adhesion between them and a FUSy Corelet condensate (green).

(F) Two FUSN-miRFP670-Coilin bodies (magenta) are repositioned. Merged kymograph shows fusion of the two Cajal bodies. After repositioning, Cajal bodies
remain fused until the end of the observation period (20:00, no recaoil).

(G) Still images of individual channels of FUSy-miRFP670-Coilin (magenta) and FUSy condensate (green) exhibiting their core-shell architecture.
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Figure S3. Validation of dCas9-based adhesion module, related to Figure 3
(A) Example kymographs determining locus-condensate adhesion of dCas9-based adhesion module targeted to PPP1R2 locus (top) or telomeres (bottom).
(B) Quantification of detachment probability of dCas9-based adhesion module at telomeric and PPP1R2 loci compared with FUS\-TRF1-based adhesion
module. N reported above each condition are the counts of individual droplet-locus interactions.
(C) Representative images of two live example nuclei with telomeres marked by TRF2-GFP (green) and dCas9-based adhesion module targeted to telomeres via
sgTelo and visualized with JF646 Halo ligand (magenta).
(D) Stills from a sgPPP1R2 locus movement experiment (left) and a FUSN-TRF1 telomere locus movement experiment (right) show PPP1R2 locus extension along
the surface of the FUSy condensate (3:20), while FUSy-TRF1-labeled telomeres remain punctate during surface adhesion (2:30).

(E) Schematics describing locus extension during surface adhesion.
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Figure S4. Simulations mimic adhesion-dependent loci repositioning by light-inducible condensates, related to Figure 4

(A and B) Experimental locus-condensate detachment probability plotted as a function of strain (dp — dy/dp (A) and locus movement velocity (B) for loci attached
to FUS\T condensates by FUSNT-, FUS\°YS-, and FUS\'®YS-miRFP670-TRF1 (indicated as WT, 5YS, and 15YS). Strain trends are not statistically significant,
5YS chi-squared test for trend p = 0.784; 15YS p = 0.436. Velocity trend is statistically significant for 5YS, chi-squared test ****p = 0.0004, but not for 15YS
p = 0.498.

(C) Simulation images, kymograph, and distance over time plot of growing and dissolving a central condensate (green) in a two-phase system with adhesion are
able to recreate condensate-based repositioning of the second phase (magenta).

(legend continued on next page)
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(D) Without adhesion, the simulated second phase is not repositioned, in line with experiments.

(E and F) The kymograph and distance between the centers of the telomere loci using identical parameters except for (E) xagc = 2 and (F) xagc = 3.5.

(G) Length of telomere displacement normalized by initial telomere radius R; as a function of t, /t,.

(H) Kymograph of Corelet nucleation and dissolution when it is next to a single telomere, while x5 ¢ = 2 (top) and xsgc = 4.7 (bottom).

(I) The distance between two telomeres (normalized by their distance at the moment the light is turned off) over time as the Corelet condensate dissolves at various
ty/Tm, using a viscoelastic liquid (Jeffreys) model. When telomeres detach from the condensate, they recoil.

(J) Kymograph and distance between Cajal bodies over time in simulation with no interaction kernel, thus the “Coilin” (magenta) is distributed over the surface of
the Corelet condensate (green).

(K) Simulated distance between two telomeres using a Rouse polymer model of viscoelastic resistance to locus movement. Distance initially decreases as the
condensate dissolves and pulls both telomeres toward each other, but as the resistance (t,s/t,) increases, telomeres recoil. For t,s/t; < 0.01, telomeres detach
from the Corelet condensate and recoil at about t/ty = 1.4. For t/ty > 0.1, telomeres merge.

(L) Log-log plot of distance to original starting position as a function of time during recoil. Recoil dynamics follow d(t = 0) — d(t)«t 2,

(M) Capillary force applied on telomere loci when they are pulled toward each other over time. Upon condensate dissolution, the pull force increases with
increasing resistance of the polymer chain (t,s/ty).
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Figure S5. Rheological measurements and simulations of chromatin material state, related to Figure 5

(A) Schematic of definitions of peripheral (blue) and internal (mauve) pairs of telomeres for passive microrheological mean squared displacement (MSD) analysis.
(B) Averaged MSD trajectories (bold) of internal (mauve) or peripheral (blue) of pairs of diffusing telomeres. Logo timestep in seconds, n = 2,408 internal pair
trajectories and 51 peripheral pair trajectories from N = 31 cells.

(C-K) (C) Apparent moduli (AM) of elastic (AM’) and viscous (AM”) components of chromatin viscoelasticity calculated from MSD traces (left). Viscoelastic
modulus G* obtained from apparent moduli (right). Using the Kelvin-Voigt model with 7 /ty = 72/ty = 2, (D) the trajectories of the two telomeres x(t) during the
dissolution of the Corelet droplet and (E) the ratio of displacement of the two telomeres as a function of p, /p; with fixed p; = 0.05. The displacement is defined to
be the distance between the telomere position at t = 0 and its position at the moment when the two telomeres merge, indicated by the filled circles in (D). The
values of the displacement ratio |Axy /Axz| as shown as black dots in (E). Also using the Kelvin-Voigt model, (F) and (G) are the trajectories and ratio of
displacement as a function of p; with fixed p,/p; = 5. Using the Jeffreys model with 71 /ty = 72/t = 2and Ty /tg = Tm2/ta = 2, (H) and (I) are the trajectories
and ratio of displacement as a function of p, /p; with fixed p; = 0.05, (J) and (K) as a function of p; with fixed p,/p; = 5.The bluelines and curvesin (E), (G), (I), and
(K) are fitted to the black data points using Equation 21 (see STAR Methods).
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Figure S6. DNA density and passive locus diffusion are modified by epigenetic inhibitors, related to Figure 6

(A) Plot of Hoechst intensity in a 2-pixel (0.33 pm) radius circle ROI around each telomere, normalized to average nuclear Hoechst intensity in untreated cells.
Pulled loci are shown in color, and all other telomeres are shown in black.

(B) Hoechst intensity around telomere loci in TSA-treated cells, showing smaller spread of intensity differences. In one nucleus, two pairs of loci were pulled and
are shown in green/purple and pink/blue.

(C—F) (C) Hoechst intensity around telomere loci in methylstat-treated cells, showing increased spread in intensity differences. Mean squared displacement of
telomeric loci pair trajectories in (D) untreated (n = 25 cells), (E) TSA-treated (n = 32 cells), and (F) methylstat-treated (n = 28 cells) nuclei. Gamma (T'), calculated as
(x3(t)) = 'yt is used to calibrate the force estimation model.

(G) Graph of the magnitude of force estimated for each pull across untreated, TSA-treated, and methylstat-treated cells using the Rouse polymer-based model.



