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Transient crosslinking controls the condensate formation pathway within chromatin networks
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The network structure of densely packed chromatin within the nucleus of eukaryotic cells acts in concert with
nonequilibrium processes. Using statistical physics simulations, we explore the control provided by transient
crosslinking of the chromatin network by structural-maintenance-of-chromosome (SMC) proteins over (i) the
physical properties of the chromatin network and (ii) condensate formation of embedded molecular species.
We find that the density and lifetime of transient SMC crosslinks regulate structural relaxation modes and tune
the sol-vs-gel state of the chromatin network, which imparts control over the kinetic pathway to condensate
formation. Specifically, lower density, shorter-lived crosslinks induce sollike networks and a droplet-fusion
pathway, whereas higher density, longer-lived crosslinks induce gellike networks and an Ostwald-ripening
pathway.
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Nucleolus or nucleolar organizer regions (NORs), the key
membraneless organelle governing the biological functions of
eukaryotic cells, is composed of the genes for ribosomal RNA
(rDNA), nascent ribosomal RNA transcripts (rRNA), and ri-
bosomal proteins [1–10]. The nucleolus is able to expand in
size, as well as modulate the number and size of nucleolar
clusters during the fusion or ripening process, which reflects
the cellular demand for ribosomes [11–15]. Individual genes
in the nucleus, including rDNA, can reposition in response
to environmental cues [16–19]. The ripening process of nu-
cleoli and the equilibrium structure of clustered nucleoli are
sensitively dependent on nonequilibrium biological processes,
like RNA transcription, that can modulate the crosslinking
topology of the chromatin network [20–25]. The chromatin
network contained in undifferentiated cell nuclei, with a large
transcriptional potential, is known to be dynamic, similarly for
the chromatin network found adjacent to the nuclear envelope
[26–28]. Heat shock or heavy metal stress also has the effect
of spurring a densely packed chromatin network within the
nucleus to be more dynamic [29–31].

The assembly principles responsible for the ripening mech-
anism of nuclear bodies and nucleoli have been widely
investigated experimentally and theoretically [32–42]. It is
now well established that chromatin polymers within the
nucleus are dynamically activated via transient, noncova-
lent interactions by structural-maintenance-of-chromosome
(SMC) proteins, e.g., condensins and cohesins [43–48]. An
emerging challenge is to reveal mechanistic details of the
coarsening process and pathways to condensate formation of
nuclear bodies in general, and in particular, how these fun-
damental cellular processes are controlled by transient SMC
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crosslinking of the chromatin network that regulate relevant
cellular functions.

The focus in this Letter is the ability of transient SMC
crosslinking kinetics to tune the viscoelastic environment of
the chromatin network, and thereby regulate the pathway to
condensate formation of molecular species embedded within
[49–52]. In the molecular dynamics (MD) simulations, chro-
matin is modeled as a coarse-grained bead-spring polymer
chain. The ensemble of chromatin chains is activated by SMC
proteins that induce transient bead-bead crosslinks between
nonnearest neighbor beads [53–55]. We idealize a chromatin
network with Nc = 100 polymer chains, each consisting of
lc = 128 beads. For this study, we impose that one in four
beads within each chain, uniformly spaced, is “active,” i.e.,
capable of forming a condensin crosslink with another ac-
tive chromatin bead either within or between chains. For
each fixed set of crosslink kinetic parameters, we compute
two outcome statistics: the mean crosslink lifetime, τlife, and
the mean crosslink density, cxlink. In the model, we embed
Nsm = 1280 small-molecule beads (SMBs), each the size of
one chromatin bead, where each SMB is endowed with a
short-range Lennard-Jones attraction to all other SMBs that
allows aggregation and condensate formation of the embed-
ded SMBs, see the Supplemental Material [56].

The simulated development of condensate formation of
embedded SMBs is shown in the upper right and lower panels
of Fig. 1(a) for short-lived and 1(b) for long-lived SMC-
chromatin crosslinks. As the coarsening process evolves,
number growths of individual droplets indicate that SMBs
embedded in both the short- and long-lived crosslinked net-
works continue to aggregate to an eventual single droplet.
However, ripening in the long-lived crosslinked network is
slower than in the short-lived crosslinked network, although
the networks have identical cxlink. More specifically, over
the timescale range 810 s < t < 1890 s in each system, two
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FIG. 1. Coarsening and condensation of small molecular species
embedded within crosslinked chromatin networks. Top left corner
panels (a) and (b) are experimental images (Copyright ©2021, Ox-
ford University Press) showing transcription-tuned structure of the
nucleolus by displaying two separated components in green and
purple, and their mixtures in white [24]. Simulation snapshots show
coarsening and condensate formation processes of embedded SMB
complexes in the short-lived [top right panel (a)] vs long-lived [bot-
tom right panel (b)] crosslinked networks. Here, cxlink = 11 µm−3

for both networks, and τlife = 17τ0 = 0.51s for the short-lived net-
work while the exaggerated limit of infinite lifetime is set for the
long-lived one. The plots given in the lower and left panels (a) and
(b) show the time-dependent evolution of the number of embedded
SMBs contained in individual droplets, with the purple and yellow
curves representing the SMB growth within the two largest droplets.
Snapshots of the corresponding two largest SMB droplets during the
processes of direct fusion in the short-lived network (labeled as Short
I, Short II, and Short III) and Ostwald ripening in the long-lived
network (labeled as Long I, Long II, and Long III) are displayed by
the snapshots shown in the lower and right parts of each panel.

phase-separated SMB droplets remain within the long-lived
crosslinked network, whereas the process has already coars-
ened to a single droplet within the short-lived crosslinked
network. The development of experimental nucleolar conden-
sates within chromatin chains, with transcription on and off
corresponding to the simulation models of short-lived and
long-lived crosslinked networks, are presented as snapshots in
the upper left panels of Figs. 1(a) and 1(b), respectively [24].
In the experiments, different nuclear components are mixed or
unmixed when the transcription is on or off, which match the
simulations of showing two phase-separated nonchromatin
droplets or a single droplet within the long-lived or short-lived
crosslinked network over a large time range.

The coarsening of SMBs in the short- and long-lived
crosslinked networks are qualitatively different, as shown by
the lower panels of Figs. 1(a) and 1(b). In the long-lived
crosslinked network, individual SMBs exchange between the
two droplets during coarsening. As the system evolves, a
positive net number of SMBs switch from the smaller to larger

droplet, and this directional flux gradient results in growth of
the larger droplet at the expense of the smaller droplet. By as-
sociating this coarsening process with Ostwald ripening [57],
the time-dependent evolvement of distribution field c(�r, t ), of
SMBs, outside the two droplets is assumed to be satisfied with
the diffusion equation

∂c(�r, t )

∂t
= D∇2c(�r, t ), (1)

where D defines the diffusion coefficient of individual SMBs.
The local concentrations of SMBs at the boundaries of the
droplets are given by the Gibbs-Thomson relation [58]:

c(r = R1, t ) = c∞

(
1 + 2γ v

kBT R1

)
,

c(r = �Rc, t ) = c∞

(
1 + 2γ v

kBT R2

)
, (2)

where c∞, γ , and v give the dilute concentration threshold,
the surface tension of droplets, and the volume of single
SMB, respectively. The mass center separation between the
two droplets, and the radiuses of the large and small droplets
are denoted as �Rc, R1, and R2, respectively. At any given
time, the net influx of SMBs joining the large droplet is given
by [57]

J = 8πγ c∞vD

kBT

R1
R2

− 1

1 − R1
�Rc

. (3)

Due to influx of SMBs resulting in increasing continuously
the volume of the large droplet, there is

dV1/dt = vJ. (4)

On the other hand, the volume of the large droplet is propor-
tional to the number N1 of SMBs contained in it,

V ≈ N1
4

3
π

(σ

2

)3
, (5)

in which N1 ≈ Nsm − N2, with Nsm and N2 being the number
of SMBs contained in the whole system and in the small
droplet, respectively. By combing the above equations, we
obtain a theoretical expression for the dynamic growth of the
larger droplet

dNl(t)

dt
= C ∗

N1/3
l (t)

[Nsm−Nl(t)]1/3 − 1

1 − N1/3
l (t)

2�Rc/σ0

, (6)

with C = 48γ c∞v2D
kBT . Figure 2 presents a comparison of the

theoretical formula and simulation results, which supports the
Ostwald ripening pathway to condensates. In contrast, during
the coarsening process of SMBs embedded in the short-lived
crosslinked chromatin network, aggregation of droplets arises
through their direct fusion.

We now associate the above differences in embedded SMB
coarsening and condensate formation with the timescale-
and lengthscale-dependent structural relaxation of the SMC-
crosslinked chromatin network. Early in the coarsening
process, the SMB droplet size, Ddrop(t), is less than the mean
contour length of chain strands between crosslinks, lcross, giv-
ing a rough estimate of the mean pore size distribution of the
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FIG. 2. (a) Temporal evolution of the number of embedded
SMBs contained in the largest droplet within long-lived crosslinked
chromatin networks at cxlink = 11 µm−3 and 25 µm−3. The verti-
cal dashed lines show the corresponding threshold timescales, t s

long,
above which Ostwald ripening begins. (b) The observed simulation
data and the corresponding theoretical fits based on Eq. (1) for
dynamic growth of the largest droplets. The threshold timescales are
t s
long = 600 s and 1200 s for the simulations with cxlink = 11 µm−3 and

25 µm−3, respectively.

crosslinked network. However, as Ddrop(t) grows to and above
lcross, the fluctuations, or lack thereof in lcross, become steering
agents in the pathway of SMB droplet coarsening. In the
long-lived SMC-crosslinked chromatin network, the pore size
distribution is crystallized, hindering droplet fusion while al-
lowing flux of single SMBs or small SMB complexes between
droplets, thereby favoring the Ostwald ripening mechanism
for coarsening and condensation. However, in the short-lived
crosslinked network, the local pore sizes and pore size distri-
bution fluctuate, releasing the rigid barrier to fusion of nearby
droplets, thereby favoring coarsening by droplet fusion, a
faster pathway to condensation.

The existence of “open channels for droplet fusion” in the
short-lived crosslinked network is further supported from an
energy perspective. We quantify the Jarzynski potential of
mean force (PMF) between two distinct but nearby droplets
with Rdrop > lcross [59–61],

�F (�RC ) = − 1

β
ln〈exp[−βW (�RC )]〉, (7)

where β = 1/kBT , and �RC is the mass center distance be-
tween the separated droplets. The PMF between two droplets
as shown in Fig. 3 is obtained by running MD simulations
to mimic quasistatic processes, starting from an initial state
represented by the Long I or Short I in Fig. 3. W (�RC ) is
the work required to overcome the resistance induced by the
merger of relaxed vs unrelaxed chromatin chains during a
quasistatic process when the droplet mass center distance is
�RC . The PMFs plotted versus �RC indicate that two droplets
in the short-lived crosslinked network can fuse without exter-
nal forces as a result of structural relaxation of the network
on scales exceeding the droplet sizes. In contrast, there is a
significant energy barrier to direct fusion of droplets in a long-
lived crosslinked network because of an unrelaxed crosslink
topology on lengthscales encompassing the droplet sizes.

Next, we seek to more deeply understand the network
relaxation-droplet growth balance across the spatial and
temporal scales that we surmise is controlling the mode
of droplet-scale diffusion within a chromatin network, and
thereby the condensate pathway selection of droplet fusion

FIG. 3. The potentials of mean force (PMF) between the two
largest SMB droplets in the short- and long-lived networks are plot-
ted in green and red curves in the middle panel, respectively. Here,
the settings of cxlink and τlife for the short- and long-lived networks
are the same as those set in the Fig. 1. In the plots, �RC defines
the distance between the centers of mass of the two clusters. The
corresponding structural evolution of the two droplets in the short-
and long-lived networks is shown in the upper and lower panels,
respectively.

vs Ostwald ripening. We begin with a Rouse-mode analysis
of the relaxation spectra of the crosslinked chromatin chains
over all length scales ranging from one monomer to the full
chain length N . For the pth Rouse mode Xp(t ),

X p(t ) =
(

2

N

)1/2 N∑
i=1

ri cos

[
pπ

N

(
i − 1

2

)]
, (8)

the corresponding averaged autocorrelation function, 〈Xp(t ) ·
Xp(0)〉, describes the dynamic relaxation of a subchain
containing N/p monomers (beads), where p is an integer
between one and N = 128. Results in Fig. 4(b) reveal (i)
chromatin chains in a sufficiently short-lived, low-density,
crosslinked network can relax all Rouse modes, whereas,
(ii) for chromatin chains in a sufficiently long-lived, densely
crosslinked network, structural relaxation is prohibited for
all chromatin subchains on lengthscales longer than lcross.
Based on fitting 〈Xp(t ) · Xp(0)〉 to a stretched exponential
function [62],

〈Xp(t ) · Xp(0)〉 = 〈X 2
p 〉exp[−(t/τp)βp], (9)

with βp the stretching exponent, we obtain the criti-
cal timescale, τp, for chromatin subchains containing N/p
monomers to complete their structural relaxation.

The growth timescale of droplets within short- and long-
lived crosslinked networks are shown in Fig. 4(a), in which
τD

drop denotes the timescale above which the third-largest
droplet vanishes and D2nd defines the diameter of the second-
largest SMB droplet at this timescale. We find τD

drop = 540 s
and τD

drop = 720 s for the second-largest droplet to grow to
a diameter of D2nd = 1.1 µm in the short- and long-lived
crosslinked networks, respectively. On the chain relaxation
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FIG. 4. Network relaxation-droplet growth balance. (a) Time-
dependent evolution of the number of embedded SMBs contained
in the three largest droplets during coarsening by case (I) Ostwald
ripening in the long-lived network with cxlink = 11 µm−3 and τlife =
+∞; case (II) droplet fusion in the short-lived network with cxlink =
11 µm−3 and τlife = 0.51s; and case (III) Ostwald ripening in the
short-lived network with cxlink = 22 µm−3 and τlife = 5.1s. (b) Time-
dependent autocorrelation functions of selected Rouse modes of
chromatin chains within the three networks considered in cases
(I)–(III). (c) Relaxation timescales of chromatin subchains versus
contour lengths for the three networks considered in cases (I)–(III).
The red dash curve plotted in (c1) is to indicate that, for the long-lived
network, the relaxation timescales of chromatin subchains converge
to infinity when N

p is larger than the contour lengths (with mean lcross)
of chain strands between crosslinks.

side of the network relaxation-droplet growth balance, a poly-
mer subchain with random coiled diameter of Dch

coil = 1.1 µm
contains up to (Dch

coil )
2/σ0 = 121 monomers. As shown in

Fig. 4(c), a subchain strand of N/p = 121 beads in the short-
lived crosslinked network completes its structural relaxation
on a timescale τ ch

rel (N/p = 121) shorter than τD
drop(D2nd/σ0 =

11). This indicates that chromatin chains surrounding the
second-largest droplet are sufficiently relaxed to open a “chan-
nel” larger than the droplet, allowing it to take a droplet-scale
diffusion to merge with the largest droplet. To the contrary,
chromatin chains in the long-lived crosslinked network do not
relax on lengthscales at or above the contour length of sub-
chains between neighboring crosslinks, presenting a barrier to
diffusive merging of droplets of that size. However, smaller
network scales are relaxed in the long-lived crosslinked net-
work, allowing SMB subcomplexes within the smaller droplet
to be pulled by the strong cumulative attractive force of the
larger SMB droplet, draining complexes from the smaller to
the larger droplet, i.e., coarsening via Ostwald ripening.

Modulating cxlink and τlife, as represented by the change
from case (II) to case (III) in Fig. 4(a), delays the structural
relaxation of the chromatin chains across all lengthscales
[Fig. 4(b)], resulting in the relaxation of the crosslinked
chromatin network to be slower than the growth of the phase-
separated SMB droplets within the network. This scenario
hinders diffusion at the droplet scale, thereby preventing
droplet fusion and favoring Ostwald ripening. By system-
atically quantifying the network relaxation-droplet growth
balance, the phase diagram in Fig. 5 shows the pathway to
condensate formation, either droplet fusion (green) or Ost-
wald ripening (red), versus cxlink and τlife. Corresponding to,

FIG. 5. Phase diagram of the condensate pathway of embedded
SMBs within the chromatin crosslinked network versus τlife and
cxlink. The colored background that labels the viscoelasticity of the
chromatin network was superimposed after quantifying the network
relaxation-droplet growth balance as done in Fig. 4. The dashed
yellow line depicts the soft, stochastic boundary between the red and
green regions.

respectively, a case that the crosslinked chromatin network
is or is not sufficiently relaxed to open a “channel” large
enough for droplet-scale diffusion, the crosslinked chromatin
network is shown in Fig. 5 to be a structure-relaxed sol or
structure-unrelaxed gel when τD

drop < τ ch
rel or τD

drop > τ ch
rel on

the lengthscale of N/p = (D2nd )2. As indicated in the phase
diagram, the condensation pathway, direct fusion versus Ost-
wald ripening, is selected by the structure-relaxed sol versus
structure-unrelaxed gel viscoelasticity of the crosslinked chro-
matin network.

In summary, we employ statistical physics modeling,
superimposed with SMC-protein crosslinking kinetics,
to show how SMC crosslinks manage the network
relaxation-droplet growth balance between length and
time scales that select the pathway to molecular condensate
formation within the chromatin network. Lower (higher) cxlink

and τlife induce a sollike (gellike) chromatin network, faster
(slower) droplet and condensate formation, and a droplet
fusion (Ostwald ripening) condensation pathway of embedded
molecular species. The ability of SMC-activated chromatin
networks to select pathways and rates of condensate growth
is a striking illustration of genetic control of biological
processes within the nucleus. The dynamic aggregation
of small molecular species embedded within chromatin
networks, that is difficult to quantify experimentally across
all protein-to-organelle spatial and temporal scales, dictates
how cells establish membraneless organelles essential for
diverse cellular functions. The present study provides a
computational and theoretical physics basis for understanding
how cells acquire specificity in making distinctions to pull
from different clusters of small molecular species embedded
within diverse viscoelastic cellular environments.
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