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Chromatin Remodeling Due to Transient-Link-and-Pass Activity
Enhances Subnuclear Dynamics
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Spatiotemporal coordination of chromatin and subnuclear compartments is crucial for cells. Numerous
enzymes act inside nucleus—some of those transiently link and pass two chromatin segments. Here, we
study how such an active perturbation affects fluctuating dynamics of an inclusion in the chromatic
medium. Using numerical simulations and a versatile effective model, we categorize inclusion dynamics
into three distinct modes. The transient-link-and-pass activity speeds up inclusion dynamics by affecting a
slow mode related to chromatin remodeling, viz., size and shape of the chromatin meshes.
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Genetic information of a eukaryotic cell is stored in its
chromatin, a ~2 m long polymeric entity comprising DNA
and histone proteins, which is packed inside the nucleus
typically of size 7-10 pm. In addition to the chromatin,
the nucleus contains a diverse variety of subnuclear
compartments (SNCs) like nucleoli, speckles, Cajal bodies,
promyelocytic leukemia bodies, transcription factories,
etc., ranging from ~50 nm to 1 pm in sizes, all dispersed
in a viscous fluid medium called nucleoplasm [1-5].
A spatiotemporal coordination among these SNCs and
the chromatin is necessary for the healthy functionality of
the cell [2-8], the lack of which correlates with several
diseases [9,10].

Recent studies have attributed such spatiotemporal
coordination of SNCs and chromatin to the mechanical
state of chromatin. Reference [11] shows that coalescence
kinetics of inert liquid droplets dispersed inside a nucleus
depends on their dynamics dictated by the mechanics of the
chromatic environment, whereas Ref. [12] shows how the
number, size, and localization of such subnuclear conden-
sates are dictated by chromatin mechanics. We found in
our earlier study [13] that transient-link-and-pass activity
(TLPA) associated with ATP-dependent actions of some
classes of enzymes, like Topoisomerase-II [14—17], can
affect the microphase-separation structure of heterochro-
matin or euchromatin—this enables us to speculate that,
even in a homogeneous medium of chromatin, e.g., even
when looking into only the euchromatin part, enzymatic
activities could affect local mechanical states of chromatin.
Such change in the local mechanical state of chromatin
could eventually affect dynamics of finite-size inclusions
such as SNCs. Indeed, it is known that the dynamics of the
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chromatin and other SNCs are usually ATP-dependent
[18-25], and ATP-dependent remodeling of the chromatic
environment is recognized as one of the mechanisms for
this dependency [24-26]. Despite its possible relevance for
biological functions, up to the present, no studies have
clarified if an active perturbation like TLPA actually plays a
role in inclusion dynamics and what kind of chromatic
remodeling can contribute to it.

In this Letter, we study the effects of an active perturba-
tion on the chromatic medium and fluctuating dynamics
of an inclusion, and investigate the underlying physical
mechanisms. For this purpose, we consider a single
polymer chain subjected to TLPA as a chromatin model,
and a finite-size bead disconnected from the polymer chain
as an inclusion, inside a spherical cavity [Fig. 1(a)]. To
implement TLPA, we follow our earlier work in which a
model enzymatic activity was constructed imagining
Topoisomerase-II [13]. Through numerical simulations of
our model, we first show that TLPA indeed affects the
inclusion dynamics. After that, we investigate what kind of
chromatin remodeling is associated with this effect. Finally,
we construct an effective model that is a fluctuating free
particle model but keeps the essence to reproduce the TLPA
dependency of the inclusion dynamics observed in our
simulation. Using the effective model, we identify the three
major dynamical modes in the system.

So far, experimentally observed features of SNC dynam-
ics have been explained quantitatively by a combination of
its diffusion within the chromatic-interspace region, plus
the translocation of that region due to chromatin diffusion
(which we refer to as fast and normal diffusive modes,
respectively, later in the text) [25]. However, in general,
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FIG. 1. (a) Bead-and-spring homopolymer model of chromatin
packed inside a spherical cavity together with an inclusion at the
center; a schematic and a typical simulation snapshot are shown.
(b) Catch-and-release mechanism of Topoisomerase-II’s enzy-
matic activity. There is no steric repulsion between the pair of the
beads when bound to the enzyme. (c) Mean £+ SEM of Ax; |,
distribution are shown. Only the positive half is shown for better
representation. (d) MSDs of the inclusion are shown for several
A. Dashed lines are to guide the early-time and the late-time
diffusion. (e) Main: FPT distribution of the inclusion to the radius
R =57 of the cavity starting from R =0 (n =71). Inset: A
dependency of the mean + SEM of FPT. SFig. 1 supplements
Figs. 1(c)-1(e) with curves for four A values.

chromatic interspace itself can remodel, i.e., its size and
shape can change, and thus affect SNC dynamics [24]. In
particular, mechanical actions of enzymes like TLPA may
directly drive such chromatin remodeling. The effective
model proposed here indeed demonstrates the relevance of
a slow dynamical mode linked to chromatin remodeling for
the TLPA-dependent inclusion dynamics.

Model.—We develop a self-avoiding linear homopoly-
mer model for the chromatin confined within a spherical
cavity of diameter D [Fig. 1(a)]. The homopolymer
comprises N soft-core beads of diameter dp consecutively
connected by finitely extensible nonlinear elastic springs. A
hard-core spherical inclusion of diameter d; is placed at the
center of the cavity. This inclusion experiences steric forces
due to the surrounding polymer.

The dynamics of the positions of the beads (xp) and the
inclusion (x;) are approximated by Brownian dynamics;
see Supplemental Material [27] and Ref. [13] for details.
Stokes’ relation has been assumed to mimic the frictional
drag due to implicitly considered nucleoplasm. Setting the
thermal energy and the nucleoplasmic viscosity to unity,

and D = 12¢, we obtain the simulation units (s.u.) of
length (¢), time (z), and energy (e).

TLPA is implemented in the following sequential man-
ner, which we call catch-and-release mechanism. In the
normal state, any pair of spatially proximal beads experi-
ences steric repulsion due to each other (self-avoidance
potential &, > 0; see Supplemental Material [27]). The
enzyme can catch that pair of beads with a Poisson rate 4.,
[Fig. 1(b)], and upon that, the beads attract each other
(hyex < 0). Next, the attraction between those two beads is
turned off with another Poisson rate 4,,, and the beads stay
there for a while without any steric interaction among
themselves (h,., = 0). Eventually, the enzyme unbinds
from the beads with a Poisson rate A,, and the beads
return to their normal state with steric repulsion between
themselves. Therefore, in our model, enzymatic activity is
realized by the following sequence of Poisson transitions of
the steric interaction between a pair of proximal beads:

state(fyex > 0)ﬁ>state(hVex < O)ﬁmtate(hVex = O)i>
state(hyex > 0). These steps allow the beads to pass across
each other stochastically and thereby perturb the
medium [13].

We parametrize TLPA as A = A,,(1/A,, + 1/4,), which
can be tuned in experiments by controlling ATP concen-
tration [33]. We choose 4,, = 16.7z7! and 4, = 5007z!
and tune 4, to control the activity. For a given A, we
integrate the equations of motion of x5 and x; using Euler
discretization method, and thereby we simulate the dynam-
ics of the polymer and the inclusion. This choice of the
rates sets a typical timescale fypy = (1/d4n + 1/4y) =
0.0627 for which an enzyme catches a pair of beads. We
have checked that by this timescale, a bead typically moves
over only O(dp).

Each realization of the simulation starts from a steady-
state configuration of a self-avoiding polymer packed
inside the cavity together with the inclusion at the center
of the cavity. The polymer and the inclusion follow the
Brownian dynamics as described above. We note that the
inclusion eventually touches the cavity boundary; so, we
simulate our active polymer model (APM) until the
inclusion touches the cavity boundary for the first time.
The results reported below are obtained from n number of
independent realizations. (See Supplemental Material [27]
for further details.)

Inclusion dynamics.—We first investigate how inclusion
dynamics is affected by TLPA by looking into its (i) one-
dimensional displacement over a given time duration,
(i) mean-square-displacement (MSD), and (iii) first pas-
sage time (FPT) in the chromatic medium. Here, we
consider an inclusion of size comparable to that of the
bead size (d; = 0.40¢, dg ~0.437).

First, we compare the distribution P(Ax; ) of one-
dimensional displacement of the inclusion over a time
duration At = 0.1z > t1pa for several A [Fig. 1(c)]. We
note that P(Ax; ) follows a Gaussian distribution and
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widens with A. The distributions appeared to be symmetric
around zero, although with some fluctuations. However, we
did not find any drift in the inclusion dynamics (SFig. 2).

Next, we calculate MSD of the inclusion as
(AR(AN) = (e (tg + A1) —x,(1)P), where () repre-
sents average over several f, and realizations. We note
(A) a short early-time diffusive regime, (B) an intermediate
subdiffusive regime, and (C) a late-time diffusive regime.
Following this regime (C), we note a significant slowing
down of the inclusion dynamics (data not shown). We
check that by this time, the inclusion reaches close to the
cavity boundary, and although the inclusion does not
interact with the boundary, its dynamics is indirectly
affected by the polymeric density at that locality that
differs from the bulk region. The effect of TLPA at that
locality has a different physics than that in the bulk region,
and therefore, it will be discussed in the future. In this
Letter, we focus on the bulk region (up to radius R = 57
instead of the whole cavity of radius R = 6£). We show the
regimes (A)—(C) of the inclusion MSD in Fig. 1(d). Note
that the crossover time from the early-time regime to the
intermediate regime increases with A.

FPT represents the time that the inclusion takes to reach
R = 57 for the first time starting its dynamics from R = 0
at time t = 0. We prepare a histogram of the FPTs noted for
several realizations of simulation and note that A affects it
(Fig. 1(e) main). Starting from a high value of the mean
FPT (MFPT) for A = 0, it decreases monotonically up to a
moderate A [Fig. 1(e) inset]. Taking the displacement
distributions, MSDs, and the FPT data together, we con-
clude that TLPA enhances the inclusion dynamics.

Chromatic environment.—The enhancement of the
inclusion dynamics should be attributed to some change
in the chromatic environment due to TLPA. To investigate it
in detail, we compare the polymeric configurations with
and without TLPA. We note that the polymeric environ-
ment becomes more heterogeneous with A [Fig. 2(a),
Supplemental Videos). The mean density of the beads,
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FIG. 2. (a) Cropped slices (6 x 6 in s.u.) of typical simulation
snapshots are shown for A =0 (left) and 0.6188 (right).
(b) Fluctuation o in local density np of beads increases with
A (n =71). (c) Main: distribution of the separation between an
arbitrary point and its nearest polymeric bead. A-dependent
increase in the largest s, with P(sy;,) > O indicates increase
in chromatic mesh size. Data for s,,;, < 0.2 are not shown as the
arbitrary points fall on the beads (dp ~ 0.43 s.u.) in that range.
Inset: schematic of the inclusion inside a chromatic mesh.

ng, increases with A (SFig. 3). Along with that, the
spatiotemporal fluctuation in npg, as manifested by its
standard deviation op, also increases with A [Fig. 2(b)],
suggesting an increase in heterogeneity of chromatin
medium with TLPA.

To further elaborate on this observed heterogeneity, we
calculate the separation s, of any arbitrary point in the
bulk region of the cavity to its nearest bead and prepare its
distribution P(sp;,). As a corollary to the increasing
heterogeneity in chromatic environment, we note that the
tail of P(sy;,) becomes heavier with A [Fig. 2(c)]. The
largest syin (A) with nonzero P(s;,) minus dg/2 could be
interpreted as half of the mesh size in the corresponding
chromatic environment. It is evident from Fig. 2(c) (main)
that the typical mesh size increases with A. Considering
the (Ar?) data, it is straightforward to understand that the
inclusion performs early-time diffusion until it feels the
mechanical hindrance due to its chromatic neighborhood
beyond which it shows subdiffusion [Fig. 2(c) schematic].

Effective model.—Next, we develop an integrative under-
standing of chromatic environment-mediated effect of
TLPA on inclusion dynamics. We hypothesize that inclu-
sion dynamics in our APM could be mimicked by its
Brownian dynamics with colored noise defined over a
coarse-grained timescale ot. Therefore, we conceive a
coarse-grained effective model—the inclusion is consid-
ered alone, and its dynamics is given by

0x; = vgmbEMm, (1)

where the right-hand side is an effective noise whose
characteristics can be defined from the A-dependent behavior
of the displacement vector Ax; 5 defined over 6z. More speci-
fically, v3\; = (|Ax;5|*)/(51)%, and &gy is a Gaussian noise
with zero mean and autocorrelation (§gy(0) - Epp(A2)) =

Cax,, (A1) = (32, [Ax;s5(to) - Axps(to + AD)]/ >,
|Ax; 5(19)]?) ({-) indicating average over several realiza-

tions). Hereafter, we consider 6t = 0.0037 over which the
inclusion dynamics should be affected by the dynamics of its
chromatic neighborhood [Fig. 1(d); also see SFig. 4).

We obtain Cyy,, (At) from our simulation data for
several A. A negative autocorrelation is noted for At >
ot [Fig. 3(a) inset] as expected for our current model
system—(visco-)elasticity of polymeric medium surround-
ing the inclusion may tend to reverse the direction of
inclusion motion [34]. The negative part of the auto-
correlation shows good fit to double exponential func-
tion [Fig. 3(a) main]. Therefore, we write Cy,,, (At) =
AS(At) — g(Ar) with g(At) = aze™/" + age™ "', where
the fitting parameters ay ; and 7, ; depend on A. The para-
meter A takes care of the autocorrelation for At < 6t

Using the effective model, we analytically obtain MSD
of the inclusion as

Ao (AD)) = S 2D,1,, (1 — ¢ 7in) +2D,A1, (2
1,LEM

m=f,s
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where D = viyastp, and D, =v}y(A/2—ast,—agty)
(Supplemental Material [27]). Treating A as a A-dependent
fitting parameter, we find good agreement between (Ar?)
and (Arj ;) (SFigs. 5 and 6). Thus, our simulation results
are successfully reproduced by the effective model, where
the chromatic environment-mediated effect of TLPA on the
inclusion dynamics is captured by the A dependency in the
features of the coarse-grained noise. Below we show that
the construction of the effective model allows us to unveil
the physical mechanism how TLPA affects the inclusion
dynamics.

We identify the MSD terms corresponding to m = f, s
with that obtained for a particle subjected to a harmonic
potential following an overdamped Langevin equation
(Supplemental Material [27]). This gives us a diffusivity
D,, and a characteristic time ¢,, for the mode m. Thus, the
inclusion dynamics can be understood as that dictated
by a fast (f) and a slow (s) mode (with 7, ~0.0027 and
t; ~0.027), plus a normal (n) diffusive mode. The n mode
originates from the delta-correlated forces that the inclusion
feels due to the thermal noise, plus the polymeric neighbor-
hood coarse-grained over 6¢. The origin of the fast and slow
modes must underlie in the fluctuation in the potential that
the inclusion feels due to its polymeric neighborhood; we
indeed found that the fluctuation in the number of the beads
interacting with the inclusion has the characteristic timescale
comparable to that of the fast mode, whereas remodeling of
the polymeric mesh around the inclusion has the timescale
comparable with the slow mode (SFig. 7, Supplemental
Material [27]). One can visualize the corresponding scenario
as follows: let us consider a polymeric mesh comprising
some number of beads around the inclusion. At the scale of
~0.0027, that number fluctuates because of the individual
bead’s thermal fluctuation (see SFig. 8 for bead’s MSD),
and therefore the potential fluctuates. This leads to the fast
mode contribution to inclusion dynamics. However, at a
longer timescale ~0.02z, the size and shape of the mesh are
reconfigured leading to another source of the potential
fluctuation. This dictates the slow mode contribution to
the inclusion dynamics.

Lastly, we investigate which mode mainly contributes
to the speeding of the inclusion dynamics with TLPA.
Figure 3(b) (main) plots the parts of MSD, (Arfgy).
separately derived from all the three modes. We find that
the A dependency in MSD at the intermediate timescale
(~0.001 < At < ~0.02) is dominated by that of the s
mode. We note a significant increase in D, with A
[Fig. 3(b) top inset; SFig. 9). These results suggest that
significant initial speeding up of the inclusion dynamics
[around Afr = 0.001 in Fig. 1(d)] is induced through s
mode, which is associated with the chromatin remodeling.
In conclusion, TLPA-assisted remodeling of the chromatic
neighborhood plays a major role in enhancing the inclusion
dynamics. (See Supplemental Material [27] for discussion
on A dependency of all three diffusivities).
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FIG. 3. (a) Autocorrelation Cy,, (At) of the inclusion’s dis-
placement vector Ax;; over 6t = 0.0037 for several A (sym-
bols). Main: semilog plot to focus on the negative part of Cpy, _ -
Inset: linear plot. Dashed lines are fits to —Cy,, , (At > 0) with
the double exponential function, g(Ar). (b) Main: parts of
(Arjgy) corresponding to the three dynamical modes (n, f,
and s) for several A [see Fig. 3(a) for legends]. Top inset:
Diffusivity corresponding to s mode increases with A. Bottom
inset: schematic of each mode. Golden: chromatin media. Blue:
inclusion.

Discussion.—In summary, through numerical simula-
tions of APM and construction and analysis of the effective
model, we investigated the effect of enzymatic action-
induced TLPA on the inclusion dynamics in the chromatin
environment. We showed that the inclusion dynamics in
this complex medium comprises three modes: a fast mode
dynamics within the local polymeric mesh, a slow mode
dynamics associated with the polymeric reconfiguration,
and a normal diffusive mode. TLPA speeds up the inclusion
dynamics by significantly facilitating chromatin remodel-
ing. This finding is in line with Ref. [24] where the authors
emphasized the importance of ATP-dependent chromatin
remodeling to explain their experimental observation. In
Ref. [25], as briefly mentioned above, an effective model
combining the fast and the normal diffusive modes has been
proposed to explain the inclusion dynamics. Our results
further showed the necessity of the slow mode associated
with chromatin remodeling to fully understand the inclusion
dynamics in active chromatic media [schematics in Fig. 3(b)
bottom inset]. In Ref. [26], significant slowing down of
transcription compartments’ dynamics upon depression of
temperature from 37°C to 25°C has been attributed to
temperature-dependent active processes. The chromatin-
remodeling-associated dynamical mode reported here can
be responsible for that experimental observation. Our
current study also implicates how a global active perturba-
tion may regulate site-specific target searching of SNCs by
enhancing their encounter frequency [8,35,36]. Further-
more, as Topoisomerase-II activity is known to correlate
with cell cycle [37], aging [38], and nucleoplasmic ATP
content [39], our study may elucidate such cell state-
dependent subnuclear dynamics.

Despite apparent similarity in the inclusion dynamics for
various model scenarios in terms of a coarse-grained
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TABLE I. Mean + SEM propagated from both the MFPTs.

d, 0.2¢ 0.4¢ 1.2¢
MFPT 3004/ MFPT,_, 1.04 £ 0.08 0.90 £0.11 0.57 +0.21

quantity like MFPT, we find our effective model useful in
distinguishing the underlying differences in terms of the
three dynamical modes (Supplemental Material [27]) [40].

Dynamics of an inclusion in a polymeric media is
expected to depend on the inclusion size [41]. We find
that the effect of TLPA becomes significant for large
inclusions (Table I, Supplemental Material [27]) [40].

Our model provides a framework that may be helpful for
understanding various active gels [42-45], usually the
long-time stochasticity stemming from activity and the
short-time modes being thermal. For instance, Refs. [44,45]
reported time dependence of inclusion MSDs, which may be
related to a reminiscent structural-remodeling-associated
mode.
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