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Nuclear dynamical deformation induced hetero- and euchromatin positioning
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We studied the role of active deformation dynamics in cell nuclei in chromatin positioning. Model chains
containing two types of regions, with high (euchromatic) or low (heterochromatic) mobility, were confined in a
pulsating container simulating a nucleus showing dynamic deformations. Brownian dynamic simulations show
that the positioning of low mobility regions changes from sites near the periphery to the center if the affinity
between these regions and the container periphery disappears. The former and latter positionings are similar
to the “conventional” and “inverted” chromatin positionings in nuclei of normal differentiated cells and cells
lacking Lamin-related proteins. Additionally, nuclear dynamical deformation played essential roles in “inverted”
chromatin positioning.
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The structure and dynamics of interphase chromosomes
have been recognized to play important roles in several
activities in eukaryotes such as gene regulation and cell dif-
ferentiation [1–12]. Recently, several mesoscopic theoretical
and simulation models of chromosomes were proposed to
investigate mechanisms underlying the formation of several
features of intranuclear architecture, such as the chromosome
territories, transcription factories, topologically associating
domains, conventional, and inverted positioning of heterochro-
matin [13–23].

The cell nuclei are reportedly involved in several aspects
of intracellular dynamics, such as oscillation, rotation, and
deformation driven by the oscillatory dynamics of the cy-
toskeleton, including microtubule and actin networks [24–37].
The dynamics of nuclei often affect the positioning and
structures of intranuclear architectures and gene expression
via interactions between the chromosomes and the nuclear
periphery [24–35,37–41]. Moreover, the membrane proteins
such as lamin A, B, C, and lamin receptors anchor hete-
rochromatin to the nuclear periphery [10,11,42–47]. Thus, the
influence of nuclear dynamics and the physicochemical aspects
of the nuclear membrane on chromosome conformations
must be elucidated to clarify the activities involved in the
intranuclear processes and their mechanisms. However, only
few theoretical studies have focused on such issues.

Here, we introduce a simplified chromosome model that
consists of M chains with two types of regions, one with high
mobility and the other with low mobility, in a 3D spherical
pulsating container. The regions with high and low mobility
are regarded as eu- and heterochromatic regions, respectively;
heterochromatic regions consist of densely compacted DNA
and proteins to silence transcription and hence experience
larger viscous drag than euchromatic regions. Pulsation of
the container, which is generated by temporal variations of
the container’s radius, simulates the deformation of nuclei
[Fig. 1(a)]. Thus, by focusing on the deformation-dependent
behaviors of this model, we clarify the possible contributions
of nuclear dynamics to chromatin positioning.

In this model, each chain is constructed by N spherical
particles with diameter d and are connected by a spring with
natural length d. The motion of each particle is given as

Brownian motion with each drug coefficient. The motion of
each particle obeys

γi ẋi = −∇i(Vint({xi}) + Vcon({xi})) + ηi(t), (1)

〈ηi(t)ηi(t
′)〉 = 2γiGδ(t − t ′), (2)

where xi and γi are the position and drug coefficient of
the ith particle, respectively, and ηi and G are the random
force (Gaussian white noise) working on the ith particle and
its magnitude, respectively. Here, γi = γH for high mobility
particles (H particles) and γi = γL for low mobility particles
(L particles).

The interaction potential between particles is expressed by
Vint({xi}) = V ch({xi}) + V sf ({xi}), where the former repre-
sents the elastic potential between two connected particles
and is given by

V ch =
∑

i

kc

2
(|xi − xi+1| − d)2, (3)

and the latter represents the soft core repulsive potential due
to the excluded volume between two particles; this is given by

V sf =
∑
i<j

{
ke

2 (|xi − xj | − d)2 (|xi − xj | < d),

0 (otherwise)
(4)

with ke and kc as constants.
The motion of particle is restricted by the container; soft-

core repulsion exists between the container wall and all parti-
cles, whereas short-range attraction exists between the wall and
L particles. Short-range attraction arises from the interactions
between the nuclear periphery and heterochromatic regions
through Lamin-related proteins. Thus, the potential is given as
Vcon({xi},R) = ∑

i V
i

wall(xi ,R) + ∑
γi=γL

V i
lamin(xi ,R), where

V i
wall(xi ,R) =

{
kw

2

[|xi | − (
R − d

2

)]2 (|xi | > R − d
2

)
,

0 (otherwise),
(5)

V i
lamin(xi ,R) =

{−kl|xi | (|xi | > R − d),

0 (otherwise)
(6)

with constants kw, kl and the container radius R [48].
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FIG. 1. (Color online) Illustrations of (a) confined chains in
pulsating container, and (b) H -L mixed chains and (c) H chains
and L chains consisting of H particles [grey (red)] and L particles
(black).

We assume that the container pulsates periodically accord-
ing to the temporally periodic variations of its radius as

R = Ro + A sin ωt, (7)

where Ro, A, and ω are the basic radius, amplitude, and
frequency of pulsations, respectively. The deformation of
nuclei in cells is not periodic, but using this model, we can
clarify the characteristics and mechanisms of the contributions
of nuclear deformable motion to chromosome positioning.
Additionally, we achieved the same qualitative results as
obtained if R exhibits random walk in a harmonic potential
field 1

2kr (R − Ro)2 with constant kr .
We focused on the segregation patterns of H and L particles

when the following chains were confined in the container:
(i) H -L mixed chains: each chain consists of H - and L-particle
regions connected periodically, where the length of each H -
and L-particle region along the center is λ/2 [see Fig. 1(b)];
and (ii) H chains and L chains: half of all chains consist of
only the H -particle region and the other half consist of only
the L-particle region [see Fig. 1(c)]. In the case of a large N ,
H -L mixed chains provide simple models of chromosomes
containing eu- and heterochromatic regions, and H chains and
L chains provide simple models of the euchromatin-rich and
heterochromatin-rich chromosomes, respectively.

Here, we considered the following parameters: γH = 1,
γL = 10, ke = kc = kw = 1024, G = 1, and d = 1. In recent
experimental observations, the volume fraction of macro-
molecules in the nucleus is estimated as 0.2 ∼ 0.3 [22]. Thus
we focused on the case of (d/2)3MN/R3

o ∼ 0.296 (MN =
512 and Ro = 6.0d). We confirmed that the qualitative aspects
of the system as shown below, are not sensitive for NM and Ro

if the volume fraction of particles is similar. For example we
obtained similar results in the case of MN = 1024 and Ro =
7.5d with (d/2)3MN/R3

o ∼ 0.30. Unfortunately, the ratio of
γH to γL is unclear experimentally. However, we can obtain
qualitatively similar results if γL is larger enough than γH .

First, we focused on the segregation pattern of H -L
mixed chains in the pulsating container. Figure 2 shows
typical snapshots of the H - and L-particle distribution in
two-dimensional (2D) cross sections in 3D space (particles at
−d/2 � x � d/2, −d/2 � y � d/2, and −d/2 � z � d/2
on the x − y − z 3D space are shown) for M = 1, N = 512,
λ = 64d, ω = 4, and A = d/4 with (a) kl = 10, (b) kl = 0.
More H particles (L particles) tend to distribute near the
center (periphery) of the container than H particles (L
particles) for kl = 10, while an opposite distribution occurs
for kl = 0. These trends in positioning of H and L particles
are similar to the “conventional” and “inverted” eu- and

FIG. 2. (Color online) Typical snapshots of the distribution of H

particles [grey (red)] and L particles (black) of H -L mixed chains
(M = 1, N = 512, λ = 64d) on x ∼ 0 (left), y ∼ 0 (center), and
z ∼ 0 (right) 2D cross sections on x − y − z 3D space. (a) kl = 10,
(b) kl = 0, with ω = 4 and A = d/4.

heterochromatin positioning, respectively, observed in nuclei
of normal differentiated cells and cells lacking lamin-related
proteins, such as mouse rod photoreceptor cells [10,11].

It is easily understood that the affinity between the container
periphery and L particles contribute considerably to the former
segregation patterns. On the other hand, if the container does
not pulsate, the distributions of H and L particles become
uniform when kl = 0 because such situations are equivalent
to thermodynamic equilibrium, thus indicating that the latter
segregation pattern is the result of the pulsations of the
container.

To observe the contributions of the pulsations of the
container to pattern formations of H -L mixed chains, we
focused on the pulsating frequency dependency of H - and
L-particle distributions for kl = 0. Figure 3 shows the rel-
ative radial distributions P (r) for some ω in the cases of
(a) M = 1, N = 512, and λ = 64d, and (b) M = 4, N = 128,
and λ = 64d. Here, P (r) = PL(r) − PH (r), where Pm(r) =
nm(r)/4πr2 (m = H or L) are the respective radial particle
distributions, r is the distance from the origin, and nm(r) is the
frequency of m particles in the region between r and r + dr for
dr = 0.1. Here, P (r) = 0 always holds when ω = 0 (except
for small errors due to the finite run time and sample number
of simulations). The figures indicate the appropriate values of
ω for the segregation of the H and L particles. We obtained
similar results for λ = 32d and λ = 128d.

Similar results were obtained for H chains and L chains
confined in the pulsating container. Figures 4(a)–4(c) show
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FIG. 3. (Color online) P (r) of H -L mixed chains for ω =
0,1,4,16,64 in the cases of (a) M = 1, N = 512, and λ = 64d , and
(b) M = 4, N = 128, and λ = 64d with kl = 0.
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FIG. 4. (Color online) P (r) of the system consists of H chains
and L chains for ω = 0,1,4,16,64 in the cases of (a) M = 8, N =
64, (b) M = 128, N = 4, and (c) M = 512, N = 1 with kl = 0.
(d) PH (1), PL(1), and P (d) as function of N for NM = 512 and
ω = 1 with kl = 0 where dot curve indicates N = 5.55/3.

the relative radial distributions P (r) for some ω in the cases of
(a) M = 8 and N = 64, (b) M = 128 and N = 4, and (c) M =
512 and N = 1 with kl = 0. The distribution of the H and L

particles exhibits ω dependency similar to that of H -L mixed
chains. However, the segregation strength becomes weak with
the decrease in N . For example P (d) that gives a typical P (r) in
the bulk of the container decreases drastically with the decrease
in N if (dN)3/5 is smaller than ∼(Ro − d/2) (N is smaller than
∼(Ro − d/2)5/3/d = 5.55/3) as shown in Fig. 4(d).

The mechanisms underlying the pulsation-induced segre-
gation pattern can be explained as follows. It is noted that H

and L particles are equally compressed when the container
contracts. On the other hand, after the expansion of the
container, H particles positioned at the outer region of particle
accumulations diffuse closer to the periphery of the container
faster than L particles. Therefore, by iterating the contractions
and expansions of the container, the region near the container
periphery tends to be occupied by more H particles than L

particles.
Now, we consider the case where H particles construct long

chains such that the average distance between two edges ∼
(dN)3/5 (estimated by the arguments of self-avoiding random
walk [49]) is longer than (Ro − d/2), or where each H -L
mixed chain involves H -particle regions as long as (λ/2)3/5 >

(Ro − d/2). In such cases, H particles near the center are
pulled by those migrating near the periphery since they often
belong to the same chain or the same region. Thus, most of
the H particles accumulate gradually near the periphery of the
container.

On the other hand, when the particles move individually
or form only short chains, the influence of the pulsations on
particles in the bulk of the container is negligibly weak because
the amplitude of the pulsations is not as large as mentioned
below. Thus, the segregation occurs only near the periphery of
the container in such cases.

Notably, we found that L particles tend to accumulate in the
central region of the container in such smaller A = d/4 than
Ro = 6d for kl = 0. We also confirm qualitatively the same

properties of P (r) in the case of A = d/8 although typical
values of P (d) become small. Thus, such segregation does
not need pulsations with large amplitudes. This fact indicates
that weak, but not zero, active deformation of the nucleus is
enough for the inverted chromatin positioning in cells without
Lamin-related proteins.

Finally, we evaluated the relationships between the pa-
rameter sets employed in the present simulations and those
in experimental situations. The characteristic spatial and
temporal scale of the present model is given as follows:
(i) the number of particles, which indicates the basic units
of the model chromosome chain confined in the container, is
∼103; (ii) the diameter of the container (model nucleus) is
∼10 times the diameter of a single particle; (iii) τdiff , which
gives the diffusion time scale of particles in the space with the
length scale A (=d/8 ∼ d/4, d = 1) when particles do not
construct chains, is given by ∼A2/(G/γH ) ∼ 10−2∼−1; and
(iv) τnuc, which gives the time scale of the deformation of a
container with the length scale A, is given by ∼ω−1 ∼ 10−2∼0.
Here, τnuc/τdiff is given as 10−1 ∼ 102.

It is noted that chromosomes have long range correlated
chromatin domains named “topologically associated domains”
(TADs) which are formed by the association of the local
chromatin fibers with some megabase pairs [50–52]. Thus,
to avoid the considerations of complex spatial structures of
TADs, we assume a basic unit constructing chromosomes as a
∼107-bp chromatin containing some TADs. The nucleus of the
mammalian cell contains ∼1010 bp, indicating that ∼103 basic
units of chromosomes are confined in each nucleus. Moreover,
the average diameter of each basic unit of chromosome,
db, is roughly estimated as ∼

√
107 × 3.4 Å ∼ 10−6 m. The

diameter of the nucleus of mammalian cells is estimated as
∼10−5 m, indicating a nuclear diameter of ∼10db m. These
relations are similar to those in the present simulations [(i) and
(ii)].

The drag coefficient γ for each basic unit of chro-
mosome is estimated as =6πη(db/2) ∼ 10−9 kg s−1, where
η ∼ 10−4 kg m−1 s−1 represents the viscosity of water. G

is not equal to kBT because the intranuclear environment
is in a state of thermodynamic nonequilibrium owing to
the energy flow via the interactions between chromosomes
and several proteins; however, in this model we assume the
order of G is similar to kBT . Here, kB ∼ 10−23 m2 kg s−2 K
is the Boltzmann constant and T = 300 K. Then, G/γ ∼
10−12 m2 s−1. In recent experiments, the distance between
the center and a part of the periphery of the nucleus
varies as ∼10−7 m (∼10−1db m) per ∼100 s [35]. Thus,
τdiff ∼ (10−7 m)2/(10−12 m2 s−1) ∼ 10−2 s, τnuc ∼ 100 s, and
τnuc/τdiff ∼ 102 are obtained.

The above estimations indicate that the ratios of the charac-
teristic time scale of the diffusion of chromosomes to that of the
deformation of nucleus in both the present and experimental
situations are similar. Thus, the present simulation results can
be applied to study and understand the intranuclear pattern
formations of chromosomes in experimental situations.

In this study, we focused on the behaviors of chains
containing high and low mobility regions that were confined in
a pulsating container to understand the contributions of nuclear
active deformation dynamics to the intranuclear positioning of
hetero- and euchromatin. We found that the positioning of
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low mobility regions (which corresponded to heterochromatic
regions) transitions from sites near the periphery to the central
region of the container if the affinity between these regions
and the container periphery disappears. The former and latter
positionings are similar to the “conventional” and “inverted”
chromatin positionings observed in the nuclei of normal
differentiated cells and cells lacking lamin-related proteins,
such as mouse rod photoreceptor cells.

Recently, some theoretical models of the transition between
“conventional” and “inverted” heterochromatin positioning
were proposed [21–23]. These models tried to explain the
mechanism of such transitions using certain assumptions
(some of which could not be verified experimentally), such
as the differences of chromatin-chromatin binding affini-
ties among hetero-hetero, hetero-eu, and eu-euchromatins,
the difference of the characteristic length of hetero- and
euchromatic regions in chromosomes. Such inhomogeneity
of intrachromosome properties may play important roles to
determine the intranuclear chromatin positioning; however,
the present results indicate that active nuclear deformation,
which has been previously observed in several cells, drives
“inverted” heterochromatin positioning without specific inter-
actions among chromatins. Thus, we propose that the active
nuclear deformations contribute considerably to the determi-
nation of intranuclear chromosome architectures in addition to
the previously proposed interchromatin interactions.

However, the present model does not sufficiently describe
the transient behaviors observed in experiments. For example,
some middle scale heterochromatin domains were observed

transiently before the final “inverted” chromatin positioning
with only one large heterochromatin domain in experiments
[10,11], which may be difficult for the present model to
reproduce. Now, we progress the modifications of the model to
describe the entire processes of the formation of intranuclear
chromosome architectures.

From the point of view of polymer physics, the presented
models are simple block-co-polymer populations or polymer
mixtures with different mobilities confined in a small space
under nonequilibrium boundary conditions. We provided
a brief analysis to explain the present simulation results.
However, further detailed studies based polymer dynamics
may explain the present simulation results more precisely.
More detailed theoretical studies on the presented segregation
pattern formation are important for the fields of soft matter
and statistical physics.
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