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Differential Crosslinking and Contractile Motors Drive Nuclear Chromatin
Compaction

Ligesh Theeyancheri,1, ∗ Edward J. Banigan,2, † and J. M. Schwarz1, 3, ‡

1Physics Department, Syracuse University, Syracuse, NY 13244 USA
2Institute of Medical Engineering & Science and Department of Physics,

Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3Indian Creek Farm, Ithaca, NY 14850 USA

During interphase, the cell nucleus exhibits spatial compartmentalization between transcriptionally
active euchromatin and transcriptionally repressed heterochromatin. In conventional nuclear or-
ganization, euchromatin is enriched in the nuclear interior, while heterochromatin–approximately
50% denser–resides near the periphery. The nuclear lamina, a deformable structural shell, further
modulates peripheral chromatin organization. Here, we investigate a chromatin model in which
an active, crosslinked polymer is tethered to a deformable lamina shell. We show that contractile
motor activity, shell deformability, and the spatial distribution of crosslinks jointly determine com-
partmentalization. Specifically, a radial crosslink density gradient, even with a small increase toward
the periphery, coupled with motor activity, drives genomic segregation consistent with experimen-
tal observations. This effect arises as motors preferentially draw crosslinks toward the periphery,
forming dense domains that promote heterochromatin formation. Our model also predicts increased
stiffness of nuclear wrinkles due to heterochromatin compaction beneath the lamina, consistent
with instantaneous stiffening observed under nanoindentation. We conclude by outlining potential
experimental approaches to validate our model predictions.

I. INTRODUCTION

The cell nucleus plays a vital role in eukaryotic cells by
enclosing and safeguarding genetic information encoded
within chromatin polymer fibers composed of DNA
and histone proteins [1, 2]. Collectively, these polymer
fibers constitute spatially partitioned chromatin states
within the nucleus, broadly known as euchromatin
and heterochromatin. Euchromatin is the gene-rich,
transcriptionally active, and loosely packed form, while
heterochromatin is gene-poor, transcriptionally inactive,
and densely packed [3, 4]. In conventional nuclear
organization, euchromatin resides in the nuclear inte-
rior, while heterochromatin is localized at the nuclear
periphery [3–5], with a density difference of 50% or more
between the two [6, 7].

Recent studies suggest several plausible explanations
for spatial segregation of peripheral heterochromatin
and interior euchromatin concentrated in the inner
nuclear region. There is substantial evidence that
compartmentalization of the genome can result from
mesoscale phase separation [8–21], with peripheral
heterochromatin maintained by attractive interactions
with the lamina [15, 19, 22, 23]. Additional simulations
indicate that compartmentalization can be obtained
by such affinity interactions, even when chromatin is
not programmed as either hetero- or euchromatin a
priori [24–27]. Besides affinity-mediated interactions,

∗ ligeshbhaskar@gmail.com
† ebanigan@mit.edu
‡ jmschw02@syr.edu

differences in the other physical properties of hete-
rochromatin and euchromatin may also contribute to
their partitioning [28, 29]. Nuclear elastography mea-
surements indicate that heterochromatin may be almost
four times stiffer than euchromatin [30]; simulations
predict that conventional chromatin organization can
be obtained either by increasing the bending stiffness of
the heterochromatin relative to euchromatin [14, 31–34].
Entropic effects from nonspecific protein binding may
further contribute to chromatin compaction, clustering,
and compartmentalization [35, 36]. In addition to
equilibrium effects, a number of studies suggest that
compartmentalization of the genome can result from
nonequilibrium mesoscale phase separation driven by
heterogeneous activity [37–46]. Similarly, confined active
ring polymers models, with active and passive segments
at different effective temperatures, can form topologically
constrained, dynamically arrested domains and exhibit
microphase separation with coherent motion of active
regions, providing a minimal nonequilibrium physical
analogy to chromatin compartmentalization [47, 48].

While a nonequilibrium phase separation approach
may provide a basis for chromatin compartmental-
ization, as the cell nucleus is an out-of-equilibrium
system, chromatin and the nucleus also exhibit highly
nontrivial dynamics. Specifically, several experiments
observe micron-scale correlated movement of genomic
regions over seconds [49–55]. This correlated motion
is reduced in the absence of ATP or by reduction
of activity by the motors, such as transcribing RNA
polymerases [49, 50, 53, 56]. At the same time, the
deformable lamina shell exhibits a broadly distributed
power spectrum [57]. It has been demonstrated that
both the correlated chromatin motion and the power
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spectrum can be quantitatively understood with an
active, crosslinked polymeric system confined within
a deformable shell [58]. These correlated motions are
thought to drive dynamic nuclear shape deformations,
such as wrinkles, bulges, and “blebs”, or chromatin-filled
nuclear protrusions that are prone to rupture [59, 60].
Given these findings, we ask how much of the dynamic
architecture of the cell nucleus can be accounted for by
active polymer physics. Specifically, is motor activity
combined with connectivity within chromatin sufficient
to compartmentalize chromatin into different forms,
particularly euchromatin and heterochromatin?

Here, we report progress towards answering this question
to arrive at a simple, novel biophysical mechanism for
chromatin compartmentalization based on motor activ-
ity and varying spatial profiles of chromatin crosslinking.
Various molecular motors and enzymes operate through-
out chromatin, including RNA polymerase II and cohesin
[61, 62]. Likewise, DNA- and chromatin-binding proteins
can act as crosslinkers by bridging chromatin sites. In
particular, heterochromatin protein 1 (HP1) is a crucial
mediator of chromatin crosslinking and is found in
both heterochromatin and euchromatin [63–68]. HP1’s
diverse roles, including heterochromatin formation,
gene silencing, telomere maintenance, DNA replication,
and repair, suggest that the interactions of HP1 with
neighboring protein complexes may play a significant
role in regulating its ability to crosslink chromatin.
Therefore, the localization of other protein complexes,
such as Cullin 4B (CUL4B), interacting with HP1 could
give rise to a spatially varying distribution of crosslinks
within the nucleus [69].

Given this biological context, our model incorporates
simple extensile and contractile monopolar motor activi-
ties, representative of ATP-driven processes in the nu-
cleus [56, 58, 59, 70]. We also implement chromatin
crosslinks that mimic chromatin-binding proteins like
HP1 [63, 65, 66, 71]. To capture the effects of differen-
tial HP1 localization in the nucleus, we vary the spatial
distribution of crosslinks using uniform, linear, and in-
verted radial crosslink profiles. Additionally, our model
accounts for the deformable nature of the nuclear enve-
lope, as the lamina is soft and undergoes shape fluctu-
ations [57, 58, 72, 73]. We hypothesize that patterning
of physical constraints within chromatin that regulate
chromatin spatial organization and facilitate mechanore-
sponses and dynamic adaptation of the nucleus and
genome to internal and external perturbations [2, 66, 73–
80].

II. MODEL

The chromatin-lamina system is modeled with the
chromatin represented as a Rouse-like chain and the
lamina as an elastic, polymeric shell, with linkages

between the chain and the shell [58, 81, 82]. More
specifically, monomers in the lamina shell are connected
by Hookean springs with spring constant K. In the
initial preparation of the shell, a Fibonacci sphere with
5000 nodes is generated and 5000 identical monomers
are placed at these nodes. The monomers connected
by springs form a mesh with an average coordina-
tion number of 4.5. The monomers have soft-core
repulsive interactions to model excluded volume. The
chromatin fiber, on the other hand, is modeled by
a Rouse-like chain with soft-core repulsion between
each monomer, which has radius rp = 0.43089. A
three-dimensional self-avoiding random walk in an
FCC lattice is performed to generate the polymer with
N = 5000 monomers. This coarse-grained simplification
focuses on mesoscale interactions within a chromosome
territory, which dominate at the spatial and temporal
scales relevant for chromatin compartmentalization.
Single-polymer frameworks of this kind have been widely
used to capture key physical features of interphase
nuclear organization [10, 23–25, 37, 45, 46, 58, 59, 70].
The chromatin polymer is then packed in a hard
spherical shell before equilibration. The monomers
of the shell have the same physical properties as the
chain monomers in terms of size (rs) and spring constant.

Initial configurations of the lamina and the chromatin
confined within are generated using the following
protocol [58]. The spherical shell is gradually shrunk
by moving its monomers inward, which in turn drives
the chain monomers inward due to soft-core repulsions.
Once the target radius is reached, the positions of the
shell monomers are relaxed, and the spring lengths
are updated to finalize the initial system configuration
(Fig. S1). With the initial shell radius, Rs = 10, the
corresponding nuclear volume fraction is defined as,

ϕnucleus =
N× 4

3πr
3
p

4
3πR

3
s

, where N is the number monomers

of chromatin chain, rp is the monomer radius. This
yields an initial volume fraction of ϕnucleus ≈ 0.4 prior to
further relaxation. We repeat this process and generate
50 initial configurations. We define the simulation
units such that one unit of length corresponds to 1 µm,
one unit of time is 0.5 seconds (chosen to provide a
physically realistic correspondence between simulation
and experimental dynamics while maintaining numerical
stability), and the energy scale is kBT = 10−21 J, where
T = 300 K (a complete list of simulation parameters
is provided in the supporting information (SI, Table S1)).

We implement the excluded volume interactions using a
repulsive, soft-core potential between any two monomers,
i and j, which are separated by a distance |r⃗ij |, modeled
using:

VEx(rij) =

{
1
2KEx (|rij | − σij)

2
if |rij | < σij ,

0 otherwise,
(1)

where σij = rpi
+ rpj

. We also incorporate crosslinks in
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Fig. 1. 3D computational model of chromatin in a deformable nucleus. (a) A two-dimensional schematic of the model. (b) A
schematic illustrating the two types of motors acting on the chromatin. (c) A Simulation snapshot. The chromatin polymer
consists of linearly connected monomers, depicted in red, while the active chromatin subunits are shown in cyan. The lamina
is made up of lamin subunits, represented in grey. (d) The radial distribution of crosslink density (ρc) as a function of nuclear
radius Rs. All quantities are reported in simulation units (s. u.), where 1 s. u. of length = 1 µm.

chromatin [66], tethering of chromatin to the lamina, and
motor activity within the chromatin polymer (Fig. 1).
We establish a total of Nc crosslinks in the chromatin
by adding springs between randomly selected pairs of
polymer monomers, where the springs have the same
stiffness, K, as those connecting adjacent monomers
along the polymer chain. A crosslink may be established
if the distance between the selected monomers is less
than rlink = 3rp.

To investigate how the distribution of crosslinks influ-
ences the spatial organization of chromatin within the
nucleus, we consider three distinct (initial) crosslinking
profiles: uniform, linear, and inverted (Fig. 1d). These
profiles are biologically motivated by the possibility that
HP1-CUL4B mediated interactions locally modulate
chromatin crosslinking, leading to spatial variations in
crosslink density within the nucleus. In the uniform
profile, crosslinks are formed randomly between any Nc

pairs of monomers. The linear profile involves a linearly
increasing crosslink density from the center of the
nucleus toward the nuclear periphery. Conversely, in the
inverted profile, the crosslink density increases linearly
from the nuclear periphery toward the center of the
nucleus. Crosslinks are assigned at the start of the sim-
ulation by dividing the nucleus into concentric spherical
shells of equal volume and assigning a radial probability
distribution for crosslink formation across these shells.
Each shell spans an interval [rshell(i), rshell(i + 1)], and

its radial position is defined as rishell =
ri,innershell +ri,outershell

2 .

For the ith shell, the probability of forming a crosslink is

proportional to
rishell
Rs

for the linear profile or 1− rishell
Rs

for

the inverted profile, where rishell denotes the radial posi-
tion of the ith spherical shell in the radial direction and
Rs is the nuclear radius. Crosslinks are initialized once
at the start of the simulation and remain topologically
fixed throughout, although their spatial configuration
evolves dynamically. The slope of the radial crosslinking
profile remains fixed across simulations with different

total numbers of crosslinks. This framework allows
us to analyze how different spatial distributions and
concentrations of crosslinks affect the three-dimensional
arrangement of chromatin inside the nucleus.

A total of NL random polymer-shell linkages are
introduced to model connections between chromatin
and the nuclear lamina [79, 83, 84]. In addition to
thermal fluctuations, we incorporate motor activity by
designating Nm chromatin monomers as active [58, 59].
An active monomer exerts a force Fa = ±fmr̂ij on
surrounding monomers within a spatial cutoff distance
Mrange = 3 × rp, where rp = 0.43089 is the chromatin
monomer radius. fm denotes the strength of the motor
force. The motors can exert either extensile or con-
tractile forces, pushing the monomers apart or drawing
them together (Fig. 1b), analogous to other models
that explicitly account for motor activity [56, 70]. A
motor stochastically unbinds from a monomer with
characteristic turnover time, τm = 20, after which
the monomer becomes passive and the motor binds to
another randomly selected chromatin monomer, which
will then exert active forces. Our model does not impose
predefined active regions or domain-specific properties.
Instead, chromatin monomers randomly switch between
active and passive states with this turnover time, captur-
ing spatially distributed ATP-dependent motor activity.
In this coarse-grained framework, active monomers
represent generic ATP-driven processes-including tran-
scription, remodeling, and cohesin activity, distributed
throughout the nucleus. Although loop extrusion is
not modeled explicitly, its large-scale mixing effects are
implicitly captured, consistent with experiments showing
ATP-dependent chromatin motion across both dense
and open regions [28, 49, 54]. The timescale τm ≈ 10 s is
comparable to the timescale of experimentally observed
chromatin motions [49, 50].

The system evolves through Brownian dynamics, gov-
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erned by the overdamped equations of motion:

ξṙi = FEx + FSp + F Th + FAc, (2)

where ri represents the position of the ith monomer
at time t, and ξ is the friction coefficient, which is re-
lated to the thermal Gaussian noise, via the fluctuation-
dissipation theorem. FEx represents the force arising
from excluded volume interactions, FSp accounts for
the harmonic forces generated by polymer chain springs,
chromatin crosslink springs, and chromatin-lamina link-
age springs, and FTh corresponds to the thermal forces,
and FAc denotes the force due to the contractile or ex-
tensile motors. For the passive system, no motors are
present, and the active force FAc is set to zero. We em-
ploy the Euler method for time integration, with a time
step of dτ = 10−4, and a total simulation time of τ =
103. To evaluate the structural properties in the steady
state, we measure the radius of gyration, Rg, and average
radius of the lamina shell, ⟨Rs⟩. The system is consid-
ered to be in steady state when these quantities no longer
exhibit significant changes over time (Fig. S2).

III. RESULTS

As we consider different types of motors and differ-
ent crosslinking profiles, we also use a reference con-
figuration, the chromatin distribution in the absence of
both crosslinks and chromatin–lamina linkages, as well
as in systems with lamina linkages but no crosslinks
(Fig. S3). Without chromatin-lamina linkages (Fig. S3a),
chromatin is locally depleted near the lamina due to soft
repulsion and exhibits a mild bias toward the nuclear
interior, particularly in the presence of contractile ac-
tivity. When lamina linkages are introduced (Fig. S3b),
the chromatin distribution becomes nearly uniform. This
result suggests that chromatin-lamina linkages are essen-
tial to prevent excess accumulation of chromatin in the
interior. In the following subsections, we systematically
analyze how these molecular motors and crosslinks can
establish conventional heterochromatin-euchromatin or-
ganization inside the nucleus.

A. Radial chromatin distribution governed by
motor activity and crosslink profile

To quantify the effect of the crosslink distribution
on the radial chromatin density, ϕc, we compute ϕc

by dividing the nuclear volume into concentric shells
of equal width, counting the number of chromatin
monomers in each shell, and normalizing by shell
volume. Fig. 2 depicts ϕc vs. radial position, Rs, for
both initial configurations and steady states across
passive, extensile, and contractile motor conditions
with varying crosslink profiles. The initial chromatin
distribution in the nucleus is uniform regardless of the

crosslink density profile, as shown in Fig. 2a. As the sys-
tem evolves, chromatin spatial organization changes in
response to the interplay of crosslinks and motor activity.

To distinguish the contribution of motor activity, we
first examine the passive case without motors, where
density profiles depend on the crosslink distribution.
The uniform and linear crosslink profiles yield homo-
geneously distributed chromatin across Rs, while the
inverted crosslink profile generates higher chromatin
density in the nuclear interior (Fig. 2b).

Motor activity alters the spatial pattern of chromatin
density, depending on the crosslink distribution. Upon
introducing extensile motors, chromatin localizes more
toward the center in simulations with uniform and
inverted crosslink density profiles. In contrast, with
linear crosslink profiles, we observe a nearly uniform
chromatin distribution as a function of Rs, with slightly
elevated chromatin concentration at the periphery
(Fig. 2c). Notably, implementing contractile motors
dramatically alters chromatin distribution across all
three crosslink profiles. Uniform and inverted crosslink
profiles lead to higher chromatin accumulation in the
nuclear interior, with the inverted profile showing pref-
erentially higher interior accumulation compared to the
uniform profile. Strikingly, the linear crosslink profile
results in significantly higher chromatin accumulation at
the nuclear boundary (Fig. 2d). This chromatin density
profile resembles the conventional spatial distribution
of chromatin observed in many differentiated cells [3, 5]
in that denser heterochromatin-like regions are near
the nuclear periphery while less dense euchromatin-like
chromatin is localized in the interior.

We also compare the spatial variation of chromatin
density in the presence of motors to that in the corre-
sponding passive system by examining the chromatin

density scaled by the passive case, given as
ϕfm ̸=0
c

ϕfm=0
c

(insets in Fig. 2c,d), where ϕfm ̸=0
c and ϕfm=0

c denote
the chromatin densities with and without (passive case)
motor activity, respectively. This reveals that extensile
motors generally lead to chromatin decompaction,
whereas contractile motors result in significant chro-
matin compaction, particularly in the case of a linear
crosslink profile. Additionally, we vary the number of
motors Nm for the linear crosslink density profile case.
Reducing the number of contractile motors decreases the
extent of chromatin compaction, while reducing extensile
motors yields less decompaction relative to higher motor
numbers (Fig. S4). Our simulations demonstrate that
motor activity, combined with nonuniformity in the
spatial distribution of crosslinks, can alter the spatial
distribution of chromatin. In particular, the synergistic
action of contractile motors and a linearly increasing
radial profile of crosslinks is sufficient to recapitulate
the conventional nuclear architecture, suggesting a
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Fig. 2. Radial chromatin density shaped by motors and crosslink profiles. Chromatin density, ϕc, as a function of Rs. (a) Initial
chromatin density at t = 0, and final chromatin density for (b) passive, (c) extensile, and (d) contractile motors, for different

crosslink density profiles. The rescaled chromatin density,
ϕfm ̸=0

c

ϕ
fm=0
c

, is shown in the insets of panels (c) and (d), highlighting

motor-induced changes relative to the passive case. Each case corresponds to Nc = 2000 crosslinks and NL = 600 chromatin-
lamina linkages. All quantities are reported in simulation units (s. u.), where 1 s. u. of length = 1 µm and 1 s. u. of time =
0.5 s. The shaded regions represent the standard error of the mean, calculated over 50 independent configurations.

novel biophysical mechanism for the establishment of
chromatin segregation patterns in vivo.

Subsequently, we examine how chromatin distribution
changes for different total number, Nc, of crosslinks in
the system, while maintaining a linear crosslink pro-
file. Fig. 3 illustrates the effects across passive, exten-
sile, and contractile motor conditions. Our findings re-
veal that chromatin compaction intensifies with increas-
ing crosslink numbers, Nc, irrespective of motor activity.
However, the magnitude of this effect varies markedly
between different motor types. The passive and exten-
sile cases (Fig. 3a,b) demonstrate modest enhancement in
chromatin density as Nc increases, whereas the contrac-
tile case (Fig. 3c) manifests substantially greater chro-
matin compaction. Among all three cases, extensile mo-
tors yield the least chromatin compaction because their
activity locally expands chromatin. The absence of motor
activity enables intermediate levels of compaction with

increasing Nc, as expected from entropic considerations.
Contractile motors induce the highest degree of overall
chromatin compaction. Notably, the chromatin density
is significantly enhanced at the nuclear periphery, rein-
forcing the conventional chromatin distribution pattern
observed in experiments [3, 5]. Additionally, increasing
the number of chromatin-lamina linkages reinforces the
spatial variation of chromatin density, leading to reduced
density in the nuclear interior and accumulation near the
periphery (Fig. S5). Our results establish that motor
activity can focus spatial inhomogeneities in crosslink-
ing into spatial patterning of chromatin polymer den-
sity. Contractile motor activity dramatically amplifies
crosslink-dependent peripheral compaction, suggesting a
general physical mechanism for regulating chromatin ar-
chitecture through the interplay of molecular motors with
the physical constraints on chromatin in the nucleus.
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Fig. 3. Influence of motor activity and number of crosslinks on chromatin distribution. Chromatin density, ϕc, as a function
of Rs for (a) passive, (b) extensile, and (c) contractile motors, shown for different numbers of crosslinks (Nc) with a linear
crosslink density profile. Results correspond to NL = 600 chromatin crosslinks. All quantities are reported in simulation units
(s. u.), where 1 s. u. of length = 1 µm and 1 s. u. of time = 0.5 s. The shaded regions represent the standard error of the
mean, calculated over 50 independent configurations.

B. Spatial segregation of euchromatin and
heterochromatin contributes to overall chromatin

density patterns

To quantify the observed patterns of chromatin architec-
ture in our model, we sought to identify euchromatin-like
and heterochromatin-like contributions to the spatial
distribution of chromatin density. We focused on the
simulations employing linear crosslink profiles with con-
tractile motors, as this conditions generates chromatin
distributions that most closely resemble conventional
chromatin organization [3, 5]. In our model, euchromatin
and heterochromatin-like domains emerge dynamically
from the synergistic effects of motor activity, crosslink
heterogeneity, and confinement, consistent with earlier
polymer modeling approaches where chromatin compart-
mentalization arises intrinsically without preassigning
euchromatin or heterochromatin identities [24–27, 35].

To differentiate the radial chromatin density into euchro-
matin and heterochromatin components, we classified
chromatin loci by local chromatin density. For each chro-
matin monomer i, we compute the local density ϕi

local
as the total chromatin volume within a spherical neigh-
borhood of radius REH centered on the ith monomer,
divided by the volume of the sphere (Fig. 4a). Monomers
with ϕi

local > ϕcut (where ϕcut represents 95% of the total
chromatin density) are categorized as heterochromatin
(HetCh), while the remaining monomers are classified
as euchromatin (EuCh) (Fig. 4a). The resulting density
profiles of heterochromatin and euchromatin with a
linear crosslink configuration are plotted as a function
of the nuclear radius, Rs, in Fig. 4b, revealing distinct,
spatially segregated chromatin domains. We observe
that heterochromatin is preferentially localized at the
nuclear periphery, while euchromatin predominantly
occupies the nuclear interior, a spatial arrangement that
aligns with previously reported chromatin organization
patterns [3, 5]. In contrast to the contractile motor
scenario, the passive and extensile cases exhibit a radial

chromatin density profile that is predominantly shaped
by euchromatin, with heterochromatin contributing less
to the overall density throughout the nucleus (Fig. S6).
This highlights that the interplay between crosslink
distribution and motor activity could be a fundamental
mechanism driving the characteristic spatial segregation
and differential compaction of euchromatin and hete-
rochromatin domains in the cell nucleus.

To further assess spatial chromatin compartmen-
talization, we compute the mean local densities of
euchromatin and heterochromatin, ⟨ϕc

local⟩. The average
local densities are ⟨ϕc

local(E)⟩ ≈ 0.27 for euchromatin
and ⟨ϕc

local(H)⟩ ≈ 0.44 for heterochromatin (Fig. 4c).

The resulting density ratio,
⟨ϕc

local(H)⟩
⟨ϕc

local(E)⟩ ≈ 1.6, quantifies

the degree of chromatin compaction, which is aligned
with experimental reports of a 50% density increase in
heterochromatin relative to euchromatin [6].

We next characterize the dynamics of the euchro-
matin and heterochromatin using mean square dis-

placement of monomers, defined as ∆r2i (τ) =
1

T ′−τ

∫ T ′−τ

0
[ri(t+ τ)− ri(t)]

2
dt, where ri(t) denotes the

position of the ith monomer at time t, T ′ is the total
run time, and τ is the lag time (i.e., the time window
over which displacements are averaged along a trajec-
tory). To obtain the time-and-ensemble-averaged MSD,

we compute the average,
〈
∆r2(τ)

〉
= 1

N ′

∑N ′

i=1 ∆r2i (τ),

where N ′ represents the number of independent trajecto-
ries. We observe that euchromatin displays slightly faster
dynamics than heterochromatin (Fig. S7), aligning with
the trends noted in prior numerical [40, 85] and experi-
mental [86–88] work.
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Fig. 4. Contractile motor-induced organization of euchromatin and heterochromatin. (a) Schematic illustrating the categoriza-

tion of chromatin monomers into euchromatin (EuCh) and heterochromatin (HetCh) based on a local density cutoff (ϕ
i/j
loc). (b)

Density of EuCh and HetCh as a function of Rs and (c) average local density (⟨ϕlocal
c ⟩) of EuCh and HetCh for a contractile

motor with a linear crosslink density profile. The results shown correspond to Nc = 2000 crosslinks and NL = 600 chromatin-
lamina linkages. All quantities are reported in simulation units (s. u.), where 1 s. u. of length = 1 µm and 1 s. u. of time
= 0.5 s. The shaded regions in panel b and error bars in panel c represent the standard error of the mean, calculated over 50
independent configurations.

C. Radial distribution of motors and the
associated number of crosslinks per motor regulate

chromatin compaction

The 3D structure of chromatin within the nucleus
in our simulations arises from the interplay between
mechanical constraints imposed by crosslinks and active,
motor-driven processes that dynamically reorganize
chromatin. To understand how motor forces and
structural connectivity influence chromatin compaction
and spatial arrangement, we characterize the radial
distribution of motors and the density distribution of
crosslinks that they establish throughout the nuclear
volume.

Therefore, we calculate the spatial distribution of
motors, ρm, and number of crosslinks per motor, Nm

c ,
followed by the density mapping of Nm

c as a function
of normalized radial position, Rs. In Fig. 5(a, b), we
compare results for the linear and inverted crosslink
profiles. To measure ρm, we count the number of motors
in each of a set of equal volume concentric spherical
shells dividing the nuclear volume, with the nuclear
center at each time point determined by the mean
position of the lamina monomers. To quantify number
of crosslinks, Nm

c , for each motor monomer, we examine
each motor’s local environment within a cutoff volume of
radius 3rp (rp is the radius of chromatin monomers) and
count the number of crosslinked chromatin monomers
within this sphere. This directly measures the average
local crosslinking density, P(Nm

c ), associated with each
motor (Fig. 5(a, b)(ii)). Furthermore, to understand the
spatial dependence of crosslinks per motor, we map Nm

c

as a function of radial position, Rs, by binning motors
according to their distance from the nuclear center and
calculating the number of crosslinks per motor within
each bin. This analysis reveals how crosslinking density
varies across the nuclear volume and correlates with

motor distribution patterns (Fig. 5a,b(iii, iv)).

The radial distribution of motor density, ρm, reveals
distinct spatial organization patterns for extensile and
contractile motors depending on the crosslink density
profile. For a linear crosslink profile, extensile motors
show a relatively uniform density with a slight peripheral
increase, whereas contractile motors peak in the outer
regions and drop near the boundary (Fig. 5a(i)). On
the other hand, for an inverted crosslink profile, both
motor types are enriched in the nuclear interior and
decrease toward the periphery, with contractile motors
exhibiting higher densities than extensile motors across
Rs (Fig. 5b(i)). As expected, these motor distribution
patterns correlate with the overall chromatin density
distribution (Fig. 2c,d). However, there are some
differences between the motor and chromatin density
distributions, indicating that motion of motors (and
likely, the surrounding chromatin), is important in main-
taining the nonuniform spatial distribution of chromatin.

Furthermore, analysis of Nm
c distributions uncovers

striking differences between the two crosslink profiles.
In the linear profile, contractile motors show a marked
increase in crosslinks per motor compared to extensile
motors, evident from the rightward shift of the P(Nm

c )
peak (Fig. 5a(ii)). The inverted profile, in contrast,
maintains a consistent peak location for both extensile
and contractile motors, but with a much broader
distribution of crosslinks per contractile motor than
crosslinks per extensile motor(Fig. 5b(ii)). Thus, in both
cases, contractile motors exhibit an ability to recruit
highly connected chromatin, which could facilitate local
increases in chromatin density.

The density map further substantiates these observa-
tions. In the case of the linear crosslink profile,the mo-
tors with the highest number, Nm

c , of crosslinks are
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Fig. 5. Distribution of motor density and motor–crosslink associations for linear and inverted crosslink profiles. Radial dis-
tribution of (i) motor density (ρm) and (ii) the average number of crosslinks per motor. Density color map of the number of
crosslinks per motor (Nm

c ) as a function of Rs for (iii) extensile and (iv) contractile motors. (a) Linear and (b) inverted crosslink
profiles, each with subpanels (i–iv). The results shown correspond to Nc = 2000 crosslinks and NL = 600 chromatin-lamina
linkages. All quantities are reported in simulation units (s. u.), where 1 s. u. of length = 1 µm and 1 s. u. of time = 0.5 s.
The shaded regions in panel a represent the standard error of the mean, calculated over 50 independent configurations.

predominantly localized to the nuclear periphery, with
particular peripheral enrichment for contractile motors
(Fig. 5a(iii, iv)). This pattern is opposite in the in-
verted crosslink configuration, where motors with higher
crosslink densities are fewer in number and distributed
preferentially toward the nuclear interior (Fig. 5b(iii, iv)).
These findings underscore the biophysical mechanism by
which the linear crosslink profile, coupled with contractile
motor activity, promotes chromatin compaction and het-
erochromatin formation at the nuclear periphery. Con-
tractile motors locally reinforce crosslink density, restrict-
ing chromatin mobility and facilitating the formation of
dense chromatin domains. This process drives the seg-
regation of heterochromatin at the periphery, while less
dense euchromatin remains enriched at the nuclear inte-
rior.

To further examine the coupling between motor local-
ization, crosslink enrichment, and chromatin density, we
generate 2D colormaps of local chromatin density, ϕc

local,
as a function of nuclear radius (Rs) and local crosslink
number per motor (Nm

c ) for each motor. In the linear
crosslink profile, chromatin density increases with Nm

c ,
particularly in the outer nuclear regions. Contractile
motors exhibit stronger compaction–reflected by higher
ϕc
local–towards the peripheral nuclear regions with

increased Nm
c , consistent with their role in promoting

local chromatin compaction (Fig. 6(a, b)). For the
inverted crosslink profile (bottom row), the density
distribution shifts toward the nuclear interior, consistent
with higher crosslink concentration near the center.
Motors with higher Nm

c again associate with locally

compact chromatin, but this effect is more localized to
the central region. This spatial dependence highlights
that high chromatin density is found at regions with
more crosslinks per motor, which in part, reflects
the underlying radial profile of chromatin crosslinks
(Fig. 6(d, e)).

Consistent with the above findings, snapshots of the local
neighborhoods surrounding contractile and extensile mo-
tors with maximum and minimum crosslinks for both lin-
ear (Fig. 6c) and inverted crosslink profiles (Fig. 6f) sup-
port our observations. Contractile motors with the max-
imum observed number of crosslinks exhibit the highest
local crowding of chromatin (Fig. 6c(iii), while extensile
motors with minimal crosslinking display a significantly
more sparse local environment (Fig. 6c(ii). These data
further support the coupling of motor activity with lo-
cal crosslinking density as a mechanism for driving and
sustaining spatially varying chromatin density.

D. Nuclear deformation correlates with peripheral
chromatin compaction

Alterations to chromatin organization and localiza-
tion at the nuclear periphery are closely linked to
changes in nuclear shape, as reported in earlier stud-
ies [59, 73, 75, 78, 89–92]. Peripheral chromatin
compaction along with chromatin-lamina linkages are
thought to induce dynamic deformations of the nuclear
envelope [23, 58]. Hence, we quantitatively analyze the
shape fluctuations of the soft nuclear lamina in our
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Fig. 6. Motor–crosslink coupling modulates local chromatin density for linear and inverted crosslink profiles. Colormap of
local chromatin density (ϕc

local) as a function of nuclear radius (Rs) and number of crosslinks per motor (Nm
c ) for extensile

and contractile motors for linear (top row: a, b) and inverted (bottom row: d, e) crosslink profiles. The color bar represents
the normalized local chromatin density. Panels (c) and (f) show the local neighborhoods of an extensile motor (i, ii) and a
contractile motor (iii, iv), with maximum and minimum crosslinks, respectively, for linear (top row) and reverse (bottom row)
profiles. Magenta/green: contractile/extensile motors; blue: crosslinked chromatin; red: chromatin monomers. All quantities
are reported in simulation units (s. u.), where 1 s. u. of length = 1 µm and 1 s. u. of time = 0.5 s.

Fig. 7. Temporal profile of nuclear deformations and local properties of bulges and wrinkles with motor activity for a linear
crosslink profile. Time evolution of (a) the number of bulges/wrinkles (Ndef ) for (i) extensile and (ii) contractile motors, (b)
chromatin density (ϕp) at bulges/wrinkles, and (c) local fluctuations (δlocal) characterizing bulges and wrinkle regions, all for a
linear crosslink density profile. The results shown correspond to Nc = 2000 crosslinks and NL = 600 chromatin-lamina linkages.
All quantities are reported in simulation units (s. u.), where 1 s. u. of length = 1 µm and 1 s. u. of time = 0.5 s. The shaded
regions represent the standard error of the mean, calculated over 50 independent configurations.

model. We first measure these fluctuations by measuring
radial deviations of local heights across cross-sections
of the approximately spherical shell, and compute the
corresponding power spectrum of surface undulations
(Fig. S8) [23, 57, 58, 72, 82]. For each time frame,
the center of mass of the nuclear lamina is first deter-
mined, along with the average radius, ⟨Rs⟩. Heights
of monomers, corresponding to local fluctuations are

given by the difference between their radial positions
and ⟨Rs⟩. We take regions of three or more lamina
monomers to constitute local deformations, which we
classify into two distinct types: outward protrusions,
referred to as bulges, and inward indentations, termed
wrinkles. A contiguous region is taken as a bulge or
wrinkle if it deviates from the average radius by > 10%,
with positive and negative deviations identified as bulges
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and wrinkles, respectively.

To quantify the mechanical response of the deformed
regions, we evaluate the local monomer positional fluctu-
ations for bulges and wrinkles. These local fluctuations
are quantified as the standard deviation of distances
from each monomer in the bulge or wrinkle to their
respective local center of mass. The parameter δlocal is
defined as the inverse of the mean squared fluctuation.
Higher values of δlocal indicate regions with smaller
deformations. Over long times, larger δlocal suggests
greater local resistance to deformation, and therefore
stiffer areas of the nuclear periphery, while lower values
may correspond to more flexible regions.

In Fig. 7, we plot the time evolution profile for the
number, NDef , of deformations, the chromatin density
at these deformation sites, and the local fluctuations,
δlocal, associated with the bulges/wrinkles for the linear
crosslink profile. The time series of NDef reveals that
contractile motors induce more deformations, particu-
larly wrinkles, compared to extensile motors (Fig. 7a).
In addition, the polymer density at these deformation
sites in the case of contractile motors indicates a greater
localization of chromatin within the wrinkles compared
to the bulges (Fig.7b). This observation is supported
by the time series of the inverse-squared fluctuation,
δlocal, which is consistently larger for wrinkles, suggest-
ing higher stiffness, compared to bulges (Fig. 7c). The
elevated stiffness of the wrinkles is consistent with prior
experimental investigations of the mechanical response
of the cell nucleus to external forces, which found that
nuclear envelope restructuring characterized by wrinkle
unfolding is associated with instantaneous stiffening of
the nucleus under applied indentation [73].

IV. DISCUSSION

We have analyzed how crosslink distribution and motor
activity collectively influence chromatin spatial organiza-
tion, promoting preferential peripheral heterochromatin
formation and resulting in a spatially segregated archi-
tecture resembling conventional nuclear organization.
This behavior is captured by our computational model,
in which the lamina is represented as a soft deformable
sphere and chromatin as a crosslinked polymer chain
tethered to the lamina, with dynamic motor proteins
driving emergent chromatin compartmentalization.
Differential density segregation is driven by the interplay
of spatial constraints on chromatin – chromatin-lamina
linkages and crosslinking – and the highly correlated
local polymer dynamics driven by the molecular motors.
The specific spatial distribution of crosslinks within
the nuclear volume plays a critical role in regulating
both the location and degree of chromatin compaction,
and can result in either conventional or inverted 3D
genome architectures. Contractile motors in particular

amplify these effects by promoting the formation of
dense chromatin domains, particularly in regions of
dense crosslinking. Chromatin organization in this
model is coupled to deformations of the nuclear lamina,
with wrinkling in particular correlated with chromatin
accumulation at the periphery. We hypothesize that
chromatin accumulation could lead to feedback that
self-reinforces peripheral heterochromatin organization,
and therefore, dynamically and adaptively modulates
nuclear mechanical response.

The spatially varying crosslinking profile is critical to the
nonequilibrium mechanism that generates and sustains
nonuniform chromatin densities. It is only with the
linear crosslinking profile that we observe conventional
nuclear organization of dense peripheral chromatin
with less dense interior chromatin. Nonetheless, motor
activity is essential, as this density contrast does not
arise in the passive system. However, motor activity
need not be heterogeneous as assumed in previous
models of nonequilibrium mechanisms of chromatin
compartmentalization [37, 38, 41, 43–46]; our model
implements activity that is distributed uniformly across
the chromatin polymer fiber.

Our local density-based classification approach, mea-
suring densities of heterochromatin and euchromatin,
demonstrates that this mechanism can achieve ex-
perimentally observed differences in density. We find
approximately 50% difference in the densities of hete-
rochromatin and euchromatin, consistent with values
reported from both differential interference contrast and
electron microscopy [6, 7]. The density difference arises
from motors employed in our model, with contractile
motors markedly elevating the number of crosslinks
per motor in their vicinity, resulting in recruitment of
chromatin and strongly constrained local chromatin
motion. The self-reinforcing nature of this mechanism
forms and sustains the high-density heterochromatin
domains and that accumulate near the nuclear periphery
in conventional nuclear organization.

The soft nuclear lamina exhibits dynamic shape
fluctuations, as reported in previous stud-
ies [57, 58, 72, 73, 78, 93], and these deformations
can give rise to the formation of bulges and wrin-
kles [73]. Wrinkles formed in the presence of contractile
motors exhibit greater apparent stiffness than bulges,
and they are correlated with a higher local concentration
of chromatin. These observations raise the possibility
of an adapative mechanism, whereby externally applied
forces that induce wrinkling can locally increase chro-
matin density. This could lead to further recruitment
of chromatin by the active mechanism described in this
work, which would locally and dynamically stiffen the
nuclear periphery. Beyond static deformations, our
model also captures dynamic fluctuations of the nuclear
shape. These fluctuations can be probed experimentally
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by perturbing motor activity or chromatin-lamina
coupling, such as through ATP depletion, blebbistatin
treatment, or disruption of cytoskeletal linkers such
as the LINC complex-which should suppress the low-
frequency enhancement if driven by active stresses.
Similar behavior was observed by Chu et al., where
ATP depletion reduced low-frequency nuclear undula-
tions [57], in agreement with our findings.

To experimentally validate our model’s predictions on the
role of spatially patterned crosslinks and motor activity
in shaping nuclear chromatin organization, we propose
combining high-resolution chromatin imaging with ge-
netic perturbations. The crosslink distribution can be vi-
sualized via immunofluorescence of endogenous proteins,
such as HP1α/γ, that crosslink chromatin and mark
heterochromatin-associated domains [6, 94]. Crosslink
density can be modulated by tuning HP1 expression lev-
els: overexpression could promote chromatin crosslink-
ing via HP1 oligomerization espeically in H3K9me3-
enriched regions, while depletion or mutation would re-
duce crosslink formation [11, 12, 66, 95]. Spatially pat-
terned crosslinking could potentially be genetically engi-
neered through synthetic recruitment of HP1 to defined
genomic loci [96, 97] or optogenetically induced cluster-

ing [98, 99], enabling spatial modulation of local crosslink
density. Motor activity may be experimentally modu-
lated by altering ATP availability or treating with in-
hibitors of transcription and other active processes [49].
Locus tracking [51, 100] can assess the dynamic impact of
crosslinks and motors. Together, these approaches would
provide a versatile framework to test the mechanistic hy-
potheses emerging from our simulations.

V. ACKNOWLEDGMENTS

This research was supported in part through computa-
tional resources provided by Syracuse University. EJB
acknowledges support from the NIH Common Fund 4D
Nucleome Program (UM1HG011536). JMS acknowl-
edges funding support from the National Science Foun-
dation under grant DMR-2204312.

VI. DATA AVAILABILITY

The datasets supporting this article are available from
the corresponding author upon reasonable request.

[1] T. Misteli, The self-organizing genome: principles of
genome architecture and function, Cell 183, 28 (2020).

[2] Y. Kalukula, A. D. Stephens, J. Lammerding, and
S. Gabriele, Mechanics and functional consequences of
nuclear deformations, Nat. Rev. Mol. Cell Biol. 23, 583
(2022).

[3] I. Solovei, K. Thanisch, and Y. Feodorova, How to rule
the nucleus: divide et impera, Curr. Opin. Cell Biol. 40,
47 (2016).

[4] J. Dekker and L. A. Mirny, The chromosome folding
problem and how cells solve it, Cell 187, 6424 (2024).

[5] I. Solovei, M. Kreysing, C. Lanctôt, S. Kösem, L. Pe-
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