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ABSTRACT

COMPUTATIONAL ANALYSIS OF 3D GENOME ORGANIZATION AND ITS

EFFECT ON NUCLEAR MORPHOLOGY AND MECHANICS
Ali Goktug Attar
M.S. in Materials Science and Nanotechnology
Advisor: Dr. Aykut Erbas

October 2023

Several disorders, including progeria, cancer, and Emery-Dreifuss muscular dystrophy,
share abnormalities in eukaryotic cells' nuclear structure and mechanics. One of the
contributors to nuclear morphology and mechanics is the chromatin filling the 10-micron
elastic nucleus. The polymer physics principles behind the relationship between chromatin
and nuclear morphology and its mechanics need to be clarified. To elucidate this
relationship between chromatin and polymer and nuclear morphology and mechanics, we
concentrate on chromatin phase separation utilizing a coarse-grained polymer model
encapsulated in an elastic shell. Our approach can capture the conventional and inverted
nucleus organization while allowing nuclear deformability. Heterochromatin can be one of
the key determinants of the nuclear shape by revealed by examining heterochromatin-
heterochromatin interactions, as well as the interaction between chromatin and lamina
inspecting through the biologically relevant volume fractions. The simulations showed that

the heterochromatin-nuclear shell interactions influence the variation in the nuclear shape



fluctuations, thus leading to nuclear deformations. The interplay between
heterochromatin-heterochromatin interactions and its interaction with the nuclear shell
plays a role in phase separation and nuclear shape fluctuations. Higher heterochromatin
concentration resulted in abnormal morphology in lower volume fraction, in contrast to
some experiments suggesting the opposite trend. The volume fraction exhibits a
suppressing effect on the nuclear shape fluctuations in all examinations of heterochromatin
interactions. Additionally, the tethering and crosslinking of the heterochromatin provide a
chromatin-based stiffness to the nuclear shell revealed by force-strain relationships.
Altogether, our results imply that chromatin, mainly heterochromatin, considerably

contributes to nuclear morphology and mechanics.

Keywords: Polymer Modelling, 3D Genome Organization, Nuclear Morphology, Nuclear

Mechanics



OZET

3D GENOM ORGANIZASYONUN VE HUCRE CEKIiRDEGINE VE
MEKANIGINE OLAN ETKIiSININ HESAPLAMALI ANALIZi

Ali Goktug Attar

Malzeme Bilimi ve Nanoteknoloji Yiiksek Lisans
Tez Danigmani: Dr. Aykut Erbag

Ekim 2023

Progeria, Emery-Dreifuss kas distrofisi ve kanser tiirleri dahil olmak iizere bircok
hastalikta, hiicre ¢ekirdegi yapisinda ve mekaniginde degisimler gozlenmektedir. Bu
degisimlerin sebeplerinden bir tanesi de 10-mikron boyuta sahip olan elastik hiicre
cekirdegini dolduran kromatindir. Kromatin ve hiicre ¢ekirdeginin arasindaki iligskinin
polimer fizik prensipleri tam olarak bilinmemektedir. Kromatin polimeri ve hiicre
¢ekirdeginin arasindaki iligkiyi agiklayabilmek igin elastik ¢ekirdek igin iri taneli polimer
modelinden yararlanarak kromatin faz dagilimi iizerinde yogulastik. Yaklasimimiz normal
ve ters kromatin organizasyonunu modelleyebildi ve ayni1 zamanda hiicre ¢ekirdeginin
deforme olmasimi sagladi. Biyolojik kromatin hacim oranlarin1 elde ederek,
heterokromatinin kendisiyle ve ¢ekirdekle olan etkilesimi incelenmesi sonucunda
heterokromatinin, hiicre ¢ekirdegi yapisini etkileyen énemli faktorlerden biri olabilecegi

gorildii. Simulasyonlar, heterokromatin-¢ekirdek kabugunun arasindaki etkilesimlerindeki



degisikligin, hiicre c¢ekirdeginin dalgalanmasini etkileyebilecegini ve yapisinin
bozulabilecegini gosterdi. Ayrica heterokromatin-heterokromatin ve heterokromatin-
kabuk etkilesimleri arasindaki baglantinin faz dagilimda ve hiicre c¢ekirdegi
dalgalanmalarinda rol oynamadig1 gozlemlenmistir. Yiiksek heterokromatin oranlari diisiik
kromatin hacim oranlarinda normal olmayan hiicre ¢ekirdegi yapisina sebep olmaktadir ve
bu bazi deneysel sonuglarla ters bir egilim gostermektedir. Heterokromatin etkilesimlerini
inceledigimiz her durumda, kromatin hacim oraninin hiicre ¢ekirdegi dalganlamalarini
baskilayict bir etki gosterdigi goriilmistir. Ek olarak, kuvvet-gerilim iligkisi:
heterokromatinin ¢ekirdek kabuguna baglanmasi ve kendi i¢inde ¢apraz baglanmasinin,
cekirdek kabuguna kromatin temelli bir sertlik kazandirdigini gosterdi. Tiim bulgular
incelendiginde sonuglarimiz, kromatinin (6zellikle heterokromatinin), 6nemli bir dlctide

hiicre ¢ekirdeginin morfolojisine ve mekanigine katki sagladigini gosterdi.

Anahtar Kelimeler: Polimer Modellemesi, 3-Boyutlu Genom Organizasyonu, Hiicre

Cekirdegi Morfolojisi, Hiicre Cekirdegi Mekanigi
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1 INTRODUCTION

1.1 The 3D Genome Organization

Micron-sized eukaryotic nuclei enclose the chromosomes, forming the eukaryotic
genome. Heterogonous chromatin is packaged with structural proteins, forming the
chromosomes. Structural proteins mediate the packaging of the chromosomes with
heterogeneous chromatin. Meanwhile, a set of essential biological processes' 3, such as
transcription, replication, and differentiation, are regulated by the 3D organization of
chromatin. The chromosomes inside the nucleus occupy distinct territories, and the
specific localization of the chromosomes influence various biological processes such as
gene regulation®. The chromosomes are further organized into compartments revealed by
the Hi-C method, namely Compartments A and B>®. Hi-C is a method utilized for
capturing chromatin conformation and analyzing the captured DNA with sequencing®.
This method allows for finding the interactions between chromatins and defining the
compartments. These compartments correspond to distinct chromatin, often identified in
two forms, differentiated by its transcriptional activities and packing density. The histone
modifications on histone proteins on nucleosome determines the features of chromatin, in
which heterochromatin becomes condensed, and euchromatin becomes less dense’®. In
addition, strong transcriptional activity is affiliated with the euchromatin, while
heterochromatin is the domain where transcriptional activity is low®. While the

heterochromatin domains are primarily found at the nuclear periphery, the euchromatin



portion is majorly located at the nuclear interior in conventional nuclei®. Additionally,
the biophysical properties show variance which heterochromatin is stiffer than
euchromatin, having a persistence length between 100-200 nm, whereas euchromatin is
characterized by a persistence length between 10-50 nm?°, and this difference can affect
chromatin organization via entropic effect'*?. In addition, nuclear elastography shows
that heterochromatin is significantly stiffer than euchromatin'®. Additionally, euchromatin
portions exhibit weak self-affinity while heterochromatic domains, Compartment B, show

stronger self-affinity*.

Conventional Nucleus Inverted Nucleus

Figure 1 The illustrations of conventional and inverted nuclear architecture in mice rod

cells.

1. 2 Nuclear Morphology and its Function in Health and Disease

The nuclear envelope (NE), and nuclear lamina provide the elasticity of the nucleus.

Intermediate filament lamins form a complex meshwork attached to the inner nuclear



membrane (INM), creating a barrier between chromatin and the INM*®. This meshwork,
nuclear lamina, formed by lamins, consists of two types of lamins, A-type and B-type'®?’.
The organization of the network is specified by the localization of the lamins, forming the
nuclear lamina with the lamin A/C network residing closer to the nucleoplasm, whereas
lamin B1 is stacked between lamin A/C meshwork and INM*®, The complex structural
network of lamins influences the mechanobiology and morphology of the cell nucleus; in
turn, the organization of this meshwork influences the nuclear morphology*®?°. Such as
stem cells have a spherical structure, and owing to their lamina organization, they have
flexible cell nuclei due to the absence of lamins A/C expression?'. However, the mutations
in lamins can alter the nuclear morphology and be associated with diseases (Figure 2).
The point mutation in the LMNA gene can alter the organization of the lamin meshwork,
associated with laminopathies such as Hutchinson-Gilford Progeria Syndrome (HPGS),
which leads to abnormal nuclear morphology??2%. A different laminopathy, Emery-
Dreifuss muscular dystrophy, is associated with mutations in the LMNA gene exhibiting
significant deformations in the nucleus®*?°, Furthermore, the experiments revealed that
nuclear remodeling is observed in other diseases and can alter the nuclear morphology. In
different cancer types, the mutations and fluctuations in the level of lamins are associated
with the cancer progression?-28, Hence, the structural alteration in lamin proteins that

form the meshwork between the genome and the nuclear envelope is crucial for

determining nuclear morphology and mechanics.



Healthy State Disease State

O LU

Figure 2 The sample drawing of the nuclear morphology in a healthy state and examples

of nuclear abnormalities such as nuclear blebbing, invagination, and undulations in a

disease state.

1. 3 The Role of Chromatin on Nuclear Morphology and Mechanics

The fluorescence in situ hybridization (FISH) and immunofluorescence staining
experiments uncovered the connection between nuclear morphology and spatial
organization of the chromatin %%, Most relevantly, loss of LBR and lamin A/C drives
heterochromatin localization from the nuclear periphery to the interior in mice rod cells
during differentiation. Meanwhile, the initial oval shape of the nucleus is changed into a
spherical one®. The chromatin contribution to nuclear mechanics was revealed by
micropipette manipulation experiments in which chromatin was shown to influence the
nuclear mechanics in short extensions where lamins were involved in long extensions®.

Additionally, valproic acid (VPA) and 3-Deazaneplanocin-A (DZNep) treatment of the
isolated nuclei exhibited the formation of the nuclear blebs as the euchromatin was
increased or heterochromatin was decreased®!. Furthermore, the same study demonstrated

that the normal morphology was recovered by increasing heterochromatin levels.



Additionally, a strain-force response by micropipette manipulation experiments
demonstrated the causation in which the packing density of chromatin impacts the nuclear
rigidity where increasing the heterochromatin amount elevates nuclear rigidity, and
euchromatin reduces. Moreover, increasing heterochromatin content through divalent
cations was helpful in recovering the nuclear morphology in the disease, progeria where
abnormal nuclear shape and display of a loss of heterochromatin are two hallmarks of the
disease®, the state in which abnormal morphology restored significantly similar to the
wild-type cells®. During aging in C. elegans, peripheral heterochromatin is lost, and
misshaped nuclei were observed3*. The misshaped nuclei is also correlated with the loss
of HP1a, which mediates the crosslinking of heterochromatin domains and drives the
phase separation of heterochromatin in vitro®=". The study exhibited that degrading
HP1a resulted in decreased nuclear stiffness, suggesting that crosslinking heterochromatin
plays a role in nuclear mechanics, hence the morphology®. Furthermore, the nuclear
mechanics of the cells that encounter the deformation were shown to be regulated by
heterochromatin marked with H3K9me3, whose loss is associated with a reduction in
nuclear rigidity, helping cells adapt to the stress in the environment®. Also, a recent study
revealed that heterochromatin formation was induced during and after migration of the
cells through narrow channels, exhibiting a force on cells, which speculated that changing

the levels of heterochromatin might govern nuclear mechanics.

The studies suggested that the morphology of the nucleus is regulated by the chromatin
and its density. The regulation is achieved by chromatin generated entropic pressure inside
the nucleus® or chromatin decompaction. Increasing euchromatin leads to higher

chromatin decompaction, which changes the nucleoplasm’s density by increasing the

5



nuclear size*'. Additionally, overexpression of HMGNS5 protein, which binds to
nucleosome without modifying chromatin, induces decompaction and deformed
morphology in adult cardiomyocytes*?. Furthermore, the change in nuclear morphology
is observed when the homogenously organized chromatin is redistributed due to the
increased osmotic pressure®®. Hence, evidence suggests that the 3D chromatin
organization in nuclear confinement can be crucial for determining nuclear mechanics and

morphology.

1.4 Nuclear Membrane Proteins and its Chromatin Association Regulate the Nuclear

Morphology and Mechanics
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Figure 3 The representation of the nuclear periphery demonstrates euchromatin (green)
and crosslinking of heterochromatin (red) along its association with the chromatin tethers

which are bound to the nuclear lamina or soluble.



Chromatin self-interactions and interactions with the proteins at the nuclear borders lead
to phase separation while regulating its organization in the nucleus (Figure 3). Tethering
proteins which are embedded in the nuclear membrane or soluble tethering proteins anchor
the chromatin at the nuclear boundaries**. The association of the chromatin with tethering
proteins is crucial for nuclear morphology and the disruption in the tethering mechanism
can alter the nuclear morphology and the 3D chromatin organization. Correspondingly,
constitutive heterochromatin labeled with H3K9me3 is tethered to nuclear lamina by
PRR14 in association with HP1, and knockdown of PRR14 leads to misshaped nucleus®.
Moreover, the heterochromatin marked with H3K9me2 can bind to the nuclear lamina,
forming a uniform layer at the periphery via CEC4 protein*®#’. Furthermore, in the lamin-
free nucleus of S. pombe, the deformation in the nuclear morphology was observed when
hehl, heh2, and imal tethering proteins were knocked out. Meanwhile, the nuclear
stiffness was reduced®®. Deficiency in tethering protein emerin led to abnormal
morphology while preserving the nuclear mechanical properties®®. Moreover, nuclear
blebs are associated with the organization and the strength of the chromatin tethers, mainly

emerin, located on the nuclear lamina in an HPGS model®°.

1.5 Modeling the Eukaryotic Genome and the Nucleus

Previous studies utilizing polymer modeling proposed that the volume fraction of the
chromatin, chromatin-lamina interactions, and phase separation influence the organization
of the chromatin®*>3, Conventional and inverted nuclear architecture were controlled by

phase separation driven by heterochromatin revealed by the polymer simulations in a rigid



shell and experiments** (Figure 1). To model the regulation of nuclear morphology by
chromatin, an elastic shell model that can encapsulate the chromatin polymers while
allowing for deformation is necessary. Previously, the effect of chromatin in nuclear
mechanics and how motor activity regulates the nuclear shape fluctuations were
effectively demonstrated by an elastic shell model confining a chromatin’s homopolymer
model®>3, However, instead of a homopolymer chromatin model, modeling chromatin as
a multi-block copolymer is more accurate since chromatin has a highly heterogeneous

structure.

Here in this study, we use Molecular Dynamics (MD) simulations to investigate the role
of chromatin in nuclear shape fluctuations. For that purpose, we utilize a coarse-grained
heteropolymer model of mouse chromosomes, which was successful in recapitulating the
conventional and inverted nuclear architecture?®. A coarse-grained spherical model that
strongly projects the force-strain relation of isolated nuclei?®**5? was employed to
encapsulate the chromosome polymers. Our simulations reveal that the heterochromatin
interaction with the nuclear shell impacts the nuclear morphology. Strong attraction
affinity further increases nuclear shape fluctuations, which exhibits biologically abnormal
morphologies. In addition, the phase separation’s contribution to nuclear shape
fluctuations is influenced by the volume fraction of the chromosome polymers. The
increase in nuclear shape fluctuations and deformations in the nuclear shell is observed

when the heterochromatin amount is increased.


https://www.zotero.org/google-docs/?spZvLI

Furthermore, we investigated the nuclear mechanics imitating the micropipette
manipulation experiments?®1%352 Qur simulations show that molecular tethering of
heterochromatin increases the nuclear stiffness. As the concentration of tethered
chromatins increases, our nuclear model becomes stiffer. Further, we crosslinked
heterochromatin, and crosslinking provided additional nuclear stiffness. Increasing the
heterochromatin fraction slightly increased the nuclear stiffness; however, combining
crosslinking with tethering additively provided more rigidity. Hence, our findings suggest
that heterochromatin and volume fraction are physical determinants of nuclear
morphology that might be manipulated to govern nuclear architecture. In addition,

molecular tethering and crosslinking of the chromatin regulates the nuclear mechanics.

2 METHODOLOGY

2.1 Designing Deformable Shell Representing Eukaryotic Cell Nucleus

The eukaryotic cell nucleus has a complex structure. While compartmentalized by two
lipid membranes, lamin proteins form meshwork, the nuclear lamia, between chromatin
and INM. The levels of different types of lamins, A-type, and B-type, can vary between
different cell types, defining the characteristic and biophysical properties of nuclear
morphology and cell. To avoid this complexity, we decided to use a simplistic shell model
consisting of a single-layer meshwork of beads with the same biophysical properties to

encapsulate the chromosome polymers.



We designed and optimized our shell model and determined the number of beads as
N=15000 (Figure 4). The beads forming the nuclear lamina are randomly placed on

distinct coordinates represented by the following equation.

Thead = \/(xz +y2 +Zz) +5

The X, y, and z coordinates are randomly generated, and coordinates meeting the above

equation are selected.

N _=15000 R Lamin Meshwork Initially with No Bonds

total sphere

Figure 4 The snapshots of the shell model. The lamin meshwork replicated in our shell

model was demonstrated with bonding and without bonding configuration.

We defined a distance parameter between previously placed beads and beads to be placed
in the next step. The beads that satisfy the above equation must also meet the below
equation to prevent overlapping of beads, and putting the beads prevents holes absent from

beads.
0.66 X factor < d < 1.0 X factor

Selecting the bead positions was a random process. Therefore, in some trials, such bead

positioning might decrease the probability of assigning the beads satisfying the distance
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condition. Hence, we implemented the same algorithm but set different distance

parameters to fill the tight spaces.
0.60 X factor < d < 0.80 X factor

Optimization is done by designing the shell having a smaller initial radius, rsphere= 280.
N=15000 is the sufficient number of beads that can occupy the sphere having rsphere= 280,
filling the surface to prevent tight holes. We extended our shell size, imitating the collapse

of the nucleus after mitosis. We determined the factor as 1.5, having rsphere= 420.

The beads are connected via FENE (Finitely Extensible Nonlinear Elastic) bonding
(Figure 4). Each bead was assigned to have a minimum of five bonds and a maximum of

8 bonds. The distance criteria were set according to the following conditions.
0.66 X factor <r <0.90 X factor

If the minimum number of bonds could not be achieved, the beads were allowed to bond

with distant beads following the below condition.
0.90 X factor + 1y <71 < 1.00 X factor + 1y,
Tine < 0.30 X factor

Additionally, the recurrence of bondings was inhibited. Ultimately, the average bond
number that each bead connected was < n,,,q > = 5.5. For each new replicate, a shell

was generated, leading each replicate to obtain a randomized shell structure.
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2.2 Modeling Eukaryotic Genome

The genome is a combination of multiple polymer chains that occupy spatial locations
inside the cell nucleus. The polymer chains are compacted at the start of the mitosis to
secure proper segregation to daughter cells®. Therefore, we employed the same approach
that initiated simulation with the condensed triblock copolymers polymers. Our genome
model is represented by eight self-avoiding Kremer-Grest (KG)* bead-spring triblock
copolymers in implicit solvent. The sequence of the polymer block was obtained from Hi-
C data that each bead represented either Compartment A, euchromatic regions, or
Compartment B, heterochromatic regions mainly facultative heterochromatin. Hence,
each bead represents 40kb, which this resolution is consistent with Hi-C contact map

scaling, sufficient for generating contact maps resembling Hi-C experiments®®®’.

. Lamin

' Constitutive Heterochromatin
(O Telomere

@ Euchromatin

. Facultative Heterochromatin

Figure 5 The representative schematics of the modeling eukaryotic genome and the

snapshot of a triblock copolymer from our model

Each polymer block consists of 6002 beads. The first and the last beads were assigned as
telomere beads. The telomeres are found at each chromosome, protecting the chromosome

against DNA damage, providing stability, and positioned around clustered centromeres at
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the nuclear periphery and the chromocenters®>®. The following 1000 beads were specified
as constitutive heterochromatin, and the remaining 5000 beads were determined using
compartment sequence** (Figure 5). In total, there were eight triblock copolymers
polymers. The first 4 represent the mature rod cells of mice Chromosome 1, and others
represent Chromosome 2. It was shown that utilizing Chromosome 1 and Chromosome 2
was sufficient to recapitulate the contact map and internal chromatin organization by
molecular dynamics simlations. In addition, the first and last five beads of the polymer
were assigned differently, which preserved their compartment profile however, their

interaction with the shell was enhanced to let the polymer gain permanent territories.

2.2.1 Crosslinking the Chromosome Copolymers

The constitutive heterochromatin is crosslinked via heterochromatin protein 1 (HP1) o
proteins. These proteins are involved in the phase separation of the heterochromatin and
ensure biological activities®>3"%. The crosslinking was utilized for constitutive and
facultative heterochromatin. We assigned bonds to beads within the same types of
chromatin for crosslinking. Each crosslinking bond that was assigned had the same
physical properties. The beads were crosslinked randomly by defining a probability of
selecting the beads that would assign bonds between their neighbors. If the bead was
chosen, it could assign a specified number of bonds, which, in our default cases, the
maximum was set t0 npong=2 and the minimum was npond=1. Then, the neighbors were

selected from a distance parameter following the condition below.

1.00 < Tdifference < 2.50
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The neighbor could have, at most, the number of bonds it initially assigned. Even though
the bead was not selected to assign bonds between its possible neighbors, it could be
specified as a neighbor by one of the other chosen beads, satisfying the distance
parameters and containing an available bond slot. Additional algorithms were
implemented to prevent bonding between the adjacent beads and the recurrence of

bondings.

In the scenario where crosslinking was applied to constitutive heterochromatin to study
nuclear shape fluctuations, we split the polymer relaxation simulations. At first, we ran
the simulations for a 2 x 10* time step, allowing constitutive heterochromatin to lose the
initial polymer structure, and after, these domains were crosslinked (Figure 6). Then, we
continued the simulations for 8 x 10* to complete the relaxation of polymers with

crosslinked constitutive heterochromatin.

Initial Structure Relaxed Polymer Crosslinked Polymer

Equilibrium
run for 2x10*
timestep

—_—>

Figure 6 The images of a single constitutive heterochromatin domain show the structural

changes and the assigned crosslinks (pink).
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For pulling simulations, we crosslinked both constitutive and facultative heterochromatin
using the end product of conventional nuclei simulations, then we performed pulling

simulations (Figure 7).

Crosslinked

W/o Crosslink

Figure 7 The retrieved snapshots from our model show the crosslinks (pink) assigned in

pulling simulations for constitutive and facultative heterochromatin.

2.2.2 Modifying the Chromosome Copolymers

To better understand the role of heterochromatin on nuclear morphology and mechanics,
the polymer sequence was randomly altered, imitating the experiments of chromatin
pertubrations®>*342, The type of beads, either initially designated for facultative
heterochromatin or euchromatin, were converted (Figure 8). To increase the facultative
fraction of heterochromatin, random euchromatin beads were selected and converted to

the facultative heterochromatin, and the same method was approached to increase the
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fraction of euchromatin. The desired fraction, f, of facultative heterochromatin, was
initially specified, and the beads were converted until the fraction was obtained. We
obtained various fractions of heterochromatin in range between f=0.10 to f=0.75 with
increments of f=0.10 (i.e f=0.10, f=0.20, f=0.30, f=0.45 (Default), f=0.55, f=0.65,

f=0.75)

>

Increasing Facultative Heteorchromatin
Figure 8 The fraction of the intended chromatin type is achieved at the initial structure.

A different approach for pulling simulations was employed. The beads were still randomly
converted to the beads of the intended type, however, we defined a distance parameter, d,
that only converts the bead within this distance from the shell periphery (Figure 9). Hence,
we aimed to investigate thoroughly the role of peripheral heterochromatin on nuclear

mechanics.
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Conversion
e

Figure 9 The chromatin beads among the specified distance, d, are converted in the

conventional nucleus for pulling simulations.

2.2.3 Molecular Tethering of Chromosome Copolymers

The heterochromatin domains were tethered -bonded- to the shell, imitating the function
of the membrane-associated proteins or the lamina-associated proteins®®. The probability
for tethering was defined to vary the number of tethers, and randomly selected

heterochromatin beads that satisfied the following distance criteria were tethered.
1.00 <r<1.50

The distance was set only to tether the heterochromatin domains closest to the shell,
forming a layer of tethers on the surface (Figure 10B). The probability of assigning bonds
was set p(B) = 1.0, unless noted. Hence, all the beads within the specific distance could
be tethered to the shell. Additionally, each bead, which was randomly selected and
satisfied the distance condition, could have only one bond connected to a shell bead

(Figure 10A)
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A B

Tethering Both Heterochromatin

Figure 10 Tethering of heterochromatin to the shell A) Schematics and snapshots from
the model show the molecular tethering (black). B) The image shows that the layer of

tethering is formed on the inner surface of the shell.

2.3 Confining Eukaryotic Genome Inside the Deformable Shell

The beads were placed in order to generate the triblock copolymer. Initially, a random
coordinate inside the shell was assigned from the coordinates of the shell having a radius
of rsphere= 28c. These coordinates defined the starting positions for the first bead of each
triblock copolymer. Selecting coordinates from the shell having a size of rsphere= 280,
prevented the escape of the polymers during shrinking of the larger shell, rsphere= 420.
Moreover, each triblock copolymer assigned with a different direction provided by a

randomly defined angle according to the following equation.

J(xpolymer - xshell)z + (Ypolymer - yshell)2 + (Zpolymer - Zshell)2 = 300
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This equation provided possible angles that each block could have, and the angle was
randomly selected in the next step. The defined angle determined the direction of the
triblock copolymer, hence, the positioning of the beads belonged to that. At first, the beads
were positioned to create a 20-bead long linear chain with determined increments for each
coordinate. Then, the next linear chain was generated again by consecutively placing 20
beads in the reverse direction. Using this approach, an initial rectangle block was
generated, which consisted of 200 beads that were composed of 10 linear chains (Figure
11). When the first block was formed, the next block was generated on top or the bottom
according to the randomly selected direction that block would have had, and the distance
between each block was set as d = 0.90c, not as d = 1 o, to provide more available space
in the shell for other blocks to be generated. The next block was again created following

the same approach in which beads were ordered to develop linear chains recursively.

|St Block 2nd Block

=200
Nicads N 20 N 200
ha = 20 'ﬁ ln n_

naaE-

Generating a Polymer Coblock in Order

.....

»

Figure 11 The representative images from a triblock copolymer explaining how each is

designed.
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The same approach was employed for the next polymer blocks to be placed. To ensure
that blocks were not collapsing with each other, the distance parameter was set to prevent
collapsing. If the radial distance between any beads of the placed polymer and the beads
of triblock copolymers polymer that will be placed exceeds 1.5c, a new triblock
copolymer was generated until there was no overlapping. Additionally, random directions
assigned for polymers could lead polymers to exceed the shell boundaries. Hence, an
additional distance requirement was employed that if any beads of triblock copolymer

exceeded the rsphere= 280, it was not placed, and a new one was generated.

2.3.1 The polymer simulation and non-bonded interactions

The interactions between beads were modeled by Lennard-Jones (LJ) Potential, and the
simulations were run using LAMMPS®!, The simulation box dimensions were set to 60 X
60 x 600> and periodic boundaries were applied. Each bead in our simulation shared the
same mass in units of LJ, m = 1. Moreover, the size of the beads is identical across all
different types of beads, which is r = 1. The non-bonded short-range interactions were

governed by shifted and truncated Lennard-Jones potential, which is,
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For attractive interactions, the cutoff distance was set to . = 2.5¢, and the shift factor
was set to v, = 0. For these interactions, various attraction affinities were set between
different types of beads and demonstrated in Table 1. Besides the interactions shown in

the table, all other interactions were repulsive. On the other hand, for repulsive

1
interactions, the cutoff distance and shift factor was ., = 2s0 and v, = % respectively.

The repulsive interaction strength was set to u = 1kT where k denotes for the Boltzmann
constant, and T for the temperature. Timestep was defined as At = 0.005t unless

otherwise noted.

The Langevin thermostat was used in our simulations with the microcanonical ensemble
(NVE) to perform Brownian dynamics. The temperature was kept constant, and the

damping factor was set to 1000t unless otherwise noted.

Type Interaction Energy
Euchromatin - Euchromatin 0.05 kT
Euchromatin - Facultative Heterochromatin 0.25 kT
Euchromatin — Cons. Heterochromatin 0.50 kT
Fac. Heterochromatin — Fac. Heterochromatin 0.65 kT
Heterochromatin-Shell 0.75 kT
Fac. Heterochromatin — Cons. Heterochromatin 0.85 kT
Cons. Heterochromatin — Cons. Heterochromatin 1.10 KT
Telomere-Shell 2.20 KT

Table 1 The interaction energies set for various beads in the simulations
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2.3.2 The Bonded Interactions

We utilized two approaches for bonded interactions. Except for the crosslinking, the

assigned bonds for other purposes followed the FENE potential®®.

V() = —0.5kR,?In[1 — (RL>2]
0

The bond distance was set to r=1 and Ro=1.5, which is the maximum distance that a FENE

bond can extend. For the FENE interactions between the beads composing the shell, the
bond energy was set to K = 5’;—2 to achieve a more flexible shell for extensively
observing the polymer’s effect on the shell. The bond energy for the chromatin and
tethering was taken K = 30';—2 . While crosslinking the chromatin beads, we preferred
the harmonic bonds following the below potential,

V() =K(r—r1y)?

where ro=1.5¢ and the bond energy was setto K = 10 ';—Z

2.3.3 Angles

While modeling the polymer flexibility provided by the harmonic angle potential.
Heterochromatin fiber have a longer persistence length (i.e., the distance below which a
polymer behaves like a rod), which is between 100-200 nm, whereas euchromatin is

characterized by a persistence length between 10-50 nm*°. Therefore, harmonic potentials
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were only defined for facultative heterochromatin beads in our model regulated by the
following equation.
V(6) = K(6 — 6,)*?

kT
rad?

Following this potential, the angle energy was setto K = 1 while the angle was set

to 6 = 180°.

2.3.2 Shrunking the Initial Shell Model

The initial shell had r....= 42c, shrunk by 10% with energy minimization simulations. The
process closed the tight gaps in the surface and aimed to prevent the polymer from
escaping (Figure 12). Moreover, the energy was minimized, and the beads in polymer
blocks were prevented from high repulsive forces that could have resulted in breaking the
FENE bond. The simulations ran for 3 x 10* simulation time, and the timestep was

defined as At = 0.0017. The damping factor was 0.17.

Initial Structure Minimized Structure

= %10

shell

Figure 12 The initial model is minimized to prevent the tight holes and allow the

chromatin beads to achieve minimized local energy.
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Upon minimization, the bond network of the shell was recreated. It was aimed to decrease
the width of the shell layer, which in this process, the bonds were assigned to the closer

beads following the same distance criteria used for initial optimization.
0.60 X factor < d < 0.80 X factor

The initial number of bonds to be assigned was set to 5 for all the beads however, they
could store up to 8 bonds if the minimum number of bonds could not be obtained for the

neighbor. The exact distance requirement was utilized following the below condition.
0.80 x factor + 1y <1 < 0.90 X factor + 1ip,

Tine < 0.30 X factor

2.3.3 Relaxing the Chromosome Copolymers

Minimized Structure Relaxed Chromosomes

Figure 13 The minimized structures are run with attractive interactions with the shell and

allow for polymer relaxation.

After the minimization simulations, the system was relaxed for 1 x 10> timestep
allowing for the polymer and shell relaxation (Figure 13). Relaxation simulations helped

the polymer to lose the initial structure. Attractive interactions were set for the
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heterochromatin and telomere beads between the shell to initiate phase separation and

between each constitutive heterochromatin domain to prevent their dispersing.

2.3.4 Conventional and Inverted Nuclei Simulations

During relaxation, we allowed polymers to relax and heterochromatin domains to be
located at the periphery initially. We assigned additional interaction parameters for
conventional simulations, which we optimized for our model following the previous
work* (Figure 14). All the simulations were completed in 3 replicates. The conventional
simulations ran for 5 x 10° timestep. The phase separation was mainly achieved at 2.5 x
108, however, we ran the simulation until 5 x 10 and during the last half period, we did

our analysis since the model was in equilibrium.

Relaxed Chromosomes Conventional Nucleus Inverted Nucleus

Abolishing all the
chromosome-shell
interactions

Figure 14 The conventional nucleus pattern is obtained with intra-chromatin interactions.
The inverted nucleus pattern is observed by preserving the intra-chromatin interactions

while removing all the shell-chromatin interactions.
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After establishing the conventional nuclei and continuing with the end product, we turned
off all the attractive interactions we defined between chromatin domains and the shell
(Figure 14). Abolishing the interactions provided the inverted nuclei pattern consistently
with the previous studies'**°. The inverted nuclei simulations ran for 1 x 107timestep,
and again, inversion was completed at halfway; hence, the last half period was used for

analysis.

2.3.5 Pulling Simulations

A @ Beads to be pulled
vpuII Vpull
-« W —>
Force Force
2000
1500
®
S 1000~
w
500
0 T T T T T 1
0 20 40 60

Strain, %

Figure 15 The pulling simulations for investigating nuclear mechanics A) The
representative illustration defines how pulling simulations are performed. B) The
snapshots demonstrate the deformation after pulling. C) A sample force-strain curve and

snapshots from the deformed model.
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We followed the previous studies that investigated the nuclear mechanics®*3%%2 Hence,
we imitated the micropipette manipulation experiments by applying pulling force on our
model. We utilized the end-product of the conventional nuclei simulations to perform
pulling simulations and ran the simulation using ten replicates. For each trial we
conducted, the same ten replicates were used. At first, we determined random shell beads
in opposite poles for pulling the shell in opposite directions (Figure 15A). We selected 80
random beads from each pole on the y-axis that satisfied, » > 28a, corresponding to only

a tiny fraction of the shell beads.

For this purpose, we utilized the “fix smd” command from LAMMPS packages. The force

was principally applied by two springs tethered at the boundaries, ysy,iny = 600 and
Yspring = —600. The spring constant of those springs was set to K = 20% and the
constant velocity defined for pulling was v = 0.10%. The simulations ran for 2 x 10°

time step. The strain was increased to £, = 80% in maximum extensions.

2.4 Extracting and Analyzing the Simulation Data File

The generated trajectory file after each simulation by LAMMPS was used for each
analysis mentioned in the following sections. The trajectory file contained all the
coordinates of the beads in each simulation step, providing necessary information for our

analysis.
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2.4.1 Calculating the Volume Fraction of the Chromosome Copolymers

In our simulations, we varied three different volume fractions. To do that, the default

number of triblock copolymers, Npoiymer = 8, Was decreased t0 Npojymer = 6 and

N,

polymer = 4. Therefore, while keeping all the shell designs and parameters the same, the

initial number of triblock copolymers was altered to obtain three different volume
fractions. We only calculated the final volume fraction from the default conventional
nuclei simulations since altering the chromatin interactions or polymer content can change

the size. The volume fraction was calculated with the equation below.

4
— 3
Vshell = § XM X< Rsphere>

— 3
Vchromatin = Nchromatin X (§ X T X Rchromatin )

Vshen

Vf . —
raction
Vchromatin

where,

Nchromatin = polymer X 6002

Rchromatin = 0.50

2.4.2 Radial Distance and Density Profiles of the Chromosome Copolymers
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The chromatin distributed inside the cell nucleus varies for different cell types. We
calculated the average radial distances separately for each chromatin type in our
simulations at each timestep to quantitatively analyze the chromatin distribution with the

following equation.

Thead = Vx2+y2+22

Z Tvead

Nbead

<r>=

The density profile was also obtained from the end configuration in our simulations to
compare quantitatively with the experimentally observed chromatin density profile

(Figure 16)%%4,

Thead = \/x2+y2+22

The volume inside the shell is measured step-by-step following a constant increment rate,

which was kg, = 0.5.

k=0,k=05k=1.0k=1.5,..,k =max(rshen)

/4 x k3
= =X X
Z X T

The beads in determined volume were considered accordingly by the following equation.

k — kstep < Thead < k
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Hence, the density in the determined volume was determined by the number of same-type

beads positioned in the bound volume and the total number of same-type beads.

— Npead
Ntotal
€ 257 Facultative Heterochromatin = 257 Facultative Heterochromatin
< 204™ Euchromatin = 204{™ Euchromatin \
k= -4 Constitutive Heterochromatin t -4 Constitutive Heterochromatin \-
[ i [
£ 15 £ \
8 10+ O .
< - !
2 2
0-_I—I_ T T — 1
0 25 50 75 100 0 25 50 75 ] 100
Relative Radial Position (=) Relative Radial Position (%)
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Figure 16 The density profiles of conventional and inverted nuclear architecture.

2.4.2 Investigating the Chromocenter Compaction, Separation and Radius of

Gyration

Chromocenter compaction was measured by calculating the radius of gyration for each

chromocenter, followed by the equation below.

N
1
Rg(N) = = D (1 = o)’

Tem =

N
Z VX% +y?% +z2
i=1

2|
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Since the calculations were done for each chromocenter, which was formed by 1000 beads
of constitutive heterochromatin, the N=1000. The number of separated chromocenters

was manually measured and counted from the retrieved snapshots.

2.4.3 The Nuclear Shape Fluctuation Analysis on the Shell Model

We utilize the Fast Fourier Transform algorithm (FFT)%%° at each timestep to calculate

nuclear shape fluctuations. FFT computation was directly used from the NumPy®? library.

A B

‘%"s.
z z FFT Analysis Radial Fluctuations
,..5"'.7 x<_I Analysis

Figure 17 The nuclear shape fluctuation analysis A) A sample thin slice image B) The

schematics define the method of shape fluctuation analysis.

The fluctuations were calculated from a single slice obtained from our model. Therefore,
we first got a thin slice, w=10, on the x-axis from our model (Figure 17A). Since the shell
was rotating, our thin slice contained different beads of the shell at each time step. Then,
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we measured the angle from the center for each beads on the slice and ordered the beads
accordingly with their angle. Lastly, we calculated the radial distance of each bead on the
obtained slice with the average radial distance of the same beads. For FFT calculation, we
randomly selected 230 beads since the rotation of the shell provided a different number of
beads that were a member of the taken slice (Figure 17B). We ran the FFT algorithm on
the obtained radial distances and corresponding angles, on 230 modes, g. We took an
average of the calculations done on each timestep of the last half period of the simulations,
where phase separation was finalized. As a complementary metric of bead fluctuations,
we measure root-mean-squared distance, which we calculated by taking the average
standard deviation of the radial distance difference with the average radial distance at each

timestep at the last half period of the simulations (Figure 17B).

2.4.4 Profiling the Contact Map of Chromosome Copolymers

The genomic contact maps, Hi-C, are derived for understanding the interactions of the
elements in the genome, providing an insightful understanding of 3D genome organization
of different cell types or in pathological conditions such as cancer. We utilized contact
maps to investigate the change in interactions of compartments after pulling simulations

and for initial optimization of the genome organization.

The contact between the chromatin beads was determined by a distance parameter. For
each bead, at each time step, we calculated the beads that were in contact with the selected

beads one by one, following the contact condition below.
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Tselected bead = V x% + yz + z2
Thead = \/xz +y2 + z2

Tselected bead — Thead < 2.50

Then, it counted as contact, including the self-contacts as well. The contacts were
deposited into the array with a size of 6002 x 6002 and a unit box corresponding to an
interaction of the beads. Again, the recurrence was inhibited if selected; bead contact with
another bead was already counted. In addition, to increase statistics, we summed up the

cis interactions of the polymer blocks of the same chromosome type.

2.4.5 Calculating the Contact Probability

Contact probability measurements assess the chromatin interaction as a function of
genomic distance within the same chromosome. We benefited from this approach to
understand the conformational changes in our polymer genome after pulling experiments,

and for the methodology, we were inspired by the previous study®?,

At first, we defined genomic distance intervals starting from k = 4ga, initial 4 beads
contact were excluded. The initial distance was increased geometrically with the

increment rate of 1.11 (i.e., 4, 5, 6, 7, 8, ..., 540, 599, 665, ..., 5952). The recurrent
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distances were eliminated, and float numbers were rounded up. Each bead on the same
polymer chain was considered, and each contact satisfying the below criteria was counted

as a contact, as precisely in contact map generation.

Tselected bead — Thead < 2.50

Within this genomic distance interval, the number of contacted beads was counted and
divided by the genomic distance interval. Additionally, we also measured the contact
probability separately for the euchromatin and the facultative heterochromatin domains,
in which we only calculated the contact probability within these segments. For instance,
to calculate the contact probability of heterochromatin, the contacts are counted only
within a polymer segment of facultative heterochromatin belonging to the selected bead,
excluding the distant contacts with the next segments if a different type of chromatin

separates the same segments.

2.4.6 Force, Strain, and Nuclear Spring Constant Calculations

We investigated how the mechanical properties of our model were changed by measuring
the deformation strain. The force values were obtained from the LAMMPS at each time
step. The strain was measured by calculating the average change in the y-axis, which was
the pulling direction, of the shell beads. Then, the average y-axis positions were calculated

and divided by the initial average y-coordinates to measure the strain rate.

__ < Ysphere” — < Vinitial sphere>

& = X 100

< Yinitial sphere”
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Then, the graphs were generated with the strain and corresponding applied force extracted
from the LAMMPS. Additionally, we calculated the spring constant of the shell through

the following equation.

F
kspring = E

3. RESULTS AND DISCUSSION

3.1 Crosslinking Constitutive  Heterochromatin  Helps Separating the

Chromocenters

Previous studies exhibited the role of crosslinking mediated by HP1, which involved
phase separation, providing mechanical rigidity and reorganization of genome®>-37:5964
We seek to understand the spatial organization of the chromocenters, compacted and
merged constitutive heterochromatin structures, relation with crosslinking. In our default
case, conventional nucleus simulations, we assigned attractive interaction between
constitutive heterochromatin domains; hence, the chromocenters became compacted.
However, due to the attractive interaction, they could be merged. Therefore, we developed
two crosslinking trials where the attractive interaction was depleted or present. These
simulations ran for a 2.5 x 10° time step, which was sufficient to complete phase

separation.

At first, the attractive interaction was kept, which was un.x=1.10 KT. The number of
crosslinks that constitutive heterochromatin beads could assign was varied to investigate
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the amount of crosslinking contribution to the chromocenter structure. Initially, the
employed approach was changing the initial number of bonds each bead could assign and
the probability factor that alters the number of selected beads that could assign bonds.
Eventually, these two parameters changed the average number of bonds assigned in the
model. Four probability parameters were selected which are P(B)=0.2, P(B)=0.4,
P(B)=0.6 and P(B)=0.8. In addition, the initially assigned bonds varied for each trial per
bead where Nponds=[1,2], Nbonds=[2,3], and Nwonds=[3,4]. The compaction and separation of
the chromocenters were visually (Figure 18) and quantitively investigated. Since
combining probability with multiple bonding capacity resulted in many cases, the figures
only contain the selected cases of distinct numbers of average crosslinks. In the figures,
each constitutive heterochromatin domain belonging to the different chromosome

polymer was assigned a color for increased visualization.
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Figure 18 The compaction of the chromocenters is influenced by the amount of

crosslinking.

The chromocenters became compacted as the average assigned crosslinks were increased
and resulted in separation. The simulations were also analyzed to gain better insight into

the compaction and separation of the chromocenters.
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Figure 19 The compaction and separation of the chromocenters. A) The impact of the
amount of crosslinking on the chromocenter size exhibited by the radius of gyration

analysis and B) the number of the chromocenters formed in the simulations.

Our analysis showed that increasing the crosslinking effectively reduced the size of the
chromocenters (Figure 19A). Furthermore, the crosslinking affected the size of the
chromocenters and decreased the number of merged chromocenters (Figure 19B). Most
segregated chromocenters were observed when average crosslinking was maximum in our
cases. The number of chromocenters was dependent on initial localization as well. Since
the chromosome polymers were randomly located, the probability of merging the closely
located chromocenters was high. Hence, this also impacted the overall number of
separated chromocenters. However, increasing the crosslinking still resulted in separated
chromocenters, possibly decreasing the volume occupied by each chromocenter and their
mobility, reducing the possibility of contact with other chromocenters. In addition, the

crosslinking impaired the mobility and led the structure to gain a solid-like state.
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3.1.1 Depleting Constitutive Heterochromatin Attractive Interactions Regulate the

Chromocenter Separation Mediated By Crosslinking

The attractive interactions between constitutive heterochromatin domains were abolished
in our next case. Hence, there was no attraction between any of the constitutive
heterochromatin beads in this case. If there were no crosslinking when the attractive
interactions were depleted, it would have resulted in the dispersion of chromocenters in
which constitutive heterochromatin would have mixed with the rest of the polymer chain.
Therefore, even though interactions were abolished, the crosslinking maintained the
compacted structure of the chromocenters (Figure 20). In this trial, increasing the average
crosslinking resulted in compaction of the chromocenters. In the cases where <npgnq > =
0.543,, the structure was loose because there were no attractive interactions, only the
crosslinks were keeping the structure away from dispersing (Figure 20). Therefore,
increasing the crosslinks provided more compaction to each chromocenter. We also

assessed the size and separation of chromocenters quantitatively.
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Figure 20 The simulations' snapshots show that crosslinking preserves the globular

chromocenter structure and regulates the compaction.

As noted by a visual inspection, the radius of gyration calculation also revealed that
chromocenters became compacted while the crosslinks were increased (Figure 21). In
addition, since the attractive interactions were turned off, all the chromocenters were

segregated across the elastic sphere shell.
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Figure 21 The radius of gyration values for the corresponding average number of bonds

3.1.2 The Kinetics of The Chromocenters Is Affected By Crosslinking

The crosslinking impacted the diffusivity of those structures. The radial positioning of
each constitutive heterochromatin bead was calculated to understand how the kinetics
altered. For this analysis, we only compared the nnondgs=[2,3] and P(B)=0.2 cases, which
provided sufficient structural preservation, <npynq > = 0.89., which did not lead to
extreme compaction. In addition, these conditions made default for our simulations

described in the next section.
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Figure 22 The crosslinking impairs the mobility A) in conventional and B) inverted

nucleus simulations.

The average radial distance of constitutive heterochromatin revealed that the diffusivity
of chromocenters decreased in conventional nucleus simulations. When there were no
attractive interactions between constitutive heterochromatin, intra-off case, the
chromocenters diffused closer distances from their initial position. At the same time, phase
separation occurred and maintained their average radial position (Figure 22A). When the
attractive interactions were present for constitutive heterochromatin, the mobility of
chromocenters also reduced however, the chromocenters, in this situation, remained closer

to the nuclear periphery and merged to form multiple chromocenters.
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Figure 23 The chromocenters are dispersed and mixed without crosslinking during
inversion, demonstrated by snapshots from the default parameters, noonds=[2,3] and

P(B)=0.2.

In inverted nucleus simulations, the attractive interactions between constitutive
heterochromatin were present since eliminating the attractions could not form an inversion
pattern. Hence, the legend is written according to the conventional nucleus simulations
since the end-product of the conventional nucleus was run in inverted nucleus simulations.
The extracted radial positions revealed that crosslinking limits the diffusivity compared
to without crosslink simulations (Figure 22B). In the intra-off case, the chromocenters
individually moved toward the center and merged with other chromocenters, whereas in
the intra-on case, some were already merged. This could explain the deviancy in each

case. In addition, the chromocenters mixed without crosslinking, whereas crosslinking
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maintained the structure and led to the merging of the chromocenters (Figure 23). Overall,
our results indicate that crosslinking contributes to the compaction and separation of the

chromocenters.

3.2 The Polymer Volume Fraction Impacts the Nuclear Shape Fluctuations

The nuclear morphology was shown to be influenced by the chromatin itself and the
volume it occupies** . Moreover, it was revealed that chromatin’s phase separation was
influenced by the volume it occupies®. We varied the chromatin volume fraction within
the simulated nucleus to understand the interplay between chromatin organization and
nuclear shape (See 2.4.1). In the simulations, the 3 volume fractions were set, p=23%,
»=19%, and ¢=14%. The conventional nucleus simulations were run with those volume

fractions, and inverted nucleus simulations were run with the conventional nucleus.
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Figure 24 The nuclear shape fluctuations influenced by volume fraction A) The nuclear

shape spectra of various volume fractions B) RMS radial deviations of various volume
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fractions and crosslinking in conventional nucleus simulations. An unpaired two-tailed

Student’s t-test was conducted for statistical analysis.

In conventional nucleus simulations, decreasing the volume fraction and chromatin
density, increased the amplitudes of nuclear shape fluctuations, especially at long
wavelengths, corresponding to small wavenumbers, q (Figure 24A). Moreover, we next
investigated the RMS radial deviations across three volume fractions and included the
crosslinking as well. The results revealed that decreasing volume fraction leads to
increased fluctuations in all cases independent of crosslinking. Moreover, we studied
simulations to investigate the role of crosslinking on nuclear shape fluctuations with and
without crosslinking, employing the same approach described in the previous section. Our
result exhibited that; the mean fluctuation amplitude was unresponsive to crosslinking.
Even though the spatial organization of the heterochromatin was affected by crosslinking,

the fluctuations were insensitive to crosslinking of constitutive heterochromatin.

©=14% ©=19% ©=23%

Figure 25 The snapshots of our conventional nucleus model under different chromatin

densities.
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Next, we investigated the effect of volume fraction by running inverted nucleus
simulations where heterochromatin-shell interactions were depleted. This depletion

results in heterochromatin relocating in the nuclear interior (Figure 25).
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Figure 26 A) The nuclear shape fluctuations and B) RMS radial deviations of various
volume fractions and crosslinking in inverted nucleus simulations. An unpaired two-tailed

Student’s t-test was conducted for statistical analysis.

In inverted nucleus simulations, the fluctuations were significantly decreased compared
to those in conventional nucleus simulations (Figures 26A & 27). In addition, RMS radial
deviations exhibited reduced fluctuations, and crosslinked chromocenters did not
contribute to fluctuations. For inversion to occur, all heterochromatin-shell interactions
are depleted, hence, the absence of heterochromatin-shell interactions can explain the
reduced nuclear shape fluctuations. Altogether, our simulations propose that the volume

fraction, chromatin density, is crucial for restraining the shell fluctuations. In addition,
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heterochromatin-shell interactions influence the nuclear shape fluctuations via the

peripherally located heterochromatin.

¢=14% @=19% ¢=23%

Figure 27 The inverted nucleus images from our model under different volume fractions

3.3 Chromatin-Lamina Interactions Governs Nuclear Morphology

There is evidence that heterochromatin-lamina interactions are crucial for regulating
nuclear morphology*#°0%  The epigenetic patterning on chromatin determines the
localization. H3K9me3 labeled constitutive heterochromatin localizes to the nuclear
lamina with HP1 as a mediator binding to PRR14°%” and LBR“. The facultative
heterochromatin marked with H3K9me2 can also attach to the nuclear lamina, forming a
uniform layer at the periphery via CEC*%#’, Disruption in lamin interactions of different
chromatin  was shown to influence chromatin  organization'#30447  and

morphology*>*°. We investigated how the heterochromatin-lamina interactions regulate
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the nuclear shape’s fluctuations by altering the interaction energies under different

chromatin densities, influencing the fluctuations.

3.3.1 Facultative Heterochromatin-Shell Interactions Regulate The Nuclear Shape

Fluctuations

To study the role of facultative heterochromatin attraction in nuclear shape fluctuation,
we varied the attraction affinities while maintaining the default attraction affinity of
constitutive heterochromatin to the shell. The nuclear shape fluctuation analysis revealed
that increasing the strength of facultative heterochromatin-shell interactions led to nuclear
deformations (Figure 26). In addition, the fluctuations were also contributed by volume
fraction. In the defined chromatin densities except ¢=23%, decreasing the attraction
affinity by half from the typical value, from uns=0.75 KT to uns=0.375 KT, reduced the
nuclear shape fluctuations in conventional nucleus simulations. Moreover, the
organization inside was also changed, so the facultative heterochromatin could not form
the peripheral layer. Instead, these domains surrounded the constitutive heterochromatin,
forming local phases inside (Figure 27A). The reduction in the fluctuations was more
significant when the volume fraction was set to ¢=14%. After that, the attraction affinities
were elevated via doubling, uqs=1.50 KT, or quadrupling, uss=3 kT, and the typical
attraction affinity, uns=0.75 KT. We observed that increasing the strength of the attraction
increased the nuclear shape fluctuations across all modes demonstrated by the shape
fluctuation spectrum (Figure 28A, B, C & Figure 29B, C). Moreover, higher attraction

strength's impact became more prominent when the volume fraction was decreased, in
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which the nuclear deformations were significantly apparent (Figure 29B, C). When

volume fractions were set to ¢=19% and ¢=14%, we saw increased shell shape

fluctuations additionally in higher modes, corresponding to short wavelengths.
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Figure 28 Facultative heterochromatin-shell attraction strength regulates the nuclear

shape fluctuations together with volume fraction, A) ¢p=23%, B) ¢»=19%, and C) ¢=14%.
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These observations were consistent with the alteration in the shape morphology, in which
we observed multiple localized folding on the shell (Figure 29B). In addition, when
»=14%, the difference between uns=1.50 kT and uns=3 KT was smaller compared to the
other chromatin density trials, p=19% and ¢=23%, when uns=1.50 kT and uxs=3 KT.
Since ¢=14% was a considerably low volume fraction, the impact of those attraction
energies was not far from each other (Figure 28C). Therefore, the heterochromatin-shell

interactions together with volume fraction govern the nuclear shape fluctuations.
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Figure 29 The conventional and inverted nucleus simulations snapshot from the model

under different chromatin densities and various facultative heterochromatin-shell

attraction strengths A) uns=0.375 KT B) uns=1.50 kT and C) uns=3 KT.

In inverted nucleus simulations, the nuclear shape fluctuations were dramatically
decreased consistently with our previous results (Figure 28A, B, C & Figure 29A, B, C).

In addition, the difference between shape fluctuations among the different volume

a1
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fractions was solely due to the chromatin density. Therefore, our results demonstrated the
effect of volume fraction, although the heterochromatin-shell interactions were abolished.
Furthermore, the depletion of attraction affinity between heterochromatin and shell
recovers the normal morphology where the deformations were eliminated (Figure 29 A,
B, C). In some cases, some polymer chains escaped (Figure 29B, C). In conventional
nucleus simulation, few beads escaped during minimization or relaxation; however, due
to the heterochromatin-shell interactions, those beads bound to the shell at the outside.
When the heterochromatin-shell interactions were depleted, the escaped beads left from
the surface, and the rest of the following chain partially escaped as well. Thus, these results
further demonstrated that the global chromatin organization mediated by heterochromatin-

shell interactions was critical for the nuclear shape fluctuations.

3.3.2 Constitutive heterochromatin-shell interactions alter the genome organization

and shape’s fluctuations

Next, we investigated the role of constitutive heterochromatin on the shell’s shape
fluctuations. We employed the same approach for this study, where the attraction strength
was identical for the facultative heterochromatin while this affinity varied for the
constitutive heterochromatin. Conventional nucleus simulations depicted the influence of
constitutive heterochromatin in nuclear shape fluctuations (Figure 30A, B, C & Figure
31A, B, C). Decreasing the typical attraction affinity, uns=0.75 KT, by half did not
influence the nuclear shape fluctuations in every trial of various volume fractions (Figure

30A, B, C).
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Figure 30 The constitutive heterochromatin-shell attraction strength regulates the nuclear
shape fluctuations together with chromatin density, A) ¢=23%, B) ¢=19%, and C)

0=14%.

However, the contacts between constitutive heterochromatin and the shell were increased,
which the facultative heterochromatin formed a uniform layer on the periphery while
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excluding the constitutive heterochromatin (Figure 31A). In addition, doubling the default
strength of the attraction to uns=1.50 KT slightly affected the fluctuations except when the
volume fraction was set to ¢p=14% (Figure 28C). When ¢=14%, setting unqs=1.50 kT
resulted in increased fluctuations in all wavenumbers, showing a similar impact as uns=3
KT. Again, at this low volume fraction, defining the affinity to u4s=1.50 kT was sufficient
to deform the morphology identical to when the attraction was set to uns=3 kT. In
addition, the compacted constitutive heterochromatin chromocenters were dispersed in
various chromatin density cases and located at the periphery as a uniform layer (Figure
31B). Hence, disrupting the compacted state of chromocenters altered the organization
and the morphology. Further increasing the strength of attraction to uxs=3 kT modified

the amplitude and spectrum of shape fluctuations.
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Figure 31 The conventional and inverted nucleus simulations snapshots from the model
under different volume fractions and various constitutive heterochromatin-shell attraction

strengths A) uns=0.375 KT B) uns=1.50 KT and C) uns=3 kT
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Moreover, for all the attraction affinities, we observed an increase in the fluctuations as
the chromatin density decreased (Figure 30A, B, C & Figure 31A, B, C). In addition, the
same organization of the polymers was observed as in the uns=1.5 KT trial (Figure 31C).
Thus, this explains the role of volume fraction and its additive effect on nuclear shape
fluctuations as heterochromatin attraction with the shell strengthens. The volume fraction
suppresses the fluctuations where increased heterochromatin attraction strength with the
shell exhibited the opposite effect in our simulations. Also, inversion was accompanied
by the critical reduction in the nuclear shape fluctuations, recovering the normal nuclear
morphology (Figure 30A, B, C & Figure 31A, B, C). Still, the chromatin beads escaped
from the interior due to the initially located beads at the outside surface of the shell,
leaving as the heterochromatin-shell interactions were abolished (Figure 31B). Again, the
fluctuations in inversion were only influenced by the chromatin density. This supports our
previous conclusions that the heterochromatin-shell interactions regulate the shell’s shape
fluctuations. Overall, our simulations showed that the interaction of the constitutive

heterochromatin with the shell can also regulate the nuclear morphology.

3.3.3 The Additive Regulation of Shape’s Fluctuations by Both Heterochromatin

Types

Subsequently, we simulated the contribution of both heterochromatin types in our model.

The findings were consistent with our previous trials in which the strength of
heterochromatin attraction to the shell influenced the nuclear shape fluctuations; however,
the fluctuations spectrum differed (Figure 32A, B, C & Figure 33A, B, C). When the
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Figure 32 The heterochromatin-shell attraction strengths collectively regulate the nuclear
shape fluctuations while the volume fraction A) ¢=23%, B) ¢=19%, and C) ¢=14%

suppresses the fluctuations.

attraction strength was set to uns=0.375 KT, the amplitude of the fluctuations was similar
to simulations ran with uns=0.75 KT, however, with altered chromatin organization
(Figure 31A). However, the difference in fluctuations between each was relatively the

same as the volume fraction decreased (Figure 31A). Moreover, setting the affinity
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uns=1.5 KT increased the amplitudes in higher and lower wavenumbers, except when
»=23% (Figure 31B). In the previous trials, setting uns=1.5 KT did not alter the amplitudes
in high wavenumbers when ¢=19% (Figure 30B & 28B), thus, this can describe the
collective impact of both heterochromatin (Figure 33B). Increasing the attraction strength
to uns=3 KT drastically increased the nuclear shape fluctuations in every corresponding

wavenumber (Figure 32A, B, C & 33A, B, C).

A U,s=0.375 kT B U,=1.5 kT C Ups=3 kT

T
Conventional Inverted Conventional Inverted Conventional Inverted
—

Increasing the ¢

i
«

Figure 33 The images obtained from our model with conventional and inverted nucleus
patterns under different chromatin densities varied both heterochromatin-shell

interactions A) uns=0.375 KT B) uns=1.50 KT and C) uns=3 KT.

Even when the volume fraction was highest, uns=3 KT was efficacious enough to deform
the nuclear morphology majorly as in our previous trials, exhibiting the additive effect
that emerged from both heterochromatin. As the chromatin density decreased, the volume

of the shell also reduced due to the stronger heterochromatin-shell interactions leading to



a collapse of the shell (Figure 33B, C). Furthermore, the reduction in nuclear shape
fluctuations due to the inversion did not contradict our previous observations (Figure 32A,
B, C & Figure 33A, B, C). Still, the abnormal morphology was rescued, and increased

nuclear shape fluctuations were observed while the volume fraction decreased.

3.3.4 The impact of different chromatin types is not dominant on each other

We also evaluated the fluctuations by RMS radial deviations and compared each
simulation trial's mean fluctuation. In conventional nucleus simulations, when the
chromatin density was ¢=23%, as shown by shape fluctuations, increasing the attractions
with the shell did not drastically alter the fluctuations for each case until uns=3 kT. When
heterochromatin interactions, either facultative or constitutive or both, between shell were
set to uns=3 KT, we observed a critical increase in the fluctuations (Figure 34A). The effect
was more substantial when the attraction of both heterochromatin with shell was increased
compared to the other two trials. In inverted nucleus simulations, even though the
heterochromatin-shell interactions were turned off, there was a slight increase in the
fluctuations (Figure 34B). This outcome can be attributed to the various deformed
morphologies in conventional nucleus simulations, which alter from different states
through inversion and random shell network that varies for each replicate. When the
chromatin density was ¢=19%, the fluctuations were significantly increased through
increased heterochromatin-shell attraction starting with uns=1.5 KT (Figure 34B). Again,
the fluctuations were drastically higher than in the other trials when only one of the

heterochromatin-type interactions varied. If the pattern was inversed, the fluctuations were
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Figure 34 The images obtained from our model with conventional and inverted nucleus
patterns under different chromatin densities varied both heterochromatin-shell

interactions A) uns=0.375 KT B) uns=1.50 KT and C) uns=3 KT.

critically reduced (Figure 32B), and the variations in the fluctuations still can be attributed

to the reasons that were explained for ¢=23%. In the last volume fraction trial, the
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fluctuations between all cases were close except uqs=1.5 KT (Figure 34C). Setting the
interaction to uns=1.5 KT between constitutive heterochromatin and the shell resulted in
higher fluctuations than in other trials. In inverted nucleus simulations, all fluctuations
were drastically reduced (Figure 34C). Our simulation results demonstrated that the
heterochromatin-shell interactions were critical for regulating nuclear shape fluctuations
while were not dominated by one or other chromatin types and the volume fraction

suppressing the fluctuations.

3.4 Interplay between heterochromatin-heterochromatin and heterochromatin-shell

interactions govern phase separation and influence nuclear shape fluctuations.

The chromatin’s spatial organization is affected by the competition between
heterochromatin’s self-interaction and its interaction with nuclear lamina®8. Impact of
this competition on nuclear shape fluctuation is uncertain. Thus, we studied the facultative
heterochromatin’s self-interaction as well as its interaction with the nuclear shell to reveal
the role of this competition in between. For that purpose, we investigated heterochromatin-
shell and heterochromatin’s self-interaction energies at various strengths and under

different volume fractions.

Our investigation started by selecting the chromatin density as ¢=23% with conventional
nucleus simulations. Firstly, the strength of the heterochromatin with shell was reduced to

half, uns=0.375 kT. When the facultative heterochromatin self-affinity was abolished, the
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phase separation could not occur properly, which the facultative heterochromatin diffused

across the shell (Figure 35A). Increasing the self-affinity to the default value, uqH=0.65

KT, led to the compaction of the facultative heterochromatin, but due to the low

heterochromatin-shell interactions, the facultative heterochromatin was not located at the

periphery meanwhile, the nuclear shape fluctuations were slightly increased.
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Figure 35 The images and fluctuation analysis extracted from our model with

conventional nucleus organization with various facultative heterochromatin self-affinity

strengths and heterochromatin-shell interactions A) uns=0.375 kT B) uns=1.50 KT and C)

Uns=3 KT. The volume fraction was set to ¢p=23%.
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Further increasing the self-affinity of the facultative heterochromatin by doubling and
quadrupling the typical value, uqn=1.30 KT, and unn=2.60 KT, resulted in the compaction
at the center, demonstrating inverted phase separation behavior while the chromocenters
could not be surrounded by facultative heterochromatin. In addition, a slight increase in
the nuclear shape fluctuations was observed. Next, various facultative heterochromatin
self-affinities were studied using the default heterochromatin-shell interactions. In this
case, when the self-affinity of the facultative heterochromatin was absent, unH=0 KT, the
phase separation could not be completed (Figure 35B). As the facultative
heterochromatin’s self-affinity strengthened, the nuclear shape fluctuations were

increased only in the smaller wavenumbers, which correspond to long wavelengths.

In this trial, distinct phases were observed when upn=1.30 KT and unn=2.60 KT. For
example, when self-affinity was set to unw=1.30 KT, two distinct facultative
heterochromatin phases were found inside however, setting the strength of the attraction
to unn=2.60 KT completed a single phase at the center. Setting the heterochromatin-shell
interactions to double the default value, uns=1.5 KT, increased the shape’s fluctuations
further as the self-affinity became stronger (Figure 35C). Not only in the small
wavenumbers but also in the high wavenumbers, which correspond to short wavelengths,
the fluctuations were increased for the two highest self-affinity strengths, unn=1.30 kT
and unn=2.60 KT. Still, there were distinct phases of facultative heterochromatin.
Additionally, the chromocenters were dispersed entirely due to the increased
heterochromatin-shell interactions. Moreover, facultative heterochromatin did not form a
single phase at the center when self-affinity was usn=2.60 KT, as observed in the previous

cases since the heterochromatin-shell interactions competed with the self-affinity
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mediated the preserving those domains at the periphery. Lastly, the simulations ran with
the highest heterochromatin-shell interactions defined. Still, the loss of self-affinity could
not achieve the phase separation (Figure 35D). Increasing the strength of the self-affinity
of the facultative heterochromatin increased the shape’s fluctuations in every
wavenumber. Significantly, the high wavenumbers were affected, which can be
characterized by the folding of the shell and pointed protrusions. Furthermore, the
facultative heterochromatin formed multiple phases that were distinctly localized. For all
the various heterochromatin-shell interactions, the nuclear shape fluctuations were similar
when the self-affinity of the facultative heterochromatin was depleted. Hence, the
interplay  between  heterochromatin-shell interactions and the facultative
heterochromatin’s self-affinity plays a role in nuclear morphology. Thus, our simulation
results demonstrate that the facultative heterochromatin’s self-affinity is crucial for
regulating the nuclear morphology, and the interplay exists between the facultative

heterochromatin’s self-affinity and its interaction with the shell.

Using the same approach and the defined parameters, we ran the conventional nucleus
simulations under the chromatin density set to ¢=19%. Changing the volume fraction did
not alter the genome organization (Figure 36A, B, C, D), and we observed highly similar
organizations as in the previous trial where the volume fraction was ¢=23% (Figure 35).
Hence, the nuclear shape fluctuations were highly close to each other for each case of
various self-affinity strengths when uns=0.375 kT and uns=0.75 KT. However, the volume

fraction contributed to the shape’s fluctuations in high heterochromatin-shell interactions
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and fluctuation analysis extracted from our model with

conventional nucleus organization with various facultative heterochromatin self-affinity

strengths and heterochromatin-shell interactions A) uns=0.375 kT B) uns=1.50 KT and C)

Uns=3 KT. The volume fraction was set to ¢p=19%.

(Figure 36C, D & Figure 35C, D). For instance, setting the heterochromatin-shell

interactions as uns=1.50 KT significantly influenced the fluctuations across all

wavenumbers, especially when we observed a drastic increase in the high wavenumbers

except where self-affinity was depleted usw=0 KT (Figure 36C). Further, assigning the

heterochromatin-shell interactions as the maximum strength we defined for our

simulations, uns=3 KT, the shape fluctuations were significantly elevated for all the
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various strengths of facultative heterochromatin even when

the facultative

heterochromatin self-attraction was depleted (Figure 34D). All models had deformed

morphologies, and the shape’s fluctuations were highly similar.
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Figure 37 The images and fluctuation analysis extracted from our model with

conventional nucleus organization with various facultative heterochromatin self-affinity

strengths and heterochromatin-shell interactions A) uns=0.375 kT B) uns=1.50 KT and C)

Uns=3 KT. The volume fraction was set to ¢p=14%.
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Finally, the conventional nucleus simulations ran with ¢=14%. For all cases, the
chromatin distributions were similar (Figure 37) to the previous trials ran with higher
volume chromatin densities, ¢p=23% and ¢=19% (Figure 36 & Figure 35). The nuclear
shape fluctuations were not significantly altered when uHS=0.375 kT compared to
instances with high volume fractions (Figure 35A & Figure 36A) and consistently
increased as self-affinity strength increased (Figure 37A). Using the default
heterochromatin-shell interactions, uns=0.75 KT resulted in higher shape’s fluctuations in
low wavenumbers compared to high volume fraction trials (Figure 35B & Figure 36B),

and increasing the self-affinity value shifted the fluctuations (Figure 37B).

The drastic shifts in the nuclear shape fluctuations, hence in the morphology, were
observed when heterochromatin-shell interactions were set to uws=1.50 KT. The
fluctuations were drastically increased in every corresponding wavelength, and strong
facultative heterochromatin self-attractions, unn=1.30 kT and unnw=2.60 KT, led to
extremely deformed morphologies (Figure 37C). In our simulations ran with uns=3 KT,
the nuclear shape fluctuations were similar in all interactions defined for self-affinity of
facultative heterochromatin, where abnormal morphologies in each case were observed
(Figure 375D). In addition, we evaluated the RMS radial deviations as well. Radial
fluctuations significantly increased as the self-attraction energy increased (Figure 38 A, B
C). The fluctuations were close to each other for uns=3 KT since the fluctuations occurred
significantly at this high energy due to the heterochromatin-shell interactions (Figure 38

A, B, C).
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Figure 38 The volume fractions influence the interplay between heterochromatin’s self-
attraction and attraction with the shell. The RMS radial fluctuations of A) ¢=23%, B)

»=19%, and C) ¢p=14%.

However, in lower attraction strengths, the fluctuations almost consistently elevated as the
self-affinity of the facultative heterochromatin became stronger. Invariably, the volume
fraction affected the fluctuations, and the mean radial fluctuations exhibited higher values
as the volume fraction decreased (Figure 38 A, B, C). Thus, the volume fraction plays a
role in the interplay of heterochromatin-shell and facultative heterochromatin’s self-

affinity.
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Figure 39 The RMS radial fluctuations extracted from inverted nucleus simulations under

three different volume fractions and various strengths of self-affinity.

Our findings showed the interplay between heterochromatin-shell and self-affinity of
heterochromatin. Next, to elucidate how the self-affinity of heterochromatin influences
the shape’s fluctuations in an inverted nucleus, we abolished the heterochromatin-shell
interactions. Since no interactions were present between heterochromatin-shell, this study
could elucidate the role of spatial organization of the genome on nuclear morphology. The
inverted nucleus simulations ran under three defined volume fractions (Figure 39). The
RMS radial fluctuations exhibited a pattern in which stronger self-attraction of the
facultative heterochromatin resulted in increased fluctuations in all chromatin densities
(Figure 39A). Consistently, the fluctuations were additionally regulated by the volume
fraction, which increasing the volume fraction suppressed the fluctuations. Hence, even
though the heterochromatin-shell interactions were abolished, still the compaction of the
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Figure 40 The rendered snapshots from the inverted nucleus simulations demonstrate the

internal organization and the nuclear morphology under different interaction strengths.

facultative heterochromatin influenced the nuclear morphology, possibly through the
internal organization of the genome. Therefore, the phase separation governed by
heterochromatin-shell and heterochromatin’s self-interactions can play a role in regulating
the nuclear morphology. Even the phase separation only controlled by self-attraction of
heterochromatin, when heterochromatin-shell interactions are depleted, can be critical for

nuclear morphology.



3.5 Epigenetics Having a Critical Role in the Regulation of Nuclear Morphology

Studies demonstrated that the deformation in the nuclear morphology is related to the
overall amount of heterochromatin which decreases in heterochromatin results in shape
abnormalities®*®. Therefore, we aimed to assess how facultative heterochromatin
fraction influences the nuclear shape fluctuations and morphology. The facultative
heterochromatin fraction was altered by randomly converting the state of the beads,
explained in Section 2.2.2, to model in vivo chromatin chemical perturbation

experiments®.:33,
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Figure 41 The nuclear shape fluctuation analysis of A) conventional and B) inverted

nucleus simulations. The volume fraction is p=23%.

The previous analysis revealed the role of chromatin density in shape’s fluctuations.
Hence, the same approach was employed in this investigation, in which three volume
fractions were defined in the simulations. The amplitudes of the corresponding

wavenumbers were changed as the concentration of the facultative heterochromatin
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increased in conventional nucleus simulations (Figure 41A & Figure 44). Additionally,
the shape’s fluctuations were slightly increased in the inverted nucleus simulations where
there were no heterochromatin-shell interactions (Figure 41B & Figure 44). The shape’s
fluctuations were additively increased when the volume fraction was reduced to ¢=19%
significantly in conventional and slightly in inverted nucleus simulations (Figure 42,
Figure 44, Figure 45). The spectrum exhibited that the amplitudes were elevated in small
and high wavenumbers in conventional nucleus simulations, exhibiting an extreme shape

abnormality when the heterochromatin fraction was f=0.75 (Figure 42A & Figure 44).
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Figure 42 The nuclear shape fluctuation analysis of A) conventional and B) inverted

nucleus simulations. The volume fraction is ¢=19%.

The shape’s fluctuations were increased in inverted nucleus simulations compared to
chromatin density of p=23%, which can be explained by the reduced volume fraction that
limits suppressing the fluctuations (Figure 38B). Consistently, at the lowest volume
fraction, p=14%, the nuclear shape’s fluctuations were crucially increased in conventional

nucleus simulations, especially when the heterochromatin fraction was f=0.75 (Figure
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43A & Figure 44). As before, the fluctuations were slightly increased in inverted nucleus

simulations by contribution from the volume fraction (Figure 43B & Figure 44).
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Figure 43 The nuclear shape fluctuation analysis of A) conventional and B) inverted

nucleus simulations. The volume fraction is ¢=14%.

For all various heterochromatin concentrations, we observed a change in the internal
organization as the heterochromatin fraction was varied. Due to the low amount of
facultative heterochromatin where f=10%, only a euchromatin phase is distinguished, and
chromocenter structures are flattened rather than globular (Figure 43). Additionally, as the
heterochromatin fraction exceeded beyond the typical fraction, f=0.45, the distinct
heterochromatin phase was not observed, which euchromatin-to-heterochromatin
converted beads localized at the interior. The inversion was completed even at the low
fraction of facultative heterochromatin (Figure 44). Increasing the fraction of the

facultative heterochromatin resulted in a complete phase around the chromocenters.
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Figure 43 The heterochromatin fraction changes the RMS radial fluctuations in A)

conventional and B) inverted nucleus simulations

The gradual rise in fluctuations when increasing the facultative heterochromatin
percentage was more significant in the lowest volume fraction, ¢=14%, than in the other
volume fractions (Figure 43A). We observed an alteration in nuclear morphology in each
heterochromatin fraction, which mainly resulted in a severe shape abnormality at f=75%
(Figure 44). Even in the highest heterochromatin amount, there was a noticeable
difference between fluctuations compared to ¢=14%. At ¢=23%, compared to =14 %,
the fluctuations did not noticeably increase as the heterochromatin concentration
increased. Additionally, there was not much difference between the fluctuations at ¢=19%
and ¢=23%, except for the highest facultative heterochromatin concentration, f=0.75,
where the difference was substantial. Moreover, the mean fluctuations were also increased
in inverted nucleus simulations, consistently with the shape’s fluctuations, and the volume

fraction had a supplementary effect (Figure 43B).
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Overall, our findings showed that, in contrast to earlier studies®, increasing the
heterochromatin amount does not suppress the variations. This outcome made us wonder
why experiments would behave unexpectedly. Our earlier findings demonstrated how
heterochromatin influences nuclear shape through interactions with the shell and by itself.
We hypothesized that the competition between facultative heterochromatin's self-
attraction and its attraction to the shell could lead to the emergence of this phenomenon.
For that purpose, we abolished the heterochromatin’s self-attraction while maintaining the
same heterochromatin fraction and its attraction with the shell. We observed that the
nuclear shape fluctuations were critically reduced, and the normal nuclear shape was

recovered (Figures 43B & 45).
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3.6 Stiffness of the Shell Contributes to Nuclear Morphology

Nuclear lamins provide stiffness to the nucleus, maintaining the nuclear integrity. Such
loss of the lamins, mainly Lamin A/C, was shown to reduce the nuclear stiffness®,
involved in certain pathologies®®, and regions where Lamin A/C are denser in the nucleus
exhibit reduced deformations™. In our model, to investigate the role of stiffness mediated

by the beads of our shell, the bonding strength between each lamin bead was increased to
K = 30 ];—: which is sixfold the default bond strength. Increasing the bond strength of the

beads that were members of the shell led to an increased volume fraction since the shell
collapsed more due to the higher bond energy. Thus, we obtained two different volume
fractions in this case, 9=30% and ¢=25%. In this case, we could compare the ¢=25% and
chromatin density of ¢=23% in the context of different bond strengths and observe the

impact of higher volume fraction we did not achieve.

Conventional nucleus simulations showed that increasing chromatin density consistently
suppressed the shape’s fluctuations (Figure 46A, B). Hence, the shape abnormalities and
critical deformations were not observed (Figure 46C). The amplitude of the fluctuations
was only altered in low wavenumbers. However, the fluctuations observed in ¢=25% were
similar to those surveyed in less stiff shell with a chromatin density of ¢=23% (Figure
46A, B & Figure 24A, B). Still, the mean radial fluctuations exhibited that the fluctuations

were insensitive to the crosslinking of the constitutive heterochromatin (Figure 46B).
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Figure 46 The volume fraction suppresses the nuclear shape fluctuations in conventional
nucleus simulations. A) The shape’s fluctuation was calculated for two volume fractions.
B) The RMS radial fluctuations for two volume fractions, including the crosslinking trials.

C) The images of conventional nucleus organization under different volume fractions

Next, we studied how the spatial organization of the chromatin influences the nuclear
fluctuations. When the heterochromatin-shell interactions were abolished, the fluctuations
were decreased with similar values as observed in the lower stiffer shell (Figure 47A, B
& Figure 26). However, the change in a reduction in the fluctuations from the conventional
to the inverted nucleus was slightly lower than the lower stiffer shell (Figure 47 & Figure
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26). Thus, heterochromatin’s effect on the nuclear shape fluctuations was limited in a

more rigid shell compared to the lower stiffer shell.
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Figure 47 The chromatin density suppresses the nuclear shape fluctuations in inverted

nucleus simulations. A) The nuclear shape’s fluctuation was calculated for two chromatin

densities.

B) The mean radial fluctuations for various volume fractions and crosslinking.

C) The snapshots of inverted nucleus organization under different chromatin densities
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Next, we followed the same approach that was employed for stiffer shells. The
heterochromatin-shell interactions were varied utilizing the same methodology, in which
we consecutively changed the different heterochromatin’s attraction with the shell. The
first trials were run by only changing the facultative heterochromatin’s interaction with
the shell. The shape’s fluctuations demonstrated that although the heterochromatin-shell
attractions become stronger, the spectrum was almost insensitive to the changes in the

amplitudes in chromatin density of ¢=30% (Figure 48A).
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Figure 48 The facultative heterochromatin-shell attraction strengths regulate the nuclear

shape fluctuations variously with different chromatin densities A) ¢p=30%, B) ¢p=25%.
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As expected, in inverted nucleus simulations, the fluctuations were reduced however, the
amplitudes were not much varied compared to the conventional nucleus simulations. In
lower volume fraction, p=25%, the shape’s fluctuations were higher, mainly in the middle

wavenumbers, as the strength of the heterochromatin’s attraction with the shell increased

(Figure 48B). But, compared to our results obtained from ¢=23% and K = 5';—2, the

fluctuations were less noticeably affected when the attraction became stronger (Figure
28). In addition, reducing the typical attraction to half, uHS=0.375, impacted the flattened

chromocenters structures (Figure 49A).
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Figure 49 The conventional and inverted nucleus simulations snapshot from the model

Increasing the ¢

«

under different volume fractions and various facultative heterochromatin-shell attraction
strengths A) uns=0.375 KT B) uns=1.50 kT and C) uns=3 KT in volume fractions of p=30%

and ¢=25%.

Secondly, we studied the effect of constitutive heterochromatin attraction and its impact
on nuclear shape fluctuations. In this case, increasing the strength of the attraction did not

elevate the amplitudes, shown through the spectrum in chromatin density of ¢=30%



(Figure 50A). Decreasing the chromatin density to ¢=25% increased the fluctuations
however, the amplitudes did not vary by stronger attractions (Figure 50B). In conventional
nucleus simulations, we observed a change in chromatin organization after uqs= 1.50 KT
in which the chromocenters were dispersed (Figure 51B, C). The inverted nucleus
simulations were accordant with the previous results that the shape’s fluctuations were

reduced (Figure 50A, B).
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Figure 50 The constitutive heterochromatin-shell attraction strengths regulate the nuclear

shape fluctuations variously with different chromatin densities A) p=30%, B) ¢p=25%
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Figure 51 The conventional and inverted nucleus simulations snapshot from the model

Increasing the ¢

«<

under different chromatin densities and various constitutive heterochromatin-shell
attraction strengths A) u4s=0.375 KT B) uns=1.50 KT and C) uns=3 KT in volume fractions

of »=30% and ¢p=25%.

In the last trial, the attraction of both heterochromatin with the shell was varied. The
shape’s fluctuations were almost indistinguishable from the previous instances. The
fluctuations were changed mainly in the middle wavenumbers in high volume fraction as
the attraction became stronger (Figure 52A). Lowering the volume fraction resulted in a
positive contribution in which the fluctuations were increased, and the impact of stronger
attraction was more prominent (Figure 52B). The genome organization was maintained
except for the lowest attraction, uns=0.375, as previously noted (Figure 53). In inverted
simulations, all shape’s fluctuations with different chromatin densities were reduced, but

not drastically compared to conventional nucleus simulations (Figure 52).
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Figure 52 The attraction of heterochromatin with the shell regulates the nuclear shape

fluctuations variously with different chromatin densities A) p=30%, B) ¢p=25%.
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Figure 53 The conventional and inverted nucleus simulations snapshot from the model
under different volume fractions and various heterochromatin-shell attraction strengths A)

UHs=0.375 KT B) uns=1.50 KT and C) uns=3 KT in volume fractions of ¢=30% and ¢p=25%.
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Figure 54 The RMS radial fluctuations of conventional and inverted nucleus simulations
of various heterochromatin-shell attraction strengths in different volume fractions A)

¢=30% B) ¢p=25%.

Lastly, we plotted the RMS radial fluctuations to evaluate the role of different
heterochromatin’s regulation of nuclear shape fluctuations. We observed higher
fluctuations in both volume fractions, ¢=30% and ¢=25%, as the attraction strength
became stronger for all the cases and higher radial fluctuations for the lower volume
fraction (Figure 54A, B). When the constitutive heterochromatin-shell attraction becomes
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stronger, the fluctuations were almost steady for the cases where attraction strengths were
uns=1.50 KT and unus=3 KT in both chromatin densities. Possibly, in those high attraction
energies, the constitutive heterochromatin formed a peripheral single layer, which could
not contribute to the fluctuations further, even at the maximum attraction strength. The
facultative heterochromatin attraction with the shell consistently increases the fluctuations
for each case, demonstrating a regular increase. The combination attraction by both
heterochromatin additively contributed to radial fluctuations. The fluctuations almost
linearly increased between each attraction strength. Including both heterochromatin
additively regulated the fluctuations since all the heterochromatin at the periphery formed
a layer of phases in which all the heterochromatin beads could interact with the shell. In
inverted nucleus simulations, the radial fluctuations were decreased, exhibiting variations
in each case. This could emerge since each replicate was designed with a randomly
generated shell and facultative heterochromatin radial positioning, even though its

attraction with the shell was abolished.

Next, we investigated the effect of heterochromatin fraction on nuclear morphology. Our
shape’s fluctuation analysis revealed that in a high volume fraction, ¢=30%, increasing
facultative heterochromatin concentration slightly increased the amplitudes of
corresponding middle wavenumbers in conventional nucleus simulations. In inverted
simulations, the shape’s fluctuations decreased even though the increased facultative
heterochromatin fraction did not increase the fluctuations. Decreasing the chromatin
density to p=25% positively contributed to the fluctuations in which the amplitudes were

elevated mainly in high and middle wavenumbers as the concentration of facultative
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heterochromatin increased (Figure 55C). As expected, the fluctuations were reduced in

inverted nucleus simulations.

Additionally, the amount of facultative heterochromatin influenced the internal

organization, which at the low heterochromatin fraction, f=0.10, the chromocenters were

dispersed in conventional nucleus simulations (Figure 56A). Increasing the concentration,

the phases were indistinguishable, mainly preserving heterochromatin phases.
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Figure 55 The nuclear shape fluctuation analysis of A) conventional and B) inverted

nucleus simulations. The volume fractions are ¢p=30% and ¢p=25%, respectively.
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Figure 57 The RMS radial fluctuations of A) conventional and B) inverted nucleus

simulations. The volume fractions are p=30%, ¢=25% and ¢p=20%, respectively.

Lastly, we conducted an RMS analysis to analyze the mean radial fluctuations. The results
depicted that increasing the facultative heterochromatin fraction increases the fluctuations
in all the volume fractions (Figure 57A). Additionally, to gain insight into the suppressing
effect of the shell's stiffness, we ran simulations with a lower volume fraction, p=20%.
We observed that shape’s fluctuations were significantly increased for the high
heterochromatin fraction compared to the other volume fraction and led to extremely
deformed morphology (Figure 57A & Figure 58A). Inverted simulations showed that the
high fractions did not significantly affect the fluctuations however, the fluctuations were
different for each case because of the volume fraction. The mean radial fluctuations in this
volume fraction were close to what was observed in the less stiff shell. Thus, even though
the more rigid shell was able to suppress the fluctuations in the high volume fractions
k

T .
. in

compared to the less stiff shell, i.e., p=25%; K = 30';—§versus p=23%; K = 5

lower volume fractions, the fluctuations were still increased. Hence, these findings further
suggested that chromatin density is significant and one of the primary regulators of the
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nuclear shape fluctuations and additively regulates the fluctuations with the other

contributors, chromatin.
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Figure 58 The snapshots of different heterochromatin concentrations from A)

conventional and B) inverted nucleus simulations. The volume fraction is ¢p=20%.

3.7 Tethering of the Heterochromatin Provides Rigidity to the Nuclear Mechanics

The previous studies investigated the role of chromatin in nuclear mechanics. The
micropipette manipulation experiments on isolated nuclei showed that the chromatin

contributes to nuclear mechanics®®°t, Additionally, increasing the heterochromatin via
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VPA treatment further revealed the role of heterochromatin, which higher the
heterochromatin resulted in increased stiffness®':>3, Further, crosslinking and tethering of
chromatin were demonstrated to be crucial for nuclear mechanics®, degrading the
crosslinker protein, HP1a, leads to reduced nuclear stiffness accompanying nuclear
deformations®. Thus, we studied the nuclear mechanics via pulling simulations utilizing

our phase-separated model to investigate the role of chromatin.
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Figure 59 The force-strain graph shows the regime difference in the shell without

chromatin and our conventional model.

At first, we investigated nuclear mechanics in empty and chromatin-filled shells to
understand how chromatin impacts the mechanics (Figure 59). The chromatin-filled shell
is our conventional nucleus model, and all the interactions between beads were maintained
during pulling simulations. Pulling simulations showed that a chromatin-filled shell shows

a stronger response than an empty shell demonstrated by a force-strain curve. The force-
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strain relation was altered, which depicts a lower nuclear stiffness. Both models gained an

elastic shape in which the empty shell became more flattened than the filled shell.

Tethering Facultative Tethering Constitutive
Heterochromatin Heterochromatin

Tethering Both

Figure 60 The schematics demonstrating the examples of tethering of chromatin.

After investigating the overall effect of chromatin on nuclear mechanics, we turned our
attention to tethering of the facultative heterochromatin. Using our conventional nucleus
model, we tethered the peripheral facultative heterochromatin to the shell to investigate
its contribution to nuclear mechanics (Figure 60). Force-strain relation revealed that
tethering of facultative heterochromatin increased the nuclear stiffness (Figure 61). Thus,
consistent with the notion that heterochromatin provides mechanical rigidity, we observed

that the tethering of heterochromatin contributes to the nuclear mechanics.
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Figure 61 The force-strain graphs show different behavior between facultative

heterochromatin tethered and untethered in conventional nucleus simulations.

We ran simulations for several cases using our conventional nucleus simulation model to
prove the heterochromatin's contribution to nuclear mechanics by tethering. Tethering was
achieved by bonded interactions, therefore we asked whether non-bonded short-range
interactions could recapitulate the force-strain relationship we observed. In these cases,
we utilized the conventional nucleus model with default interaction parameters and
defined the interactions only during the pulling simulations to avoid the impacts that might
arise from altered chromatin organization (Figure 62). For this purpose, we evaluated the
spring constants retrieved from 30% strain for each trial. First, we varied the self-affinity
of heterochromatin, which we previously showed that it impacts the nuclear morphology
and phase separation. During pulling simulations, we increased the strength of the self-
attraction of facultative heterochromatin. The nuclear spring constants were not altered as

the heterochromatin’s self-attraction was varied. Next, we studied the effect of
92



heterochromatin-shell interactions on nuclear mechanics. In this case, there was also no

apparent relationship between nuclear stiffness and heterochromatin-shell interactions.
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Figure 62 The tethering contributes to nuclear mechanics, not the short-range
interactions. A) The nuclear spring constants for various heterochromatin’s self-attraction
strengths. B) The nuclear spring constants for different heterochromatin-shell attractions.
C) The nuclear spring constants for various tethering amounts. The spring constants were

retrieved from 30% strain.
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So far, these investigations proved that non-bonded short-range interaction does not
influence nuclear mechanics. Thus, we altered the tethering amount to reveal that the
increased nuclear stiffness was due to the tethering (Figure 62C). The nuclear spring
constants revealed a correlation between the amount of tethering and the nuclear stiffness.
Increasing the tethering through changing the probability of selecting the beads tethered
to the shell contributed to the nuclear mechanics in which the nuclear stiffness increases.
Thus, our findings consistently demonstrated that the tethering of facultative

heterochromatin is crucial for nuclear mechanics.
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Figure 63 Tethering of different heterochromatin types distinctly impacts nuclear
mechanics. A) Force-strain curves of various trials in which different heterochromatins
were tethered to the shell. B) The nuclear spring constants of the same trials. The spring

constants were retrieved from 30% strain.

94



X-axis y-axis
cross section cross section

No Tethering

Facultative Het.
Tethered

Constitutive Het.
Tethered

Both Tethered

Figure 64 The cross-section snapshots of the end product of the pulling simulations from

different tethering approaches.

Next, we focused on various tethering approaches in which different heterochromatin

types were tethered to the shell. We continued with the tethering P(B) = 1.0, allowing all
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the beads within the distance criteria to tether with the shell. In addition to tethering only
the facultative heterochromatin, the constitutive heterochromatin was tethered to the shell.
The force-strain relation revealed that tethering only the constitutive heterochromatin had
the same contribution as no tethering case (Figure 63). Tethering of both heterochromatin
to the shell increased the nuclear stiffness however the effect was close to the tethering of
only the facultative heterochromatin. In all the pulling simulations, we did not observe a
significant alteration in the genome organization from cross-section snapshots (Figure 64).
Additionally, while the shell became stretched, gaining an elliptic shape, we visualized
the buckling on the shell that went through the deformation®2. In addition, the nuclear
spring constants demonstrated almost a linear behavior in which spring constants were
elevated as the shell was pulled for a longer extension. The difference between nuclear

spring constants for each case became substantial for extensions beyond 10% strain.

Our question was whether constitutive heterochromatin tethering did not contribute to the
nuclear stiffness. Even though the tethering amount was lower because the concentration
of surface beads of constitutive heterochromatin was low, the tethering should have
increased stiffness, as observed in our initial trial with various tethering amounts (Figure
63C). Since constitutive heterochromatin could not form a whole peripheral layer, the
impacts of tethering were negligible. Hence, a uniform layer of tethering is required for
tethering to contribute to nuclear mechanics, as achieved by the tethering of the facultative
heterochromatin. Next, we considered applying crosslinking to both heterochromatin to

investigate its contribution to nuclear mechanics.
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3.8 Crosslinked heterochromatin Contributes to the Rigidity of Nucleus

It was experimentally shown that the crosslinking of the heterochromatin contributes to
nuclear mechanics, hence the nuclear morphology®®. Thus, we investigated the nuclear
mechanics while maintaining the tethering, and additionally, crosslinks for both

heterochromatin were included.
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Figure 65 The force-strain relation exhibits a correlation between crosslinking and

nuclear mechanics.

Starting from the case of no tethering, we assigned crosslinks in the model and performed
pulling simulations. The crosslinking provided a mechanical stiffness to the shell model
in no tethering trials (Figure 65). Additionally, we observed a similar contribution in
nuclear stiffness when the constitutive heterochromatin was tethered, exhibiting a

parabolic curve. Adding the crosslinks when the facultative heterochromatin was tethered
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and both heterochromatin were tethered indicated a stronger force-strain relation these
simulations were extended maximally up to 40% strain which the curve was linear. The
nuclear spring constants suggested a similar behavior in which the shell gained additional
rigidity from the crosslinks (Figure 66). The contribution was more substantial, starting
from a 10% strain, in which the difference in the spring constants varied for the facultative

heterochromatin and both heterochromatin tethering with the rest.

2x107+ /
T T T

15 30 45
Strain (%)

Figure 66 The nuclear spring constants of the different heterochromatin tethering,

including the crosslinking. The spring constants were retrieved from 30% strain.

To quantitatvely compare the stiffness of the shell with crosslinking and without
crosslinking, we measured the difference between spring constants for each case (Figure
68). Crosslinking provided an additive stiffness to the shell for all the instances in which
we performed simulations. The slightest increase in the stiffness was observed when there

was no tethering, and the maximum change occurred when both heterochromatin were
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Figure 67 Snapshots of the model with various tethering while both heterochromatin is

crosslinked.



tethered. Therefore, this analysis suggested that the tethering provides a higher stiffness

additively with the crosslinking.
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Figure 68 The fold change reveals the difference between the nuclear spring constants of

crosslinked and without crosslinked trails with various tethering.

Thus, our results, consistent with the previous studies, revealed that the crosslinking of
heterochromatin provides mechanical rigidity to the shell and further contributes to the

nuclear mechanics additively with the tethering.

3.9 Heterochromatin Amount Influences the Nuclear Mechanics

Next, we focused on how facultative heterochromatin concentration influences nuclear
mechanics. First, we ran the pulling simulations with various heterochromatin fractions
without crosslinking. The force-strain relationship showed that the chromatin-based
stiffness was contributed mainly by the lowest facultative heterochromatin fraction cases

(Figure 69).
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Figure 69 Heterochromatin fraction is a determinant of nuclear mechanics. A) Force-
strain curve and nuclear spring constants for various heterochromatin fractions without
crosslinking. B)  Force-strain curve and nuclear spring constants for various

heterochromatin fractions with crosslinking.

This result was contradicted by previous works?3° in which we expected to observe
increased stiffness with the heterochromatin. We considered that crosslinking might be
required in our model to recapitulate the force-strain behavior observed in higher

heterochromatin fractions. For that purpose, we crosslinked the constitutive and
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facultative heterochromatin  while preserving the tethering for facultative
heterochromatin. The number of heterochromatin also determines the total number of
crosslinks since each heterochromatin bead can crosslink with the other. Therefore, the
number of crosslinks varied in the simulations with the different heterochromatin

fractions.
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Figure 70 Snapshots of the pulled model with different heterochromatin fractions.

The force-strain relationship demonstrated that increased heterochromatin fraction
resulted in a more rigid shell (Figure 69B). We did not observe significant differences
between the cases where f=0.45 and f=0.20. In addition, the nuclear spring constants
revealed that the shell became more rigid with the increased facultative heterochromatin,

.e., f=0.60.
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Figure 71 Force-strain curve of the different heterochromatin fractions with additional

crosslinking.

Next, we considered the contribution of crosslinking in this approach we developed.
Thus, the average crosslinks were increased to investigate how the shell mechanics
altered. Additional crosslinks provided more rigidity to the nuclear shell, as suggested by
the force-strain relation (Figure 71). This result was consistent with the previous studies.
Hence, our model can suggest that the increased chromatin-based stiffness with increased
heterochromatin amount can be due to the increased crosslinks providing a more rigid

heterochromatin structure.
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3.10 Mechanics of Inverted Nucleus

Inverted Nuclei

A B
2000 3.5%104
___ Conventional * Inverted
Compartment B Tethered 104 4 .
15004 — Inverted Nuclei 3x10 Conventional
e Conventional 2 5x10 Conventional
x x 2.5%104 Compartment B Tethered
@ 1000 S
‘I-’ v ; 2x104_
<]
w
500 . 1.5%104—
0 - — 1x104-
0 20 40 60
Strain, %
C
y-axis cross section x-axis cross section

Inverted

Figure 72 Mechanics of Inverted Nucleus. A) Force-strain relationships for multiple
conventional and inverted nuclei cases. B) Area under curve graphs for the trials C)

Snapshots of the inverted nucleus after pulling.

Next, we concentrated on how the inverted nucleus behaves under mechanical response.
Since the heterochromatin-shell interactions were abolished in the inverted nucleus, we
were able to investigate how the radial positioning of the heterochromatin impacts nuclear
mechanics. Our result revealed that the inverted nucleus had more stiffness than the
conventional nucleus without tethering (Figure 72). Then, we compared the inverted
nucleus force-strain relation with the conventional nucleus, including tethering. The

results demonstrated that the conventional nucleus with tethering exhibited stronger
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rigidity than the inverted nucleus, unlike the conventional nucleus without tethering. Thus,
this can explain that tethering is required for conventional nucleus to provide mechanical
rigidity to recapitulate the notion understood from the experiments in which the

heterochromatin at the border provides stiffness.

3.11 Genome-wise consequences of the mechanical force exerted on the nuclear shell

The genomic contact maps constructed from experiments demonstrated that when cells
are under mechanical pressure, such as migration, the interaction of compartments can be
altered®>"*, Thus, we examined how the interactions between compartments were changed
utilizing the genomic contact probability, p(s). The contact probability was measured
separately for each polymer chain, and then the results were summed up and averaged.
We separately calculated the contact probability within the whole polymer chain for
heterochromatin and euchromatin domains (Figure 73). We compared two cases with and
without tethering. Since the chromatin tethering provides chromatin-based stiffness, we
investigated how the chromatin interactions change. Our results revealed that the
interaction between euchromatin segments was altered with pulling (Figure 73A). In this
case, tethering prevented the segmental deformation of the euchromatin domains, which
the euchromatin compartments tend to contact more frequently. The same analysis was
done for the facultative heterochromatin domains, in which there was only a slight change
in the tethering case compared to the without tethering. Overall, the facultative

heterochromatin domain interactions seemed not to be affected by the pulling.
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Figure 73 Contact probabilities of polymer chains. A) Segment-wise analysis for

euchromatin B) Segment-wise analysis for heterochromatin.

Additionally, we constructed the genomic contact maps (Figure 74). The contact maps

showed that there was no evident change in the compartments.
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4 Conclusion

Previous studies revealed the importance of the role of chromatin in nuclear morphology
and mechanics?%-30:31:33354548,50,52.52.53.66 \\je developed a coarse-grained model to study

the effect of chromatin on nuclear morphology and mechanics.

At first, we showed that we could recapitulate the phase-separated conventional and
inverted nucleus in a deformable elastic shell. Inverted nucleus simulations indicated that
fluctuations were suppressed when heterochromatin no longer interacted with the nuclear
shell. This suggested that heterochromatin contributes to nuclear shape fluctuations.
Moreover, crosslinking of constitutive heterochromatin demonstrated the change in
kinetics and separation of the chromocenters while ineffective to nuclear shape
fluctuations. Furthermore, the volume fraction was shown to influence the nuclear shape
fluctuations. High volume fraction was suppressive for the nuclear shape fluctuations,
whereas low volume fraction accompanied the deformations in the nuclear shape more
frequently. Additionally, the heterochromatin-lamina interactions regulated the nuclear
shape fluctuations. As the heterochromatin attraction to the nuclear shell was increased,
extreme deformations were observed, which the low volume fraction exhibited an additive
impact on the shape’s fluctuations. Heterochromatin’s interactions with lamina not only
regulated the shape’s fluctuations but also governed the phase separation in interplay with
its self-attraction. The phase separation altered the spatial organization of the chromatin
polymers inside the nuclear shell, and the variation in the spatial organization influenced
the nuclear morphology. Heterochromatin amount was proportionally correlated with the

nuclear shape fluctuations, in which higher heterochromatin fractions led to deformations
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in nuclear morphology. Additionally, pulling simulations demonstrated that tethering and
crosslinking of chromatin resulted in stiffer nuclei. Furthermore, the nuclear shell became

stiffer as the crosslinked heterochromatin fraction was increased.

Overall, our simulations suggest predictions about chromatin's influence on nuclear
morphology and mechanics. We observed contradictions to previous studies revealing that
the heterochromatin contributes to nuclear stiffness and prevents deformations. However,
we observed prominent shape abnormalities as the heterochromatin fraction increased.
This could be explained by the absence of tethering accompanying the high diffusivity of
heterochromatin beads that resulted in deformations. Additionally, all the heterochromatin
beads in our model were allowed to interact with the nuclear shell to recapitulate the
conventional nucleus completely; hence, this could be another reason for the high shape’s
fluctuations. Furthermore, the contradiction observed in our results could be related to the
structure of the nuclear shell in our model. The shell beads could not imitate the nuclear
lamins, which provide bending rigidity to the nucleus. Thus, our shell model can resemble
the nucleus with low lamin levels or be considered a lamin-free nucleus. However, the
model was able to capture the experimental findings in nuclear mechanics. Hence, while
this model effectively recapitulated the observations in nuclear mechanics, it exhibited
limitations in studying nuclear morphology with the current design. Therefore, this model
could be further improved in the future by providing bending rigidity inspired by the

nuclear lamina.
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