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Abstract

DNA is a storage containing complete data for a living thing. Due to the
enormous information, the DNA is exceedingly longer than the cell diameter.
To save the data within the cell, DNA has to be folded into the high-
order structure. The proteins such as nucleoid-associated protein(NAP) and
histone and even the crowded condition of the cell are associated with the
compaction process. In this thesis, we show the influence of the proteins and
the environments to the folding or the assembling processes with molecular
dynamics simulation at the variety of length scale.

As the smallest length scale, we observed a bending process of DNA by
integration host factor (IHF) using all-atom molecular dynamics simulation.
IHF, a member of NAPs in a prokaryote, behaves as a transcription factor
by bending specific site of DNA dramatically. The interplay between IHF
and DNA has been known as two-steps, which are binding and bending.
Following the experimental result, our investigation comprised various of
short-time binding simulations and long-time bending simulations. We fig-
ured out that only a proper binding state similar to the X-ray crystallogra-
phy structure brings the bending process. Also, we show that the fluctuation
of arm-like � strands and the arginine salt bridge to DNA are necessary to
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bend DNA.
We studied the depletion effect between nucleosome clutch models us-

ing coarse-grained molecular dynamics simulations. The depletion effect is
an entropically induced attraction between colloids from the crowded en-
vironments. To study the depletion effect on DNA, we created the hete-
rochromatin and euchromatin clutch models based on the realistic density.
The depletion effects were measured with the nucleosome clutches using the
constraint-biased molecular dynamics simulation and the Monte-Carlo sim-
ulation. The depletion effect only appeared between the heterochromatin
clutch which had a rigid surface. This result suggests that the collapse of
the clutches may require high internal density.

We also investigated the growing process of nuclear bodies using coarse-
grained model. A collection of RNA and proteins called a nuclear body
appears and disappears according to cell cycles to enhance the transcrip-
tion processes. We introduced the liquid phase of the Lennard-Jones (LJ)
particles as a model of a nuclear body. We investigated the phase separa-
tion aspects in the existence of a long polymer chain which was a model
of DNA. We figured out that the attractive polymer to the LJ particles
assisted the phase separation process. In other words, the attractivity of
nuclear body components to DNA might determine the place where nuclear
body appears.

Keywords: DNA, IHF, depletion effect, nucleosome clutch, phase separa-
tion, nuclear body.
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Chapter 1

DNA in a biological system

DNA is a blueprint which provides all information to build proteins for liv-
ing things. The sequences of proteins are encoded by four-byte codes of nu-
cleotides, adenine (A), cytosine (C), guanine(G), thymine(T). The codes of
nucleotides are sequentially connected using the sugar-phosphate backbone.
The chemical connection called phosphodiester bonds allows a sequence sta-
ble. Also, the sequence has a backup next to the codes. Each nucleotide has
a given pair, A-T and C-G that connects the opposite nucleotide using hy-
drogen bonds. Although the hydrogen bond is weaker than the chemical
bonds, the complementary codes are strongly coupled due to the massive
amount of hydrogen bonds. The phosphodiester bonds and the hydrogen
bonds like zipper make DNA stiff and strong. Eventually, DNA is a safe
medium of genetic codes.

Since DNA has been employed to save blueprints from the beginning
of evolutions, the sequence contains not only the proteins for the current
organism but also the history of the evolutions. Because several enzymes
are inherited from ancestors, the enzymes such as insulin are commonly
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used for the mammals, and the above 90 percent of the human genome
and the rhesus monkey genome are shared. [1] Also, DNA has unused areas
which are not directly involved in generating proteins. The areas called
‘noncoding DNA’ occupy 98 percent of all codes in case of human. Recently,
it is discovered that it has biochemical functions such as protein binding to
assist the expression of adjacent genes and folding to be packaged. Due to
the cumulated data and noncoding DNA, DNA is extremely longer than
the cell diameter. For example, the human DNA is over 3 billion base pairs
which correspond to an order of meters.

To save into the cell and to unpack to make proteins, the cell makes
DNA be folded into the multi-level structure. The eukaryote cell employs
histone octamer to fold DNA as shown in figure 1.1. DNA wraps histone
octamer by 1.7 turns, and this histone-DNA complex is called nucleosome.
A nucleosome is a basic unit of packaging DNA at the eukaryote cell. It
had been known that the nucleosome collection forms the fibers which have
30 nm diameter, called chromatin fiber. At the metaphase, the chromatin
fibers are condensed to make the chromosomes. In the recent study, however,
the collection of nucleosomes called "clutch" determines the compaction
of DNA, not the fibers [3]. The less and more dense nucleosome clutches
determine the euchromatin and heterochromatin area which are the active
and the disabled region of the nucleus respectively. On the other hand,
at the prokaryote, the cell employs proteins such as nucleoid-associated
proteins(NAPs). Since the nucleus does not exist at the prokaryote, DNA
has to be twisted and untangled to be saved and used. The process called
supercoiling is assisted by NAPs. For example, the volume compaction of
DNA is observed in existence of NAPs. Also, NAPs assists the transcription
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Figure 1.1: The compaction process of DNA in a eukaryote [2]. DNA makes
the nucleosome by wrapping histone octamer, and the nucleosomes consti-
tute the chromatin fiber, and the fiber makes the chromosome.
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process by managing the chromosome structures.
Besides, the environment of the cell could influence the folding-unfolding

processes since the 30 percent of cell volume is always occupied by cell
components. For example, the crowded conditions induce the attraction
between colloid particles by entropic effects. Also, the crowded environments
disturb the diffusion process, which causes the decrease of the reaction rate.
On the other hand, the crowded environment accelerates the reaction rate
by increasing effective densities. In other words, the crowded environment
may induce the unexpected results in the in-vitro experiments.

Those complex processes of DNA have been studied in both experiments
and simulations, but it remains unclear. In this thesis, we investigate inter-
actions between protein and DNA, an influence of environment to DNA,
and a phase separation process controlled by DNA as a part of the complex
processes of DNA.
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Chapter 2

Computer simulations

The observation of single molecules is a bottom-up approach to explain
chemical and physical properties of natural phenomena. The experimental
techniques called single molecule spectroscopy (SMS) have been developed
to observe single molecule. Now we can recognize single molecules down to
several nanometer length scales and femtoseconds time scales by tracking
an attached dye. However, the spectroscopy resolution has to be limited by
the diffraction limit. Also, an observation action such as an electromagnetic
field and an attached dye would influence the properties of single molecules.
Here, we introduce the another way to observe single molecule: computer
simulations. The computer simulation reproduces the molecules on the vir-
tual system.

The most common simulation method to observe biological system is
molecular dynamics (MD) simulations. The MD simulations describe move-
ments of all atoms of simulation system using Newtonian equations. To
obtain the force of the Newtonian equations, the simulations usually em-
ploy Lennard-Jones potential and the Coulomb potential and the prede-
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fined potential describing chemical bonds and angles. Now we can obtain
the trajectories of all atoms using numerical integration. The minimum of
numerical integration time steps is defined by the highest frequency of the
chemical bond. We employed two femtoseconds as a time step for the MD
simulations. Although the situation cannot provide the bond making and
breaking, MD simulation is a great tool to observe detailed structure of
biological molecules such as protein and DNA.

However, the MD simulations have limitations to simulate the biological
system. At first, MD simulation includes not only the target molecules but
the environments. A lot of computational resources are consumed by cal-
culating solvents. Also, the biological complexes are usually heavy to simu-
late. Thus, MD simulation of biological system demands massive simulation
resources. To improve computational power, we employed the multi-CPU
method and the GPU-assisted simulation method. The calculations of MD
simulations are easily divided based on area or atom number and distributed
to CPUs in the multi-CPU algorithm. With this algorithm, the simulation
performance is linearly dependent on the number of involving CPUs. In the
GPU-assisted method, the time-consuming force calculation is performed
by GPU. Since GPU is specialized to calculate the floating point calcu-
lation used in force calculation, the calculation speed is much faster than
CPUs. Using those methods, we improve the simulation performance up to
50 times.

The other way to improve the efficiency of the MD simulation is ’coarse-
graining’. The coarse graining describes neighboring atoms as a bead. For
example, at DNA molecule, the backbone area and the base area of a nu-
cleotide are bundled as a backbone bead and a base bead. Then the number

7



of particles describing DNA is reduced by 1/15. It not only reduces the num-
ber of calculations but the increases minimum time step of MD simulations
since the minimum frequency decreases. Although the detailed structure
and degree of freedom are eliminated, the required resources are incredi-
bly reduced. If the simulation requires the limited information, the coarse
grained MD simulations are the best way to investigate.
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Chapter 3

Overview

In this thesis, we investigated the interaction between a protein and DNA,
the influence of crowded condition on the DNA clutch, the phase separation
of nuclear body assisted by DNA. To observe detailed structure changes of
proteins and DNA, we employed the all-atom MD simulations. However,
the coarse-grained MD simulations were employed to study the crowded
condition and phase separation process since we focused on the volumes of
each component.

3.1 The binding and bending process of IHF

In Chapter 4, we demonstrate the binding and bending process between
IHF and DNA via all-atom MD simulations. IHF, a member of NAPs in
prokaryote, is composed of two subunits including two � strands and entan-
gled ↵ helices. IHF controls transacting process such as transcriptions and
replications by bending DNA. The bound DNA is bent up to 160 degrees
in several base pairs, which is unusual in consideration that the persistence

9



length of DNA is 100 base pairs. Through the sharp bending, IHF facilitates
the interaction at a nucleoprotein array. According to the recent experimen-
tal study, the bending process is composed of binding and bending steps.
However, the experiments are limited to identify the detailed processes such
as a role of a specific protein residue. We observe both processes in binding
and bending stage simulations.

At the binding stage, we observed the ensemble of a binding process via
various of 100 ns MD simulations. The final structures were categorized into
three classes, an X-ray crystallography like structure called class 1 and other
classes. We found that a large fluctuation of the arm-like � strands assists
IHF to find the DNA and to take a class 1 type position. At the bending
stage, we observed a bending process among 6 of MD simulation trajectories
starting from the representative snapshots of the binding stage. The bending
process arose only in one trajectory starting from class 1 from the binding
stage, and it occurred only in 10 ns following 300 ns of steady state. The
fluctuation of IHF arm also contributed to the bending process by making
DNA fluctuate. Then, the salt bridge between the arginine residue and DNA
brought the bending process. If an arginine at the side of IHF formed a salt
bridge by touching DNA, the bending process suddenly occurred from the
hydrophobic interaction. In summary, we figured out that the function of
arm region of IHF and the arginine salt bridge using direct observations.

3.2 The specific attraction by chromatin density

In Chapter 5, we explain the depletion attraction between nucleosome col-
loid models using coarse-grained MD simulations. The depletion attraction
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is an entropically induced attraction between colloids in existence of small
crowding agents. When the two colloids approach, the depletion attraction
arises from the reduction of excluded volume of colloids. The attraction is
well described by Asakura-Oosawa theory in the case of hard sphere model.
However, biological molecules such as proteins, DNA, and RNA have var-
ious surface profiles for different purposes. For example, chromatin at the
heterochromatin area has a solid surface but that at euchromatin area has a
fluffy surface. Since chromatin at heterochromatin area is tightly collapsed
to save DNA, but that at euchromatin area is loosely collapsed to use DNA.
Of course, the biological system is always crowded from the cell components.
The model study of the nucleosomes in existence of crowding agents could
be a chance to discover the hidden effects.

To study the depletion attraction between eucaryotic DNA, we created
a nucleosome model using repulsive Lennard-Jones(LJ) particles. Based on
the nucleosome model, 30 nm sphere shaped heterochromatin and euchro-
matin models were built using the corresponding fiber densities. Since the
environment changed the structure of the model, we measured depletion
attractions using constant-biased MD simulation and Monte-Carlo (MC)
simulations. The entire potentials were measured from MD simulations,
and repulsive potentials between the models in the absence of the crowding
agents were measured from MC simulations. The depletion attraction was
estimated by subtracting the repulsive potentials from the entire potentials.
We figured out that the depletion attraction does not appear with the eu-
chromatin models. The fluffy surface of euchromatin model did not induce
the reduction of excluded volume. It suggests that the depletion attraction
specifically enhances collapsing between heterochromatin models.
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3.3 The polymer-assisted phase separation

In Chapter 6, we describe the phase separation of LJ particles in existence
of polymer as a coarse-grained model of a nuclear body near chromosome.
Nuclear bodies which are composed of proteins and RNAs are in spherical
shapes. The sizes of nuclear bodies vary by the types and compositions and
can be up to several micrometers. They appear and disappear according to
the cell cycles to enhance the transcription process. Nuclear bodies are cate-
gorized into two types; an activity-dependent nuclear body such as nucleoli
and HLBs formed near the chromatin, and an activity-independent nuclear
body such as Cajal bodies and PML bodies which independently appears.
Also, the growing models of nuclear bodies are suggested to stochastic or
protein-induced assemble models. To identify the influence of attractions
between nuclear body components and DNA on the growing process and
positioning, we investigated the growth mechanisms of nuclear bodies in
existence of chromosome via MD simulation methods.

The formation of a nuclear body was modeled as a phase separation
process of LJ particles due to the droplet-like behavior and an absence of
the membrane. The liquid phase droplet described the nuclear body, and LJ
particles were nuclear body components. The simulations were performed at
higher and lower LJ particle densities where the LJ particles were sponta-
neously separated at the higher density, but not at lower density. Meanwhile,
as a model of a chromosome, the fractal polymer chain was introduced. The
polymer chain was embedded at all phase separation simulation with various
interaction strength between polymer chain and LJ particles. The attractive
polymer helped the association process by collecting LJ particles. Even in
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the lower density, the phase separation occurred in existence of an attrac-
tive polymer. Thus, the attractive polymer let the phase separation of LJ
particles. In conclusion, we provided the physical insight to the formation
mechanisms of nuclear bodies.
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Part II

All-atom molecular dynamics

simulations
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Chapter 4

The binding and bending process of IHF
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4.1 Introduction

The nucleoid-associated proteins (NAPs) in the prokaryote, in the same
manner of the histones in the eukaryotic cell [4–6], assist DNA to be dra-
matically compressed into cells by bridging, bending, and stacking [7–9]. For
example, the 4 million basepairs [10] of DNA are compressed into a E.coli

cell. In other words, the several mm of strands are stored in only a few
µm. The contribution of NAPs in compression of DNA volume has been
shown in experiments [11,12] NAPs also contribute the transacting process
by organizing the topology of DNA [8,9]. For example, integration host fac-
tor (IHF), a member of NAPs, act as a transcription factor in E.coli by
bending DNA [13,14]. The process of these interactions between NAPs and
DNA has been investigated by both experiments and computer simulations
but it remains unclear.

This chapter focuses on IHF which is a Y-shaped protein, comprising in-
tertwined ↵-helixes and two flexible �-ribbons. IHF assists various transact-
ing processes such as recombination [15], replication [16,17] and transcription
regulation [18–21] by binding to the specific sites of DNA [22–24]. When IHF
binds DNA, DNA is bent up to 160� in several basepairs even though the
persistence length of DNA is 100 basepairs [25,26]. The sharply bent DNA
was observed via SFM image technic [27], and the binding structure was re-
vealed by X-ray crystallography [25]. The mechanical property of IHF was
used to measure a binding/unbinding time of IHF [28] and the DNA sequence
dependent [29]. Furthermore, the association of IHF and DNA was revealed
as a two-state process using time-resolved FRET with stopped-flow and
T-jump kinetics methods [30–32]. The first process was the binding between
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IHF and DNA, and the second process was that IHF bends DNA. However,
the detailed mechanisms of binding and bending of IHF at the molecular
level are not fully discovered yet.

Besides, the investigations of NAPs using molecular dynamics (MD) sim-
ulation have been performed. Using the simulations, the internal motions
of DNA-protein complex system are observed to answer the specific ques-
tions [33]. For example, HU, an IHF-like protein in E.coli, has a preference
to bent DNA [34]. Although the simulation is coarse-grained MD simulation,
the result reveals that the binding between HU and DNA requires the inter-
play of both structures. In the case of IHF, an influence of salt concentration
on binding was studied [35]. However, DNA-protein bending simulations have
been focused on the free energy study with external forces [36,37] rather than
the direct observation without external forces. Since the bending process of
DNA is believed as highly enthalpic process due to the stiffness of DNA,
the external forces have been applied to sample the phenomena in limited
simulation resources.

Here, this chapter shows the complete processes of binding and bending
phenomenon to figure out the role of IHF parts. The binding and bending
MD simulations with absent or negligible external force were performed.
The binding simulations were starting from separated IHF-DNA pair and
the bending simulations were starting from the representative snapshots of
binding simulation. We classified the binding behavior into three classes
to describe the binding ensembles. We also figured out that a particular
binding state brings bending process.

This chapter is organized as follows. The simulation models and meth-
ods are described in Section 4.2. The simulation results and discussions
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are reported at Section 4.3. Our findings and viewpoints are concluded in
Section 4.4.

4.2 Models and simulation methods

4.2.1 Simulation Materials

An initial structure of IHF was adapted from X-ray structure of Protein
Data Bank (PDB) entry 2HT0 [25] shown in figure 4.1 (a). IHF consisted
of two different subunits where each subunit contained �-ribbons and ↵-
helixes. The prominent �-ribbons regions and the bundled ↵-helixes re-
gions were defined as arm and body respectively as shown in figure 4.1(b).
The body was divided into two parts, a half near the arm region called
head and the other region called tail. Since the structure of DNA at X-
ray structure was already bent, the straight B-form of DNA was generated
from the center part of the X-ray structure sequence. The sequence is AA-
CAAATTGATAAGCAATGCTTTT.

4.2.2 Simulation Methods

The simulations comprised the isolated simulation stage, the binding sim-
ulation stage, and the bending simulation stage. The MD simulations of
IHF without DNA were carried out in the isolated simulation stage. The
basic dynamic properties of the residues and entire IHF in the absence of
DNA were observed. The simulation box was a cubic box with 107 Å box
lengths, and periodic boundary condition was applied. The production sim-
ulation time is 200 ns after the minimization process. The six independent
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(a)

(b)
Arm

Body
Head

Tail

Figure 4.1: A snapshot of bound IHF-DNA complex imported from 2HT0
PDB database (a). IHF and DNA are colored by blue and orange, respec-
tively. The definition of IHF parts(b). The two � strands on top of IHF are
named arm, the ↵ helix complex are named body. Especially, the upper part
of the body attaching arm is called the head, the opposite part is called the
tail.
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trajectories were carried out from the production simulation. To measure
the fluctuation properties, RMSD and RMSF were obtained using following
equations where � was the position difference between an atom and the ref-
erence structure, and i and t represented an atom index and a time index
respectively.

RMSD(t) =

vuut 1

N

NX

i=1

�

2
i (4.1)

RMSF(i) =

vuut 1

T

TX

t=1

�

2
t (4.2)

In the second stage, the binding aspects were observed without any
external force between IHF and DNA. At the initial condition, the generated
DNA molecule was aligned to z direction and the z length of simulation box
was restricted to 90 Å which corresponded to the length of DNA molecule.
The weak harmonic restraint k = 0.02kJ/mol was applied to all DNA atoms
to prevent DNA molecule from rotating but the restraint did not affect the
dynamics of DNA [38]. IHF was placed at the center of the square whose
vertices are DNA molecule and its periodical images. The simulation box
lengths along x and y directions were 110 Å. The initial structure of IHF
was two types shown in figure 4.3; one was that IHF is parallel to DNA
(a), and the other one was that IHF is perpendicular to DNA (b). The 44
independent trajectories were generated, and each trajectory simulates as
long as 100 ns. The initial velocities were randomly assigned to 300K.

In the last stage, the MD simulations as long as 2 µs were performed
starting from the three representative final snapshots at the binding stage.
The restraints to DNA was eliminated to observe the bending motion of
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DNA. The velocities were randomly re-assigned to 300K to generate inde-
pendent trajectories. The two trajectories were produced from one repre-
sentative snapshot.

All simulations were carried out with GROMACS versions 4.5.4 and
5.1.1 [39]. The latter version was employed for GPU assisted simulation to
accomplish the long simulation. The CHARMM27 force field with TIP3P
water model [40] was employed. The simulation timestep was 2 fs with the
leap-frog integration algorithm. The temperature was maintained to 300K
by the nose-hoover thermostat. Electrostatic interactions were handled by
particle mesh Ewald summation. All simulations started after energy mini-
mization and 100ps of NPT equilibration with Parrinello-Rahman barostat
for pressure to be coupled to 1 bar. All simulations were performed in 3D
periodic boundary condition with a rectangular parallelepiped. Each simu-
lation was carried out with 0.1 M of NaCl ions and extra Na+ or Cl� for
charge neutrality.

4.3 Results and Discussions

4.3.1 Isolated IHF stage

We measured root-mean-square deviation (RMSD) and root-mean-square
fluctuation (RMSF) shown in figure 4.2 (a) and (b) respectively. RMSD
indicates the entire fluctuation of IHF at a time, and RMSF measures the
fluctuations of the residues at a particular time interval. The RMSD of
IHF stayed below 4 Å except 100 to 130 ns and 150 to 180 ns period. To
figure out the origin of the increased RMSD, we measured RMSF at two
representative time interval. The 0 to 50 ns and the 100 to 150 ns time
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Figure 4.2: The Dynamic properties of isolated IHF. RMSD of IHF (a),
RMSF of IHF at high-RMSD state(1 00 to 150ns) and low-RMSD state(0
to 50ns) (b). At the high-RMSD state, the RMSF increses only at the arm
region.
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intervals were chosen to represent the stable and excited state respectively.
The difference between RMSF of the two intervals only arisen at the arm
region. Besides, the RMSF at the body region held below 2 Å except the
end of first IHF unit as shown in figure 4.2 (b). The RMSD and RMSF
showed that dynamics of IHF divide into high and low fluctuation region,
arm and body respectively. We generated the six different trajectories, but
all trajectories gave same properties.

The arm region had more fluctuation property than the other parts since
the structure was prominent � strand. The prominent property let the arm
region have space to fluctuate, the � structure enabled itself to fluctuate.
We measured the distance between tips of arms to estimate the flexibility
of IHF arm. The average distance was 55 Å but the distribution of distance
widely ranged, from 32 to 72 Å, and the standard deviation was 6 Å. The
arm of IHF behaved like the freely jointed chain. The high flexibility of arm
region let the arms not only have more opportunity to interact with DNA
at the binding stage but help to change its binding state at the post binding
stage. The both phenomenon are described at the next two stage.

4.3.2 Binding stage

In the binding stage, MD simulations of IHF and DNA pair were carried out
in the absence of the external force between IHF and DNA starting from
the two different initial structure shown in figure 4.3. The weak restraints to
prevent rotate DNA were applied in this stage simulations. We found that
IHF bounds DNA at the 41 trajectories among the 44 trajectories.

To distinguish a bound state of IHF and DNA, we defined reaction co-
ordinate as a distance between IHF and DNA in the x-y plane. Since DNA
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(a)

(b)

vIHF

vIHF

vDNA

vDNA
Figure 4.3: The two different initial configuration of binding stage. DNA is
aligned to z direction but IHF is aligned z and xy directions. The VDNA

and VIHF vectors indicate the direction of DNA and IHF respectively.
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was prevented from rotating and the simulation box size fit to the DNA
length, DNA was infinitely connected in the periodic boundary condition.
The distance between the center of masses of IHF and DNA in the x-y
plane represented the minimum length of IHF-DNA pair wherever IHF ap-
proached any part of DNA. The initial value of the reaction coordinate was
77.8 Å.

While IHF approaches DNA, IHF freely diffused and rotated or even
changed an approaching target DNA to another, its periodic image. We
found that the reaction coordinate reaches 25 Å, the reaction coordinate
did not increase afterward. We defined the bound state where the reaction
coordinate is less than 25 Å. From the defining bound state, the binding time
which was a consumed time to bound state was measured. The averaged
binding time was 42.2 ns and the number of unbound trajectories with
respect to simulation time was shown in figure 4.4. The number of unbound
states decreased as if exponential decay, which corresponded to the first-
order reaction.

At the beginning of the binding, IHF had directionality to DNA. The
binding mainly started with the touching by the arm or the collision of
IHF head group to DNA. The preference came from the effective accessible
surface area. The effective accessible surface was defined as a virtual surface
where the protein can access DNA. Since the arm of IHF had a flexible
structure, they expanded the effective surface from the area itself. However,
the surface of IHF body was fixed to itself due to the rigid structure. The
extended area of the IHF arm and head group increased the chances to meet
DNA and it brought the directionality of IHF.

To characterize the binding aspects of IHF at the binding stage, the
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Figure 4.4: The number of unbound IHF trajectory at a time. The number
decreases as simulation progress. The exponentially fitted curve is shown in
a dotted graph.
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Figure 4.5: Representative binding snapshots of each class and the order
parameter map of all bound trajectories. The class 1 and 2 represents that
IHF is orthogonal to DNA, the class 3 represents parallel state. The class 1
and 2 is distinguished for IHF heading to DNA or not.
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relative angle (✓) and the binding mode (�) were defined. The relative angle
was an angle between direction vectors of IHF(VIHF ) and DNA(VDNA)
which were shown in figure 4.3. The direction vector of IHF was determined
by the difference between the centers of mass of the head group atoms and
tail group atoms described in figure 4.1 (b). The direction vector of DNA
was ẑ since the DNA was aligned along z direction and weakly fastened
avoiding to rotate in binding stage. The relative angle must be 90� while
the IHF and DNA encounter similar to the X-ray structure.

However, IHF and DNA faced by different to the X-ray structure even
though the relative angle is 90�. When IHF approached DNA by their body,
for example, the binding aspect was different from the X-ray structure while
the relative angle was 90�. To distinguish the X-ray like and unlike struc-
tures, the binding mode was introduced for classifying the direction of IHF.
The variable was one only when the both arms of IHF interact with DNA,
otherwise zero. The arm and DNA were interacting when the distance be-
tween the tip of the arm and nearest phosphorus atom at DNA was less than
21 Å which was determined empirically. The binding aspect was similar to
the X-ray structure while the relative angle was 90� and the binding mode
was one.

The binding states were classified into three classes using the relative
angle (✓) and the binding mode (�). The representative snapshot of each
class was shown in figure 4.5. At the class 1, IHF binded DNA with their
arm region which corresponded to the X-ray structure of IHF-DNA com-
plex. To satisfy the description, the DNA vector and IHF vector had to be
orthogonal, and both arms had to interact with DNA. In the same manner,
the relative angle (✓) was in between ⇡/4 to 3⇡/4 and the binding mode
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Relative angle(✓) Binding mode (�)
Class 1 ⇡/4 < ✓ < 3⇡/4 1
Class 2 ⇡/4 < ✓ < 3⇡/4 0
Class 3 ✓ < ⇡/4 or 3⇡/4 < ✓ 0,1

Table 4.1: The criteria of the relative ange(✓) and the binding mode (�).

(�) was 1 in class 1. At the class 2, IHF bound DNA alike the class 1 but
bound using the side of their head groups. In this class, the condition of the
relative angle (✓) was same to the class 1 but the binding mode (�) was 0.
In the last class, IHF bound DNA by their body which included side groups
of head and tail. At the class 3, the IHF vector and the DNA vector were
parallel to each other. ✓ at this class had to be less than ⇡/4 or larger than
3⇡/4. The figure 4.5 shows the relative angle and the binding mode at the
end of each trajectory and the representative snapshots of each class. The
criteria of the relative angle and the binding mode were arranged at the
table 4.1. At the ends of the simulations, the 17, 9, and 15 trajectories were
ended with the class 1, 2, and 3 respectively.

The detailed binding aspects by the classes were investigated using con-
tact number (N). The contact number of an IHF residue was the number
of phosphorus atoms at DNA which were closer than 10 Å from the alpha
carbon of the residue. The variable described the binding strength of each
residue. It increased while the residue of IHF approached or bound DNA.
Thus, the contact numbers were the projected contact map of IHF-DNA
pair to dissipate the sequence information of DNA. Using contact number,
the binding aspects were observed without specificity of DNA.
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Figure 4.6: The averaged contact numbers of IHF at first attach by class
(a). IHF meets DNA by its arm part at class 1, mainly collide DNA by its
body at class 2. At class 3, both cases are mixed. The averaged IHF contact
numbers of each class are shown in (b). At the class 1, the contact sites are
expended into arm region only. However, in the other classes. the contact
sites are spread into whole system.
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The fraction of the contact numbers at the beginning of the binding
process by the classes were shown in figure 4.6 (a). The contact numbers
at each trajectory were sampled from the binding time until the accumu-
lated contact number reached 20. The sampling method contained the weak
interactions such as the grasping DNA by the tips of arms as well as the
strong interactions such as the collision by the body of IHF in the same
amounts. At the class 1, all interactions started with the binding between
the tips of arms and DNA. The interaction population corresponded to the
fluctuation of the IHF shown in figure 4.2 (b). It held that the rocking of
arm group enhances the accessible area. The more rocking arm group ad-
vanced the interaction to the DNA. On the other hands, the interactions
started from various parts of IHF at the other classes. The classes included
the unwanted interaction such as the colliding the body region of IHF and
DNA, especially the class 2.

If the interaction started, the interaction increased to firm up the class.
In other words, the classes hardly change in the 100 ns simulation. The frac-
tions of the contact numbers of the bound states in each class were shown in
figure 4.6(b). In the class 1, the interaction of tip of arms at the begging of
bound state expanded their interaction into full arms as well as near parts
of the body. In the other classes, the bindings also spread into neighboring
residues although the bound parts are body region. It implied that IHF did
not move along DNA after binding DNA in the binding stage simulation. At
once IHF binds DNA, the binding area did not move to next binding area
even though the center of mass of IHF moves. This immovability suggested
the selectivity of IHF arises not from the first binding process. The selec-
tivity might be originated from the dissociation rate of IHF-DNA complex
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or might require the long time scale larger than 100 ns of simulation time.

4.3.3 Bending stage
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Figure 4.7: The contact number (N) and snapshots at starting and end
point of extended simulations from representative snapshots of each classes.
We ascertain that IHF bends DNA from class 1 during 2µs MD simulations.
However, the DNA molecules at the other classes exist straightly.

In the bending stage, we performed the 2 µs of MD simulations starting
from the representative snapshot of each class at the binding stage. With
reassign of the velocities, the two distinct trajectories were carried out in
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each class. The small restraints maintaining the align of DNA were removed
in this simulations. The bending process arose at one trajectory starting
from the class 1 among six trajectories. The disassembly process or the
sliding along DNA did not occur in the simulation time. The bending process
was investigated using the contact number (N), RMSF of IHF, and the
DNA bending angle. The DNA bending angle was measured to represent
the bent state of DNA. The DNA bending angle was the angle between
vectors, which were connecting between the basepair at the center of DNA
and the basepairs at the ends of DNA. Since the origin of one vector was the
center and that of the other vector was the end of DNA, the DNA bending
angle was 0 when the structure of DNA is straight.

The three representative trajectories were examined using the contact
number shown in figure 4.7. At the class 1 trajectory, the high contact
number was distributed widely at the border of arm and body in the early
simulation time. It represented the tight binding between IHF head and
DNA. Since the head group of IHF held DNA, the arm group of IHF fluctu-
ated more than the IHF arm grasp DNA. The rocking DNA motions were
observed indirectly, the small contact number fluctuation at the side of the
IHF body. At the center of the contact number map, the fluctuation of
tiny contact number was observed. After making bridging, the tiny contact
number growed into the large association.

At the other trajectories, the sum of the contact numbers increased but
the number of increased bindings did not bring the bending of DNA. The
primary reason for failure to bend was that the only one part of the arm
was interacting with DNA. The unbound arm slip on grasping DNA due to
the directionality of arm group. Since the tips of arms faced the opposite
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direction, the arm of IHF only enhanced binding between IHF body and
DNA, not between IHF head and DNA. In the 2 µs simulation time, this
study failed to observe the free arm binds DNA. In other words, the class
1 type binding, binding DNA using the head group, was essential for the
activity of IHF. It corresponded to the protein HU, very similar NAPs to
IHF, which lost the activity when the head groups are mutated [41].

We investigated the sliding of IHF under DNA, but any sliding event
did not occur in the simulation time. The contact numbers at the side of
DNA were measured, the enhancements of existing bindings were observed
only. Even IHF in the class 2 changes their binding class to the class 3 as
shown in figure 4.7, the events did not bring the sliding.

We investigated the detailed process of the bending process. The bending
process occurred within only 10 ns, which was following the 300 ns of the
steady structure of DNA. The sum of the contact number fluctuated at the
steady state region, but it suddenly grew at the starting point of bending.
The DNA bending angle also suddenly increased at the same time of the
contact number grown. However, RMSF of arm region of IHF did not follow
the tendency of the DNA bending angle. As shown in the isolated IHF
simulation stage, the arm part of IHF was very active. The active state
continued even the bending process ended as shown in figure 4.8(c). Since
DNA bound to the head group of IHF tightly, the fluctuation of arm region
of IHF made DNA rock. The rocking DNA had more chance to attach the
body region of IHF as shown in figure 4.8(a).

When the DNA approached the IHF body, the plus charged arginine
sidechain at the side of IHF body arranged to meet DNA as shown in fig-
ure 4.8 (b) snapshot. Since the target sight of the arginine was not defined,
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Figure 4.8: The simulation snapshot of DNA bending motion and corre-
sponding RMSF. IHF and DNA are expressed by blue and orange respec-
tively. The surface is indicated the same color. The red residue is arginine
residue. The fluctuation of arm region of IHF enhances the movement of
DNA (a). Starting from the arginine salt bridge (b), the bending suddenly
occurs (c). The large fluctuations of arm group are observed in all cases. At
the formation process of arginine salt bridge (b), an increase of RMSF at
the arginine salt bridge is observed (red arrow).
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the arginine searched all surface of DNA. The finding process was observed
from increased RMSF in the center part of figure 4.8 (b) pointed red ar-
row. After the process, the arginine established the salt bridge connecting
IHF and DNA. Once the salt bridge was established, the immediate bind-
ing arose. The immediate binding reduced the solvent accessible surface
area (SASA) of the IHF-DNA complex as 1500 Å2 which corresponded to 8
percent of the entire surface. In other words, the salt bridge initiated reduc-
ing surface by making the torus-like structure. The hydrophobic interaction
filled in the hole by attaching DNA and IHF side.

This result might validate that IHF bends DNA by two steps. The
straight DNA structure continued at least 300 ns which were three times
larger than the simulation time of the binding stage. The division of the
simulation stages was nothing but the separation of the time scale. Besides,
the role of the arm region and the arginine bridge required that the sequence
of the binding and the bending.

4.4 Conclusions

This study demonstrated that the aspects of binding and bending motion
of IHF and DNA. At first, the dynamic behavior of IHF was revealed using
RMSD and RMSF analysis. The arm region of IHF had large fluctuation,
but the other region of IHF was stable. At the binding stage simulation,
the binding aspects were categorized into three classes, the class 1 where
IHF headed to DNA, the class 2 where IHF crossed to DNA, the class 3
where IHF paralleled to DNA. By their shape and rocking arm parts, IHF
enhanced the class 1 type binding which similar to a crystal structure. In
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the bending stage simulation, the bending process was observed in 2 µs
simulations. Starting from the class 1 type binding, the bending process
occurred at a trajectory. The large fluctuation of IHF arm and the bridge
of arginine group cooperated to bend DNA. However, the class 2 and class
3 type interaction did not bring the bending of DNA.

This work revealed the roles of arm region of IHF which were the en-
hancement of binding area of the head group of IHF and the stimulus to
the fluctuation of DNA strands at the bound state. Also, the arginine salt
bridge was revealed as a trigger to the bending of DNA by reducing the
hydrophobic surface. The influences were originated from the larger fluctu-
ations at the arm region and the arginine residue than others. The large
fluctuation area might provide unsuspected information about the protein
interaction.
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5.1 Introduction

Cellular environments are highly crowded with biological macromolecules [42–44]

such as proteins and RNAs and it was shown that the change in the degree
of macromolecular crowding could significantly influence structural [45–48]

and dynamic properties [49,50] of diverse biological processes. Macromolec-
ular crowding also has the non-negligible impact on chromatin structure
as suggested by experimental observations that sharp increase in macro-
molecular crowding induces a significant degree of chromatin compaction
in cell nucleus. [44–46,51] However, structural and mechanistic investigation
of the crowding effect on chromatin has been hampered due to the lim-
ited resolution of microscopic observations. Presumably, it is believed that
the chromatin compaction in highly crowded conditions occurs due to the
entropy-driven effective attraction (also termed depletion effect) induced
between structural units of chromatins by the presence of highly concen-
trated crowders. Detailed understanding of how chromatins respond to the
change in macromolecular crowding may provide valuable information on
the microscopic interactions involved in dynamic genome organizations.

Recently, computational studies confirmed that the crowding-induced ef-
fective attraction can significantly reduce the size of chromatin domains in
more crowded environments. [52–54] In these studies, chromatins were mod-
eled as chains of spherical units with size of several tens of nanometers,
representing the local assemblies of DNA and proteins. In the study on
eukaryotic chromatins, the use of such coarse-grained chains of spherical
units with 30-nm diameter was justified by eukaryotic chromatin structures
with rigid, well-ordered fiber-like nucleosome aggregates of 30-nm thickness,
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widely known as the 30-nm chromatin fiber. In recent years, however, the
concept of the 30-nm chromatin fiber has been challenged due to the lack of
in vivo experimental evidences. [3,55,56] Instead, a recent experimental work
using the super-resolution nanoscopy reported the observation of dispersed
clutches of nucleosomes rather than the highly compacted, 30-nm fiber of
nucleosomes. [3] Discarding the picture of chromatin unit as a 30 nm-thick
rigid fiber and, instead, adopting a new picture of chromatin unit as vari-
able clutches of nucleosomes, the packing density of the nucleosome clutches
may need careful consideration in the study of macromolecular crowding.
Recently, we showed that the effective interaction between two collapsed
chains in crowded environment is significantly influenced by the packing
density of the collapsed chains [52,57] and the same is expected between the
nucleosome clutches. Therefore, it is very timely to revisit the crowding
effect on chromatin compaction by considering more structural details of
nucleosome assemblies beyond the assumption of 30-nm chromatin fiber.

In this work, we perform coarse-grained simulations of model chromatins
in varying crowding conditions and investigate crowding-induced effective
interactions between local sites of chromatins. The local chromatin sites are
modeled by spherically collapsed chains of nucleosomes, mimicking nucleo-
some clutches, in contrast to earlier computational studies where the local
chromatin sites were modeled by single spheres of 30 nm. The structures
of nucleosome clutches [3], however, is yet to be determined and, thus, we
prepared a generic model of nucleosome clutches with variable nucleosome
densities. Typically, chromatin domains in the interphase eukaryotic nucleus
are categorized into euchromatin and heterochromatin based on the physical
compaction state, gene density, and transcriptional activity. [58,59] Euchro-

41



matin is a less condensed, gene-rich, and transcriptionally active domain
whereas heterochromatin is condensed, gene-poor, and transcriptionally si-
lenced. Therefore, the models of nucleosome clutches are prepared to have
two nucleosome densities, one comparable to that of euchromatin and the
other close to that of heterochromatin. Our simulation results using the two
models of nucleosome clutches reveal that the macromolecular crowding can
have distinguished influences on structural units of euchromatin and het-
erochromatin, which could have not been appreciated without the models
of detailed nucleosome assemblies. Our finding that macromolecular crowd-
ing may enhance binding between chromatin units in heterochromatin but
not in euchromatin may have a significant impact in our understanding of
genome organization.

5.2 Models and simulation methods

5.2.1 Theoretical background: Asakura-Oosawa theory

The Asakura-Oosawa theory between hard sphere colloids in existence of
crowding agents is derived from a excluded volume. The excluded volume
is inaccessible area to the other molecules. For example, the center of mass
of small blue hard sphere can not reach inside dotted area of the large
hard sphere colloid shown in figure 5.1. When two colloids approached each
other in existence of crowding agents, the excluded volume is overlapped as
a green area. In the manner of the crowding agents, the available volume
increases as the overlapped volume. Since the free energy of the crowding
agent is described by Helmholtz free energy A = �kBTLogQ, the gained
free energy by the overlapping is �A = �NkBTLog( Vfinal

Vinitial
) where V

initial
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and V

final

are volumes before and after the colloids approaching.

D

d

Figure 5.1: A schematic diagram of Asakura-Oosawa theory. D is a diameter
of colloids, d is a diameter of a crowding agents. The green area represents
reduced excluded volume when colloids approach.

The equation is derived as shown in equation 5.1
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(5.1)

where N , ⇢, and V

crowder

are the number, the volume fraction, and the
volume of crowding agents respectively. The maximum free energy difference
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is �A = �⇢kBT (1+
3D
2d ), where two colloids stick. The free energy difference

increases as the volume fraction of crowding agent (⇢) increases and the ratio
of the diameter of colloids to that of the crowding agents (3D2d ) increases.

5.2.2 Models

Our nucleosome model comprises DNA and nucleosome core. The DNA
is described by linearly connected DNA monomer particles. Each DNA
monomer particle represents six basepairs of DNA which correspond to the
2 nm in the real system. In the MD simulations, the length is reduced by
the diameter of DNA monomer, 1 �. The finite extension nonlinear elas-
tic (FENE) potential shown in equation 5.2 is employed to describe the
connection between DNA particles and to prevent the bond crossing.

U

FENE

(r) = �1

2
k

FENE

R

2
b ln(1� (

r

Rb
)2) (5.2)

k

FENE

is 30 kBT/�
2and Rb is 1.5 �. The harmonic angle potential between

DNA monomers which is given as U
angle

= 1
2kangle(✓� ✓0)2 is applied to de-

scribe the stiffness of DNA. The harmonic constant (k
angle

) is 25 kBT/rad
2.

To describe the histone protein complex, a 3.5 � diameter particle which
corresponds to 7 nm in the real system is introduced. The particle called
nucleosome core covers entire histone octamer including tails.

The one nucleosome holds 24 DNA monomers and one histone core par-
ticles. DNA monomers coil the nucleosome core particle, and they are fixed
on the surface of the core particle. Since the diameter of nucleosome core
particle is 3.5 times larger than the DNA monomers, the 24 DNA monomers
turn 1.7 times around the core particle. The five DNA particles are used
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to connect nucleosomes. The model is very similar to the DNA model in-
troduced by Nordenskiöld group [60,61], but the details such as charges and
histone tails are eliminated to describe pure entropic effect.

The excluded volume interaction between non-bonded pairs of particles
is modeled by repulsive part of the shifted Lennard-Jones (LJ) potential
shown in equation 5.3.

U

LJ

(r) =

8
<

:
4✏
h⇣

�
r�r0

⌘12
�

⇣
�

r�r0

⌘6i
+✏ 0 < r < rc

0 elsewhere
(5.3)

rc is defined as the minimum point of LJ potential to remaining only re-
pulsive part of LJ potential. r0 is the difference between the interaction
diameter and 1 �. For example, r0 is 2.5 � at the interaction between nucle-
osome core particles. With this shifted LJ potentials, the surface softnesses
of different size particles are same. Although the sizes of particles are differ-
ent, we assume that the surface fluctuations are similar to each other due
to the similar density.

The nucleosome clutches at the heterochromatin and euchromatin ter-
ritories are described using the collapsed nucleosomes. The single-stranded
nucleosomes are confined at a clutch by the quadratic potential from the
center of mass. The quadratic potential indicates elliptical details such as
the stabilization by H1 histone. [62] The force constants of quadratic poten-
tial are empirically determined to maintain the densitis of the nucleosome
clutches. The densities of the nucleosome clutches are introduced from the
density of the 30 nm chromatin fiber. The densities of heterochromatin and
euchromatin are 11 nucleosomes/11nm and 6 nucleosomes/11nm respec-
tively. [63] Assuming that the nucleosomes are confined in 30 nm diameter
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11 nm height cylinder at the chromatin fiber, the numbers of nucleosomes in
the 30 nm sphere of heterochromatin and euchromatin at the same density
are 11 and 20 respectively. In addition, as a crowding agent, we employ 3.5
� particle which is same as the nucleosome core particle.

5.2.3 Simulation methods

The simulation comprises two parts, the measurement of the entropic con-
tribution (FNUC) and the total effective interaction (FT ) of the nucleosome
clutches. At the first part, the interaction potentials between the nucleosome
clutches without the crowding agents are measured by Monte-Carlo (MC)
simulation method. [57] At the second part, the potentials of mean forces in
existence of the crowding agents are computed from the constraint-biased
molecular dynamics (MD) simulation. [64–66] By subtracting the entropic
potentials (FNUC) from the total effective interaction (FT ), the pure con-
tribution of the crowding agent (FCRD) to the interaction between clutches
is obtained.

The entropic potential of the nucleosome clutches (FNUC) is measured
by the free energy of canonical ensemble at certain distance ⇠, shown in
equation 5.4.

FNUC(⇠) = FNUC(1)� kBT lnhexp[�Uinter(⇠)/kBT ]i, (5.4)

The Uinter(⇠) represents inter-nucleosome clutch interaction energy at dis-
tance ⇠. [66,67] The nucleosome clutch configurations at a distance ⇠ are pro-
duced from locating two independent nucleosome clutches at the distance.
We generate at least 106 configurations to measure an ensemble at a dis-
tance. The structures of nucleosome clutches are sampled from the MD
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simulations. When the contribution of the crowding agent (FCRD) is cal-
culated by subtracting the entropic contribution (FNUC) from the total
effective interaction (FT ), the sampling MD simulations are performed in
existence of the crowding agents. Since the crowding agents compress the
nucleosome clutches, the geometry of the nucleosome clutches is squashed.
The exact equivalent nucleosome clutch configurations are only sampled in
the crowded condition.

The total effective interaction (FT ) is measured by the constraint-biased
MD simulation in existence of crowding agents as shown in equation 5.5.

FT (⇠) = FT (1) +

Z ⇠

1

h
hfcis +

2kBT

s

i
ds, (5.5)

The ⇠ denotes the distance between nucleosome clutches, the < fc >s is
the ensemble averaged constraint force measured at fixed distance s by
constraint-biased molecular dynamics simulations. The MD simulations are
performed at least 108 MD steps to obtain an averaged force at a point. The
regular measuring interval is 0.25 � in the normal condition, but the interval
at the curve decreases to 0.125 �. This thesis uses the volumetric density
of crowding agents as 0.1, 0.2, and 0.3. All MD simulations are performed
by GROMACS version 5.1.2. [39] The nose-hoover thermostat is employed to
maintain 1kBT of the temperature. The simulation box, 90 nm of the cubic
box, are larger than double of the maximum distance of the measurement.
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5.3 Results and Discussions

5.3.1 Models of nucleosome clutches

In general, it is known that lengthy DNA molecules in cell nucleus are com-
pacted in a hierarchical manner: primarily by binding and wrapping histone
protein complexes to form an array of nucleosomes, secondarily by cluster-
ing intra-chromatin nucleosomes to form clutches or fiber-like aggregates of
nucleosomes, further by folding and looping to compartmentalize into do-
mains, and finally to form chromosome territories. Here, we assume that
the large-scale chromatin compaction induced by macromolecular crowding
arises from bottom-up aggregation of chromatin secondary structures (re-
ferring to the clutches or fiber-like aggregates of nucleosomes on the scale of
30 nm). The effect of macromolecular crowding on the large-scale chromatin
compaction is, then, inferred from the crowding effect on the effective inter-
action between local interaction sites in chromatin secondary structures.

The local sites of chromatin secondary structures are modeled as a col-
lapsed chain of nucleosomes with size of roughly 30 nm, called the models
of nucleosome clutches hereafter. A chain of nucleosomes is modeled by a
complex of a single chain of double-stranded DNA and spherical nucleosome
core particles, as shown in snapshots of Figure 5.2 (a). Each DNA monomer
has a diameter of 2 nm corresponding to 6 basepairs (bp) and each nucleo-
some core particle has a diameter of 7 nm representing an octamer of histone
proteins. All core particles are wrapped 1.7 times and tightly bound by 24
monomers (⇠144 bps) of a single DNA chain through strong harmonic re-
straints. The nucleosome cores are separated by five linker DNA monomers
of 30 bps. Each chain of nucleosomes is, then, collapsed by pulling all nu-
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cleosome cores toward the center-of-mass of the nucleosome chain using
additional harmonic restraints such that the diameter of the spherically col-
lapsed nucleosome chain becomes close to 30 nm. In this work, the models of
nucleosome clutches in euchromatin and heterochromatin are distinguished
by different nucleosome densities. The euchromatin clutch is modeled to
contain 11 nucleosomes whereas the heterochromatin clutch contains 20 nu-
cleosomes, such that the density of nucleosomes compacted in a spherical
volume with diameter of 30 nm is close to those estimated for euchromatin
and heterochromatin domains. In this work, we ignore the electrostatic in-
teractions but focus on the excluded volume interactions of DNA monomers
and nucleosome cores comprising the nucleosome clutches.

Snapshots of both nucleosome clutches and the radial distributions of nu-
cleosome cores and DNA monomers in each nucleosome clutch are presented
in Figure 5.2 (a). Heterochromatin clutch is so tightly compacted that nu-
cleosome cores have well separated radial distributions. Euchromatin clutch
is compacted more loosely so that the distributions are relatively smooth.
The distributions of both models vanish roughly at 15 nm, suggesting that
the diameters of the nucleosome clutches are close to 30 nm.

The effective interaction between a pair of nucleosome clutches, F , in the
absence of crowders is depicted in Figure 5.2 (b). Since we considered only
steric repulsions between all units of the nucleosome clutches, the effective
interaction is purely repulsive at short pair distances. The repulsive inter-
action can also be interpreted as the entropic effect of nucleosome clutches.
Our model of a nucleosome clutch is a chain of nucleosomes collapsed by
the harmonic restraint around its center-of-mass, as shown in Figure 5.2 (a),
and a large number of chain conformations are available. When a pair of
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the nucleosome clutches come very close, many overlapping conformations
are prohibited reducing the number of available chain conformations. The
reduced number of conformations implies the decrease in conformational
entropy of nucleosome clutches, resulting in the pure repulsion between a
pair of nucleosome clutches at short distances.

The repulsive interaction is relatively sharp for heterochromatin clutch
and is softer for euchromatin clutch. The repulsive interaction vanishes near
29 nm for the heterochromatin clutch whereas it decays out to 34 nm for
the euchromatin clutch. This difference is attributed to the different packing
degree of the clutch models: heterochromatin model is tightly compacted
with sharp boundary whereas euchromatin model is loosely compacted with
irregular surface boundary.

5.3.2 Crowding-induced effective interactions

In this work, we investigate the crowding effect on the pair interaction be-
tween local interaction sites in chromatin secondary structures with an aim
to understand the effect of macromolecular crowding on the large-scale chro-
matin compaction. The effective interaction, called the potential of mean
force (PMF), between a pair of nucleosome clutches is calculated by per-
forming the constraint-biased molecular dynamics (MD) simulations for a
pair of nucleosome clutches in the presence of highly concentrated crowders,
as shown in Figure 5.3. The crowders are considered as spherical particles
with diameter of 7 nm and the simulations are performed at varying crowder
volume fractions �c between 0.0 and 0.3. The size of the crowders are chosen
the same as that of nucleosome core particles, close to that of a spherical
particle with a molecular weight of 70 kDa (the average of nucleoplasmic
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proteins) and a partial specific volume of 0.73 ml/g. Although various forms
of intermolecular interactions may involve, only a steric repulsion between
crowders and nucleosome clutches is considered. Thereby, the effective in-
teraction between a pair of nucleosome clutches investigated in this work
is purely entropic based on the volume occupation by a large number of
crowders.

The PMFs, represented by FT , are presented for pairs of heterochromatin
clutches and euchromatin clutches at varying crowder volume fractions in
Figure 5.3 (a) and (b), respectively. The effective potentials in the absence
of crowders shown in Figure 5.2 (b) are also presented for comparison with
dashed lines in Figure 5.3.

The PMFs for the pair of heterochromatin clutches in Figure 5.3 (a)
show the change in the effective interaction by the presence of highly con-
centrated crowders. Three noticeable changes are observed as �c increases
from 0.0 through 0.3. First, the repulsive barrier shifts toward shorter sep-
aration, implying that the size of nucleosome clutches are reduced and the
clutches are more compacted due to the presence of crowders. Second, the ef-
fective attractions represented by negative values are developed just beyond
the repulsive core. It becomes more significant with increase in �c. Finally,
small repulsive bumps with positive values are developed at slightly larger
separations, which increases with �c.

Among them, the development of the effective attraction at higher �c

is most interesting because the effective attraction induced by the presence
of high concentrations of crowders has been known to play important roles
in the phase separation and aggregation in colloid-polymer mixtures. Con-
sistent with earlier studies on crowding or depletion effect on colloid phase
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behavior, the effective attractions in Figure 5.3 (a) increase with �c. The
crowding effect can be interpreted qualitatively, relying on the theory by
Asakura and Oosawa (AO). [69,70] The AO theory estimates the effective at-
traction between two hard sphere colloids in crowded solutions, based on
the entropy gain of repulsive crowders upon the association of two hard-
core, spherical colloids. Around each colloid in a solution of crowders, there
occurs a spherical volume (whose radius is a sum of colloid and crowder
radii) inaccessible to crowders, called the excluded volume. The association
of two colloids results in the overlap of their excluded volumes and, thus,
allows slightly larger volume available for crowders, leading to the increase
in the configurational entropy of crowders. The AO theory predicts that the
strength of effective attraction is proportional to �c. Our simulation results
show that the attraction strength increases with �c in qualitative agreement
with the AO theory. However, the increase is not directly proportional to
�c but becomes diminished as �c increases from 0.1 to 0.2 to 0.3, not in
quantitative agreement with the theory.

The PMFs calculated for the pair of euchromatin clutches in Figure 5.3
(b) show more dramatic deviation from the predictions of the AO theory.
The effective potential never goes negative at all �c’s, suggesting that the
macromolecular crowding does not induce any effective attraction between
euchromatin clutches. This is in sharp contrast to the AO prediction that
the entropy-driven effective attraction becomes proportionally stronger with
crowder volume fraction. As �c increases, the only change in the effective
potential is the shift of the repulsive barrier towards shorter distance, which
is ascribed to the compaction of each clutch due to volume occupation by
crowders.
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These results on the heterochromatin and euchromatin clutches may
have a significant impact on our understanding of dynamic genome organi-
zation. Previous experimental studies on the crowding-induced chromatin
compaction could not distinguish the structural changes in different do-
mains of chromatins. Our results show that macromolecular crowding may
enhance binding between chromatin units in heterochromatin but not in
euchromatin. Although not yet clear, such distinguished crowding effects
may have unappreciated biological implications.

5.3.3 Decomposition of effective interactions

The physics behind the distinguished effects of macromolecular crowding
on heterochromatin and euchromatin clutches can be explained by separat-
ing total effective interaction into entropic contributions from nucleosome
clutches and crowders. The entropic contribution of nucleosome clutches
arises from the overlapping of clutch conformations and, thus, the reduced
number of available conformations when they come close to each other, re-
sulting in the repulsive interaction at short distances. On the other hand,
the configurational entropy of crowders increases upon association of nucle-
osome clutches in crowded environments, leading to the effective attraction
at short distances.

For separation of the two entropic contributions, we calculate the purely
repulsive interaction from the entropic effect of nucleosome clutches, FNUC ,
and subtract it from the total effective interaction, FT , so that the effective
attraction from the entropic effect of crowders, FCRD, can be separately
obtained. FNUC is calculated by Monte Carlo (MC) simulations, in which
the change in the number of allowed clutch conformations is counted at
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each clutch-clutch distance and interpreted as the free energy change at
the distance as described in the Methods section. All clutch confirmations
are obtained from MD simulations of a nucleosome clutch in the presence
of crowders. FCRD is then obtained by subtracting FNUC from FT . The
separate contributions to the total effective interaction are presented in
Figure 5.4 together with the total effective interaction. The repulsion and
attraction due to the entropic effects of nucleosome clutches and crowders
are presented as diamonds and triangles, respectively, whereas the total
effective interaction is depicted as circles.

In both heterochromatin and euchromatin models, the entropic contri-
bution from nucleosome clutches, FNUC , is purely repulsive and that from
crowders, FCRD, is attractive at short distances. Each repulsive and at-
tractive interaction changes monotonically as �c increases. The repulsion
at very close distance shifts slightly to shorter distance, implying the slight
compaction of nucleosome clutches due to macromolecular crowding. The
effective attraction becomes stronger proportionally to �c, consistent with
the prediction from the AO theory quantitatively as well as qualitatively.
Comparing each contribution of the two models at the same �c, two differ-
ences are easily recognized. First, the effective repulsion, FNUC , and attrac-
tion, FCRD, are more smoothly changing for the euchromatin model than
for the heterochromatin model. It can be attributed to the loose nucleo-
some packing and irregular surface in the euchromatin clutch model. On
the other hand, the effective repulsion and attraction for the tightly packed
heterochromatin clutch change very sharply, similar with those known for
hard sphere colloids.

The second difference between heterochromatin and euchromatin results
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is the cancellation of the repulsive and attractive interactions. For the het-
erochromatin model, the total effective interaction FT obtained by adding
FNUC and FCRD looks after each contributions at different regions because
the repulsion and attraction do not overlap much. Especially, the effective
attraction at intermediate distances is clearly shown in FT . However, for the
euchromatin model, FT is purely repulsive without showing any attractive
feature induced by the entropic contribution of crowders. This is due to the
overlap of the repulsion and attraction to cancel out most of the attractive
interaction. The overlap and cancellation of repulsion and attraction orig-
inate again from the loose nucleosome packing in the euchromatin clutch
model, as has been explained for loosely collapsed, generic polymer chains
in our previous work. [57]

5.4 Discussion

Understanding how genes are spatially organized in cell nucleus and or-
chestrated for specific biological functions remains a big challenge. Chro-
matin organization is largely mediated by binding of scaffold proteins such
as SMC and CTCF proteins. Recently, however, the importance of non-
specific, entropy-driven crowding effect has also been appreciated in eluci-
dating the genome organization. Experimentally, the effect of macromolec-
ular crowding on chromatin organization has been investigated by means of
cell incubation in media with different osmolarity. When incubated in the
hypertonic medium, the cell shrinks due to the osmotic loss of water to the
medium and a significant degree of chromatin compaction was observed.
Since protein transport across the cell membrane during the osmosis is lim-
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ited, the reduction in cell volume at fixed amounts of proteins and RNAs
was interpreted as an increase in the degree of macromolecular crowding.
Therefore, the abnormal chromatin compaction was attributed to the large
increase in the degree of macromolecular crowding.

A change in cell volume is ubiquitous in a variety of regulatory pro-
cesses, including regulation of metabolism, hormone release, cell prolifera-
tion, and a cell death, and can lead to the significant change in macromolec-
ular crowding. Understanding the abnormal chromatin compaction observed
in crowded conditions can provide a new opportunity to understand the cell
volume regulatory mechanism mediated by the change in chromatin orga-
nization. Unfortunately, however, the understanding from the experimental
studies of the osmotic-induced chromatin compaction has been limited by
the resolution of microscopic observations on the scale of a few hundred
nanometers. No detailed structural information has been available that can
distinguish different responses of chromatin domains such as euchromatin
and heterochromatin to the change in macromolecular crowding.

Using the coarse-grained models of chromatin secondary structures, we
showed, for the first time, that the response of different chromatin domains
to the change in macromolecular crowding can be clearly distinguished. The
model of heterochromatin clutches revealed that the elevated level of macro-
molecular crowding induces the effective attraction between chromatin sec-
ondary structures that may help binding in crowded environment. On the
other hand, the model of euchromatin clutches did not show any effective
attraction between chromatin secondary structures, suggesting that the eu-
chromatin domain may not be subject to a significant structural change at
elevated crowding levels. The apparent absence of effective attraction in the
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euchromatin clutch model was explained by the overlap of effective repul-
sion and attraction that arises from the soft nature of euchromatin clutch
model. On the other hand, heterochromatin clutch model is dense with nu-
cleosomes so that the crowding effect induces the effective attraction similar
with that induced between a pair of hard sphere colloids.

5.5 Conclusions

The aim of this work was to investigate the effect of macromolecular crowd-
ing on the pair interaction between a pair of chromatin secondary units, from
which the crowding-induced, large-scale chromatin compaction is inferred.
Our model is basically built on the excluded volume interactions between
DNA monomers and nucleosome core particles, ignoring any direct molecu-
lar interactions such as electrostatics. Therefore, the calculated effective in-
teractions are induced strictly by the entropy change in nucleosome clutches
and crowders and it does not include contributions from direct molecular
interactions. The entropy-driven effective attraction calculated for the hete-
rochromain clutch model is on the scale of roughly 0.5kBT at �c = 0.20 and
0.30. This effective attraction may not be strong enough to induce any large-
scale collapse-swelling transition of chromatins in higher order. However, the
macromolecular crowding is not a sole modulator of chromatin organization
but complementary to direct molecular interactions between DNA and as-
sociated proteins. The small attraction of 0.5kBT may, therefore, become
a significant addition to direct interactions to induce large-scale changes in
chromatin organization.
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Chapter 6

The polymer-assisted phase separation
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6.1 Introduction

A cell nucleus contains a large number of macromolecules including pro-
teins, RNAs, and DNAs, and efficient genetic processes are orchestrated by
assembly of these molecules to form distinct nuclear compartments, such
as chromosomes and nuclear bodies (NB) [59,71]. NBs are morphologically
distinct structures that play important roles in transcription regulation and
RNA processing [72–75]. Nucleoli, Cajal bodies, histone locus bodies (HLB),
and promyelocytic leukemia (PML) bodies are the well-known examples of
NBs and their size ranges from several hundred nanometers to several mi-
crometers. The formation of NBs can be considered as a phase separation of
NB components (body-specific proteins and RNAs) into dense NBs and a
dilute nucleoplasmic solution [76–78]. Since a cell nucleus is a heterogeneous
environment filled with a high density of chromatins, the NB formation is
inevitably influenced by their interaction with chromatins or a higher-order
structure called chromosomes.

The phase separation or aggregation of macromolecules in a heteroge-
neous medium can be modulated by interaction with cosolutes or surfaces as
seen in the fibril formation of amyloid peptides [79,80]. Fibril formation could
be accelerated or retarded depending on interactions with nanoparticle sur-
faces [79]. Similarly, the interaction of NB components with chromosomes
presumably plays an important role in the formation of NBs in a cell nu-
cleus, especially, with respect to the spatial relationship between NBs and
chromosomes. The activity-dependent NBs such as nucleoli and HLBs are
formed at the region of chromosomes associated with the specific gene ac-
tivities [73,74]. However, activity-independent NBs such as Cajal bodies and
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PML bodies are thought to form independently although the associated
gene loci are dynamically recruited to these NBs afterwards [81]. Therefore,
the understanding of the phase separation of NB components interacting
with chromosome regions is of critical importance to elucidate the spatial,
nuclear organization.

In this work, we investigate the phase separation of a low-density Lennard-
Jones (LJ) fluid interacting with a long, condensed polymer as a model
system of NB formation near a local region of chromosomes. Recently, we
reported computational studies on the stability of NBs in crowded nuclear
environments by using the phase separation of a LJ fluid in the presence
of a varying concentrations of crowding particles [82,83]. Average interactions
between various NB components are modeled as a LJ potential between
spherical particles with volume-exclusive repulsions at short distances and
moderate attractions beyond. The LJ fluid was employed based on the phe-
nomenological similarity of physical characteristics between NBs and phase-
separated LJ domains, such as the absence of physical membrane boundary
and the rapid molecular exchange between NBs (a dense domain) and a nu-
cleoplasmic solution (a dilute solution). A subcompartment of chromosomes
is modeled by a long, condensed polymer with an order of 10 mega-base pairs
(Mbp), which is about a tenth in length of each human chromosome.

The mechanism of nuclear body formation remains elusive. However,
the post-translational modification of associating NB components and the
accumulation of the newly synthesized transcripts near local regions of chro-
mosomes are believed to be responsible for the regulation of assembly and
disassembly of NB components [74]. The post-translational modification of a
certain concentration of associating NB components can change their asso-
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ciation affinity to form NBs [84–87] and, thus, be interpreted as the change
in the effective concentration of NB components that can assemble to form
NBs. In this work, we vary the density of LJ particles above and below the
phase boundary such that the formation of a dense domain of LJ particles
can be controlled by its density. The accumulation of new transcripts near
chromosome regions accompanied by the associated gene activities was pro-
posed to serve as a nucleating seed for NB formations [74,88–90]. This effect is
implemented in the model as the attractive interaction between LJ particles
and polymer segments. Therefore, we perform all computer simulations at
a fixed value of the strong self-interaction between LJ particles while the
density of LJ particles and the attraction strength of the LJ-polymer inter-
action are varied. Although the role of macromolecular crowding has been
suggested in genome organization and the formation of NBs [83,91–93], we do
not consider the crowding effect explicitly in this work.

At a higher density of LJ particles above the phase boundary, a dense
domain of LJ particles always forms irrespective of the presence of a long,
condensed polymer. However, the localization of the dense domain relative
to the condensed polymer is determined by the LJ-polymer interaction: the
domain forms independently of the condensed polymer in case of weak at-
tractions, on the outer region of the polymer for intermediate attractions,
and inside the polymer volume for strong attractions. Especially, in the case
of moderately weak attraction, the domain grown elsewhere is brought and
associated with the condensed polymer afterwards. At a lower density of
LJ particles, on the other hand, the LJ fluid forms a dense domain only
when the LJ-polymer interaction is strong implying that domain growth is
triggered by interaction with the polymer. These simulation results suggest
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polymer-triggered domain formation at a lower density of LJ particles is a
possible mechanism of the formation of activity-dependent NBs such as nu-
cleoli and HLBs. Polymer-independent growth followed by the subsequent
association with the polymer observed at a higher density and moderately
weak LJ-polymer attraction is interpreted as a possible mechanism for the
formation of activity-independent NBs such as Cajal bodies and PML bod-
ies.

Computational studies using the similar model systems have been re-
ported recently, containing spherical particles mimicking colloids or proteins
that interact with semi-flexible polymers [94,95]. Brackley et al. investigated
the DNA organization mediated by various DNA-binding proteins and it
was found that the clustering of model proteins was induced, even in the
absence of any explicit attraction between them, by their binding simul-
taneously to and bridging different parts of DNA together [94]. Although
their work provided a novel insight into a possible role of such nonspecific
bridging-induced cluster formation in genome organization, their model did
not take into account the self-interaction between proteins, responsible for
the NB formation, and, thus, the formation of large-scale domains. Zhang
et al. also investigated the structure formation of nanoparticles that bind to
semi-flexible polymers [95]. However, their work focused on the structure or-
dering of a small number of nanoparticles mediated by their binding to the
long polymer. Therefore, the present work is distinguished from these recent
works because the main focus is on the formation of large-scale domains and
their localization relative to the interacting polymer.

We describe the simulation models and methods in Section 6.2. Simu-
lation results for the domain growth in the LJ fluid are described in Sec-
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tion 6.3. We present conclusions for this work in Section 6.4.

6.2 Models and simulation methods

6.2.1 Models

The formation and localization of NBs near a local region of chromosomes
is investigated by performing the molecular dynamics (MD) simulations
of a low-density LJ fluid interacting with a long, condensed polymer. The
LJ fluid is employed not solely based on the phenomenological similarities
between NBs and phase-separated LJ domains, as briefly discussed above,
but also due to the lack of structural information of NB components and the
computational feasibility to achieve such large-scale phase separation [83]. A
subcompartment of chromosomes is modeled as a linear, highly condensed
polymer of an order of 10 Mbp. Since the fractal-like nature of chromosome
subdomains has been suggested recently [96–99], the condensed polymer is
designed to have a fractal-like structure during the MD simulations.

LJ particles self-interact with each other through a LJ potential, ULJ(r) =

4✏LJ [(�LJ/r)12 � (�LJ/r)6], where ✏LJ is the attraction strength, �LJ is a
diameter of LJ particles, and r is the center-to-center distance between
LJ particles. The LJ potential describes the volume-exclusive repulsions at
short distances and moderate attractions beyond, and models the averaged
interactions between various NB components. The potential is truncated
and shifted at the cutoff distance of 2.5�LJ . The phase behavior of the one-
component LJ fluid can be determined by a combination of the strength
of self-interaction (✏LJ) and the density (⇢LJ) of LJ particles at constant
temperature and volume. The phase diagram of a low-density LJ fluid is

66



well understood and we refer the readers to the earlier works [82,100]. In this
work, the attraction strength between LJ particles is set at ✏LJ = 1.4kBT ,
larger than a critical value of 0.922kBT , to ensure the phase separation of
LJ particles for a range of density. We consider two number densities of LJ
particles around the phase boundary, ⇢⇤LJ = ⇢LJ�

3
LJ = 0.0286 and 0.0229

corresponding to 7,509 particles and 6,007 particles, respectively, in a cu-
bic box of 64�LJ . The phase separation occurs at ⇢

⇤
LJ = 0.0286 but not at

⇢

⇤
LJ = 0.0229 in the absence of an interacting polymer.

The long, condensed polymer is modeled as a linear, bead-spring chain
with 4,000 segments. Each polymer segment interacts with other segments
by repulsive Lennard-Jones potential U rep

pol (r) = 4✏pol[(�pol/r)12�(�pol/r)6]+

✏pol for 0 < r < 21/6�pol and 0 for elsewhere. Here, ✏pol determines the
steepness of the repulsion and is set 1.0kBT , and �pol is the diameter of
polymer segments. Bonded segments in a polymer chain additionally inter-
act with the finite extension nonlinear elastic (FENE) potential Ufene

pol (r) =

�1
2kbR

2
b ln

⇥
1� (r/Rb)2

⇤
where kb = 30kBT/�2

pol and Rb = 1.5�pol to pre-
vent bonds in polymers from crossing each other [101]. In this work, the sizes
of polymer segments (�pol) and LJ particles (�LJ) and are set as identical
for simplicity and denoted by � hereafter (� = �pol = �LJ). The value of �
is set at 30 nm so that the size of polymer segments mimics the thickness of
the 30-nm chromatin fiber and each polymer segment contains the 2.5 kilo-
basepairs (kbp) of DNA contents. Therefore, 4,000 segments of a polymer
model represent the DNA contents of 10 Mbps, about a tenth in length of
each human chromosome.

An initial configuration of the fractal-like polymer is constructed by the
Monte Carlo method following a work by Lieberman-Aiden and cowork-
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ers [96]. The monte carlo method includes four different moves, which are
displacement of terminal monomers, random conformation reconstruction
of 2 and 3 consecutive monomers, and random rotation. To confine into a
spherical cage during the monte carlo simulation, the exponential potential
to the polymer center is applied. Starting from a fractal globule which is
generated using the monte carlo method, we perform MD simulations in ab-
sense of cage potential which mimic relaxation process to the euchromatin
from highly compacted structure such as chromosome. During the MD sim-
ulations, the fractal-like structure is lost as the polymer relaxes toward the
equilibrium. To keep the fractal-like structure of the initial configuration, we
additionally introduce a weak restraint potential of U res

pol (r) = kr(r� r0)2/2

between selected pairs of polymer segments, where kr is a harmonic con-
stant and r0 is a restraining distance between a given pair of segments.
The values of r0 are chosen for each given pair by a scaling relation [98] of
r0 = a0x

1/3 in which x is the number of segments between the pair along
the chain and a0 is a scaling prefactor. The restraint potential is applied
selectively and hierarchically between pairs of polymer segments: (4n + 1,
4(n+1)+1), (42n+1, 42(n+1)+1), (43n+1, 43(n+1)+1), and so on, where
n = 0, 1, 2, · · · . The harmonic constant kr is set 1.0kBT and the prefactor
a0 is set 1�. As shown by the scaling of ⇠ x

1/3 presented in Figure 6.1, these
parameters successfully maintain the fractal-like structure of the polymer
during the MD simulations as well as production simulation. With these
parameters, the number density of the condensed polymer is calculated as
⇢

⇤
pol = ⇢pol�

3 = 0.159, converted to the nucleosomal concentration of 0.0263
g/ml or 0.122 mM which is compatible with that of a loosely condensed
chromatin domain called euchromatin [102].
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Figure 6.1: Representative snapshot and the corresponding plot of the spa-
tial distance between segments as a function of the contour length. This
fractal-like polymer has a reduced number density of ⇢

⇤
pol = 0.159, corre-

sponding to the concentration of 0.0263 g/ml or 0.122 mM that is approx-
imately that os a loosely condensed chromatin domain called euchromatin.
The scaling with an exponent of 1/3 ensures the fractal-like structure of the
model chromosome region.
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The phase separation and domain formation of LJ particles are sig-
nificantly influenced by the interactions between LJ particles and poly-
mer segments. These interactions are modeled by LJ potential ULP (r) =

4✏LP [(�LP /r)12 � (�LP /r)6], where ✏LP is the attraction strength and �LP

is a contact distance between a LJ particle and a polymer segment and set
as �. The potential is truncated and shifted at the cutoff distance of 2.5�LP .

6.2.2 Simulation methods

The range of ✏LP is chosen based on the accessibility of LJ particles to the
polymer interior, as shown in Figure 6.2, in terms of the radial distribution
function, g(r), of LJ particles around the center-of-mass of the polymer. It is
noted that g(r) is calculated while the self-interaction between LJ particles
is turned off. The variation of g(r) with distance from a polymer center-
of-mass indicates the size of a polymer, amounting to a radius of roughly
20�. With weakly attractive interactions (✏LP  0.4) between LJ particles
and polymer segments, the density of the LJ particles in the polymer inte-
rior is roughly the same as in space free from the condensed polymer. For
stronger attraction of the LJ-polymer interaction, the density of LJ parti-
cles in the polymer interior exceeds that on the outside. Earlier experiments
showed that macromolecules with a molecular weight of up to several hun-
dred kilodaltons could readily access nuclear compartments including the
euchromatin [103–105]. In addition, the density of transcription/repair factors
TFIIH, one of the nucleolar components, was relatively uniform in over-
all nuclear domains and in the nucleoplasm, whereas significantly higher
in nucleoli (by a factor of up to 2.5; read off from the figure of Verschure
et al. [103]). This information guides the range of ✏LP between 0.2kBT and
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Figure 6.2: Radial distribution functions, g(r), of LJ particles from the
center-of-mass of the condensed polymer at different values of ✏LP (in unit
of kBT ).
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0.8kBT . However, we also present the results for ✏LP = 1.0kBT to show the
collapse of the data when ✏LP � 0.8kBT .

All MD simulations are performed using GROMACS version 4.6.7 [39].
The system is evolved by integrating Newton’s equation of motion by using
the leap-frog algorithm at each time step of �t = 0.01⌧MD, where ⌧MD

is a reduced time unit of MD simulations [106]. The temperature T is held
constant, such that kBT = 1, by using the velocity rescale method [107] with
a time constant of 0.1, where kB is the Boltzmann constant. For each particle
density (⇢LJ) and LJ-polymer interaction (✏LP ), we perform 20 independent
simulations for duration of up to 3 ⇥ 104⌧MD, and statistical averages are
obtained by analyzing 20 simulation trajectories.

6.3 Results and Discussions

In this work, we study the phase separation and domain formation of LJ
particles that interact with a long, condensed polymer as a model system of
the NB formation associated with local chromosome regions. As discussed
above, two factors possibly regulate the NB formation in a cell nucleus [74]:
the post-translational modification of NB components (that changes the
association affinity of the NB components [84–87]) and the accumulation of
newly synthesized transcripts (that nucleate the NB formation [88–90]) at
local regions of chromosomes. The post-translational modification of a frac-
tion of the associating NB components is interpreted as the change in the
effective concentration of the NB components that can assemble to form
NBs. This effect is implemented in our simulations in terms of the den-
sity variation of the LJ particles. In recent experiments, the accumulation
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of NB components at a local chromosome region induces the formation of
the associated NBs [88–90]. The effect of the accumulated NB components at
local chromosome regions is implemented by an increase in the attractive
interaction between LJ particles and polymer segments.

Two densities of LJ particles, ⇢⇤LJ = 0.0286 and 0.0229, are considered in
this work and referred to as higher and lower densities, respectively, in this
thesis. These densities are chosen around the phase boundary of a LJ fluid
at a given self-interaction strength of ✏LJ = 1.4kBT , such that the phase
separation occurs at the higher density but not at the lower density in the
absence of an interacting polymer. The LJ-polymer attractive interaction is
varied between 0.2kBT and 1.0kBT .

In Figure 6.3, the size of the largest domain averaged over 20 indepen-
dent simulations is depicted as a function of time at different values of ✏LP
for the higher and lower densities of LJ particles. To define domains of LJ
particles, we count the number of neighboring LJ particles within a distance
of 1.5� around each LJ particle. If there are five or more such neighbors,
the LJ particle is counted as a member of a domain [108]. Each domain is
defined as a collection of those members connected to each other.

At the higher density of LJ particles, the phase separation occurs to
form a dense domain of LJ particles, irrespective of the LJ-polymer inter-
action, as shown in Figure 6.3 (a). As the simulation begins, the uniformly
distributed LJ particles assemble and disassemble repeatedly. Only when a
cluster reaches a critical size, does the cluster continue to grow. This process
is called nucleation, and the cluster growth up to a size of several tens of LJ
particles in this stage is fairly slow since it is a stochastic process. Further
growth occurs via the diffusion of small clusters and coalescence upon col-
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lision [108], resulting in much faster increase in the domain size than that in
the nucleation stage. Interestingly, the overall growth of the domain size be-
comes accelerated as ✏LP increases. The growth is slow at ✏LP = 0.2kBT and
0.4kBT , moderate at ✏LP = 0.6kBT , and most accelerated at ✏LP = 0.8kBT

and 1.0kBT , indicating some distinguished effects of an interacting polymer
on the domain growth. Comparison of the growth curves reveals that the
LJ-polymer interaction affects both the nucleation process in the early stage
and the further growth in the later stage.

The nucleation process in the early stage is significantly accelerated at
higher ✏LP s. For instance, the time required to form a domain of 100 LJ
particles at ✏LP = 0.8kBT is less by an order of magnitude compared to
✏LP = 0.2kBT . Unlike the cases in the absence of the polymer or in the
presence of a weakly interacting polymer, the segments of a strongly inter-
acting polymer act as a physically connected cluster of attractive particles
and serve as a nucleating seed onto which the attractive LJ particles can be
further accumulated. Here, the bridging-induced mechanism of cluster for-
mation suggested by Brackley et al. [94] may also play a role in accelerating
the nucleation process.

The continued growth of the domains of LJ particles beyond the nu-
cleation stage is also influenced by the increase in ✏LP . The slope of the
domain growth in Figure 6.3 (a) reveals the growth over a size of a few
hundreds of LJ particles to be fastest at ✏LP = 0.8kBT and 1.0kBT , mod-
erate at ✏LP = 0.6kBT , and the slowest at ✏LP = 0.2kBT and 0.4kBT . The
breakthrough of domain growth rate is observed between ✏LP = 0.4kBT

and 0.6kBT , which is changing point of relative position between the do-
main and the polymer. The domain growth on the LJ-polymer interaction
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is discussed below when we discuss the relative localization of the domain
to the condensed polymer.

At the lower density of LJ particles, the phase separation occurs only in
the presence of a strongly attractive polymer, as shown in Figure 6.3 (b).
At ✏LP  0.4kBT , the domain size rarely grows more than 10 particles.
However, at ✏LP � 0.6kBT , the domain grows completely within simulation
time. Therefore, it is concluded that the domain growth observed at ✏LP �
0.6kBT is triggered by the interaction with the polymer. The acceleration
of the initial growth with the increase in ✏LP is clearly seen from 0.6kBT

to 0.8kBT , also suggesting the polymer-mediated triggering effect on the
domain growth.

When the growth curves are compared for higher and lower densities in
Figure 6.3 (a) and (b), the growth rate is significantly reduced at the lower
density than at the higher density. While the slopes of both at the same ✏LP

are almost identical for the domain size over hundreds of LJ particles, the
initial growth is significantly slower at the lower density. This is because the
nucleation process at the lower density is triggered purely by the interacting
polymer whereas at the higher density the nucleation can occur even in the
absence of the interacting polymer.

The triggering effect of an interacting polymer on domain growth is
confirmed by calculating the probability distribution function of a distance
between the center-of-mass of a condensed polymer and of the largest do-
main, as shown in Figure 6.4. The probability distribution functions are
calculated during the last 2,000 ⌧MD in each simulation trajectory. The cor-
responding final configurations are also presented for the condensed polymer
and the largest domain of the LJ particles on the right in Figure 6.4.
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For the simulations with the higher density of the LJ particles, the prob-
ability distribution is wide at large distances at ✏LP = 0.2kBT for which
the domain of the LJ particles grows slowly. In the corresponding snapshot,
the domain of LJ particle is observed away from the condensed polymer,
indicating the domain growth is independent of the presence of an inter-
acting polymer. However, at ✏LP = 0.5kBT with moderate growth rate, the
probability distribution is shifted toward the polymer center-of-mass. Since
the boundary of the condensed polymer is roughly estimated as 20�, it is
concluded the domain of the LJ particles at ✏LP = 0.5kBT grows slightly
within the polymer boundary. The snapshot of the final configuration also
shows the domain growth near the polymer boundary at ✏LP = 0.5kBT in
Figure 6.4 (a). At ✏LP = 0.8kBT , the domain grows completely inside the
polymer volume as indicated by the high probability distribution at short
distances. In this case, most polymer segments bind with the domain of LJ
particles.

For the simulations with the lower density of the LJ particles, the domain
growth is observed only at ✏LP � 0.6kBT . At ✏LP = 0.6kBT , the probability
distribution is shifted more into the polymer volume and the domain grows
within the polymer boundary. At ✏LP = 0.8kBT , the domain grows while
completely surrounded by the polymer segments.

The domain growth within the polymer volume at high values of ✏LP

is the signature of the polymer-triggering effect on the domain growth. In
Figure 6.3, the LJ-polymer attraction significantly influences the nucleation
process in the early stage of the domain growth. Since the domain is found
within the polymer volume at high values of ✏LP for which the nucleation
process is faster, it can be conjectured that the nucleation of LJ particles at
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these strong ✏LP occurs through the direct interaction with the attractive
polymer segments. However, the possibility of the domain growth outside
the polymer and subsequent association with the polymer cannot be ruled
out, and we analyze the dynamic correlation between the domain growth
and localization relative to the condensed polymer as shown in Figures 6.5
and 6.6.

In Figure 6.5, the increase in the domain size and the distance of the
largest domain from the polymer center-of-mass are presented as a function
of time. The data are presented for two representative simulation trajecto-
ries when ✏LP = 0.2kBT , 0.4kBT , and 0.5kBT at the higher density of LJ
particles. As shown in Figure 6.5 (a) and (b), the distance of the largest
domain from the polymer center is larger than the size of the condensed
polymer, roughly 20�, when the cluster grows to completion. The dense
domain grows independently of the presence of an interacting polymer at
✏LP  0.4kBT , consistent with the data in Figures 6.3 (a) and 6.4 (a).
At ✏LP = 0.5kBT of Figure 6.5 (e) and (f), the distance of the largest
domain from the polymer center is already less than 20� at the onset of
the domain growth. The nucleation process, as well as the further growth,
occurs slightly inside the polymer volume through the direct interaction be-
tween LJ particles and polymer segments. Interestingly, at ✏LP = 0.4kBT

shown in Figure 6.5 (c) and (d), the largest domain remains away from the
polymer in the initial stage of the domain growth and subsequently comes
close to the polymer boundary. In this case, the LJ-polymer interaction
is not strong enough to induce the nucleation process of the LJ particles
inside the polymer volume, while the interaction is strong enough to hold
the grown domain near to the polymer boundary when encountering via
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Figure 6.5: Dynamic correlation between the domain growth and the lo-
calization relative to the interacting polymer at the higher density of LJ
particles. The distance of the largest domain from the polymer center-of-
mass (red, left scale) and the size of the domain (blue, right scale) are de-
picted as a function of time (in unit of 103⌧MD. For ✏LP = 0.2kBT , 0.4kBT ,
and 0.5kBT , the data from two representative simulation trajectories are
presented. The arrows are guides to the eye to match the data to the scale.

80



diffusive motion of the domain.

(a)   εLP = 0.6,  Set 1 
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Figure 6.6: Dynamic correlation between the domain growth and the local-
ization relative to the interacting polymer at the lower density of LJ par-
ticles. The distance of the largest domain from the polymer center-of-mass
(red, left scale) and the size of the domain (blue, right scale) are depicted as
a function of time (in unit of 103⌧MD. For ✏LP = 0.6kBT , the data from two
representative simulation trajectories are presented. The arrows are guides
to the eye to match the data to the scale.

For the lower density of the LJ particles, the dynamic correlation be-
tween the domain growth and localization relative to the condensed polymer
is depicted for ✏LP = 0.6kBT in Figure 6.6. As in the case of ✏LP = 0.5kBT

at the higher density, the domain grows within the polymer volume from
the onset of the nucleation process. Since the dense domain only forms at
✏LP � 0.6kBT , the independent domain growth followed by the polymer
association does not occur for the lower density.
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The dependence of the domain growth beyond the nucleation stage is
now interpreted in terms of the relative localization of the dense domain
to the interacting polymer. In Figure 6.3 (a), the domain growth beyond
the nucleation stage is fastest at ✏LP = 0.8kBT and 1.0kBT , slowest at
✏LP = 0.2kBT and 0.4kBT , and modest at ✏LP = 0.6kBT .

Modest growth at ✏LP  0.4kBT is due to the domain growth be-
ing independent of the interacting polymer while the fastest growth at
✏LP � 0.8kBT is clearly due to the domain growth triggered by the ac-
cumulation of LJ particles near the polymer segments through the attrac-
tive interaction between LJ particles and polymer segments. The slowest
growth at ✏LP = 0.6kBT is most counter-intuitive. If we consider how do-
mains grow beyond the nucleation process, small domains larger than the
critical size diffuse and coalesce upon diffusion-limited collisions in the MD
simulations [108]. Since these small domains at ✏LP = 0.6kBT are largely held
by the interacting polymer segments, the diffusion-limited collision between
them is less frequent than in the absence of the interacting polymer. This
explains the slowest domain growth at ✏LP = 0.6kBT .

The biological implications of these simulation results can be found
by considering the distinct formations of activity-dependent and activity-
independent NBs. The formation of activity-independent NBs such as Cajal
bodies and PML bodies is particularly relevant to the polymer-independent
growth of the domain followed by the subsequent association with the poly-
mer as illustrated in Figure 6.7 (a). Cajal bodies form separately in the
nucleoplasm and the associated gene loci are subsequently recruited to the
Cajal bodies. This experimental observation can only be reproduced by the
model at ✏LP = 0.4kBT and the higher density of the LJ particles. The
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density and self-interaction of NB components are large enough to ensure
the independent formation of the NBs irrespective of the interaction with
chromosome regions, whereas the attractive interaction between NB com-
ponents and chromosome regions is strong enough to induce the association
of the NBs with chromosomes region through their diffusive encounter.

On the other hand, the formation of activity-dependent NBs such as
nucleoli and HLB is more relevant to the polymer-triggered domain growth
as shown in Figure 6.7 (b). Assembly and disassembly of nucleoli are re-
peated over cell cycles, and they assemble near the gene-active regions of
chromosomes at the time of transcription activities. Independent formation
of nucleoli in the nucleoplasm has not been reported. This experimental
observation can only be reproduced by the model at ✏LP � 0.6kBT and the
lower density of the LJ particles. The density of nucleolar components is
not high enough to form NBs by themselves but by assistance of the chro-
mosome regions through attractive interaction of NB components with the
accumulated transcripts near the local regions of chromosomes.

6.4 Conclusions

We investigated the phase separation and domain formation of a LJ fluid
interacting with a long, condensed polymer to shed light on the forma-
tion of NBs in a crowded nuclear environment filled with a high density
of chromatins. To mimic the possible biological mechanism of NB assem-
bly/disassembly, the model parameters of the simulation system were chosen
such that the domain formation is controlled by the density variation of the
LJ particles and the attractive interaction between LJ particles and polymer
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(a)  polymer-independent growth 
    / subsequent association with polymer 

(b) polymer-triggered growth 

Figure 6.7: Growth mechanisms of a dense domain of LJ particles interact-
ing with a long, condensed polymer. (a) The independent domain growth is
subsequently followed by the association with the interacting polymer for
moderately weak LJ-polymer interaction at the higher density of LJ par-
ticles. (b) The nucleation and domain growth is triggered by the strong
LJ-polymer interaction at the lower density of LJ particles.
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segments.
At a higher density of LJ particles over the phase boundary, the domain

growth occurs irrespective of the interaction with the polymer whereas the
localization relative to the condensed polymer is determined by the at-
traction strength of the LJ-polymer interaction. Particularly when the LJ-
polymer interaction is moderately weak, the domain grows independently
but is subsequently associated with the polymer boundary through diffu-
sion. This mechanism is consistent with the experimental observation dur-
ing formation of activity-independent NBs such as Cajal bodies and PML
bodies. At a lower density of LJ particles below the phase boundary, the
domain grows only at relatively strong interactions. In this case, the do-
main grows within the polymer volume and is consistent with the suggested
mechanism of the formation of activity-dependent NBs such as nucleoli and
HLBs. Our simulation results indicate that the density of the body-specific
components of activity-independent NBs is high enough to form NBs in-
dependently of chromatin activities while the density of the components of
activity-dependent NBs is not high enough and so its formation is highly
dependent on the triggering effect by chromatin activities.

In this model, we have assumed that the LJ particles interact with
the entire region of chromosomes with an order of 10 Mbps, which is a
tenth in length of average human chromosomes. Reasonably, the size vari-
ation of the interacting chromosome region is expected to influence the
polymer-triggered domain growth. However, we expect that the qualita-
tive conclusion does not change either when the polymer size is changed
or when only a fraction of the polymer segments contribute to the attrac-
tion with LJ particles. In addition, the LJ particles and polymer segments
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are propagated using the MD simulations without considering the presence
of solvent molecules. In our recent study, we proposed that the dynamic
mechanism of the domain growth is influenced by the particle propagation
by comparing the domain formation of LJ particles using the MD simu-
lations and the Brownian dynamics (BD) simulations [108]. Using the BD
simulations, the domain grows via the Ostwald ripening compared to the
diffusion-coalescence mechanism in the MD simulations. Therefore, our fu-
ture direction is to develop a more realistic model to investigate the for-
mation of NBs in a dense nuclear environment filled with a high density of
chromatin with a proper description of particle propagation. Nevertheless,
the present work provides the physical insights into NB formation with dif-
ferent mechanisms depending on the concentrations of NB components and
the interaction with chromosome regions.
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Part IV

Concluding remarks
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We studied the biological phenomena using molecular dynamics (MD)
simulations at the various scales. With all-atom MD simulations, the binding
and bending behaviors of IHF were presented. The detailed movements
which can not be probed in experimental studies were observed and became
keys explaining the bending behavior. The large fluctuation of arm groups
causes the wiggling of bound DNA to make an arginine salt bridge. Then
the salt bridge triggers DNA to bend by reducing the surface area of IHF-
DNA complex. Our result discovers not only the entire bending process of
DNA but can also provide a source to further study of the function of the
disordered region.

On the other hand, with the coarse-grained MD simulations, we fo-
cused on specific behaviors such as the depletion attraction and the phase
separations by omitting details. For example, the details such as charge dis-
tributions and internal structure were not essential to explain the entropic
effects. The eliminated details bring reduction to the simulation costs, and it
let simulations sample large systems such as nucleosome clutches and chro-
matin domains. We figure out that the depletion effect specifically arises
between the solid biological molecules which are the heterochromatin clutch
models. The depletion effect does not appear at a euchromatin clutch model
since the fluffy surface keeps the excluded volume from decreasing. Also, we
showed that the attractive polymer assists phase separation. The attractive
polymer collects particles to facilitate a phase separation even at below the
critical density. It represents a growing process of a nuclear body which
is assisted by a chromosome. Although the simulations were done for the
simple model system, the results provide the insight for a similar topology
system as well as the original system.
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m8�]

DNAî ›Ö¥å Dî\ ®‡ pt0| �¿‡ àî �• ‰¥t‰. t pt
0� ‰∞ l0 L8– DNAî 8Ï– Dt ‰∞ 4 8t| �ƒ‰. 0|⌧,
tÉD 8Ï– �•X0 ⌅t⌧î DNA� ‡(–�<\ ⌘�| \‰. NAP
|‡à¨îË1»tòà§§Ë1»,–ÃD»|8ÏHXı°\XΩƒ
t ⌘ò ¸�– �•D ¸å ⌧‰. t |8–⌧î ‰ë\ 8t ⇠�–⌧ Ñê
ŸÌY ⌅∞®¨| ¨©XÏ ¸⌅ XΩ 9@ Ë1»t DNA – ¸î �•D
�å‰.
�• ë@ 8t ⇠�X l\, IHF |î Ë1»t DNA | æî ¸�D

–ê⇠�XÑêŸÌY⌅∞®¨|¨©XÏ�0X�‰. IHFî–u›<
– t¨Xî NAP X ÖX ⌘ Xò\, DNA X π� ÄÑD æL<\h ⌅¨
xêò¸ âŸ\‰. t ¸�@ ⌧\ ôî É¸ DNA � ætî É P Ëƒ\
|¥ú‰‡ L$8 à‰. t ∞¸| 0|, Á‡ Œ@ ôî ¸�¸ 4 æî ¸�
⌅∞®¨| µt –lX�‰. ∞¨î X-ray ∞� lp@ D∑\ ôL ¡‹Ã
t æî ¸�<\ ƒâ⇠î ÉD L ⇠ à»<p t ¸�–⌧ IHF X ¸
D∑\ ÄÑX îŸ¸ Dt0Ãt DNA – ôî ¸�t DîhD LD»‰.
p� T p 8t ⇠�–⌧, lå ò ®�D t©XÏ tt�$ú IX

®� ¨tX ‡� ®¸| LDÙX‰. ‡� ®¸î ı°\ XΩ H– àî \
\t‹ ¨t– ë©Xî ‘∏\<\Ä0 Do⌧ x%t‰. t ®¸� DNA
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¨t–⌧ ¥ªå |¥òî¿ ®0 ⌅t, ‰⌧�x çƒ| ¨©XÏ t» ¸…
»¸ ƒ� ¸…» IX ®�D Ã‰»‰. IX‰ ¨tX ‡� ®¸î ⌧\⌧
Ñê ŸÌY ⌅∞®¨@ ¨L t|\ ⌅∞ ®¨| µt LDÙX‰. ‡�®
¸î 11\ \tD �¿î t» ¸…» ®� ¨t–⌧Ã �0⇠»‡, tÉt
IX|¨ ⌧\ ®tî p �•D ⌅ É<\ �¡\‰.
�• p 8t ⇠�–⌧, lå ò ®�D t©XÏ tt¨¥ � ê|

î ¸�ƒ �0X�‰. tt¨¥ î RNA @ Ë1»t ®Ï àî É<\
⌅¨ ¸�D  ƒX0 ⌅t 8Ï ÑÙ ¸0– 0| ò¿òpò ¨|ƒ‰. t
t¨¥ � ê|î ¸�D ��‹-t§ Öê‰t ¡⌅t Xî ¸�<\
W�¥ ò¿¥»‰. ¡⌅t ¸�D DNA X ®�x 4 ⌘i¥@ hÿ �0
h<\h DNA � ¥†\ �•D ¸î¿ –lX�‰. ��‹-t§ Öê| ò
L¥˘0î ⌘i¥� ¡⌅t ⌅¡D ƒ@¸î ÉD �0X�îp, tÉ<\
tt¨¥ X l1Öê@ DNA X ¡8ë©t tt¨¥ � ¥⌧
ê|î¿ �•D ⌅ ⇠ àD É<\ �¡\‰.

¸î¥: DNA, IHF, ‡� ®¸, tt�$ú IX, ¡Ñ¨, tt¨¥ 
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