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ABSTRACT OF THE DISSERTATION

Insights into the role of nucleosomal DNA folding on chromatin fiber properties

by STEFJORD TODOLLI

Dissertation Director:

Wilma K. Olson

DNA in eukaryotic cell nuclei is packaged in a highly compact, yet dynamic chromatin structure

that provides a regulatory mechanism for many biological processes, such as gene expression. The

basic packaging unit of chromatin is the nucleosome, which consists of ~1.7 turns of DNA wrapped

around an octamer core of histone proteins (H3, H4, H2A, H2B). Chains of nucleosome-decorated

DNA, which resemble beads on a string, fold into a higher-order arrangement, often referred to as

the 30-nm fiber. However, the structure of this fiber remains poorly understood, despite decades of

research. Many proposed models for the 3D organization of the nucleosomes and intervening DNA

in chromatin vary quite significantly, and the very existence and relevance of a 30-nm structure in

vivo has been questioned.

An analysis of the available high-resolution nucleosome structures shows subtle, yet significant

differences in DNA wrapping around the histone core. Monte Carlo simulations of regular nucleo-

some arrays generated using a meso-scale representation of DNA suggest that these local differences

can lead to large changes in global nucleosome arrangements, comparable to the effect of changes in

nucleosome spacing by ~2–3 base pairs. Our results suggest that a regular nucleosome array with a

177-base-pair (bp) repeat can display a loose three-stack or a more compact two-stack arrangement,

on average, depending on the DNA wrapping profile of the nucleosome. These findings imply a

very dynamic chromatin fiber with a multitude of mechanisms to control its folding.

Using this meso-scale model, we have studied the role of chromatin fiber architecture and histone

ii



tails on chromatin compaction and long-range communication in constructs containing 177-bp

repeats. Our predictions for chromatin fibers with a loose three-stack nucleosome arrangement can

qualitatively account for experimental data from in vitro assays of enhancer-promoter communication

(EPC) under physiologically-relevant conditions. On the other hand, fibers that display a two-stack

arrangement are in better agreement with sedimentation velocity experiments performed under a

different set of ionic conditions. Removal of histone tails diminishes EPC efficiency, and our

simulations predict that H3/H4 tail removal has the biggest impact, in agreement with in vitro

experiments.
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Chapter 1

Introduction

1.1 Background

One of the most crucial questions in cellular biology is: why are higher organisms made up of

cells that look and function in wildly different manners, yet have the exact same copy of DNA?

Well before the discovery of the DNA double helix [7], the scientific consensus was that DNA

associates with proteins in the form of chromatin inside the eukaryotic cell nucleus and it was

here that the differential gene expression was subsequently believed to be regulated. During the

metaphase stage of cell division, chromatin condenses into chromosomes that are visible under the

light microscope. In order to fit about two meters of human DNA into a cell nucleus that is a few

microns in diameter, the DNA must undergo significant compaction. However, the structural details

of chromatin organization are still an open question despite decades of research, yet have profound

implications on biological processes, including transcription, DNA replication and DNA repair. The

long-held textbook view has been that this compaction is hierarchical in nature (Figure 1.1) and the

first level of compaction is the nucleosome, which represents the basic repeating structural unit of

chromatin [8].

Nucleosomes

Work done prior to the early 1970s using biochemical analysis, X-ray diffraction, light microscopy

of stained chromatin, among other techniques [10, 11] established the view that chromatin consists

of interactions between DNA and histone proteins, forming spheroid chromatin particles that were
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Figure 1.1: Schematic figure that illustrates how DNA in eukaryotic cell nuclei needs to condense
into chromatin and chromosomes through a hierarchy of structures. The DNA double helix is about
2 nm in diameter and there is about 2 m of DNA inside each human cell nucleus, which is on average
less than 10 µm in diameter. The double helix first wraps around a protein octamer made up of four
types of core histone proteins to form a nucleosome, which represents the first level of compaction.
Nucleosomes along a DNA chain resemble beads on a string. A fifth histone called linker histone
(depicted by yellow long shapes) interacts with the intervening linker DNA entering and exiting the
nucleosome core. Nucleosomes interact with one another to form a more compact fiber called the
30-nm fiber, which has been subject to recent debate about its relevance in vivo. This motif can then
undergo further levels of compaction through self-interaction. Figure reprinted from ref. [9] with
permission from Springer Nature.
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initially referred to as "ν bodies". When chromatin extracted from ruptured cells was first spread on

a stage plate and observed under the microscope, it was described as "particles-on-a-string" by Olins

and Olins [11]. This arrangement was later referred to as "beads-on-a-string" by Kornberg, who

proposed a model that chromatin consists of flexibly jointed repeating units of eight histone molecules

and about 200 base pairs of DNA [8]. A subsequent study named this unit the "nucleosome" and

provided support for that model using electron microscopy and biochemical studies of chromatin

from ruptured cells as well as in vitro reconstituted nucleosomes [12].

The term "nucleosome" refers to the fundamental repeating unit of chromatin. Each nucleo-

some consists of a nucleosome core particle (NCP) and the linker DNA that connects consecutive

nucleosome cores. Often in the literature the term "nucleosome" refers to the nucleosome core

[13]. Nucleosome cores are made up of about 145–147 base pairs (bp) of DNA wrapped around an

octamer core of four types of histone proteins: H2A, H2B, H3 and H4 [14, 15]. With the addition of

a fifth type of histone called the linker histone (H1 and H5), which is believed to interact with about

10 bp of DNA on either side of the nucleosome core, the complex with a total of about 165–167 bp

of DNA is referred to as the chromatosome [13, 16, 17].

The four types of core histones share a similar overall three-dimensional fold, despite limited

sequence similarity. A long α-helix flanked by two shorter helices that connect via loops, one

on either side, makes up the bulk of the central and C-terminal portions of each core histone [14,

18]. This helix-turn-helix-turn-helix motif is known as a "histone fold" and has been observed in

many other DNA binding proteins [18, 19]. The histone fold facilitates the formation of H3/H4

and H2A/H2B heterodimers through a hand-shake motif (Figure 1.2). Two H3/H4 heterodimers

associate via four-helix bundles to form a (H3/H4)2 tetramer, while an H2A/H2B heterodimer binds

to either side of the (H3/H4)2 tetramer, through similar four-helix bundle interactions [13, 14, 17].

The resulting octamer forms a protein "ramp" interface for about 145–147 base pairs of nucleosomal

DNA to wrap around in 1.65 turns as a left-handed superhelix. A two-fold pseudo-symmetry axis

that passes through a single base pair at the center of the nucleosomal DNA defines the dyad of the

nucleosome (Figure 1.2) [13].

Highly conserved arginines interact with the phosphates near the minor groove at 14 positions

along nucleosomal DNA, one per super-helical turn [14, 15]. While the central ~120 bp of DNA bind

directly to the octamer of histone folds, the remaining DNA binds to the non-histone fold N-terminal
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Figure 1.2: Structure of the nucleosome core particle (NCP). (a) DNA wraps in 1.65 turns around
an octamer core of four types of histone proteins, with a pseudo-symmetry axis passing through a
single DNA base pair (dyad). H3/H4 (b) and H2A/H2B (c) heterodimers are formed through an anti-
parallel arrangement of the histone folds into a handshake motif. Although the N-terminal regions
of all four histones as well as the C-terminal region of the H2A histone are mostly unstructured,
a non-histone fold H3 N-terminal α-helix makes contact with the terminal regions of nucleosomal
DNA, and H2B contains a relatively long C-terminal α-helix. Figure reprinted from ref. [13] with
permission from ACS publications.

α-helix of H3 as well as part of the H3 N-terminal tail [14]. The N-terminal region of each histone

outside of the core histone fold and the C-terminal region of H2A consist of flexible regions that

are rich in cationic residues. These regions, commonly referred as tails, are mostly unstructured in

solution but may adopt transient α-helical conformation [20]. The histone tails interact with both

DNA and the histone core, as well as with other binding partners, such as various transcription

factors or other nucleosomes [14, 21]. The tails are not required for nucleosome assembly but they

play an important role in the thermal stability of the nucleosome [22]. The tail regions, usually

defined by their protease sensitivity to trypsin [23], contain many targets sites for post translational

modifications (PTM), which can alter their affinity for their interacting partners and consequently

affect nucleosome stability. It has been shown, for example, that the presence of the N-terminal
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histone tails is crucial to the role of the nucleosome as a barrier to traversal by RNA polymerase

II [24, 25]. While the histone tails and the histone core are rich in positively charged residues

that attract the highly negatively charged DNA, the exposed surface on the top and bottom of the

NCP disk contains a cluster of negatively charged residues called the acidic patch at the H2A/H2B

dimer interface [14, 15]. This feature is also involved in nucleosome-nucleosome interactions and

in binding of many chromatin factors [13].

Despite the strong interactions found to hold the complex together in crystal structures, nu-

cleosomes are not static entities whose function is simply to condense DNA. They are dynamic

structures that provide a thermodynamic barrier to DNA accessibility by various chromatin factors,

instead of a permanent blocking mechanism [17]. Indeed, Förster resonance energy transfer (FRET)

measurements of mononucleosomes have shown that nucleosomal DNA partially unwraps from the

nucleosome core in a spontaneous manner at a rate of ~4 s−1. This process allows various tran-

scription factors to bind to their target DNA and stabilize the unwrapped state, and if unbound the

DNA rapidly re-wraps within 10-50 ms [26]. This partial DNA unwrapping, also called breathing, is

often asymmetric and depends on nucleosomal DNA sequence, solvent conditions and a multitude

of post translational modifications [27–29]. In addition to their role in local DNA accessibility, the

nucleosome fluctuations can affect the arrangement of neighboring nucleosomes in an array. While

structural details of nucleosome breathing have only recently been reported for single nucleosome

core particles [30], the effect of nucleosome flexibility on chromatin structure remains unclear.

Since the solution of the first crystal structure of the nucleosome core particle to 2.8 Å resolution

in 1997 [14], many more followed. This has been due in part to the work from Jonathan Widom

and the engineering of a synthetic DNA sequence [31]. This sequence, called Widom 601 (from the

number in a large pool of random synthetic sequences), has a much higher binding affinity for the

histone octamer than natural sequences and makes the nucleosome core particles more stable. There

are now many high-resolution structures available that contain valuable information on the effect

that histone variants, chemical modifications and various bound proteins can have on nucleosome

structure. The majority of these structures use DNA sequences that generally fall into just a few

categories, including the human α-satellite repeat and the Widom 601 positioning sequences [13].

No large-scale analysis of high-resolution NCP structures has been performed to date, to quantify

the differences in nucleosomal DNA wrapping as a result of these various factors. Such analysis
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would enable us to understand the landscape of nucleosomal DNA wrapping, and the implications of

DNA wrapping on the arrangement of nucleosome arrays. In Chapter 3, we use the available high-

resolution nucleosome structures in an attempt to quantify these differences in DNA wrapping and

probe the effect that they have on chromatin fiber structure based on three particular nucleosomes.

Linker histone and chromatosomes

Linker histones bind the nucleosome at the DNA entry/exit sites and interact with linker DNA to

stabilize nucleosome wrapping in concert with core histone tails [32]. Linker histones are a family of

lysine-rich histones that in higher organisms generally contain a tripartite structure: an unstructured

~30–40-residue N-terminal domain, an ~80-residue globular central domain and an unstructured,

highly positively charged ~100-residue C-terminal domain (CTD) [33]. At least 11 different subtypes

of linker histone H1 have been found in mammals, varying by cell type and developmental stage,

and several more variants have been found in other organisms, such as H5 in chicken [34]. Linker

histones also contain many target sites for post translational modifications. The globular domain is

well conserved among different subtypes and responsible for docking onto the nucleosome core near

the entry/exit site of linker DNA and protecting about 10 bp on each DNA linker [35]. An atomic

structure for the globular domain of a recombinant chicken linker histone H5 was first elucidated in

1993 by Ramakrishnan et al. [36], displaying a winged helix motif that provided clues to the mode

of interaction with nucleosomal and linker DNA. While the globular domain alone is sufficient for

binding to the nucleosome core, the C-terminal domain is required for high affinity binding as well

as formation of a DNA linker stem and higher-order chromatin compaction [35, 37]. The C-terminal

domain is characterized by very low sequence conservation and high content of lysines and prolines,

features typical of an intrinsically disordered protein (IDP). It has been suggested that the CTD by

itself is unstructured in solution but may adopt a more compact state upon binding the nucleosome

[38–40]. Many models for the interaction mode of linker histone in the chromatosome have been

proposed over the years using a variety of experimental techniques and computational docking [41–

45]. The proposed models generally fall into two main categories: off-dyad and on-dyad binding, but

despite all this knowledge and extensive efforts, a high resolution structure of a full chromatosome

complex has evaded researchers for a long time.

An atomic structure for a 165-bp chromatosome containing the globular domain of chicken linker
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(a) (b)

Figure 1.3: Crystal structures of chromatosomes containing the globular domain of linker histone.
The two structures are shown in the same view with respect to the nucleosome core (histone core
in light blue, nucleosomal DNA in gold). The linker histone globular domains (in pink) bind
on the dyad (red spheres) and interact with both DNA linkers (green) in a similar fashion. (a)
Chromatosome with 165 bp DNA and the globular domain of chicken histone H5 (PDB ID 4QLC
[46]). (b) Chromatosome with 197 bp DNA and globular domain of Xenopus H1.0b (PDB ID 5NL0
[47]). Figures generated with PyMol [48] from atomic coordinates.

histone H5 (gH5) was first reported in 2015 using X-ray crystallography. The structure showed an

on-dyad binding mode where gH5 interacts with both DNA linkers (Figure 1.3a) [46]. An NMR

study from the same group later showed that the globular domain of Drosophila H1 binds off the

dyad and interacts primarily with one of the DNA linkers [49]. These results suggested that a small

number of differences in sequence between the two proteins contributed to the different binding

modes and led to different higher-order structures of nucleosome arrays. Using a combination of

cryogenic electron microscopy (cryoEM) and X-ray crystallography, Bednar et al. [47] later reported

the structure of a 197-bp chromatosome containing full length vertebrate linker histone H1. They

determined that the globular domain of the linker histone (gH1) binds on the dyad and interacts with

both entry/exit DNA linkers (Figure 1.3b), in a fashion similar to the interaction in the 165-bp crystal

structure [46], while the C-terminal domain localizes primarily around one of the DNA linkers,

although this region was not resolved to a high resolution. However, the DNA linkers contain

significant differences between the two crystal structures: in the case of the 165-bp chromatosome
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the linkers are more deformed, while in the 197-bp chromatosome they are mostly straight. This

could be due to the poorer resolution of the latter structure, or an effect of the different crystal

packings. While these structures provide valuable information on the effect of linker histone binding

on the nucleosome, it still remains unclear how the interactions occurs in a chromatin environment

and what the implications are for higher-order chromatin structure.

Chromatin structure and function

Shortly after the description of the basic chromatin structure as a string of nucleosome repeats

and the visualization of the beads on a string structure, Finch and Klug proposed the first model

of how nucleosomes associate into higher-order structures [50]. Using electron microscopy they

observed that in the presence of Mg2+ ions and linker histones, chromatin extracted from rat liver

nuclei condenses into a thick fiber with a diameter of about 30 nm. They proposed a model

where nucleosomes arrange in a solenoid with pitch of 11 nm, corresponding to the diameter of

a nucleosome. In this model, the nucleosomes stack side-to-side in the direction of the fiber axis,

while consecutive nucleosomes pack radially into a linear filament connected by a highly bent DNA

linker [50, 51]. This solenoid model has persisted in literature for a long time and the observed

filaments became known as the "30-nm fiber". The proposed structure was considered to be the next

level of DNA compaction beyond the nucleosome, and one among several levels in a hierarchical

model of chromatin compaction (Figure 1.1).

Once the first details about the general organization of the nucleosome became available, many

more chromatin fiber models were proposed over the following years [52]. A helical ribbon model,

where the repeating unit consists of two nucleosomes twisted around the fiber axis, was proposed in

sharp contrast to the solenoid model [53]. This arrangement implied that the intervening DNA was

mostly straight as it crossed back and forth between consecutive nucleosomes in the ribbon. A later

study proposed that the chromatin fiber consisted of two stacks of non-consecutive nucleosomes

twisted onto each other around the fiber axis in a left-handed manner, while maintaining the earlier

observation that the DNA linker is mostly straight [54]. In another study, the chromatin fiber was

described as a triple helix model, with a loose three-dimensional zigzag arrangement of nucleosomes

in low salt that form three stacks when compacted under high salt [55]. The models proposed from

these early studies were built from observations of chromatin extracted from nuclei, and this "native"
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chromatin is generally heterogeneous in terms of DNA sequence, nucleosome spacing and various

histone compositions. The development of a nucleosome array model system reconstituted from

tandem repeat 5S rRNA sequences [56] and later of the synthetic 601 strong nucleosome positioning

sequence [31] allowed for more precise control over the spacing between the nucleosomes and led

to many in vitro studies of regular nucleosome arrays.

Using nucleosome arrays reconstituted in vitro, Rhodes and colleagues conducted EM measure-

ments of fiber dimensions, and proposed an inter-digitated nucleosome array model [57]. Another

study in the Grigoryev research group used analytical centrifugation to characterize the effects of

nucleosome repeat length (NRL) and various ionic conditions on the compaction of regular nucle-

osome arrays, and [58]. The data from these in vitro studies (and others) of regular nucleosome

arrays, has led to many analytical and computational models that capture the dependence of chro-

matin structure on NRL [59–61]. In the absence of detailed chromatin fiber structures observed

experimentally, however, these models were all supported by one set of data or another and often

contained contradictory features [52].

A crystal structure of a tetra-nucleosome by the Richmond group revealed a stacked di-

nucleosome structure with crossed linkers [62]. The structure provided strong support for a two-start

model of the 30-nm fiber and suggested that nucleosomes within a stack interact via acidic patch–H4

tail interactions. This importance of this interaction for chromatin fiber folding was previously

demonstrated using sedimentation coefficient experiments [63]. A recent study by the same group,

however, has revealed two tetra-nucleosome arrangements with shorter linker DNA and different

nucleosome-nucleosome interactions that challenge the necessity for the previously proposed H4

tail–acidic patch interaction [64]. A lower resolution cryoEM density map of a reconstituted 12mer

nucleosome array also displayed two different sets of interactions between nucleosomes [65]. The

differences among these few nucleosome array structures highlight the inherent flexibility of the

chromatin fiber, and reflect the challenges in the effort to elucidate chromatin structure. Chromatin

fiber heterogeneity is likely a feature of chromatin that allows for a regulatory mechanism and

contributes to its function in biology.

Due to its role in DNA compaction and the reduced accessibility of the nucleosomal DNA,

chromatin has been generally considered to act as a transcription repression mechanism. The more

actively transcribed chromatin regions (euchromatin) are defined by a lower density of nucleosomes
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Figure 1.4: Euchromatin is characterized by looser packing of the nucleosomes and generally
associated with higher levels of transcription, whereas heterochromatin contains a much denser
packing of the nucleosomes that prevents DNA access to many of the chromatin factors necessary
for the transcription machinery to work. Figure reprinted from [66].

and a looser fiber arrangement, while the more silent regions (heterochromatin) are defined by

higher nucleosome density (Figure 1.4). However, these two states are not necessarily static and are

subject to regulatory mechanisms. Recent advances in genetics have led to the analysis of the spatial

arrangements of nucleosomes in whole genomes with very high precision and the identification of

topologically associated domains (TAD), which are large regions of chromatin with high frequency

of local interactions and are found in many species [67]. The barriers between these domains,

characterized by low interactions, were shown to be associated with the spread of heterochromatin

regions and their disruption can lead to misregulation [67, 68]. Furthermore, complex biological

processes often require distant elements in the DNA sequence to come into close proximity. Such

is the role of enhancers that activate transcription at distant promoter sites, often thousands of bases

away in the sequence [6, 69]. How an enhancer identifies its target promoter in three-dimensional

nuclear space over such long distances still remains largely unknown, from a mechanistic perspective.

It has been shown from in vitro studies and simulations of precisely positioned nucleosome arrays
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that chromatin enhances the efficiency of enhancer-promoter communication (EPC) compared to

naked DNA [1, 2]. While the N-terminal tails increase this enhancement effect, the presence of

nucleosome gaps can either strengthen or weaken the EPC enhancement, depending on the length

of the system [2, 5]. In this work we use computational modeling and simulations in an effort

to understand how chromatin structure can contribute to the level of EPC enhancement and what

the role of specific N-terminal tails is in this enhancement. We compare our results with in vitro

studies led by the Vasily Studitsky lab to understand the implications of this data on chromatin fiber

architecture.

It has been suggested that the 30-nm chromatin fiber may not exist in vivo [70]. The view of

chromatin that has emerged in the last several years supports an irregular chromatin fiber that exists in

a disordered state [71]. An in situ study using electron microscopy tomography in combination with

advanced DNA staining (ChromEMT) revealed a disordered chromatin chain, 5–24 nm in diameter,

that comprises a heterogeneous mix of arrangement motifs [72]. Recent in vivo work found that

chromatin forms compact domains organized by inter-nucleosome interactions that display a liquid-

like behavior and move coherently [73, 74]. These domains appear to share some properties with

TADs, although they are products of different physical processes. On the other hand, a super-

resolution study revealed that topologically associated domains are found in single cells and while

regulatory proteins are necessary to maintain TAD boundaries at preferred sites, TAD-like structures

are found in the absence of these proteins [75]. These recent advances are shifting the paradigm

for chromatin structure and necessitate new computational tools that can capture the heterogeneity

observed from experiments. Our work represents an effort to develop such methods to aid in our

understanding of chromatin behavior.

1.2 Dissertation overview

Chapter 2 describes our approach to construct an approximate atomic-level model of a chromatin

fiber based on available low resolution cryoEM density maps. We aim to understand the structural

details of the fiber and pathways of inter-nucleosomal DNA and present an efficient method to model

the DNA linkers. Our results hint at heterogeneity among the linkers in the cryoEM density maps

and point to potential problems with the densitites.
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In Chapter 3 we discuss the results of meso-scale simulations of regular nucleosome arrays and

the effects of nucleosomal DNA wrapping on the global properties of the resulting fibers. We focus

on three specific high-resolution nucleosome structures, including one that contains a linker histone

globular domain. We attempt to characterize how the specific DNA wrapping in these nucleosome

structures affects the nucleosome-spacing dependence of chromatin fiber architecture. Our results

may help to understand some of the discrepancies among previously proposed chromatin fiber models

and experimental results from sedimentation velocity studies. Our meso-scale model allows us to

treat chromatin as a dynamic ensemble of structures and to calculate ensemble properties, a view

that has recently gained support as a more accurate description of chromatin structure. We present

the details of the meso-scale model and the methods we use to characterize the simulated arrays as

dynamic ensembles.

In Chapter 4 we use our meso-scale model of chromatin in simulations of enhancer-promoter

communication (EPC) experiments of nucleosome arrays to study the effect of array length and N-

terminal histone tails on these long-range interactions. We compare our results with experimentally

observed patterns of distant communication from in vitro studies from the research group of Vasily

Studitsky, as a way to validate the utility of our model. Our EPC results support a loose, approximately

three-stack arrangement of the nucleosomes in fully saturated arrays of 177-bp repeat systems, in

physiologically-relevant ionic conditions.

Chapter 5 contains concluding remarks. We discuss the significance of our work and the potential

shortcomings, as well as the many questions that are raised for future studies.
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Chapter 2

Chromatin fiber organization: insights

from modeling based on cryoEM data

2.1 Introduction

The traditional description of the chromatin fiber as a hierarchical structure with various compaction

levels still persists in textbooks as an illustrative way to think about how DNA is packed inside the

eukaryotic cell nuclei. Since the early observations of nucleosome-decorated DNA as beads on a

string condensing into a 30 nm fiber in the presence of linker histone H1 or increasing ionic strength

[32, 50], there have been many modeling attempts to understand the nature of this compaction at this

scale. However, the proposed models for the 3D organization of the nucleosomes and intervening

DNA vary quite significantly and the very existence and relevance of this structure in vivo has been

called into question [70]. While the structure of the nucleosome core particle (NCP) has been solved

to a very high-resolution [15], structural information about the nucleosome-decorated DNA chains

from experiments has been scarce and inconsistent, mostly due to the size and flexibility of the

system.

A crystal structure of a tetra-nucleosome at 9 Å published in 2005 supported a two-start helix

where mostly straight DNA zigzags back and forth between nucleosomes arranged in two stacks

[62]. Recently the same group published two higher resolution tetra-nucleosome crystal structures at

6.7 and 5.8 Å, which are in general agreement with the two-start model of the prior work, but contain



14

different nucleosome-nucleosome interactions within each stack [64]. These tetra-nucleosomes

represent the highest resolution to date of any structure that resembles the 30 nm fiber and highlight

the challenges of having a detailed account of the chromatin structure. The structural heterogeneity

of the nucleosome arrangements at this level can have large effects on higher-order structures at the

genomic scale. However, these crystal structures only contain four nucleosomes in the absence of

the linker histone protein, which is assumed to interact with DNA linkers near the entry/exit sites,

and do not necessarily reflect what may occur in a long chromatin fiber.

A single-particle cryogenic electron microscopy (cryoEM) study by Song et al. produced low-

resolution (11 Å) density maps of two chromatin constructs with 12 nucleosome repeats of the

Widom 601 positioning DNA sequence in the presence of human linker histone H1.4 [65]. One

construct has a 177-base-pair (bp) repeat (12×177 bp) and the other has a 187-bp repeat (12×187 bp).

The study reveals a two-start crossed linker architecture, similar to the arrangement suggested by the

first tetra-nucleosome crystal structures [62]. The structure is organized in three tetra-nucleosome

unit repeats, with the nucleosome stacking between each unit stabilized through H4 tail–acidic patch

interactions, and adjacent H2A/H2B dimers interfaced within each unit. While no detailed account

for the modeled DNA linkers is presented, it is suggested that the linker histone globular domain

interacts with both DNA linkers off the dyad of the nucleosome.

In this study we revisit the density data from the cryoEM study with the goal of building an

atomic-level model and getting a better understanding of the arrangement between nucleosomes

and intervening DNA. There is an apparent heterogeneity present in the density map, where the

nucleosomes are arranged in three tetra-nucleosome units [65] and we want to understand potential

differences among the DNA linker arrangements that define each position within a unit. While the

linker in this chromatin fiber arrangement are generally considered as straight, our work suggests

that it may not be the case and that there may be differences between the different DNA linkers in

the fiber density. These different DNA arrangements could have implications for the positioning of

the linker histone. We present an efficient method for generating approximate atomic-level models

of DNA based on a density map using a rigid-body parameter treatment.

Since the cryoEM study came out in 2014, more recent work has produced a large body of

information regarding chromatin fiber structure and the binding mode of the linker histone globular

domain in nucleosomes. The X-ray crystal structure of a chromatosome (nucleosome core + linker
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DNA + linker histone) with 167-bp DNA and the globular domain of chicken histone H5 (gH5) was

solved at 3.5 Å in 2015 [46] and that of a chromatosome with 197-bp DNA with full length Xenopus

(African clawed frog) linker histone H1.0 was determined at 5.5 Å in 2017 [47]. In both structures,

the globular domain of the linker histone binds on the dyad of the nucleosome and interacts with

both DNA linkers. On the other hand, an NMR model of a chromatosome containing Drosophila H1

revealed an off-dyad binding mode. These structural differences show that there could be multiple

modes of interaction between linker histones and nucleosomes. While these mono-chromatosome

structures provide great insight into the interaction of linker histones with nucleosomes, they are

not necessarily representative of the environment present in the chromatin in living cells. Without a

structural account of the nucleosome arrangements and linker histone interaction in a chromatin fiber,

it is difficult to understand the role of chromatin in many biological processes, such as transcription,

replication and repair.

2.2 Methods

2.2.1 Fitting nucleosome core particles

The original density map for the 12mer nucleosome array was segmented using the Chimera software

[76] into 12 density regions corresponding to each nucleosome. The 1.9 Å resolution NCP crystal

structure from Davey et al. (PDB ID: 1KX5) [15] with truncated N-terminal histone tails was

then docked into each nucleosome density region (Figure 2.1). We used the colores program

from the Situs suite to perform rigid-body docking since it utilizes a contour-based fitting protocol

shown to improve the docking precision for low-resolution densities [77, 78]. After docking the

high-resolution nucleosome structure at every position, we then used the 3DNA software [79, 80] to

place reference frames on each base pair of the nucleosomal DNA. We used these reference frames

as spatial constraints for the next step, that is, modeling the linker DNA connecting successive

nucleosomes.

2.2.2 Modeling flexible DNA linkers

In order to model the flexible DNA linkers we wanted to set up a protocol that fulfills at least three

basic criteria. First, the protocol needs to produce DNA with the best possible fit to the density map.



16

Figure 2.1: Nucleosome core particle docked inside the density map region corresponding to a
nucleosome. The docking is performed using the Situs>colores program [77] that utilizes a
contour-based filter to improve the docking quality.

Second, it should not over-fit DNA to the density map at the expense of producing an energetically

implausible model. In other words, the linker DNA needs to be in general agreement with some

of the physics-based models previously described in the literature [81, 82]. Lastly, the flexible

fitting procedure needs to be very fast. For this reason we set up an optimization algorithm that

simultaneously maximizes the density fitting score and minimizes the elastic energy of deformation

of a flexible DNA linker.

To compute the elastic energy of deformation we used a coarse-grained elastic polymer model

of DNA represented as a collection of base pairs. Each base-pair step is described by a set of

six rigid-body parameters, where the first three parameters represent a rotation and the next three

represent a translation (Figure 2.2) [83, 84]:

p = (p1, p2, p3, p4, p5, p6) (2.1)

The elastic energy of deformation for a collection of steps is then calculated as the sum of

energies for each step using a simple harmonic potential [81]:

ǫ =
1
2

N−1
∑

1=1

∆pT
i
Fi∆pi , (2.2)
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Figure 2.2: Base-pair step parameter representation of local DNA geometry. Figure adapted from
Lu and Olson [79].

where N is the total number of base pairs in the collection, Fi is the force constant matrix associated

with step i and ∆pi = (pi − p) is the deviation of the rigid-body parameters at step i from their rest

state. In our approach we use an ideal, inextensible, naturally straight DNA model with intrinsic step

parameters characteristic of a B-DNA rest state with a helical repeat of 10.5 bp per turn (Eqn. 2.3).

Therefore our force constant matrix is the same for every step and does not contain any coupling

between modes of deformation (Eqn. 2.4). It is important to note that this was done for simplicity

and the model can be very easily implemented to take account of sequence effects.

p = (0, 0, 34.2857 deg, 0, 0, 3.4 Å) , (2.3)

F = diag[0.0427, 0.0427, 0.0597 (kBT/deg2), 20, 20, 20 (kBT/Å
2
)] . (2.4)
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To compute the density correlation C of the DNA linker with the EM map we use the collage

program from the Situs suite [78]. The program takes a set of full atoms and an EM density map and

computes a correlation score in the range [0,1], with larger values representing better fits. Therefore

the total energy term that we aim to minimize in our method is:

E = w1ǫ − w2(1 − C) , (2.5)

where a smaller (1 − C) value now represents a better fit, therefore a "lower energy". The weight

terms w1 and w2 are used in order to offset the rather large elastic energy values ǫ (in kBT) of

the DNA linkers when they are fitted to the density map, compared to (1 − C) which is unit-less

and ranges from [0,1]. This way, the contributions from both terms are comparable and at least of

the same order of magnitude. It is worth noting that the general inextensibility of the DNA in our

model is achieved by using very large values for the translational force constants, as seen in Eqn.

2.4, instead of disallowing those moves completely. That means in reality, during the minimization

steps, the linker DNA can be stretched or horizontally displaced by some small amount, leading to

very large values of the elastic energy of deformation when those moves result in a better fit to the

EM density.

Powell’s method [85], as it is implemented in the Python SciPy library, was used to find a set

of base-pair step parameters that minimize the total energy E of the linker. A set of 6(N+1) step

parameters is required to model a flexible DNA linker of length N bp, in order to account for the base

pairs at each end. These pairs represent the terminal base pairs of the linked nucleosomes (i.e. N+2

bp linker that includes the constrained terminal base pairs). At each move in the Powell minimization,

a full atomic model of the DNA linker is reconstructed from the base-pair step parameters using

3DNA [79] in order to calculate the density correlation score. This procedure is quite costly in

terms of computation and is an area that could potentially be improved in the future. The entire

minimization algorithm was implemented in Python while the collage functionality from Situs

[78], which is written in the C programming language, was integrated into the Python code as a set

of library functions using the interface generator Swig.

Our optimization method produces DNA linkers with visibly good fits to the EM density maps

while maintaining the structural integrity of the DNA. However, due to the general limitation
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of minimization algorithms to find only local minima, it is important to have a good starting

configuration. In this case, the starting DNA linker must have at least some degree of overlap

with the correct linker density; otherwise the optimization can steer the DNA linker towards the

wrong density region. A good starting configuration can be achieved in a number of ways. Turning

off the density correlation term and generating an elastic energy-optimized DNA linker usually

produces a fairly reasonable starting structure (Figure 2.3, pink DNA). This is the approach that we

take in most cases in our modeling processes. In some cases however, manual adjustment of this

starting structure might be required, especially when linker densities contain highly bent regions. A

piecewise construction of the DNA linker was used in this case, where only portions of the linker

that overlapped the correct EM density were selected in successive rounds of optimization to obtain

an appropriate starting configuration.

Figure 2.3: An example of a DNA linker, in this case connecting nucleosomes N1 and N2 in the EM
density, after elastic minimization (pink) and after the full optimization procedure that minimizes
the elastic energy and maximizes the EM density correlation (gold).

We use the local step parameters (tilt, roll, twist, shift, slide, rise) of the optimized DNA linker

models to analyze their pathways in the cryoEM density maps. Additionally we define the net local

bending (Ω) between successive base pairs given by the square root of the sum of the squares of tilt
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(p1) and roll (p2),

Ω =

√

p2
1 + p2

2 . (2.6)

2.2.3 Docking the linker histone globular domain

After modeling the nucleosome core particles and the DNA linkers we used the pdb2vol program

from Situs to create volumetric maps from the docked core histones and modeled DNA. We sub-

sequently used the voldiff program to subtract this volume from the original density map. The

difference is presumed to correspond to the globular domains of the linker histones. Our approach to

model the positioning of the linker histone globular domain in the remaining density regions involves

docking high-resolution structures of the linker histone globular domain into each region/position

and then analyzing the ensemble of docked models for each position, separately. For this purpose we

used all of the high-resolution structures for the globular domain of linker histones H1/H5 (gH1/gH5)

that were available in the Protein Data Bank (PDB) [86] as of 2017. The list includes a mix of crys-

tal and solution NMR structures (Table 2.1). Since NMR-determined structures usually contain

an ensemble of models, this approach has the benefit of containing a representation of structural

heterogeneity in the globular domain and allows for a wider exploration of possible docking models,

given the low resolution of the density map. After rigid-body docking every gH1/gH5 model (88

in total) to each position in the density map of the fiber with the colores program from Situs, we

selected only the best-scoring fit (according to the ranking from Situs) from each case for further

analysis.

2.2.4 Contacts between linker histone globular domain and linker DNA

We used the atomic coordinates from the ensemble of docked gH1/gH5 models at each position to

analyze the contacts between the linker histone globular domain and nucleosomal DNA, including

the DNA linkers entering and exiting the nucleosome. To define a contact, the general practice is to

use the van der Waals radius for each atom and assume a contact if the atomic distance is less than

the sum of the two atomic radii. In our case, since the resolution of the EM densities is very low

and the docking models are very approximate, we use a generous distance of 4.0 Å between any two
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Table 2.1: List of high-resolution structures of the globular domains of linker histones H1/H5
downloaded from the Protein Data Bank (PDB). Structures with an asterisk (*) represent nucleosome
complexes that contain linker histone globular domains. In the case of 5NL0 the structure was
crystallized with full-length linker histone; however, only the globular domain was resolved.

PDB ID Exp. Method # Models Type Source Chain Length Ref.

1GHC Solution NMR 14 H1 G. gallus 75 [87]
1HST X-ray diffraction 2 H5 G. gallus 90 [36]
1UHM Solution NMR 20 H1 S. cerevisiae 78 [88]
1USS Solution NMR 10 H1 S. cerevisiae 88 [89]
1UST Solution NMR 10 H1 S. cerevisiae 93 [89]
1YQA Solution NMR 10 H1 S. cerevisiae 87 [90]
2LSO Solution NMR 20 H1x H. sapiens 83 NA
4QLC* X-ray diffraction 1 H5 G. gallus 77 [46]
5NL0* X-ray diffraction 1 H1.0-B X. laevis 196 [47]

atomic centers as the cutoff that defines a contact.

2.3 Results and Discussion

2.3.1 Nucleosome core particle arrangements

After docking the high-resolution nucleosome core structures, we first analyzed the relative arrange-

ments between successive nucleosomes. First of all, due to the near symmetrical nature of the

nucleosome core particles (excluding the long tails in the 1KX5 structure), there are two potential

orientations of the docked crystal structure for each position. These possibilities are returned as the

two best fits by Situs, flipped with respect to one another by a 180° rotation around the nucleosome

dyad axis. Since the low resolution of the EM density map does not contain information about the

direction of the DNA sequence, we chose the direction that is most represented among the docked

nucleosome cores, considering that the high-resolution crystal structure defines the direction of

nucleosomal DNA. We then looked at the distances between the terminal base pairs of consecutive

nucleosomes (Table 2.2), as a way to validate the density maps and as the first step to modeling the

intervening DNA. The periodic nature of the distances in this table show that the fibers are generally

arranged in three tetra-nucleosome units, as reported by the authors of the original work [65]. The

distances between nucleosomes N4-N5 and between nucleosomes N8-N9, which correspond to the

tetra-nucleosome boundaries, are generally longer than the others.
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Table 2.2: Distances between terminal base-pairs of consecutive nucleosome core particles docked
to the cryoEM density map. The three columns for each construct represent the raw distance d (in
Å), the length d0 of straight B-DNA that is required to span the distance (in base pairs, rounded to
integers) and the difference ∆d between d0 and the length of linker DNA in the fiber (considering the
NCP contains 147 bp), respectively. It is clear from this table that the distances between nucleosomes
N4-N5 and between nucleosomes N8-N9, i.e., between tetra-nucleosome units, in the 12×177 bp
density map (colored in red) are significantly larger than what can be accounted for by the described
construct.

12×177 model, 30 bp linker 12×187 model, 40 bp linker

NCP connection d (Å) d0 (bp) ∆d (bp) d (Å) d0 (bp) ∆d (bp)

1-2 94.2 27 -3 138.2 40 0
2-3 104 30 0 125.3 36 -4
3-4 95.2 27 -3 140.1 40 0
4-5 158.3 46 +16 138.0 40 0
5-6 95.5 27 -3 136.4 39 -1
6-7 103.5 29 -1 124.1 36 -4
7-8 94.8 27 -3 137.6 39 -1
8-9 128.9 37 +7 138.2 40 0
9-10 92.8 26 -4 137.7 39 -1
10-11 108.9 31 +1 124.1 35 -5
11-12 95.5 27 -3 138.9 40 0

It is striking to observe that the distances between tetra-nucleosome units in the case of the

177-bp repeat construct are significantly larger than what a straight B-DNA of the experimentally

designed 30-bp linker length could span (Table 2.2, distances shown in red text). This means that

given a density map free of potential errors, either the DNA linker is significantly overstretched, or

there is some degree of nucleosome repositioning taking place. While those scenarios certainly are

possible, the discrepancy may simply reflect an artifact in the EM density from improper modeling

and refinement and needs to be investigated further. The 187-bp repeat construct does not appear to

have this problem. The distances that are shorter than the construct linker length can be accounted

for by DNA deformation, since these DNA linkers do not generally follow a straight path. For this

reason, from this point onwards, we deal only with the modeling of the 187-bp repeat fiber.
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2.3.2 DNA linker arrangements

Using the method described in Section 2.2.2 we modeled all the DNA linkers in the EM density

map of the 187-bp repeat fiber. Our modeling includes the 40-bp linker DNA as well as the first

and last 10 bp of DNA on each 147-bp nucleosome or, expressed in terms of each nucleosome dyad

(base pair 0) we modeled linkers that connect base pair +63 of one nucleosome with base pair -63

of the following one. This "peeling" allows us to account for any effect that the chromatin fiber

arrangement may impose on the wrapping of nucleosomal DNA, instead of placing all of the stress

on the DNA linkers. Initially, we build a linker with minimal elastic energy that connects successive

nucleosomes. At a second step, we use both the density correlation score and the elastic energy

to fit the DNA linkers to the EM density map, as described in methods. Upon visual inspection,

the linkers seem to fit the density map very well (Figure 2.4). It can be seen from this figure that

there are various regions in the linkers where DNA is significantly deformed from the ideal state to

accommodate the EM density and these regions do not appear to be evenly distributed.

Figure 2.4: Examples of some of the optimized DNA linker models (gold) shown inside their
respective EM density map regions (light gray). The corresponding nucleosomes are also shown in
gray (DNA), blue and green (histone core). The DNA linkers are modeled to minimize the elastic
energy of DNA while maximizing the fit to the EM density. It is clear that the linker DNA is unevenly
deformed to fit the density map.

By analyzing the modeled DNA linkers we can learn a lot about the fiber arrangement and tease
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out differences between and within each tetra-nucleosome unit. In Figure 2.5 we have plotted the

local twist value (p3) along each DNA linker, after the elastic optimization (top panel) and after

full (elastic energy + density correlation) optimization (bottom panel). What is striking about these

values is that before the fit to the density map is considered, the modeled DNA linkers have nearly

identical local twist patterns (top panel). The values exhibit a somewhat regular fluctuation around

the ideal B-DNA intrinsic twist of 34.3°, with the steps tending to overtwist more than undertwist.

After the DNA is fitted to the EM density map, however, that uniformity breaks and differences

between the DNA linkers emerge (bottom panel). The linker twist profiles are grouped into four

categories to reflect the four NCP-NCP steps defined by the tetra-nucleosome repeat nature of the

EM density [65]. Each linker group (L-1, L-2, L-3, L-4) is shown in a different color and each

linker within a group is plotted with a different line style. Linkers connecting nucleosomes N1-N2,

N5-N6 and N9-N10, which are referred as L-1 and colored in red, show the largest deviation from

the starting structure, standing out from all others. A possible reason for these differences may be

that the constraints imposed by the nucleosome arrangements are not the sole contributors to the

linker DNA heterogeneity. Instead, the potential self-repulsion of the DNA, and, more importantly,

the presence of the linker histone protein might contribute to this variable accumulation of twist

along the DNA. The difference in twist, incurred by EM fitting, compared to elastically optimized

linkers is shown in Figure 2.6.

When we plot the net bending of successive base pairs along each DNA linker we can see

that, unlike for twist, there are differences among the four groups after elastic optimization, even

before considering the EM density fit (Figure 2.7). These differences reflect how the docked

nucleosomes are arranged in three tetra-nucleosome units, and impose different spatial constraints

on the intervening linkers. These differences in net bending become even greater after fitting the

DNA linkers to the EM density. The differences in bending, before and after EM density fitting are

shown in Figure 2.8).

From both the twist and the bending profiles, we can see that the modeled DNA linkers are not

straight, as they might appear from rough 3D models [65]. The linkers have significant curvature,

relatively highly bent regions and a variable twist, compared to relaxed, ideal B-DNA. These changes

likely reflect the binding of the linker histone protein, which is known to interact with linker DNA.

From this analysis, there is not a clear signal for every linker as to where it might bind the linker
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Figure 2.5: Local twist (p3) along DNA linkers after optimization of the elastic energy (top panel)
and after fitting to the EM density map (bottom panel). The graphs are colored to reflect the four
linker categories within each of the tetra-nucleosome units, e.g. linkers connecting nucleosomes
N1-N2, N5-N6, N9-N10 are shown in red (L-1), linkers N2-N3, N6-N7, N10-N11 are shown in
blue (L-2), and so on. Within each group, the values are plotted in different line styles, going from
dashed to dash-dot to solid, in order of increasing index. The gray shaded regions highlight the
nucleosomal DNA near the exit (left) and entry (right) sites. The elastically optimized DNA linkers
have nearly identical twist patterns. After fitting to the EM density, the DNA linkers display regions
of strong local twist deviation.
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Figure 2.6: Differences in local twist (p3) along DNA linkers before and after fitting to the EM
density map. After fitting to the EM density, the DNA linkers display regions of strong local twist
deviation, compared to elastically optimized linkers. Linkers that connect nucleosomes 1 and 2
within each tetramer unit show the largest deformation (L-1, first panel). The colors and line styles
are the same as those in Figure 2.5. The gray shaded regions highlight the nucleosomal DNA near
the exit (left) and entry (right) sites.
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Figure 2.7: Net bending (Ω) of successive base pairs, defined from tilt (p1) and roll (p2) values as

Ω =

√

p2
1 + p2

2 , along DNA linkers after optimization of the elastic energy (top panel) and after
fitting to the EM density map (bottom panel). The graphs are colored to reflect the four linker
categories within each of the tetra-nucleosome units, e.g. linkers connecting nucleosomes N1-N2,
N5-N6, N9-N10 are shown in red (L-1), linkers N2-N3, N6-N7, N10-N11 are shown in blue (L-2),
and so on. Within each group, the values are plotted in different line styles, going from dashed to
dash-dot to solid, in order of increasing index. The gray shaded regions highlight the nucleosomal
DNA near the exit (left) and entry (right) sites. The net bending along the DNA linkers shows that
they do not follow straight pathways. The ~5-bp pattern is indicative of curvature. This reflects the
constraints induced by the relative orientation of successive nucleosomes.
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Figure 2.8: Differences in net bending (∆Ω) of successive base pairs, along DNA linkers before and
after fitting to the EM density map. After fitting to the EM density, the DNA linkers contain regions
of higher net bending, compared to elastically optimized linkers. Linkers that connect nucleosomes
2 and 3 within each tetramer unit show the largest bending (L-2, second panel). The colors and line
styles are the same as those in Figure 2.7. The gray shaded regions highlight the nucleosomal DNA
near the exit (left) and entry (right) sites.
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histone, but there are significant differences seen among the linkers to suggest that there may be

more than one interaction mode. The linkers connecting nucleosomes N1-N2, N5-N6 and N9-N10,

are the ones that show the highest positive twist accumulation at around +10 bp from the exit site

(peak at bp-index 20 in Figure 2.5). This location corresponds to one of the presumed interaction

sites for the globular domain of the linker histone [65] and the over-twisting here is offset by an

under-twisting of the last 10 bp of the DNA in the nucleosome that precedes it (dip at bp index

5 in Figure 2.5). When we compare the DNA pathways of the elastically optimized linkers and

the EM-fitted linkers, we can see that some of them incur strong deformations, especially near the

entry/exit sites while others do not. For example, L-4 linkers, which connect nucleosomes between

tetramer units, show no differences in twist or net bend as they exit the nucleosome (Figures 2.6 and

2.8, bottom panel).

Using molecular visualization of the reconstructed nucleosomes (nucleosome core + linker), it

is also apparent that there are four different entry/exit DNA linker arrangements throughout the fiber.

Figure 2.9 shows cartoon representations of all the docked nucleosomes and modeled entry/exit

DNA linkers in the same view, looking down the dyad axis. The superimposed nucleosomes in any

section of the grid have the same position in the tetra-nucleosome unit. The linkers are arranged very

differently, based on the position in the tetramer, but follow very similar pathways within each group.

The differences in the DNA linker arrangements mean that they present very different environments

for linker histone binding. It is therefore possible, according to our cryoEM reconstruction, that

there could be multiple binding modes throughout the chromatin fiber.

2.3.3 GH1/H5 docking models

After modeling the nucleosome core particles and DNA linkers to the EM density map, we extracted

the remaining density regions, which are assumed to correspond to the linker histone globular

domain (Figure 2.10). At this point the remaining regions are very noisy and not well defined, and

some of the regions corresponding to adjacent linker histones [65], are difficult to segment from one

another. This reflects the low resolution of the density in the first place, the flexibility of the linker

histone H5 globular domain (gH5) fold itself, and the potential heterogeneity of its positioning. Our

approach to gH5 modeling is complementary to the one described in the original work [65]. We use

an ensemble of available high-resolution structures of the globular domains of linker histones H1
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(a) Nucleosomes N1, N5, N9 (b) Nucleosomes N2, N6, N10

(c) Nucleosomes N3, N7, N11 (d) Nucleosomes N4, N8, N12

Figure 2.9: DNA linkers entering and exiting each nucleosome in the reconstructed chromatin fiber
structure superimposed on the nucleosome core particle. The models are shown in the same view,
looking down the dyad axis, where DNA enters near the bottom face and exits near the top face of
the nucleosome core particle. From this view, we can see that these DNA linker arrangements fall
into four different categories, colored accordingly. Nucleosomes N1, N5 and N9 are shown in red
(a); N2, N6 and N10 in blue (b); N3, N7 and N11 in green (c); N4, N8 and N12 in purple (d).
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or H5 (gH1/gH5, in Table 2.1) to fit into each region individually. It is worth noting that due to the

limitations mentioned above, this modeling was done to get a general understanding of the potential

binding heterogeneity and interactions of the linker histone globular domain with the nucleosome

and not to make any determination about specific docking models.

(a)

(b) (c)

Figure 2.10: EM density map for the 187-bp repeat fiber: (a) as obtained from the EM data bank; (b)
after fitting and extracting densities corresponding to nucleosome core particles; (c) after extracting
nucleosomes and intervening linker DNA. The density regions shown in (c) are assumed to account
for the globular domain of the linker histones. All figures were generated using Chimera [76].

We used a combination of crystal and NMR structures for the globular domain of linker histone

H1 and H5, coming from different organisms (Table 2.1). The globular domain is generally conserved
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among variants, and even across homologues and species [34, 91], which results in good structural

similarity between the models (Figure 2.11). We leverage the structural heterogeneity present across

these different variants and within the many NMR models as an inexpensive way to explore the effect

of small structural perturbations on the docking model.

Figure 2.11 shows a structural superposition of all the gH1/gH5 structures used here. The

left side shows a cartoon representation of the two monomers of the dimeric crystal structure of

a chicken erythrocyte linker histone H5 globular domain, the first high-resolution structure of the

isolated protein [36]. The protein fold is characterized by a three-helix bundle with a beta hairpin

and bears strong similarities to a winged helix motif, which is common among many DNA binding

proteins. The biggest difference between these two monomers lies in what is referred to as the "loop

3" region, near the beta sheet that constitutes the "wing" of the motif (orange-reg segment in Figure

2.11). When other linker histone structures are considered, which include an NMR structure of a

yeast homologue that displays a more typical "winged helix" DNA binding motif [88], the structural

heterogeneity of the ensemble increases within the alpha helical regions as well (Figure 2.11B).

After rigid-body docking every gH1/gH5 model into every site of the remaining EM density

regions, we pick only the best-scoring fit for each model (according to the ranking from Situs) for

further analysis. We then generate the contacts between the linker histone globular domain and

DNA to obtain a general profile for the nature of the interactions across the chromatin fiber. As the

data in Figure 2.12 suggest, the globular domain of the linker histone interacts differently with the

nucleosomal and linker DNA depending on its location along the fiber. In general, the data suggest

that the globular domain interacts in an off-dyad mode, while making contact with both entry and exit

DNA linkers, as suggested in the original work [65]. The interaction with nucleosomal DNA (Figure

2.12, central column) around the dyad occurs closer to the exit site (negative bp indexes near dyad are

closer to exit linker) in nucleosome classes 1 and 2, and closer to the entry site (positive bp indexes

near dyad are closer to entry linker) in classes 3 and 4. These observation are a consequence of

the asymmetric interactions of gH1/gH5 with the DNA linkers (Figure 2.12, first and third column).

This alternation in the binding side breaks the pseudo-symmetry of the nucleosomes and reflects

the tetra-nucleosome repeat of the chromatin fiber, with adjacent linker histones interacting between

tetra-nucleosomes but not within [65]. For example, in nucleosomes N1 and N2 the linker histone

interacts mainly with the exit DNA linkers, while in N3 and N4 interact mainly with the entry DNA
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(a) (b)

Figure 2.11: Superimposed models of the globular domain of linker histones H1/H5 (gH1/gH5)
used for docking. Both figures are colored using a rainbow color scheme, transitioning from blue to
red along the N-terminus to C-terminus direction. Figures created using PyMOL [48]. (a) Crystal
structure of chicken gH5 by Ramakrishnan et al. [36] shown in a cartoon representation. There are
some differences between each monomer in the asymmetric unit, especially in the loop connecting
the two beta strands (red-orange loop) referred to as the wing region [36] and smaller differences
seen in the alpha helical units. (b) All monomeric models used in this study, superimposed on the
crystal structure from (a) and shown using a backbone trace representation. It is obvious that the
biggest differences among these structures lie in the N- and C-terminal regions, as well as in the
wing motif near the C-terminus.

linker. However, the subtle differences between the contacts in nucleosomes N1 and N2 may suggest

different binding modes for the entry side model. The same thing can be said for nucleosomes

N3 and N4. The categories used to group the chromatosomes (nucleosome core + entry/exit DNA

linker + linker histone) are defined the same way as the nucleosomes in the previous section: i.e.

chromatosomes N1, N5, N9 constitute group 1, chromatosomes N2, N6, N10 constitute group 2 and

so on. The distribution of contacts shown for each chromatosome group is normalized along the

entire length of DNA, including nucleosomal DNA around the dyad and the DNA linkers (absolute

bar heights over an entire row in Figure 2.12 add up to unity). Since our rigid-body docking of

gH1/gH5 structures involves only the EM density and does not concern the nucleosome core particle,

many of these resulting models contain clashes, and are therefore purely descriptive. As a result, the

very high number of close interactions with the exit DNA linker in the first group of chromatosomes

(Figure 2.12, top row) is the main reason behind the apparent low frequency of interactions between

the linker histone globular domain and nucleosomal DNA.
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Figure 2.12: Contacts between the gh1/gh5 models and DNA in the chromatosomes of the modeled
187-bp repeat fiber and two high-resolution crystal structures. The contacts are grouped by coding
(green, positive bar) and template (orange, negative bar) strands and normalized over the entire
length of the DNA, including both linkers and nucleosomal DNA (absolute bar heights over an entire
row add up to unity). Numbering is shown relative to the dyad. The top four rows of panels show
the contact distributions for each of the four groups of chromatosomes from the modeled EM fiber,
whereas the bottom two rows represent the contacts for the two crystal structures with PDB ID:
4QLC [46] and 5NL0 [47], respectively.

For comparison, rows 5 and 6 show the same contact analysis for the two recent chromatosome

crystal structures: the first one containing 165 bp of DNA in the presence of the globular domain

of chicken H5 (PDB ID: 4QLC [46]) and the second containing 197 bp of DNA in the presence of

full length H1.0 from African tree frog (PDB ID: 5NL0 [47]). Both of these structures describe

a chromatosome where the globular domain of the linker histone interacts with nucleosomal DNA

as well as both DNA linkers in an on-dyad binding mode, very similar to one another. It was

suggested through mutation studies and NMR that there are several residues in the globular domain

of linker histones that are responsible for the on- or off-dyad character of the interaction [49].

However, it is worth noting that both high-resolution crystal structures published so far represent

mono-nucleosomes, which means that the entry/exit linker DNA are not under the same constraints

as a nucleosome array.
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Discussion

Our atomic-level chromatin model from the cryoEM density map of a 12×187 bp fiber suggests

that the nucleosomes in the tetramer units may not be homogeneous. While the density map shows

a two-start crossed linker structure that is generally considered to have straight DNA linkers (as

opposed to the highly bent linkers in a one-start solenoid model), our modeling suggests that the

DNA linker pathways are neither straight nor identical throughout the fiber. Figures 2.5–2.8 show

that besides the generally small differences among DNA linkers dictated by the different nucleosome

orientations in a tetramer unit, the observed deviations may be induced by their interaction with

the linker histone. These various arrangements of the DNA linkers may suggest multiple modes

of interaction with the linker histone. Besides the interaction with the globular domain, the DNA

linkers also interact with the C-terminal domain, which is present in the system but not resolved in

the density, due to its unstructured nature.

Very recent work has suggested that the unstructured linker histone C-terminal domain (CTD)

maintains the disordered state while binding to DNA with very high affinity [92, 93]. The authors

propose the possibility that the CTD creates a liquid-like environment and phase-separates with DNA

linkers in the interior of the chromatin array to promote fiber compaction. This implies that neither

the CTD, nor linker DNA need to adopt particular rigid arrangements in order for this interaction

to occur. Another recent work reported the observation of an ultra-high affinity interaction between

two disordered proteins while fully maintaining their disordered state, with one of the proteins being

the H1-CTD, and suggested this new type of interaction mechanism could be abundant in eukaryotes

[94]. Such an interaction could potentially account for the ill-resolved linker histone density in

the cryoEM map and the heterogeneity in the DNA linkers we found in the model that we built.

Recent tetranucleosome crystal structures also reveal a heterogeneity in nucleosome-nucleosome

interactions and higher-order structure arrangements [64].

However, our analysis also reveals a large discrepancy between the expected and observed inter-

nucleosome distances in our model for the 12×177-bp density map [65]. Two of the nucleosome

arrangements within the tetranucleosome units would require the intervening DNA to be stretched

by about 25% or 50%, respectively (Table 2.2). This may reflect an issue in the modeling of the

cryoEM density from EM images. Any potential heterogeneity, as we discussed above, could result
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in incorrect density modeling if the EM images belonging to different structure are not properly

classified. Zhou et al. also argue that the chemical cross-linking between nucleosomes can affect not

only their mode of interaction, but also the binding mode of the linker histone [95]. Furthermore,

they suggest that cross-linking in general may induce further compaction and adoption of a specific

structure of the chromatin fibers that would otherwise be dynamic and heterogeneous. These are

critical issues that need to be addressed in future cryoEM work.

(a) (b)

Figure 2.13: Reconstructed chromatin fiber model from cryoEM density map of a 12×187-bp
nucleosome array [65]. (left) Surface representation of the approximate atomic-level model of
nucleosome core particles and intervening DNA. DNA is shown in yellow, while histone core is
shown in blue and pink to distinguish adjacent nucleosomes in each stack. (right) Coarse-grained
representation of the same cryoEM fiber model, using a representation described in Chapter 3. The
yellow and white colors highlight the two stacks formed by non-consecutive nucleosomes.

The method we presented here can be used to model flexible DNA into any density map at a

meso-scale level. With higher resolution cryoEM maps of more chromatin fibers potentially on the

way, our approach can be used to model the DNA very efficiently. The base-pair representation of

DNA can be converted to full atomic coordinates [79] that can be used for further refinement with

other methods, if the density resolution allows it. CryoEM has become a very powerful technique

over the past decade and the resolution it can achieve has undergone a revolution. Since chromatin

can be notoriously flexible in its natural state and X-ray crystallography is not always possible,

cryoEM is poised to be the method of choice for teasing structural details out of long chromatin
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fibers. Furthermore, we can use our approximate atomic-level (Figure 2.13) as a basis for coarse-

grained simulations of nucleosomal arrays, which are discussed in the next chapters. The different

arrangements of the DNA linkers entering and exiting the nucleosomes can be used as models to

predict the behavior of chromatin as a result of these different constraints.

As a direct continuation of this work, the ensemble of models for the linker histone globular

domain (gH1/gH5) docking on the nucleosome need to be further analyzed. We need to look for

the existence of any preferred binding modes and compare them with recent structural data from

experiments. With more information coming out very recently on the positioning of the globular

domain in the nucleosome [46, 47, 49, 95], it will be interesting to see if any of those models are

represented in our docking ensembles. Furthermore, we can use the gH1/gH5 docking models and

the DNA linker arrangements from our model as constraints to generate binding ensembles of the

linker histone CTD using de novo folding methods, such as those built into Rosetta [96]. These

efforts are currently underway.

2.4 Conclusions

In this chapter we have built an approximate atomic-level model from the cryoEM density map

of a 12×187 bp chromatin fiber. We have presented a method for modeling DNA onto a density

map in an efficient and robust manner, potentially as a first step towards full atomic modeling.

Our results suggest that the chromatin fiber may contain heterogeneous DNA linker arrangements

between nucleosomes and these differences may reflect the interaction between linker DNA and

the linker histone. At the same time, our analysis points to potential critical issues in one of the

cryoEM density maps. We can use the modeled chromatosomes from our model in coarse-grained

simulations of nucleosomal arrays, which are discussed in the following chapters. In future work, we

need to further analyze the linker histone globular domain binding models, and use that knowledge

to model linker histone C-terminal domain.
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Chapter 3

Role of nucleosome folding in global

chromatin properties: a meso-scale

model of chromatin

3.1 Introduction

Despite decades of research, it still remains unclear how chromatin folds inside a cell nucleus.

Structural data from experiments have been sparse, but many computational approaches have been

developed to account for these data [2, 4, 61, 97–101]. The proposed structures generally fall into

two categories: one-start helices (or solenoidal fibers) with bent linkers, and zig-zag models with

straight crossed linkers, usually with 2-start or multi-start helical nucleosome arrangements [102].

Experimental structures of in vitro reconstituted nucleosome arrays containing 4–12 nucleosomes

and various linker lengths suggest that chromatin adopts a 2-start helix arrangement, with a tetra-

nucleosome unit as a repeating motif, forming two stacks of nucleosomes twisted around each

other [62, 64, 65, 103]. Measurements from electron microscopy studies and subsequent modeling,

however, have suggested that the chromatin fiber diameter is incompatible with a 2-start helix and

a solenoid model has been proposed, where interdigitation can allow for face-to-face stacking of

non-consecutive nucleosomes [57]. Recent data from a high-resolution genome-wide chromatin

conformation map obtained using an ionizing radiation-induced spatially correlated DNA cleavage
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mapping technique, suggest that chromatin exists as en ensemble of states, displaying various

arrangements of nucleosomes compatible with 2-, 3- and multi-start helical arrangements [104]. An

ultracentrifugation study of chromatin fiber compaction found a strong dependence on nucleosome

repeat length and solvent conditions [58]. The study suggested that the intrinsic properties of

DNA linkers determine the folding of nucleosome arrays and this dependence becomes weaker with

increasing repeat length. The multitude of factors that affect chromatin structure has strengthened

the view of chromatin as a heterogeneous ensemble of states, instead of a single compact fiber

structure [71, 95, 100, 102, 104].

In this study, we investigate the role of nucleosomal DNA folding on chromatin fiber architecture.

We have analyzed the nucleosome-bound DNA obtained from numerous available high-resolution

structures and investigated how the differential wrapping affects the properties of simulated nucle-

osome arrays. To the best of our knowledge, this large-scale analysis of nucleosomal DNA from

high-resolution structures has not been reported previously. We use a meso-scale treatment of chro-

matin, previously used in studies of long-range enhancer-promoter communication [2, 3, 5, 6] as

well studies of chromatin fiber flexibility and dependence on nucleosome repeat length [4, 105]. We

use Markov chain Monte Carlo (MCMC) simulations to generate structural ensembles for various

nucleosome arrays. We use several approaches to characterize the fiber geometry by treating the

chromatin as a dynamic arrangement of nucleosomes. Fiber compaction results, expressed in terms

of estimated sedimentation coefficient, are compared to the experimental data from Correll et al.

[58]. We use the treatment from Miyazawa [106, 107] to characterize the fiber geometry in terms of

local helical arrangements of nucleosomes.

Unlike previous computational approaches, we use a rigid-body treatment of DNA that allows us

to capture details at the level of single base pairs, instead of a bead model that represents several base

pairs [98, 108]. We do not impose an explicit interaction energy term for nucleosome stacking [109,

110]; the transient nucleosome contacts occur as a result of electrostatic interactions and constraints

imposed by nucleosomal and linker DNA.

Our simulations predict an irregular and dynamic chromatin fiber structure, consisting of a

mixture of various local nucleosome arrangements. The overall architecture and flexibility depend

on nucleosome repeat length [4, 98, 100]. The range of our predicted fiber geometries is in general

agreement with previous computational and experimental work [100, 104]. Our meso-scale model
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and simulations predict that the differential folding of DNA around the nucleosome cores, as observed

in crystal structures, can lead to different fiber geometries. These fiber geometries are sensitive to

partial DNA unwrapping, in a manner that is dependent on the nucleosomal DNA folding, and

can be modulated by linker histone binding. Our characterization of fiber geometries in terms of

local helical arrangements allows us to describe the fiber as a heterogeneous ensemble of different

structures. The predicted fiber geometries, in turn, have implications on larger-scale chromatin

properties such as the ability to support long-range communication, which is discussed in Chapter 4.

3.2 Methods

3.2.1 DNA model

In our mesoscale treatment of chromatin, similar to the description in Section 2.2.2, DNA is

represented in terms of a set of rigid-body parameters that specify the relative orientation and

displacement of successive base pairs [79, 84]. The unbound linker DNA connecting successive

nucleosomes is governed by an ideal elastic potential that allows for deformations of double-helical

structure consistent with the solution properties of DNA [111]. The equilibrium rest state of the free

DNA is that of an ideal, perfectly straight molecule with 10.5 base pairs per turn and 3.6 nm pitch,

equivalent to 34.3° helical twist and 0.34 nm vertical displacement at each base-pair step (Eqn. 2.3).

The elastic force constants used here are not coupled and their magnitudes are such that a bend of

4.84° or a change in twist of 4.09° raises the energy by 0.5 kBT , the base-pair level equivalents of a

bending persistence length of 47.7 nm and a twisting persistence length of 66.5 nm.

The chain is treated as inextensible, with the spacing of successive base pairs held fixed. This

treatment of DNA as a collection of base-pairs, each with its own reference frame, is necessary to keep

track of the precise position and orientation of all the protein-DNA complexes (e.g. nucleosomes)

assembled along the molecule. This "high-resolution" treatment allows us to capture the effects of

single base-pair shifts in nucleosome positioning [105], as well as DNA sequence-specific effects,

even though the work described here does not consider sequence specificity. The collection of rigid

body parameters of the unbound DNA base-pair steps constitutes the primary parameter space in

our simulations.

The negative charges along the DNA backbone are coarse-grained by representing the charges
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(a) (b) (c)

Figure 3.1: Treatment of DNA in the meso-scale model of chromatin: 1.5 turns of DNA with
10 bp/turn shown for illustration. (a) A cartoon representation of a full atomic model, with a
ribbon connecting the sugar-phosphate backbone. Image created with PyMOL [48]. (b) DNA is
treated as a collection of base pairs, whose reference frames are depicted here by thin blocks. The
relative displacement and orientation of every two base pairs is described by a set of six rigid-body
parameters. DNA in most figures of nucleosome arrays in this work is illustrated by a smooth
twisted ribbon, shown here as a translucent blue volume, which encompasses the base pairs. (c)
The combined charge for every three base pairs of DNA is placed at the origin of the central base
pair. Every base pair is assigned a spherical excluded volume with diameter equivalent to that of
the B-DNA double helix, or 20 Å. Figure adapted from Nizovtseva et al. [6] with permission from
Future Medicine.

for every three consecutive base pairs by a single charge placed at the origin of the central base-pair

reference frame (Figure 3.1). That means the first charge is placed at the center of base pair 2, the

second charge at the center of base pair 5 and so on. When the total number of base pairs is not an

integer multiple of 3, the last charge is placed at the center of the last base pair and in that case it

only represents the last 1 or 2 base pairs, accordingly. Our coarse-grained system contains charges

of –1.5 esu for every three base pairs, or the equivalent of –0.25 esu for every phosphate atom in

the backbone. This 75% reduction in phosphate charge reflects the effective charge upon counterion

neutralization of B-DNA in a dilute solution, according to Manning’s predictions [112].

Since our simulations account for excluded volume effects, we use spheres centered on the origin

of each base-pair frame to represent the volume for each base pair. The radius of each sphere is

taken as 10 Å, which corresponds to half of the average diameter for an ideal B-DNA molecule.



42

3.2.2 Nucleosome core particle model

The nucleosomes are modeled as rigid bodies associated with a set of frozen DNA base-pair steps and

contain a set of charges, based on the atomic details in available high-resolution structures. Initially

our model incorporated these details from the currently best-resolved 1.9 Å nucleosome core particle

crystal structure (Figure 3.2a) [15]. Other high-resolution structures can be implemented in a similar

fashion, which is a topic discussed in subsequent sections.

The shapes and charges of the histone octamer are described in a local nucleosome reference

frame and this local frame is connected to the global frame of the DNA molecule via the local

coordinates of an anchoring DNA base-pair. A natural choice for this base pair is the central base

pair located on the nucleosome dyad of the selected crystal structure with 147 bp of DNA. In the

work presented here, we use a nucleosome reference frame with its origin defined by the mean of

the DNA base-pair centers. The z-axis lies along the superhelical (or cylindrical) axis of the bound

DNA, which is defined, in turn, by the line that is equidistant from all base-pair origins. The x-axis

points towards the dyad and the y-axis follows the standard right-handed rule [1, 4]. The choice

of this nucleosome frame does not affect the simulations, as long as the dyad base-pair reference

frame is defined within it. The excluded volumes of the two tetrameric core histone motifs are

approximated by cylinders that generally encompass the locations of the Cα atoms. The center of

each cylinder is defined by the average position of the Cα atoms in the tetramer and the dimensions

are based on principal component analysis of the atom positions (Figure 3.2b).

The electric charges of the nucleosome histone proteins are split into two groups: those belonging

to the trypsin-resistant histone globular domains [25, 113] and those belonging to the histone N-

terminal tails, and in the case of H2A histones, also to the C-terminal tails. The charges within

the histone core consist of 120 positive charges from the cationic atoms of arginine and lysines

(histidines are not treated as protonated at physiological pH) and 66 negative charges from the

anionic atoms of aspartic acid and glutamic acid. The full set of 186 formal charges (Figure 3.2b,

small spheres inside the cylindrical volumes) is clustered into a smaller subset of coarse-grained

charges, for each tetramer individually, on the basis of their inter-atomic distances while preserving

the net charge. The number and size of clusters are determined by an optimization procedure that

minimizes the difference at representative points between the electrostatic potential (Debye-Hückel)
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of the simplified model and the corresponding potential determined for all charged atoms in the

octamer core. This is done to reduce the cost of calculating electrostatic interactions, which can be

quite expensive. From our investigation this does not seem to affect the outcomes of our simulations,

at least in terms of global chromatin fiber properties.

(a) (b)

Figure 3.2: Treatment of nucleosomes in the meso-scale model of chromatin. (a) Cartoon represen-
tation of the 1.9 Å crystal structure from Davey et al. (PDB ID: 1KX5 [15]). (b) Coarse-grained
representation of the nucleosome by two cylinders, one for each H2A-H2B-H3-H4 histone tetramer
in the core. There is a set of fixed point charges inside the cylinder volumes representing the core
histone charges and "immobile" portions of trypsin-cleaved histone tails (smaller spheres). A set of
charges placed outside the core (larger spheres) approximates the motions of charged residues on
"mobile" histone tails. These composite charges are allowed to move inside a half-sphere volume,
with respective radii representing the predicted radius of gyration for each tail [114]. The sizes of
the spheres shown here are not proportional to the charge magnitudes that they represent. Figure
adapted from Nizovtseva et al. [6] with permission from Future Medicine.

The histone tails include 100 positively and 6 negatively charged amino acids. Each histone tail

is represented by a set of fixed charges, some of which fall within the coarse-grained volume of the

core, and a set of mobile point charges that are allowed to randomly move within a spherical cap

anchored at the point where the tail exits the nucleosome core (Figure 3.2b). The dimensions of these

spherical caps (9-20 Å) are based on estimates for the radii of gyration of the histone tails obtained

from atomic simulations [114]. The number of mobile charges can be coarse-grained at various

levels — for the work presented here, the number is taken as half the sum of the charged atoms

in the mobile region, and the total charge is maintained by doubling the charge per point. At the
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beginning of each simulation, all charges start at the center of each spherical cap. (Figure 3.2b, large

blue spheres), and their positions can be sampled or kept fixed in place, based on a user parameter.

When a histone tail is not sampled, its total charge is effectively represented by a single point charge

of equivalent magnitude. When modeling nucleosomes where the histone N-terminal tails are not

resolved in the high-resolution crystal structures, the tails are modeled using the reference structure

from Davey et al. [15].

3.2.3 Energy contributions

In our coarse-grained simulations we consider the elastic energy of deformation of the unbound

linker DNA steps and the electrostatic interaction between charges. The calculation of the DNA

deformation energy is based on the ideal B-DNA model and is described in Chapter 2 (Eqn. 2.2).

Electrostatic interactions are calculated using a Debye-Hückel potential with a Debye length of

6.85 Å, computed on the basis of the ionic strength of the experimental system discussed in Chapter

4, as well as earlier papers from our group [2, 5]. Energy contributions are determined for point

charges separated by a distance less than ~80 Å. The interactions are calculated for charges within

the DNA chain, between DNA and proteins, between different proteins, but not between charges

within a given nucleosome, e.g., not between the tail charges and core charges of a given nucleosome.

Electrostatic interactions within DNA are restricted to charges that are more than 10 base pairs away

in sequence, or in other words, about a full DNA turn.

During the course of our simulations, sometimes opposite charges manage to find each other at

very close distances and any subsequent sampling steps become unfavorable. This is due partially

to the way we define our excluded volumes in relation to the position of core charges, but mostly

is due to the treatment of histone tails as charges that preferentially lie on the outside of the core

volume. On top of this, Monte Carlo methods generally suffer from this issue of "sticky" states with

low energy [115]. Since exploring these states is certainly beyond our scope and means, we added

a weak 6-12 Lennard Jones potential, to prevent the close approach of charges of opposite sign.

We use a very low energy well (0.1 kBT here) and a distance of 4 Å and only compute this weak

interaction for attractive charges within 10 Å of one another.
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3.2.4 Simulation protocol

Our simulations use a Markov chain Monte Carlo (MCMC) method based on a Metropolis-Hastings

algorithm [116, 117]. In essence, every proposed simulation step adds a perturbation to the last

accepted step, a commonly used approach to complicated multi-variate systems like ours. The

main parameter space of the system in these simulations is the set of base-pair step parameters

of the unbound DNA, that is, all the steps that are not associated with a nucleosome. The first

base pair (at the 5′-end of the DNA) defines the global reference frame and the frames of all other

elements are calculated from the rigid-body parameters of the DNA steps using standard linear

algebra transformations. The positions and orientations of nucleosomes, are calculated from the

dyad base-pair frame, which is used as a basis for converting from the local nucleosome frame to

the global reference frame. At every simulation step, one DNA linker step is chosen at random and

all the angular rigid-body parameters associated with that step are changed, each independently of

the other. The proposed increments in the three rotational step parameters (p1 − p3 in Eqn. 2.1) are

given by the product of an assumed maximum amplitude and a random number in the range [–1, +1].

The magnitude of the amplitude is based on the elastic properties of DNA, i.e., the deviation of a

step parameter that raises the energy by kBT /2 (see Section 3.2.1). As mentioned previously, DNA

is treated as inextensible by not perturbing any of the translational parameters.

After modifying a DNA step, new reference frames for all the elements downstream of the move

are computed, including those of the charges and geometric shapes. After this we check for any

collisions between the defined excluded volumes, as well as collisions between any volume with

the mobile tail point charges (which fall outside the octamer excluded volumes). We do not check

for collisions within a flexible DNA linker (since the likelihood is extremely low) or between the

first three base pairs immediately entering and exiting the linker (so as not to constrain the linker

movement). At this stage we can also apply any other filters (such as, for example, an end-to-end

distance filter if we want to sample looped constructs), so that a proposed configuration which

violates those filters can be rejected.

At this point, if the mobile charges of the histone tails are to be sampled during the simulation,

a nucleosome is randomly picked with a probability that is specified in the input (pprot). The value

of this parameter is chosen so that configurations are generated with a desired acceptance ratio, here
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taken to be ~0.3 following standard guidelines [115, 118]. This acceptance ratio is usually tuned

based on a series of ‘burn-in’ runs of ~500,000-1,000,000 trials, where the acceptance is computed

for increasing values of pprot. Otherwise if pprot is set to zero, each histone tail is effectively

represented by a single fixed point charge. Finally, moves free of collisions are accepted according

to the Metropolis criterion [116], after calculating the total energy of the system. For the results

presented in this chapter, we performed about 4–5 million Monte Carlo (MC) trials, after the burn-in

period, and collected ensembles of 5,000–8,000 configurations for each construct.

3.2.5 Nucleosomal DNA pathways

Here we have used a simple approach to characterize the mode of DNA wrapping around the histone

core in experimental structures of nucleosome core particles (NCP). We have treated the DNA as a

collection of base pairs, and obtained the base-pair reference frames as well as the step parameters

using the 3DNA software [79, 80]. We make use of the method presented by Clauvelin, Tobias

and Olson, to calculate the twist of supercoiling along the DNA pathway [119]. At the same time,

we also calculate the angle between the normals of the entry and exit base pairs (Figure 3.3). By

flipping the coordinate frame of the base pair near the NCP entry site, we are effectively reporting the

angle between the entry and exit linkers assumed to consist of straight ideal B-DNA. The calculated

twist of supercoiling, which affects the twist registry between nucleosomes in an array [100], and

the angle between the entry/exit base pairs are used to characterize and compare several available

high-resolution nucleosome core particles that are used as models in our simulations.

3.2.6 Characterization of chromatin fiber architecture

We report several measurements to characterize the global properties of our simulated chromatin

fibers. The sedimentation coefficient, obtained through ultra-centrifugation experiments, is a com-

monly used measure of the global compaction of a molecule. This value is frequently estimated in

computational studies of chromatin [120, 121] using the definition of Hansen et al. [122]. We use

the same definition here to calculate the sedimentation coefficient SN of an array of N nucleosomes:

SN

S1
= 1 +

R

N

∑

i

∑

j

1
Ri j

, (3.1)
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Figure 3.3: Schematic of the computed angle ω between the entry/exit base-pair normals. The entry
and exit base pairs are represented by blue rectangles, while the dyad base pair is shown in red.
The (x, y, z) axes of each frame are represented with green, red and black arrows, respectively. We
compute the angle between the negative of the entry frame normal (−z1, darker gray) and the exit
frame normal (zn, lighter gray).

where, S1 = 11S is the sedimentation coefficient reported for a typical mononucleosome [122],

R = 56Å is the radius of a single nucleosome, and Ri j is the center-to-center distance between

nucleosomes i and j in a given configuration.

To characterize the arrangement of nucleosomes in a given chromatin configuration, we de-

termine the internal (virtual) bond lengths, bond angles and torsion angles relating successive

nucleosomes. We then use these "backbone" parameters to calculate the local helical parameters for

every four consecutive nucleosomes using Miyazawa’s equations [106, 107]. We report the helical

rotation, helical rise and radius of the repeating monomer unit, which is assumed to be a single

nucleosome (Figure 3.4). The helical rotation angle is converted to number of nucleosomes per full

360° turn of the helix for easier interpretation of the nucleosome helical arrangement.

The analysis of compaction and fiber geometry is done for every collected configuration in

the simulated ensemble for a given construct and the results are reported as means and standard

deviations for each ensemble. Since the calculation of helical parameters for each step requires four

monomer units, using the method from Miyazawa, we use a sliding window of four nucleosomes to

determine several sets of helical parameters along a given configuration. This means our results on

fiber geometry include variations within and between configurations in the ensemble for a particular



48

Figure 3.4: Schematic representations of the helical parameters obtained from monomer (nucle-
osome) positions using the method described by Sugeta and Miyazawa [107]. The vertexes (Ni)
represent the reference frame origins of the nucleosomes, which follow a regular helical pathway in
this example. The internal coordinates consist of virtual bond lengths (ri, j), bond angles (φi, j ,k) and
internal rotation (torsion) angles (ψi, j ,k ,l), obtained from the positions of the nucleosome centers.
From these internal coordinates we then calculate the helical parameters (ρ, d, θ): ρ represents the
radius, or distance from helical axis ζ ; d represents the rise, or translation along helical axis ζ ,
from one nucleosome to the next; θ represents the angle of rotation around the helical axis ζ from
one nucleosome to the next. In this example, the helical rotation angle θ is 90°, which implies
nucleosomes Ni − Ni+4 are aligned on top of one another along the global helical axis. Since deter-
mination of internal rotation angles (ψ) requires four points (Nn−3 − Nn), and the nucleosome arrays
in our ensembles do not follow regular arrangements, the local helical parameters in our analysis are
calculated for every four consecutive nucleosomes, using a sliding window. Figure adapted from
refs. [106, 107].
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construct. On the other hand, the average three-dimensional fiber configuration used to visualize a

particular construct is built from the mean values of the sampled base-pair step parameters along the

DNA sequence in a simulated ensemble.

3.3 Results and discussion

3.3.1 Differential DNA wrapping in high resolution nucleosome structures

As mentioned earlier in methods, most of the work described in previous publications from our lab

involves the highest resolution nucleosome structure [15] available in the Protein Data Bank (PDB)

[86]. Here we also explore how the differences present in other experimental structures contribute

to chromatin fiber folding, when used as NCP models in our simulations. In other words, we want

to study the effect that differential DNA wrapping around the nucleosome has on the resulting

nucleosomal arrays. For this reason, we have analyzed the nucleosomal DNA pathways for a large

number of nucleosome core particles available in the Protein Data Bank [86]. More specifically, we

calculated the twist of supercoiling [119] over the 140 base pair steps centered around the dyad of

each structure (from –70 to +70), since not all high-resolution structures contain the same length of

DNA. We expressed the total twist over the steps in terms of the difference from the expected value

for ideal B-DNA of the same length, i.e., 140×360/10.5. We also calculated the angle between the

normals of the first and last base pair frames (of the same 141-bp segment), where the normal of the

first base pair was flipped. The values of these two quantities for all the analyzed nucleosomes (152

in this analysis) are shown in Figure 3.5.

The different combination of DNA entry/exit angle and relative twist are expected to have an

effect on the properties of simulated nucleosome arrays. The relative nucleosome arrangements,

their interactions and steric effects in these systems, significantly restrain the pathway of the linker

DNA and pose different topological constraints, similar to those in a closed circular DNA [123,

124]. The two main classes of DNA sequences present in the nucleosome structures in the PDB are

the human α-satellite sequence and the synthetic Widom 601 sequence [31]. The known examples

include a few other derivatives and related sequences, here grouped together in a separate category

labeled "other" (Figure 3.5). Our analysis suggests that, as far as the information contained the

high-resolution NCP structures in the PDB is concerned, sequence alone is not a predictor for the
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Figure 3.5: The difference in the twist of supercoiling (∆Tw) over the central 140-bp steps compared
to ideal B-DNA of the same length is plotted against the DNA entry/exit angle (ω), defined by the
normals of base pairs located –70 and +70 bp from the dyad. Our analysis suggests that the different
sequences represented in these structures — human α-satellite, Widom’s 601 and other sequences,
combined in the "others" category — are not predictors for the value pair plotted on this graph. The
values for the three nucleosome core particle structures used throughout the rest of this study are
denoted by x and labeled by their PDB ID.

differential DNA binding to the histone core. This does not necessarily mean that sequence does not

affect the binding mode [13, 15, 125], but rather that the differences observed in these experiments

could also be attributed to other factors, such as DNA and protein modifications, binding of small

molecules or other nucleosome binding proteins, all of which are represented in the PDB, as well

as solvent and experimental conditions [126–129]. The combination of these influences can cause

DNA to bind differently to the nucleosome and result in very different chromatin fiber structures, as

our results here suggest.

In our simulations, we have focused mainly on three nucleosome structures as models for DNA

binding to the NCP. Besides the human α-satellite structure already mentioned before (PDB ID:

1KX5 [15]), we have used two other models: the 146-bp Widom 601 NCP structure bound to the

RCC1 chromatin factor (PDB ID: 3MVD [125]), a model used in previous computational studies

of nucleosome arrays [109, 110, 121]; and the nucleosome assembled with 165 bp containing the

Widom 601 positioning DNA sequence and the globular domain of linker histone H5 (PDB ID:
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4QLC [46]). In Figure 3.5, these structures are represented by ’x’ markers and labeled accordingly.

Our analysis shows that the degree of wrapping of the DNA around the NCP in the 3MVD and 4QLC

structures differs significantly from that in the 1KX5 structure in terms of both the twist density

around the histone core and the DNA entry/exit angle. The binding of the linker histone in 4QLC,

is clearly expected to affect the wrapping of core nucleosomal DNA near the entry/exit sites, but

it is hard to separate the effect of linker histone from other factors, such as solvent conditions and

crystal packing. With respect to the uptake of supercoiling properties on the central 140 bp of core

nucleosomal DNA, however, the 3MVD and 4QLC structures are similar to one another (Figure 3.5).

3.3.2 Compaction profiles of chromatin fibers based on different NCP models

Here we report the global compaction of two different 12-mer nucleosome arrays constructed based

on the 1KX5 and 3MVD nucleosome models, for various nucleosome repeat lengths, ranging

from 162–212 bp. For each ensemble, we report the average and standard deviation of the estimated

sedimentation coefficient values. One thing that is immediately apparent from the spacing-dependent

compaction profiles is that the sedimentation coefficients of the two sets of constructs display an

oscillatory pattern and appear to be offset from one another by about 2–3 bp (Figure 3.6). Since the

1KX5 and 3MVD structures contain different amounts of DNA bound to the core, we considered

only the central 141 bp of DNA in each case in order to make a fair comparison. Therefore the

differences here are not a direct result of any extra frozen steps during the simulation, which would

result in different DNA linker lengths between the two models for each nucleosome spacing.

Unsurprisingly, the compaction profiles display a periodic character with a repeat of 10–11 bp,

which corresponds roughly to the 10.5 bp helical pitch of the ideal DNA model used here. Besides

the offset of peaks between the two constructs, the 3MVD-based fibers generally display a slightly

lower compaction, except for very short repeat lengths (<168 bp), which implies a somewhat different

response to the increasing length of the nucleosome repeat sequence between the two models. A

study by Correll et al. [58] used electron microscopy imaging and ultracentrifugation to look at the

effect of nucleosome spacing on compaction of 12-mer nucleosome arrays and found that this effect

is stronger for short repeat lengths than for longer ones. Their sedimentation coefficient data in 1 mM

MgCl2 solution are shown in Figure 3.6 as scatter points. Our results agree with their finding that

chromatin fibers with longer repeat lengths are less sensitive to the change in nucleosome spacing,
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Figure 3.6: Sedimentation coefficients for 12-mer nucleosome arrays built from different NCP
models containing the central 141 bp of DNA — 1KX5 (red) and 3MVD (blue). The bars represent
the standard deviation of the predicted values for each repeat length. The scatter points with an
’X’ marker represent EM measurements of 12-mer arrays performed in 1 mM MgCl2 solution from
Correll et al. [58]. Our results show that the predictions from simulated 3MVD-based fibers fit the
experimental data better, at least in terms of the pattern of the apparent minima and maxima from
the EM study.

compared to chains with shorter repeats. Additionally our estimated sedimentation coefficient values

for 3MVD-based fibers are in closer agreement with the data from Correll et al. compared to those

from 1KX5-based fibers. These differences in predicted compaction between our fiber models —

both the spacing-dependent nature as well as the differences in magnitude — are entirely due to the

differences in DNA wrapping in the respective nucleosome core particle structures. The immediate

implication of these results is that the different mode of nucleosomal DNA wrapping has an effect on

fiber compaction comparable to a change in nucleosome spacing of 2–3 base pairs. Depending on

the location along the repeat length parameter space, that 2–3 base-pair shift could result in dramatic

changes in nucleosome arrangement (Figure 3.7).

3.3.3 Characterization of chromatin fiber architectures

In order to understand the reason for the differences in global compaction, we analyzed the geometries

of the simulated fibers for each NCP model. Our simulations generally predict a zig-zag model where
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nucleosomes interact in a non-consecutive manner, i.e., the closest nucleosomes are often second

or third (or higher) neighbors in sequence. The ensembles represent a flexible and dynamic fiber

adopting a wide range of arrangements that vary with sequence length. In our work, we have chosen

to describe the fiber geometry in terms of local helical parameters. The helical rotation angle is

converted to number of nucleosomes per turn and the distribution is binned into half integer steps.

Figure 3.7 shows the distribution of helical content for both 1KX5-based and 3MVD-based simulated

chromatin fibers, while Figure 3.8 shows the helical rise.

Figure 3.7: Distributions of helical arrangement of the chromatin fibers as a function of nucleosome
repeat length, for 12-mer arrays built from two different NCP models with 141 bp of fixed DNA.
The helical rotation angle is converted to the number of nucleosomes per turn and the values are
binned in half integer steps; for example, 2.5 (yellow) shows frequencies for values in the 2.25–2.75
NCPs/turn range, 3 (green) shows the frequencies for the 2.75–3.25 NCPs/turn range and so on. The
first bin represents the 2–2.25 range, since the value cannot be lower than 2 in our helical treatment.
For a particular repeat length, the stacked bars show the normalized frequency of each helix type (in
terms of nucleosomes per turn) in the ensemble.

The helical rotation angles, as well as the helical rise, display an oscillatory pattern consistent with

the repeat of ideal DNA used to model the linkers. With nucleosome repeat length, the fibers adopt

different architectures, primarily consisting of a mix of 2-start, 3-start and 5-start (2.5 NCPs/turn
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Figure 3.8: Distributions of helical rise for 12-mer nucleosome arrays built from two different NCP
models containing 141 bp of DNA. These values represent the vertical displacement along the local
central axis from one nucleosome to the next. The bars represent the standard deviation of the
predicted values in the ensemble for each repeat length.

or 5 nucleosomes per two turns) models (Figure 3.7). With regard to the notation describing these

arrangements, the nomenclature is a little confusing. The helical repeat in a geometric sense,

generally defined by how many units are required to complete a full turn of the helix, does not always

correspond to the pattern of nucleosome stacking interactions, often used in the literature to describe

chromatin architecture. This point is illustrated in Figure 3.9, where the average configuration (based

on average step parameters, see Section 3.2.6) for a 167 bp repeat fiber is colored in three different

ways to emphasize the arrangement of the second, third and fifth nucleosome. Here we will try to

make the distinction whenever it applies, whether we are referring to the helical repeat number or

the apparent nucleosome stacking. For example, for a 177 bp repeat length, the fiber based on the

1KX5 NCP model consists of mostly three twisted nucleosome stacks in a loose state, on average,

while the 3MVD-based fiber consists primarily of two such stacks in a much tighter arrangement

(Figure 3.10), even though they primarily consist of 5-start helices (2.5 NCPs/turn), containing 5

nucleosomes over two turns on average, according to the distributions shown in Figure 3.7.

Figure 3.10 shows the predicted average configurations of simulated fibers with three different

nucleosome repeat lengths constructed from the two different NCP models discussed so far. Besides

the fact that 3MVD-based fibers look different from 1KX5-based ones with the same nucleosome
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Figure 3.9: Average configuration, based on mean base-pair step parameters over the simulated
ensemble, for a 12-mer nucleosome with a 167-bp repeat length built with the 1KX5 nucleosome
model. The average structure is aligned along its helical axis and viewed from the front and top. From
left to right, we have used the same color for every second, fifth and third nucleosome, respectively
to illustrate the different potential notations as a 2-start, 5-start (5 NCPs per 2 turns) and 3-start fiber.
In this case, the 5-start coloring in the middle is the most accurate depiction of the helical repeat, in
a geometric sense, but does not consider the most likely nucleosome interactions.
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(a) 1KX5 - 170 bp NRL (b) 1KX5 - 172 bp NRL (c) 1KX5 - 177 bp NRL

(d) 3MVD - 170 bp NRL (e) 3MVD - 172 bp NRL (f) 3MVD - 177 bp NRL

Figure 3.10: Average configurations, obtained as described in Figure 3.9, for 12-mer nucleosome
arrays built from two different NCP models: 1KX5 (a-c) and 3MCD (d-f), and various nucleosome
repeat lengths. The 3D arrangements of the nucleosomes are color coded to highlight the different
nucleosome "stacking" arrangements as a result of the choice of NCP model and repeat length. For
example, for constructs with a 177 bp repeat, the nucleosomes in 1KX5-based fibers are oriented
with their cylindrical axis parallel to the fiber axis, while in 3MVD-based fibers they are oriented at
an angle. Note the near-identical organization between the 1KX5-172bp and 3MVD-170bp models.
In the constructs depicted here, both NCP models contain 145 bp of DNA fixed to the core, so the
differences are not due to variations in spacing between the two models.
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spacing, it is clear that the 170-bp repeat 3MVD-based construct looks similar to the 1KX5-based

model with a 172-bp repeat. This illustrates the larger point observed in Figure 3.7, that the two

different construct may adopt generally similar architectures but at different points in the nucleosome

repeat length parameter space. These results suggest that some of the discrepancies between several

proposed analytical and in silico models in the literature can boil down to the choice of the NCP

model used. For constructs containing the same repeat length of 177 bp, the nucleosomes are

arranged with their cylindrical axis mostly parallel to the fiber axis in the case of 1KX5-based fibers,

while the two axes are at an angle in the case of 3MVD-based fibers. This nucleosome inclination

angle also displays an oscillatory pattern (not shown here) and together with the helical rotation

dictates how nucleosomes are stacked.

Besides the offset in the repeating patterns, the two fibers considered here contain other differ-

ences in their response to the change of repeat length. For example, 1KX5-based fibers consist of

mostly 2.5 nucleosomes/turn and an even mix of 2 and 3 nucleosomes/turn, while the 3MVD-based

fibers appear to be more heterogeneous and more sensitive to the repeat length (Figure 3.7). Looking

at the helical rise (Figure 3.8), we can also see that while the values generally trend upwards in both

cases, the 3MVD-based fibers display a stronger oscillatory pattern that is present throughout the

repeat lengths. These periodic increases in the values of rise are the result of the changes in the

angle that DNA linkers adopt with respect to the fiber axis (values not shown here) and can result

in a degree of inter-digitation between nucleosomes [130]. The predicted flexibility in helical rise

also differs between the two fiber types, while generally getting larger with increasing DNA linker

length. These subtle differences reflect the effect that the mode of DNA wrapping in each NCP model

presents to the fiber arrangement as an additional constraint. Our results are in general agreement

with analytical models proposed by several groups [97, 99, 131], while differing in terms of the

phasing of the oscillatory patterns.

Robinson and co-workers used electron microscopy to measure the diameter of different fibers

and suggested that the so-called 30-nm fiber can adopt two different structural families characterized

by an inter-digitated one-start model [57]. Their diameter measurements are shown in Figure 3.11

as scatter points, along with our predicted diameter values from the simulated fibers. Our results

suggest that the diameter of the nucleosome arrays increases with the repeat length, as expected,

but in a non-linear fashion [97, 99]. This is due to the combined effect of increased linker length,
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changes in fiber helical arrangement and changes in the angle between the DNA linkers and the

helical axis (when DNA linkers are perpendicular to the helical axis, the diameter is maximized).

While our predictions capture some of the experimental data, they are generally not in agreement

and do not support a solenoid fiber.

Figure 3.11: Fiber diameters for 12-mer nucleosome arrays built from two different NCP models
containing 141 bp of DNA — 1KX5 (red) and 3MVD (blue) — calculated as the sum of twice the
helical radius (axis to NCP center) plus the diameter of a typical nucleosome core particle (~110
Å), using the characterization of the chromatin fiber as a helical structure. The bars represent the
standard deviation for each ensemble of simulated constructs. The scatter points with an ’X’ marker
represent EM fiber diameter measurements by Robinson et al. [57].

3.3.4 Role of partial DNA unwrapping in global properties

In the data shown so far, we have treated only the central 141 base pairs (140 bp steps) of the

nucleosomal DNA as frozen, while allowing the rest to flex. To study the effect of partial nucleosome

unwrapping, we repeated the experiments of the dependence on nucleosome repeat length with 145

fixed base pairs of DNA for each NCP model. Overall the resulting fibers do not undergo dramatic

changes, and the pattern of NRL dependence of compaction is maintained for both types of fibers.

This again confirms that the differences between the 1KX5- and 3MVD-based chromatin fiber

models cannot be attributed simply to the length of flexible DNA, nor the wrapping of the DNA

regions near the nucleosome entry and exit sites. By looking at the more subtle differences, we can



59

see that the effect of unwrapping two base pairs of DNA from either side of the 1KX5 and 3MVD

nucleosomes has different effects on the resulting fibers (Figure 3.12). In the case of 1KX5-based

fibers it causes a slight shift in the phase of the periodic pattern, where for certain repeat lengths it

results in a more compact fiber and in other cases a less compact one. In the case of 3MVD-based

fibers, this total of 4-bp unwrapping causes a decrease in compaction across the entire repeat length

space. These differences are encoded in the wrapping of the DNA around each nucleosome core.

Figure 3.12: Sedimentation coefficients for 12-mer nucleosome arrays built from two different NCP
models: 1KX5 (red) and 3MVD (blue), containing 141 and 145 fixed base pairs of DNA for each
model. The bars represent the standard deviation of the predicted values for each repeat length.
The scatter points with an ’X’ marker represent EM measurements of 12-mer arrays performed in
1 mM MgCl2 solution from Correll et al. [58], as in Figure 3.6. This figure shows that allowing
perturbation on 2 extra base pairs of DNA from either side of the NCP model during the simulation
has a different effect on 3MVD-based constructs compared to 1KX5-based constructs.

To look closely at how this partial unwrapping affects the nucleosome arrangements, we focused

on 12-mer arrays of 177-bp nucleosome repeats with different lengths of DNA fixed onto the

histone core. As we can see from Figure 3.13, the 1KX5-based fibers display a decrease in overall

compaction going from 141 to 143 fixed base pairs. At the same time, with the increase in length

of fixed nucleosomal DNA, the 3-start (or higher) helix content increases and reaches a maximum
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at 147 bp, the full length of the DNA chain in the crystal structure. The 3MVD-based fibers on

the other hand reach minimum compaction at 143 fixed base pairs, which corresponds to maximum

2-start content and minimum 3-start content. These differences reflect the specific binding patterns

of DNA to the histone core observed in the crystal structures and illustrate another potential factor

that can affect the structural arrangement of the chromatin fibers.

Figure 3.13: (Top) Predicted sedimentation coefficient for 12-mer nucleosome arrays with various
levels of partial DNA unwrapping for two different nucleosome models, based on the 1KX5 and
3MVD crystal structures. The bars represent standard deviation of the calculated values. (Bottom)
Predicted distribution of helical arrangements for the same constructs.
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3.3.5 Insights into role of linker histone protein on chromatin fiber organization

In order to see the effect that linker histone binding has on the arrangement of nucleosomes in an

array, we simulated constructs based on the 4QLC nucleosome crystal structure, which contains

165 base pairs of DNA in the presence of the linker histone H5 globular domain (gH5) [46]. The

immediate result we see is a dramatic compaction, i.e., increase in sedimentation coefficient, caused

by fixing increasing amounts of linker DNA along the pathways described in the crystal structure

(Figure 3.14). To demonstrate that the effect is not purely due to the loss of degrees of freedom in

the DNA linkers, we set up simulations with the 1KX5 model containing extra fixed B-DNA steps at

both entry/exit sites. This results in a loss of flexibility in the simulated fibers, as expected, but the

compaction generally remains unchanged. Both sets of simulations were performed on constructs

with 177-bp repeats.

Figure 3.14: Predicted sedimentation coefficient for 12×177-bp nucleosome arrays with various
lengths of constrained entry/exit linker DNA. The base pairs of DNA are frozen according to their
pathways from the experimental structure in the case of 4QLC-based fibers and according to ideal
B-DNA values in the case of 1KX5-based fibers (beyond the 147 bp present in the 1KX5 structure).
The graph shows that the extra compaction is not due simply to the reduced number of sampled
DNA base pairs, but due to the specific folding of DNA in the case of a nucleosome in the presence
of linker histone H1.

The dramatic changes in compaction in the 4QLC-based fibers are a direct consequence of the

extreme twist and bend that is accumulated in the DNA linkers due to the binding of the linker



62

histone, as observed in the crystal structure. By contrast, in the case of 1KX5, where the added DNA

is fixed in an ideal relaxed state, the result of wrapping extra base pairs is negligible. While at 145

base pairs the 4QLC-based constructs display a strong 2-start fiber, for increasing amounts of fixed

DNA they are mostly arranged in a 5-start (2.5 NCPs/turn) manner (Figure 3.15). The less compact

structures appear to be associated with increased heterogeneity and increased 3-start helical content.

At the same time, the 1KX5-based fibers remain mostly unchanged with increased amounts of fixed

DNA linkers. The increased content of 3-start helical structure appears to be purely the effect of the

loss of flexibility.

Figure 3.15: Predicted distribution of helical configurations for 12×177-bp nucleosome arrays with
various lengths of constrained entry/exit linker DNA. The constructs are the same as those described
in Figure 3.14. The figure shows that the arrangement of the DNA entry/exit linkers in the presence
of linker histone H1 causes the resulting fiber to adopt a different architecture.

The gH5-containing nucleosome structure used here (4QLC, [46]) was solved in a mono-

nucleosome environment and in the absence of the linker histone N- and C-terminal domains, which

are not necessarily representative conditions for living cells. However, these simulations illustrate

the impact that the linker histone can have on linker DNA and the chromatin structure as a result.

Figure 3.16 shows the average configurations of the simulated fibers with 145-151 fixed base pairs of

nucleosomal DNA: while the differences in 4QLC-based structures are significant, the 1KX5-based

fibers appear unchanged.
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(a) 1KX5-145bp (b) 1KX5-147bp (c) 1KX5-149bp (d) 1KX5-151bp

(e) 4QLC-145bp (f) 4QLC-147bp (g) 4QLC-149bp (h) 4QLC-151bp

Figure 3.16: Average configurations for 15×177-bp nucleosome arrays containing increasing
amounts of frozen nucleosomal DNA based on the 1KX5 (top row) and 4QLC (bottom row)
structures. While the linker histone H5 globular domain-containing 4QLC structure has 165 bp of
DNA, 1KX5 contains only 147, therefore the extra frozen base pairs in this case represent rest state
ideal B-DNA. These models illustrate that the dramatic effect of the linker histone binding is not
due simply to the loss of linker DNA flexibility.

Discussion

Our simulations allows us to describe chromatin as a dynamic ensemble of nucleosome arrangements.

For any particular nucleosome repeat length (NRL), the ensemble consists of a heterogeneous mixture

of fiber geometries, consistent with previous work on preferred helical arrangements [100]. Unlike

studies that focus on the preferences of regular helices, however, our Monte Carlo simulations allow

for flexibility within a fiber. In fact, our simulated ensembles consist of irregular fibers that often
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fluctuate around an average helical arrangement. In some cases, particularly for fibers with long

NRL, the fibers appear completely irregular (Figure 3.17). They contain sharp turns and self-

contacts, without any resemblance to the regular average helical structures, which are built based on

mean base-pair step parameters.

(a) 12×192-bp array, 1KX5 (b) 12×203-bp array, 3MVD

Figure 3.17: Examples of representative configurations for 12mer nucleosome arrays during the
course of the simulation for two different fiber constructs. (a) 12×192-bp array based on 1KX5
structure. (b) 12×203-bp array based on 3MVD structure. The nucleosome models in both cases
contain 141 base pairs of DNA fixed to the core. The randomly chosen configurations seem to lack
any regular arrangement.

Our simulations predict that fibers with higher content of a 3-start (or higher) helix arrangement

tend to be less compact, while those with a higher content of 2-start helix arrangement are more

compact. This is in agreement with recent genome-wide observations in situ which suggest that

fibers with 3-start (or multi-start) structure are associated with more open chromatin, while 2-start

structures are more strongly associated with compact chromatin [104]. For constructs with longer

repeat lengths, the predicted fibers are very heterogeneous. For shorter repeat lengths, our simulated

ensembles consist of approximately 2.5 nucleosomes per turn, on average, with varying amounts of 2-

start and 3-start (and multi-start) helices, sensitive to NRL. The range of nucleosome arrangements

observed in our simulations is in general agreement with previous predictions from analytical

treatments of chromatin fiber geometry [61, 97, 99–101].

Our simulations show that the nature of the sensitivity of fiber geometry to the repeat length,

however, is dependent on the choice of nucleosome core particle model. The repeat length for which

the 1KX5-based nucleosome arrays achieve minimum compaction and an open 3-start fiber, is offset

by about three base pairs, compared to 3MVD-based arrays. For example 1KX5-based arrays with

176-bp NRL and 3MVD-based arrays with 173-bp NRL display similar characteristics. Furthermore,
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the results presented in Figure 3.7 indicate that fiber geometry in 3MVD-based constructs with 141 bp

fixed nucleosomal DNA may be more sensitive to changes in repeat length, compared to 1KX5-based

fibers.

In remains unclear what determines the differential DNA wrapping in the nucleosome crystal

structures that leads to the different fiber arrangements in our simulations. It is also unclear whether

the differences seen in high-resolution crystal structures are relevant in long chromatin fibers under

physiological conditions, where additional constraints are placed on the DNA entering and exiting

each nucleosome. In the case of the structures used in our work, the 1KX5 structure contains 147

base pairs of a human α-satellite sequence [15], while the 3MVD structure contains 145 base pairs

of the Widom 601 sequence and is bound to a chromatin factor protein [125]. With such disparate

systems, it becomes difficult to understand the underlying mechanisms for the observed differences

in DNA wrapping. The characters and concentrations of solvent ions also affect DNA structure

and binding. Monovalent ions such as K+ or Na+ have been shown to have a different effect on

DNA, with condensation of sodium ions preferred over potassium ions and the former allowing

a closer proximity of two interacting DNA strands [126, 127]. At the same time the presence of

divalent ions such as Mg2+ and Mn2+, preferentially stabilizes right-handed crossovers of two DNA

helices over left-handed crossovers [132]. Explicit modeling of these different ions is not possible in

our coarse-grained treatment. However, the implications of all these different factors on chromatin

structure remain to be assessed in the future by development of knowledge-based potentials, based

on analysis of the local effects from high-resolution structures.

In this work, we have focused on characterization of nucleosome arrays with regular spacing,

in order to understand the basic rules that govern chromatin folding. However, a heterogeneous

perspective of chromatin as a dynamic ensemble of states is necessary to capture the recent emerging

data from in situ and in vivo experiments. Furthermore nucleosomes in vivo are not evenly spaced

along the DNA sequence [133, 134], and our computational model allows the study of such systems.

Our meso-scale model is quite simple by design, and one of the main benefits of this approach is the

ability to run simulations relatively fast and interpret them easily. At the same time it has enough

flexibility built-in to capture the large-scale effects of several factors that have been experimentally

shown to dictate the organization of chromatin fibers. Unlike other approaches that use Monte

Carlo simulations [98, 108], we can investigate changes in nucleosome spacing with single base-
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pair precision [105]. We also do not force an interaction through an explicit potential between

nucleosomes [109, 110], which favors nucleosome stacking. Our nucleosome interactions arise due

to electrostatic interactions and topological constraints imposed by DNA linkers and nucleosomal

DNA wrapping.

Our choice for characterization of fiber structure in terms of helical parameters, insensitive

to NCP-NCP distance or contacts, allows for an easier interpretation of fiber geometry and its

heterogeneity. It also allows us to interpret the implications of chromatin structure on global

properties, such as long-range interactions, which are discussed in Chapter 4. However, this treatment

rests upon the assumption of a mainly regular helix and one needs to be careful when interpreting the

data for highly irregular fibers in terms of ensemble averages, that might not necessarily represent

any particular configuration.

3.4 Conclusions

Our simulations suggest that chromatin is an irregular and dynamic structure, consisting of a mixture

of local nucleosome arrangements. The overall architecture and flexibility depend on nucleosome

repeat length. Our meso-scale model predicts that the differential folding of DNA around the

nucleosome cores, as observed in high-resolution crystal structures, can lead to different fiber

geometries. These fiber geometries are also sensitive to partial DNA unwrapping, in a manner that

is dependent on the nucleosomal DNA folding. Our simulations illustrate the dramatic effect that

linker histone binding can assert on chromatin fiber behavior, through the local modulation of DNA

linker arrangements entering and exiting the nucleosome.
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Chapter 4

Long-range enhancer-promoter

communication in chromatin

4.1 Introduction

Complex biological processes often involve multiple regulatory mechanisms and require distant

elements on the DNA sequence to come into close proximity. Such is the case with enhancers

that regulate transcription in eukaryotes. Enhancers are regulatory DNA sequences that recruit

transcription factors and activate transcription at promoter sites, often thousands of bases away in

the sequence [6, 69]. This distant activation in cis, that is, with both interacting elements on the same

chain, requires physical interaction between the regulatory elements at the enhancer and promoter

sites and is accompanied by the formation of a large loop. While chromatin has been shown

to facilitate enhancer-promoter communication (EPC) at a distance [135], the structural details

involving chromatin looping have not been fully elucidated. We want to understand the structural

mechanism of this looping and how chromatin fiber architecture affects long-range communication

in chromatin.

An in vitro quantitative assay has been developed by Vasily Studitsky’s research group to measure

the distant communication rates between an enhancer and its target promoter in cis [6, 136, 137].

These experiments are set up in such a manner that communication between the regulatory sites is

the rate-limiting step in the transcription reaction and the transcription yield is directly proportional



68

to the communication rate (Figure 4.1). The experimental results from the in vitro studies can be

compared to computational predictions to gain insight into the mechanism of enhancer-promoter

communication in chromatin.

Figure 4.1: Schematic of experimental setup for in vitro EPC analysis. 1. RNA polymerase is
initially bound at the promoter but cannot initiate transcription, while the NtrC activator protein is
bound to the enhancer in an inactive state. 2. The enhancer interacts with the RNA polymerase
after fast phosphorylation in the presence of ATP causing looping of the intervening DNA and
initiation of transcription. 3. After addition of nucleoside triphosphate (NTP) monomers, the RNA
polymerase completes transcription and the yield of RNA transcript is measured. The yield is
directly proportional to the enhancer-promoter communication (EPC) rate. Figure adapted from ref.
[6] with permission from Future Medicine.

Using this combined approach of in vitro studies and simulations of precisely positioned nu-

cleosome arrays, it has been shown that chromatin enhances the efficiency of enhancer-promoter

communication compared to naked DNA [135]. While the N-terminal tails increase the enhancement

effect, the presence of nucleosome gaps can either enhance or diminish EPC efficiency, depending

upon the length of the system [1, 2, 5]. At the same time, it has been shown that distant commu-

nication is also affected by nucleosome spacing, with increasingly longer linkers resulting in more

efficient EPC for regular arrays with 172, 177 and 207 base-pair repeat lengths [5]. What remains

unclear is the precise role of the chromatin fiber architecture in modulating long-range communica-

tion, given that the arrangement of nucleosomes is sensitive to the nucleosome repeat length (NRL).
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At the same time, while the N-terminal histone tails are essential for efficient for EPC over long

distances [2], the role of each tail in this process has not been reported. In this Chapter we aim to

address both of these questions from a computational perspective and to compare our predictions

against experimental data from our collaborators.

Due to the size of the systems involved, current computational resources preclude atomic sim-

ulations of nucleosome arrays. We use the meso-scale model of chromatin, which was discussed

in Chapter 3, to simulate regular nucleosome arrays with an activator protein and RNA polymerase

holoenzyme bound at enhancer (E) and promoter (P) sites, respectively. We then measure the

enhancer-promoter communication in terms of the likelihood of E-P site juxtaposition.

Our computational model suggests that under physiologically-relevant conditions, such as those

used in the in vitro experiments, chromatin fibers adopt a loose and flexible geometry with roughly

three nucleosomes per turn, on average, when the nucleosome core particle (NCP) is modeled from

the 1.9 Å crystal structure (PDB ID 1KX5 [15]). Sometimes referred as a three-start helix or a

triple-helix, this chromatin fiber arrangement has been proposed before [55, 104], and is distinct

from the one-start and two-start models, prevalent in the chromatin literature [102]. Experimental

data from in vitro assays of EPC display an oscillatory pattern for increasing length of nucleosome

array, with a period of three that supports our predicted fiber model. Our results suggest that for E-P

constructs with a 13mer nucleosome array, the removal of core histone H3/H4 tails reduces the EPC

efficiency more than the removal of H2A/H2B tails, while tailless nucleosomes result in the least

efficient EPC.

4.2 Methods

The computational framework for the simulations shown here is the same as that presented in

Chapter 3. DNA and the nucleosome core particle models are treated in the same way. Here we

present the treatment of the additional components, the promoter-bound RNA polymerase holoen-

zyme complex and the enhancer-bound activator complex, as well as the treatment of E-P commu-

nication.
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4.2.1 Enhancer and promoter protein complex modeling

The binding of the RNA polymerase (RNAP) holoenzyme complex at the promoter site was modeled

based on the high-resolution crystal structures from Murakami et al. [138] and Bae et al. [139]

(PDB ID 1L9Z and 4XLP, respectively). The roughly ellipsoid shape of the enzyme (Figure 4.2) is

represented by a cylinder with dimensions 13.5×11 nm (height×diameter) in our simulations. This

simplified representation is chosen because it is more computationally efficient to compute collisions

between cylinders than ellipsoids. The DNA follows the pathway specified in the high-resolution

crystal structure and the reference frame of the cylinder is connected to the rest of the fiber through

the local coordinates of the first DNA base pair frame, in the same way that DNA is incorporated

in the modeling of nucleosomes (see Section 3.2.2). The charged amino acids are clustered and

represented by a reduced set of point charges inside the volume in order to reduce computational

complexity.

The binding of the bacterial nitrogen regulatory protein C (NtrC) activator at the enhancer DNA

site was modeled from two separate components, since no high-resolution crystal structure of the

full activated assembly bound to DNA exists to date. The structure for the activated full-length NtrC

hexamer was taken from the pseudoatomic model proposed by De Carlo et al. [140]. The binding

of the NtrC hexamer to DNA was modeled by docking the crystal structure of the DNA-recognition

domain (PDB ID 4FTH) [141] onto the NtrC model. Due to the hexameric nature of the protein

complex, there are several docking alternatives for the DNA-binding domain. Since these docking

sites are identical from a coarse-grained perspective, the choice does not affect the resulting model.

The overall shape of the assembly is approximated by two ellipsoids (Figure 4.2), which are also

represented as cylinders with respective dimensions of 3×7 nm and 4.5×11 nm (height×diameter),

in our simulations.

It is not possible to position the E-P protein complexes precisely onto the respective promoter and

enhancer DNA sequences being modeled in this study, due to the lack of high-resolution structures

containing the same DNA sequence. This might affect the results of our predicted EPC rates, since

the interaction between the two proteins, which is also not known in structural detail, is sensitive

to their rotational phase around the DNA helix [142]. For these reasons, we have also treated the

enhancer and promoter bound proteins as neutral spheres positioned at the centers of the respective
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regulatory DNA sequences, in order to assess any potential bias introduced by the specific geometric

shapes used for excluded volume. This, in effect, averages out any sequence-positioning dependency.

Results from both representations of the E-P regulatory proteins will be discussed in the text.

(a) RNAP complex (b) NtrC complex

(c) RNAP CG model (d) NtrC CG model

Figure 4.2: Coarse-grained modeling of (a,c) RNA polymerase and (b,d) NtrC activator complexes
bound to the glnAp2 promoter and enhancer sites, respectively, from high-resolution models. The
simplified volumes, shown as ellipsoids here, are treated as cylinders of comparable dimensions
in the simulations, due to the reduced complexity in detecting collisions. The charges represent a
reduced set of those found in the high-resolution structures to lower the computational cost. Figure
adapted from ref. [6] with permission from Future Medicine.

4.2.2 Starting configuration set-up

The nucleosome arrays containing the promoter-bound and enhancer-bound proteins were modeled

to capture the experimental setup described previously [2, 5]. Specifically, for this study we are
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considering arrays containing 4–10, or 13 DNA repeats of 177 base pairs incorporating the Widom

601 [31] nucleosome-positioning sequence. Despite the fact that the in vitro studies use the Widom

601 positioning sequence, the unbound DNA (in linker regions) is treated in our simulations as

ideal B-DNA. The nucleosomal DNA is modeled from two different nucleosome crystal structures,

one with an α-satellite sequence (PDB ID 1KX5 [15]) and the other with a Widom 601 sequence

(PDB ID 3MVD [125]). The first nucleosome repeat near the promoter sequence contains a slightly

different (truncated) positioning sequence and an extra five base pairs overall (182 bp total) in the

biochemical studies [5]. This is reflected in our simulation setup, by a 5-bp longer linker region

between nucleosomes 1 and 2 than the linkers between other nucleosomes. The promoter and

enhancer regions, before the first nucleosome and after the last have fixed lengths that do not change

between different constructs.

Since the value we report is the enhancement of EPC in chromatin compared to naked DNA,

mimicking the in vitro experiments, we repeat these simulations for nucleosome-free DNA constructs

of the same DNA sequence lengths, with the enhancer- and promoter-bound proteins at the same

locations. Due to the much larger parameter space of the naked DNA, which necessitates longer

simulation times, we often estimate the EPC in naked DNA by only considering the elastic energy

of DNA deformation and not the electrostatic or excluded volume terms. These calculations are

significantly faster and, especially in the case where the E-P proteins are treated as neutral spherical

volumes, the results are a fairly good approximation of the more "explicit" simulations that include

excluded volume and electrostatic interactions.

4.2.3 Calculation of enhancer-promoter communication (EPC)

As mentioned above, in the absence of a detailed structural model for the interaction between RNA

polymerase and the NtrC activator, we estimate the rate of communication as the looping probability

(Figure 4.3), i.e., the frequency of configurations where the E-P center-to-center distance (r) is less

than a specified cutoff (r0), under the assumption that E-P communication is mainly dependent

on the distance between the proteins [1, 143]. The enhancement rate (ξ) is then the ratio of the
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communication levels in the presence (Pchromatin) vs. absence (PDNA) of nucleosomes:

EPC ∝ P(r < r0) (4.1)

ξ =
Pchromatin(r < r0)

PDNA(r < r0)
(4.2)

In view of the dimensions of the E-P protein models used here, we consider r0 distance cutoffs

of 175, 200 and 225 Å as criteria for communication. We report the EPC enhancement and error

estimate from the mean and standard deviation, respectively, of the calculated enhancement based

on these three cutoffs.

Figure 4.3: Illustration of "open" (left) and "looped" (right) constructs. When the centers of the
proteins at the enhancer and promoter sites are closer in distance than the specified cutoff, here
taken as 200 Å, the E-P proteins are assumed to be in contact. Figure adapted from ref. [6] with
permission from Future Medicine.

Due to the relatively high stiffness of the nucleosome-decorated DNA chains, as well as the

freely-jointed chain like behavior of the very long nucleosome depleted DNA, the probabilities of

E-P contact are quite low and often necessitate rather long simulations in order to estimate the

communication rates efficiently and with reasonably low uncertainty. To address the problem of

sampling we employ a series of biased Monte Carlo (MC) simulations where the E-P protein centers

are constrained to a small distance ri and compute the conditional probabilities P(r < ri), a technique

that has been previously used to estimate looping probabilities for short DNA chains [144]. Here

we give a brief summary of the method developed by Podtelezhnikov and Vologodskii.

After generating an initial ensemble of configurations, we pick one that has a relatively low E-P

distance, usually close to the r0 distance that defines a contact, as the starting configuration for a

series of constrained runs. We then choose a series of distances r0 < r1 < ... < rn, where rn is larger
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than the maximum E-P separation observed from the initial distribution, as distance cutoffs for a

series of constrained simulations. The starting configuration in each set of constrained simulations

is usually the last configuration from the previous run. If we define the P(ri |ri+1) as the conditional

probability P(r < ri |r ≤ ri+1), then we can use the relationship P(ri) = P(ri |ri+1)P(ri+1) and the fact

that P(rn) = 1, to compute the probability that the two E-P sites come into close contact P(r < r0)

as:

P(r0) =

n−1
∑

i=0

P(ri |ri+1) (4.3)

When the cutoff intervals are relatively small, the predicted conditional probabilities are high and

therefore the error is minimized [144].

In our simulations, we perform 10–20 million Monte Carlo steps, which produce ensembles

with approximately 20,000–30,000 accepted configurations. We inspect the progress of the looping

probability over the course of the simulation, and depending on how well the ratio converges for

r1 = 300Å, we decide whether more sampling is necessary. After an acceptable convergence

(through manual inspection), we often rely on one constrained simulation with r1 = 300Å to refine

the predicted communication rate by sampling the conditional probability p(r < 200|r ≤ 300), as

described above.

4.3 Results and discussion

4.3.1 Enhancer-promoter communication profile supports a loose three-start chro-

matin fiber

From our simulation results, EPC enhancement shows an oscillatory pattern for constructs with

increasing number of nucleosome repeats. This oscillatory pattern has a repeat of about three in the

case of the 1KX5-based fibers (Figure 4.4, top panel). Qualitatively, the predicted pattern for these

fibers is in agreement with the experimental pattern for the increase in transcription activation in

chromatin compared to nucleosome-free DNA (Figure 4.4, middle panel). The predicted maximum

enhancement values for the 1KX5-based arrays occur in arrays with 6, 9 and 12 nucleosomes between

regulatory elements, which agrees with experiment. However, simulations of arrays containing 5,

7 and 10 nucleosomes produce the smallest levels of EPC enhancement, while experimentally, the
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lowest levels of transcription activation occur for arrays of 5 and 8 repeats. On the other hand,

simulations of arrays with nucleosomes based on the structure from 3MVD produce maximum

enhancement values for arrays with 5, 7 and 10 repeats, and minimum EPC enhancement for arrays

with 6 and 9 repeats (Figure 4.4, bottom panel). This pattern seems to be out of sync with the

experimental results.

Figure 4.4: EPC enhancement in chromatin constructs with an increasing number of intervening
nucleosomes. Predicted enhancement is measured by the relative E-P contact frequency between
nucleosome-decorated DNA and naked DNA of the same length. The E-P regulatory proteins in
both cases are approximated by cylindrical volumes, positioned at the enhancer and promoter DNA
sequences. Chromatin simulations are based on nucleosomal DNA pathways modeled from two
different crystal structures (1KX5 and 3MVD), which result in distinct chromatin fiber geometries.
*Experimental values represent transcription activation in folds. All constructs contain nucleosome
repeats of length 177 bp.

The differences in the predicted EPC patterns between the 1KX5- and 3MVD-based arrays

reflect the structure of the chromatin fibers. In order to understand how the fiber geometry leads

to the oscillatory pattern of predicted EPC, we have calculated a virtual torsion angle, as a simple

measure describing the spatial disposition of the regulatory proteins with respect to the fiber axis.

To calculate this angle, we have defined four points located respectively at the center of the protein
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attached to the promoter site, the geometric center of the first three nucleosomes, the geometric

center of the last three nucleosomes, and the center of the protein attached to the enhancer site

(Figure 4.5). We have calculated this angle for each configuration in our accepted ensembles and

the summary statistics are shown in Figure 4.6.

Figure 4.5: Illustration of the four points used to define the virtual torsion angle (ψ) between the
two E-P proteins with respect to the fiber axis. The mean coordinates of the first and last three
nucleosomes of the array are used respectively as the two central vertices. The first and fourth vertex
lie on the centers of the proteins attached at the promoter and enhancer sites, respectively. The angle
between the two planes, which are defined by each pair of consecutive vectors, corresponds to the
virtual torsion angle.

The graph in the top panel of Figure 4.6 shows that the virtual torsion angle is close to 0°, on

average, in simulated arrays with 6, 9 and 12 nucleosomes based on the 1KX5 structure. In other

words, the enhancer and promoter regions in these arrays are on the same side of the fiber, on average.

The arrangement of the regulatory proteins on the same side of the fiber allows them to get closer in

distance and leads to maximum EPC (Figure 4.4). On the other hand, for 3MVD-based fibers, the

virtual torsion angle is closest to 0° for arrays with 5 and 10 nucleosomes. The oscillatory pattern

with a repeat of roughly three for the 1KX5-based arrays and roughly five for 3VMD-based arrays

reflects the average fiber architectures, as discussed in Chapter 3.

While the pattern of predicted EPC values for the 1KX5-based fiber is in general agreement

with the experimental values, the magnitudes deviate significantly (Figure 4.4), especially in the
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Figure 4.6: Distributions of the virtual torsion angle between the two E-P proteins separated by
increasing number of intervening nucleosomes. When the average angle is near 0°, the proteins
are roughly on the same side of the fiber, which allows them to get closer. Both systems exhibit
oscillatory patterns for the virtual torsion angle, reflecting the internal chromatin fiber geometry.
1KX5-based fibers display a period of three, while 3MVD-based fibers display a period of five.

case of fibers with fewer nucleosomes, where the calculated numerical enhancement is several fold

higher. This discrepancy could be due to several factors. One of the likely culprits could be our

limited knowledge of the interaction between the regulatory proteins at the enhancer and promoter

sites. Our assumption that general proximity leads to interaction does not consider any orientational

dependence, which might lower the number of accepted looped configurations [3]. This type of

dependence would likely have a bigger impact on shorter arrays, since the E-P proteins in these

fibers are generally more rotationally constrained, i.e. their relative orientations are more strongly

correlated in shorter constructs than in longer ones. The lack of rotational requirements for this

interaction in our model might also introduce other potential problems which are discussed in Section

4.3.3.

4.3.2 Differential role of histone tails in enhancer-promoter communication

We used the 1KX5-based E-P constructs with 13 intervening nucleosomes to study the effect of

different histone N-terminal tails on long-range communication. In particular, we investigated the
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effects of removing H3/H4 and H2A/H2B tails, separately and in combination. The boundaries for

the histone tails were modeled after the trypsin-sensitive regions used in the in vitro experimental

setup [25, 113]. Our results show that removal of the H2A/H2B tails lowers EPC enhancement

slightly but not as much as the removal of the H3/H4 tails (Figure 4.7). Arrays with tailless

nucleosomes produced the lowest EPC enhancement. This suggests that H3/H4 tails are the most

important for long-range communication. This general trend is supported by experimental values of

transcription activation in vitro. However, the effect of tails on EPC enhancement in our predictions

is not as strong as the effect measured in vitro. This magnitude difference between predicted and

experimental enhancement could be due to the limitations discussed in the previous section or

limitations in histone tail modeling.

Figure 4.7: EPC enhancement in nucleosome-decorated DNA compared to naked DNA in constructs
with 13 nucleosomes between regulatory proteins. Different combinations of histone tails have been
truncated from the nucleosome core to measure the effect on EPC. The E-P regulatory proteins
in all cases are approximated by cylindrical volumes, positioned at the enhancer and promoter
DNA sequences, respectively. *Experimental values represent transcription activation in folds. All
constructs contain nucleosome repeats of length 177 bp.

The removal of the tails generally cause an increase in chain extension, as evidenced by a shift

in the peaks of the simulated E-P distance distributions towards higher values (Figure 4.8). At

the same time, tail removal causes a slight narrowing of this distribution, suggesting a decrease in

deformability. In line with the EPC enhancement results, the E-P distance distributions for arrays

with tailless nucleosomes and those with truncated H3/H4 tails look nearly identical. The presence
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of only the H3/H4 tails, however brings the distribution closer to the one seen for constructs with

intact nucleosomes.

Figure 4.8: Normalized distributions of the E-P distances in constructs with various tail configura-
tions. Removal of the H2A/H2B (blue line) shifts the distribution peak only slightly towards higher
values, compared to intact nucleosomes (red line). Removal of the H3/H4 tails (green line) causes a
more significant extension and a slight loss of flexibility, indicated by a narrowing of the distribution
and has a similar effect to the removal of all core histone tails (purple line).

4.3.3 The effect of E-P coarse-grained representation

As we mentioned earlier, there are discrepancies between the experimental results and predicted EPC

enhancement values for constructs with 1KX5-based chromatin, with regard to both the magnitudes

and locations of minima. These discrepancies could be due to a number of factors, such as an

orientational dependence for the interaction between regulatory proteins at the enhancer and promoter

sites, that we do not consider in this study. Furthermore, the center-to-center distance between E-P

protein complexes, which is used to define the contacts of regulatory proteins in our analysis, may be

affected by the specific shapes of their coarse-grained (CG) representations and positioning on the

enhancer/promoter DNA sequences. That is, during the course of the simulations, certain looped

configurations may be rejected due to collisions induced by the specific arrangement of the E-P

proteins, which depend on their precise location along the DNA. For example, shifting the NtrC

along the enhancer sequence by a single base pair would rotate it by about 34° around the DNA helix,
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on average. To understand the effects of this potential bias, given that we cannot precisely position

the regulatory proteins with base-pair accuracy, we have performed the same set of simulations with

a simpler representation of the enhancer-promoter proteins. In these simulations, we represent each

protein by a single neutral sphere, positioned at the center of the regulatory sequence. The diameter of

the sphere is taken as the lowest dimension of the respective cylindrical representation. It is important

to note that, while useful in assessing the effect of E-P coarse-graining and positioning along the

DNA, this over-simplified representation may still fail to capture many features of enhancer-promoter

interactions. The results from our simulations with "simpler" representation of E-P proteins, which

from here on are called spherical, are presented in Figure 4.9.

Figure 4.9: EPC enhancement in chromatin constructs with an increasing number of intervening
nucleosomes. Predicted enhancement is measured by the relative E-P contact frequency between
nucleosome-decorated DNA and naked DNA of the same length. The E-P proteins in this case are
represented by neutral spheres located at the centers of the enhancer and promoter DNA sequences.
Chromatin simulations are based on nucleosomal DNA pathways modeled from two different crystal
structures (1KX5 and 3MVD), which result in distinct chromatin fiber geometries. *Experimental
values represent transcription activation in folds. All constructs contain nucleosome repeats of
length 177 bp.

The local minimum values of EPC enhancement, predicted to occur for constructs with 5 and
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8 intervening 1KX5-based nucleosomes, are in closer agreement with experimental results. The

EPC enhancement at 5 is a deeper minimum than in the set of simulations with more "realistic"

cylindrical representations of the enhancer- and promoter-bound proteins (Figure 4.4, top panel),

while the enhancement pattern for constructs with 10–12 nucleosomes is flattened. The locations of

maximum values remain unchanged, at 6 and 9 intervening nucleosomes. Overall, these results bring

the general predicted pattern for 1KX5-based E-P constructs in closer agreement with experimental

results. The pattern of predicted EPC enhancement for 3MVD-based constructs, on the other hand,

changes more dramatically as a result of the spherical E-P representation. Enhancement values

for constructs with 8, 9 and 10 3MVD-based nucleosomes (Figure 4.9, bottom panel) are now in

better qualitative agreement with experimental results, while the predicted pattern for arrays with

4–7 nucleosomes still appears to be out of sync with experiment.

Figure 4.10: EPC enhancement in nucleosome-decorated DNA compared to naked DNA in con-
structs with 13 nucleosomes between regulatory proteins. Different combinations of histone tails
have been truncated from the nucleosome core to measure the effect on EPC. The choice of coarse-
grained representation of the regulatory proteins at the enhancer and promoter sites appears to affect
the role of tails in EPC enhancement. While constructs with tailless nucleosomes result in lowered
EPC compared to those with intact nucleosomes with both E-P models, the predicted enhancement
effect is weaker in arrays with spherical representations of the E-P proteins (yellow bars). All
constructs contain nucleosome repeats of length 177 bp.

The magnitudes of the predicted communication enhancement, however, still do not agree with

experiment. Depending on the number of intervening nucleosomes, the EPC enhancement using the

spherical representation of the proteins at the promoter and enhancer sites is either strengthened or
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weakened, compared to the values for constructs with a more detailed representation of the regulatory

proteins. For constructs with 13 intervening nucleosomes, for example, the predicted enhancement

is generally weaker when we do not consider the cylindrical coarse-grained shape of the proteins

(Figure 4.10). This implies that the specific mode of interaction between the two regulatory proteins

is important for quantitative prediction of the experimentally observed long-range communication.

Achieving this would require better modeling of the proteins at the enhancer and promoter sites and

their interaction.

4.3.4 Role of nucleosomal DNA wrapping in enhancer-promoter communication

Using the spherical representation of the regulatory proteins, we explored the effect of partial

DNA unwrapping from nucleosomes on EPC. In constructs with 1KX5-based nucleosome models,

peeling of three base pairs from either side of the nucleosome generally enhances the predicted EPC.

However, the level of enhancement depends on the length of the construct (Figure 4.11). The green

graph in the lower panel shows that the EPC enhancement for constructs with six intervening 141-bp

nucleosomes is nearly unchanged but is now a softer peak, compared to that determined for constructs

with 147-bp nucleosomes. The peak for constructs with nine repeats nearly disappears completely.

Overall, the predicted EPC enhancement pattern for increasing number of intervening nucleosomes

becomes flatter when the DNA is partially unwrapped from the 1KX5 nucleosome model (Figure

4.11). The non-uniform effects of partial nucleosome unwrapping reflect the interplay between

increased compaction (see Chapter 3, Section 3.3.4), and changes in the fiber architecture, which

lead to different dispositions of the regulatory proteins with respect to the fiber axis.

For E-P constructs with 13 intervening nucleosomes, unwrapping three base pairs from either

end of the 1KX5-based nucleosome model strengthens the predicted enhancing role of histone

tails on EPC (Figure 4.12). The effect of selective histone tail truncation is considerably stronger

in constructs containing 141-bp nucleosomes and longer unbound DNA linkers. Removal of all

tails in constructs with 141-bp nucleosomes results in nearly three-fold reduction in EPC. This

reduction is in close agreement with the experimental results (Figure 4.7). In contrast, constructs

with 147-bp nucleosomes suffer only a two-fold reduction in EPC as a result of tail removal. The

predicted reduction in EPC from H2A/H2B and H3/H4 truncation in the case of constructs with

141-bp nucleosomes is also in closer agreement with experiment. These results suggest that partial
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Figure 4.11: EPC enhancement in chromatin constructs with an increasing number of intervening
nucleosomes. Predicted enhancement is measured by the relative E-P contact frequency between
nucleosome-decorated DNA and naked DNA of the same length. The E-P proteins in this case are
represented by neutral spheres located at the centers of the enhancer and promoter DNA sequences.
Bound nucleosomal DNA pathways are modeled from the full 147 base pairs (upper graph, red) or
the central 141 base pairs (lower graph, green) in the 1KX5 crystal structure [15], while the unbound
DNA is subject to sampling. All constructs contain nucleosome repeats of length 177 bp.

nucleosome unwrapping from the nucleosome may have a strong effect on long-range communication

that needs to be further investigated.

Discussion

In this work we have used two different nucleosome core particle models that produce distinguishable

chromatin fiber geometries (Figure 4.13), according to our meso-scale treatment (see Chapter 3),

as a means to investigate the role of fiber geometry on long-range communication. The chromatin

fiber structure in E-P constructs with 4–13 intervening nucleosomes dictates whether the regulatory

sequences are on the same or opposite sides of the fiber, on average, depending on the number

of nucleosome repeats. Experimental data from in vitro EPC studies support a three-start helical

arrangement of nucleosomes under physiologically-relevant conditions, compatible with our simu-

lated 1KX5-based arrays. Our simulations suggest that the two-start helical arrangement seen in the

3MVD-based arrays is incompatible with experimental EPC data.

A triple-helix structure for chromatin has been proposed as early as 1985 from interpretation of
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Figure 4.12: Role of partial DNA unwrapping from the nucleosome core on EPC enhancement
in constructs with 13 intervening nucleosomes and various tail compositions. EPC is measured
as the ratio of the contact frequency between nucleosome-decorated DNA and naked DNA. The
E-P proteins in this case are represented by neutral spheres located at the centers of the enhancer
and promoter DNA sequences. The predicted loss in EPC, as a result of histone tail removal is
stronger in constructs containing 141-bp 1KX5-based nucleosomes than in those containing 147-bp
nucleosomes.

flow linear dichroism data [55]. In this model, the faces of the nucleosomes are tilted by about 36°

from the fiber axis. This three-start nucleosome arrangement stands in contrast with the two-start

zigzag compact chromatin structure observed in X-ray [62, 64, 103], cryoEM [65] and other in

vitro studies. Greenleaf and collaborators have recently used ionizing radiation-induced spatially

correlated cleavage of DNA with sequencing (RICC-seq) to probe chromatin conformation in human

cells in situ with near single-nucleosome precision [104]. They report that chromatin exists in an

ensemble of states, including solenoid, two-start, three-start and multi-start structures. By comparing

their results with data predicted from numerous static three-dimensional models [100], they suggest

that fibers with three-start (or multi-start) structure are associated with more open chromatin, while

two-start structures are more strongly associated with compact chromatin. Our simulated fibers that

support in vitro EPC experiments are in agreement with an open three-start fiber.

While the role of tails on chromatin structure and compaction has been studied extensively [63,

120, 145–147], there is limited knowledge of their role in long-range communication [2]. Our

results on the role of tails suggest that not all tails contribute equally to long-range communication

in chromatin, with H3/H4 tails having the biggest effect. In our simulations, this is possibly due to
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(a) 1KX5 - 177 bp NRL (b) 3MVD - 177 bp NRL

Figure 4.13: Front and top views of average geometries for nucleosome arrays containing 12×177-bp
repeats. The fibers are built with nucleosome models from two different high-resolution structures.
(a) The simulated arrays built from 1KX5-based [15] models lead to a more "open" structure with
about three nucleosomes per turn, on average. The color coding is chosen to highlight the three-start
helical arrangement. (b) 3MVD-based [125] arrays lead to a somewhat more compact structure
with about five nucleosomes per turn, on average. In this case, the face-stacking nucleosomes form
two columns, highlighted by the white and yellow color coding. An average structure, like the ones
shown here, is built from the average base-pair step parameters of the unbound DNA linkers over
the simulated ensemble.

the direct interaction of H3 tails with the DNA entering and exiting the nucleosome and the position

of H4 tails on the face of the nucleosomes. Both of these factors contribute to small local changes in

nucleosome arrangements, that in turn affect the spatial disposition of regulatory elements separated
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by nucleosomes. Our results provide hints that the effect of tails may be related to the chromatin

fiber arrangement, i.e., for different nucleosomal DNA wrapping (or different nucleosome repeat

lengths), the selective removal of histone tails might lead to enhanced EPC. This remains to be

studied in future simulations.

Our preliminary results from simulations with partially unwrapped nucleosomal DNA suggest

that local dynamics in nucleosomes can play an important role on EPC. Here we only allowed three

base pairs from either end of the nucleosome to flex and while the effect on local fiber structure is

small, the impact this has on long-range communication is significant. This effect of this partial

unwrapping in our simulations is ultimately tied to the chromatin fiber geometry, as evidenced by the

differential effect on EPC depending on the number of intervening nucleosomes. Our data suggests an

interplay between nucleosome repeat length, partial DNA unwrapping and the presence of N-terminal

histone tails that regulates chromatin structure and the efficiency of long-range communication in

chromatin. This view is consistent with the role of the linker histone protein, which is known to

interact with the DNA entering and exiting the nucleosome and to modulate chromatin structure. It

has been shown that nucleosomes undergo spontaneous "breathing" [26, 148, 149] and under external

tension can unwrap asymmetrically [150, 151]. The effect of the asymmetric DNA unwrapping of

up to 10 bp or more (corresponding to points of interaction between DNA and histone core) from

either end of the nucleosome remains to be investigated in future work.

While our results are in qualitative agreement with experiment, the predicted enhancement values

for EPC in chromatin compared to naked DNA are generally higher than experimental values by up to

4–5 fold. One of the reasons for the numerical discrepancies could be the orientational dependence

of the interaction between the regulatory proteins attached at the enhancer and promoter sites [1, 3].

Our current model does not capture this effect and is limited by the lack of structural data on this

interaction. Another potential reason for the quantitative discrepancies could be the consideration of

sequence effects, especially in the long DNA segments that contain the regulatory sites. As we have

presented in this work, small anisotropic deformations in these regions [105] could have significant

effects on long-range communication. We are planning to address both of these concerns in future

work.
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4.4 Conclusions

Our computational model suggests that under physiologically-relevant conditions, such as those

used in the in vitro experiments of enhancer-promoter communication, chromatin fibers adopt a

loose and flexible geometry with roughly three nucleosomes per turn, on average. Our results from

simulations of enhancer-promoter constructs with 4–10 intervening nucleosome repeats, predict an

oscillatory pattern for long-range communication enhancement, with increasing number of repeats.

This oscillatory pattern has a period of roughly three, and is in agreement with experimental data from

in vitro assays. Our simulations suggest that in E-P constructs with 13 intervening nucleosomes, the

removal of core histone H3/H4 tails reduces the EPC efficiency more than the removal of H2A/H2B

tails, while tailless nucleosomes result in the least efficient EPC. The predicted values for EPC,

however, are up to five-fold higher than the experimental ones in some cases. This discrepancy may

be attributed to deficiencies in the modeling of the regulatory proteins attached to the enhancer and

promoter sites, and their interaction, due to the lack of a high-resolution structure of the complex.

These issues remain to be addressed in the future, in order to quantitatively predict EPC values

observed in experiments.
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Chapter 5

Concluding remarks

Dissertation summary

In this dissertation we have presented our investigations of chromatin structure and its implications

on biological processes. Our work highlights the challenges in tackling such a complex problem

and the necessity for an integrated approach. We have made use of structural modeling, linear

programming, Monte-Carlo simulations, data mining, to name just a few methods that are part of our

research toolbox. Just as important are the in vitro experiments conducted by our collaborators in

order to validate our computational findings and help us understand how chromatin structure affects

biological processes. Chapter 1 presented a brief history and an overview of the current state of

knowledge about chromatin structure and its components.

In Chapter 2 we proposed an efficient method to fit flexible DNA models into density maps

of a wide range of resolutions. DNA is modeled as a collection of base pairs that can be easily

converted to an approximate atomic-level representation using existing tools [79]. This method can

be very useful as rapid advances in cryogenic electron microscopy (cryoEM) have made it possible

to obtain larger and more flexible structures with higher resolution than ever before. We have used

this approach to generate approximate atomic-level models of recent low-resolution (11 Å) cryoEM

density maps of two 12-nucleosome arrays [65]. Our results suggest that the intervening DNA

linkers do not follow straight pathways and their arrangements within each tetra-nucleosome unit

display structural heterogeneity. These results consequently point to a potential heterogeneity in

the positioning of the linker histone globular domain. Our model also reveals potential problems
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with one of the cryoEM density maps, where the inter-nucleosome distances seen in the model

significantly deviate from those expected from the experimental setup.

In Chapter 3 we demonstrated that differences in the specific mode of DNA wrapping around

the nucleosome core, as evidenced by available high-resolution structures in the Protein Data Bank

(PDB), has a significant impact on chromatin fiber geometry. We have used a meso-scale repre-

sentation of DNA to generate structural ensembles of nucleosome arrays to efficiently study the

role of factors like nucleosome spacing, nucleosomal DNA folding and partial unwrapping. Our

predictions for arrays of nucleosomes modeled from two high-resolution structures (PDB ID: 1KX5

[15], and PDB ID: 3MVD [125]), with different DNA wrapping, show that they adopt different

architectures. The rearrangements induced by the nucleosomal DNA folding in each structure are

equivalent to those caused by a change in nucleosome spacing by about 2–3 base pairs. For example,

a 177-bp repeat nucleosome array modeled from the 1KX5 structure adopts a structure with roughly

three nucleosomes per turn (3 NCPs/turn) helical arrangement, on average. An array with the same

177-bp repeat and nucleosomes modeled from the 3MVD structure displays a roughly 2.5 NCPs/turn

helical arrangement, on average. These structural differences can have major implications for other

processes, such as long-range communication (Chapter 4).

It is important to note: the fact that the two nucleosome structures used in our work contain

different sequences (α-satellite vs Widom 601) appears coincidental. From our current analysis,

sequence does not dictate the mode of nucleosomal DNA wrapping and the resulting nucleosome

array structure. In fact, several other nucleosome structures with an α-satellite sequence also

lead to arrays with an architecture similar to that of the Widom 601-containing 3MVD-based

fibers. However, it remains unclear what leads to the differential mode of DNA wrapping around

the nucleosome core. The α-satellite sequence is vastly more represented in the high-resolution

structures in the PDB than the Widom 601 sequence, and this presents a challenge to elucidating

the precise role of sequence. As more structures containing different sequences become available,

it will be important to analyze their structural differences more carefully. The results described in

Chapter 3 represent a first attempt at the large-scale analysis of nucleosome structures.

In Chapter 4 we used our meso-scale model to study the impact of chromatin fiber structure on

long-range communication between enhancer and promoter regulatory DNA regions. Our simula-

tions are set up to model the constructs used in the in vitro experiments led by our collaborators.
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The main takeaway from the work presented here is that our enhancer-promoter communication

(EPC) predictions from chromatin fibers that adopt a 3 NCPs/turn helical arrangement, on average,

for a 177-bp repeat are in qualitative agreement with experiment. EPC predictions from chromatin

fibers with a 177-bp repeat that adopt a 2.5 NCPs/turn helical arrangement, on average, are not in

agreement with the in vitro EPC assays.

The combined results from Chapters 3 and 4 suggest that nucleosomal DNA folding, and

consequently the structures adopted by the resulting nucleosome arrays, may vary among different

in vitro experiments. These structural variations could arise from the differences in experimental

factors, such as ionic content, and have major implications for global chromatin properties. Our

work suggests that nucleosome arrays that adopt a 3 NCPs/turn helical structure for a 177-bp

repeat (NCP model based on 1KX5) are in better agreement with EPC measurements from RNA

transcription assays under physiological conditions (data from our collaborators), while arrays that

adopt a 2.5 NCPs/turn helical structure for the same repeat length (NCP model based on 3MVD) are

in better agreement with sedimentation velocity measurements [58]. Further research is necessary

to investigate the underlying factors that dictate chromatin fiber behavior and the range of structures

it may adopt. We hope that our work takes a first step into understanding the discrepancies seen

among various chromatin structure studies.

Future considerations

The DNA model used in the work presented here is that of an ideal, naturally straight and isotropically

bendable elastic rod. For short DNA segments, such as the linker DNA connecting consecutive

nucleosomes, this is a fairly good approximation. However, sequence effects may have an impact

on long chains of unbound DNA. For example, consideration of sequence-dependent rest states

and deformabilities of individual base-pair steps on a 147-bp Widom 601 nucleosome positioning

sequence causes a slight shift in the end-to-end distribution compared to an ideal DNA segment of

the same length (Figure 5.1). The sequence-dependent chain shows a slight chain compression and

directional bending. While these differences appear small, they may have a significant impact on the

enhancer-promoter communication predictions, discussed in Chapter 4, due to their high sensitivity

to the end-to-end distance.
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Figure 5.1: Treatment of the Widom 601 nucleosome-positioning sequence (147 bp) in terms of
the sequence-dependent deformability and intrinsic structure of individual base-pair steps reveals a
global anisotropy that is not present in an ideal DNA model. (a) Distribution w(r) of end-to-end
distances r from Monte Carlo simulations suggests that the sequence-dependent chain (gold) is
slightly shorter and less flexible relative to its ideal DNA counterpart (blue). (b) These changes
reflect subtle differences in the equilibrium rest states (ribbons) and sampled locations (dots) of
chain ends. (c) The sequence-dependent deformations of base-pair steps enhance the asymmetry of
the end-to-end distribution. This is illustrated by the different offsets of end-to-end densities relative
to the average position of the last base-pair (denoted by red ×) of the two equilibrium structures in
views looking down the normal (z axis) of the first base-pair in each chain. Figure reprinted from
ref. [105].



92

In Chapter 3 we provided some limited insight into how partial DNA unwrapping from the

nucleosome core could affect chromatin structure. Natural sequences do not have as strong of an

affinity for the nucleosome core as synthetic sequences like the Widom 601 do. The flexibility

of the entry/exit DNA linkers makes it necessary to account for nucleosome breathing during the

course of the simulation. This is an area which is likely to be crucial for our work moving forward.

Given the recent interest and development of experimental approaches using cryoEM to probe partial

DNA unwrapping from the nucleosome [30], we are hopeful that future experiments will provide

invaluable structural data that we can use to further our studies of chromatin structure.

Another area that remains a challenge for our simulations is the treatment of the linker histone

and especially its long unstructured C-terminal domain (CTD). Recent work has suggested a new

way of looking at the CTD as adopting a liquid-like behavior and phase-separating with linker

DNA in the interior of the chromatin arrays in a dynamic manner [92]. This presents a challenge

from a computational perspective, but also an opportunity to not be dependent on an elusive three-

dimensional structure of this highly unstructured domain.
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