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Preface

The work presented in this thesis manuscript was realized between fall of 2013 and fall of 2016, at the
Institut de Physique Théorique, CEA Saclay and the Institute of Systems and Synthetic Biology, Université
d’Evry.

The motivation of this work was to provide physical models for the characterization of chromosome
folding (or architecture) and understand the role it plays in regulating the genetic expression. The
manuscript is organized as follows.

In chapter|[T] I give an introduction to chromosome architecture and the current biological conjectures
for its role. I also review standard techniques in Physics to model the chromosome. I conclude this
introductory chapter by giving an outline of the work presented in the subsequent chapters.

In chapters[2]to[5] I present the results of my research activity during these three years. This resulted
in the publication of one research article:

* Phase behavior of DNA in the presence of DNA-binding proteins [[1].

Besides, Biology can lead to the usage of a specific vocabulary, or acronyms, whose meaning is
sometimes not obvious. Although I have attempted to always define such terms before use, a glossary is
available at the end of this manuscript, in order to ease the reading.
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Abstract

Increasing evidence suggests that chromosome folding and genetic expression are intimately connected.
For example, the co-expression of a large number of genes can benefit from their spatial co-localization
in the cellular space. Furthermore, functional structures can result from the particular folding of the
chromosome. These can be rather compact bundle-like aggregates that prevent the access to DNA, or in
contrast, open coil configurations with several (presumably) globular clusters like transcription factories.
Such phenomena have in common to result from the binding of divalent proteins that can bridge regions
sometimes far away on the DNA sequence. The physical system consisting of the chromosome interacting
with divalent proteins can be very complex. As such, most of the mechanisms responsible for chromosome
folding and for the formation of functional structures have remained elusive.

Using methods from statistical physics, we investigated models of chromosome architecture. A
common denominator of our approach has been to represent the chromosome as a polymer with bending
rigidity and consider its interaction with a solution of DNA-binding proteins. Structures entailed by the
binding of such proteins were then characterized at the thermodynamical equilibrium. Furthermore, we
complemented theoretical results with Brownian dynamics simulations, allowing to reproduce more of
the biological complexity.

The main contributions of this thesis have been: (i) to provide a model for the existence of transcrip-
tion factories characterized in vivo with fluorescence microscopy; (ii) to propose a physical basis for a
conjectured regulatory mechanism of the transcription involving the formation of DNA hairpin loops by
the H-NS protein as characterized with atomic-force microscopy experiments; (iii) to propose a physical
model of the chromosome that reproduces contacts measured in chromosome conformation capture (CCC)
experiments. Consequences on the regulation of transcription are discussed in each of these studies.

To model transcription factories, we implemented a Flory-Huggins polymer theory to characterize
the equilibrium of DNA chains interacting with non-specific binding proteins. For sufficiently high
DNA-protein binding affinity, this system was shown to exhibit a phase separation with a dilute and a
dense phase. We also investigated the structure of the dense phase and showed that for stiff DNA chains,
the dense phase may undergo a transition from a globular to a crystalline phase. While globular dense
phases can be a model for transcription factories, crystalline dense phases may be a model for bundle-like
aggregates in stressed bacteria.

To characterize the formation of DNA hairpin loops by the H-NS protein, we showed the existence of
a characteristic length for the H-NS binding region, delimiting two regimes. In one regime, DNA hairpin
loops are stable whereas in the other they are not. This result was obtained first from a simplified polymer
model with implicit interactions, and then confirmed using Brownian dynamics simulations with explicit
proteins.

To model chromosome architecture, we considered a Gaussian chain polymer model of the chromo-
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some and added Gaussian effective interactions to model the effect of divalent proteins. The contact
probability for any pair of monomers was computed and yielded an analytical closed-form which can be
used in an inverse approach to reconstruct an effective polymer model of the chromosome reproducing
contact probabilities measured in CCC experiments.

Keywords: statistical physics, polymer physics, Gaussian chain, worm-like chain, Flory-Huggins the-
ory, random phase approximation, DNA phases, structure function, transfer matrix, Brownian dynamics,
contact probability, DNA-binding protein, chromosome architecture, chromosome folding, chromosome
dynamics, gene co-localization, transcription factory, transcription regulation, chromosome conformation
capture.



Résumé

Plusieurs indices suggerent que le repliement du chromosome et la régulation de I’expression génétique
sont étroitement li€s. Par exemple, la co-expression d’un grand nombre de génes est favorisée par leur
rapprochement dans 1’espace cellulaire. En outre, le repliement du chromosome permet de faire émerger
des structures fonctionnelles. Celles-ci peuvent étre des amas condensés et fibrillaires, interdisant I’acces
a’ADN, ou au contraire des configurations plus ouvertes comportant quelques amas globulaires, comme
c’est le cas avec les usines de transcription. Bien que dissemblables au premier abord, de telles structures
sont rendues possibles par 1’existence de protéines bivalentes, capable d’apparier des régions parfois tres
éloignées sur la séquence d’ADN. Le systeme physique ainsi constitué du chromosome et de protéines
bivalentes peut étre trés complexe. C’est pourquoi les mécanismes régissant le repliement du chromosome
sont restés majoritairement incompris.

Nous avons étudié des modeles d’architecture du chromosome en utilisant le formalisme de la physique
statistique. Notre point de départ est la représentation du chromosome sous la forme d’un polymeére rigide,
pouvant interagir avec une solution de protéines liantes. Les structures résultant de ces interactions ont été
caractérisées a I’équilibre thermodynamique. De plus, nous avons utilisé des simulations de dynamique
Brownienne en complément des méthodes théoriques, car elles permettent de prendre en considération
une plus grande complexité dans les phénomenes biologiques étudiés.

Les principaux aboutissements de cette these ont été : (i) de fournir un modele pour I’existence des
usines de transcriptions caractérisées in vivo a 1’aide de la microscopie par fluorescence ; (ii) de proposer
une explication physique pour une conjecture portant sur un mécanisme de régulation de la transcription
impliquant la formation de boucles d’ADN en téte d’épingle sous I’effet de la protéine H-NS, qui a été
émise suite a I’observation de ces boucles au microscope a force atomique ; (iii) de proposer un modele
du chromosome qui reproduise les contacts mesurés a I’aide des techniques Hi-C. Les conséquences de
ces mécanismes sur la régulation de la transcription ont été systématiquement discutées.

Afin de modéliser les usines de transcription, nous avons considéré une théorie de Flory-Huggins
pour des chaines d’ADN en interaction avec des protéines liantes. Cela nous a permis de caractériser
I’équilibre thermodynamique. En particulier, pour une affinité suffisamment forte avec les protéines,
I’ADN se condense, ce qui donne lieu a un systéme biphasique comportant une phase diluée et une phase
dense. Nous avons ensuite montré que pour des chaines rigides, la phase dense peut passer d’une structure
globulaire a une structure cristalline. Une phase globulaire semble étre un bon modele pour les usines de
transcriptions, tandis que les amas fibrillaires s’apparentent davantage a une phase cristalline.

Afin de caractériser la formation de boucles d’ADN en tétes d’épingles sous I’effet de la protéine
H-NS, nous avons montré qu’il existe une taille caractéristique pour les régions de liaison avec H-NS.
Au-dessus, les boucles sont stables tandis qu’en dessous elles sont instables. En utilisant un modele
simplifié¢ de polymere, nous avons obtenu une expression pour cette grandeur, que nous avons ensuite
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confirmée a I’aide de simulations de dynamique Brownienne.

Afin de modéliser le repliement du chromosome, nous avons considéré un modele de polymere
Gaussien auquel nous avons ajouté des interactions effectives représentant 1’effet de protéines bivalentes.
Nous avons alors pu calculer la probabilité de contact entre deux monomeres. L’expression obtenue a
ensuite été utilisée pour résoudre le probléme inverse consistant a trouver le modele effectif qui reproduit
les probabilités de contact mesurés lors d’expériences Hi-C.

Mots-clefs: physique statistique, physique des polymeres, chaine gaussienne, chaine de Kratky-Porod,
théorie de Flory-Huggins, random phase approximation, phases de ’ADN, fonction de structure, matrice
de transfert, dynamique browniennne, probabilité de contact, protéine se liant a ’ADN, architecture du
chromosome, repliement du chromosome, dynamique du chromosome, co-localisation des génes, usine a
transcription, régulation de la transcription, chromosome conformation capture.
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Chapter 1

Introduction

1.1 Chromosome architecture and genetic expression

1.1.1 The central dogma of biology

Life depends on the ability of cells to store, retrieve and translate a set of instructions commonly denoted
as the genetic code. This information is stored in the genes, which determine the characteristics of each
individual.

Since the beginning of the twentieth century, we know that the genetic code is carried by deoxyribonu-
cleic acid (DNA) molecules, with a simple chemical composition. The realization of X-ray diffraction
experiments in the 1950s led Watson and Crick (Nobel prize 1962) to propose the correct model for the
molecular structure of DNA [2]. Specifically, a DNA molecule consists of two polynucleotide chains (or
strands) wounded in a double-helix. Each nucleotide is made of a sugar and of one of the four bases:
adenine (A), thymine (T), guanine (G) and cytosine (C). The sugars are covalently linked together and
form the DNA “backbone”. In addition, the two strands are held together by hydrogen bonds between
the bases on the different strands, resulting in a double-helical structure with the base pairs (bp) inside.
Actually, bases do not pair at random, but by pair complementarity: A with T and G with C.

The complete sequence of base pairs determines the genetic information of each individual. It is
called the genome. The corresponding sequence of letters is enormous. For instance, in the Escherichia
coli bacterium, it contains 4.6 x 10° letters, and more than 3.3 x 10° in humans. For comparison, in the
latter case it would take more than 1000 books of 1000 pages to write down the full sequence. Besides,
specific DNA sequences, the genes, are encountered in the genome. Their number ranges from less than a
hundred in simple bacteria to several tens of thousands in higher organisms. For example, approximately
4600 genes are found in E. coli and more than 30 000 in humans.

The genes encode macromolecules such as ribonucleic acids (RNA), or polypeptides which are chains
of amino-acids more commonly known as proteins. These macromolecules are responsible for most of
the biochemical workings of a cell and can be envisioned as molecular “tools”. The central dogma of
molecular biology states that DNA sequences from genes are first transcribed into RNA. Furthermore,
some RNA transcripts known as messenger RNA (mRNA) are then translated into proteins. The protein
synthesis relies on a correspondence between the 4-letter nucleotide alphabet of DNA and the 20-letter
amino-acid alphabet of proteins.

In short, the DNA sequences of genes can be seen as a message, handled through two essential and
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2 CHAPTER 1. INTRODUCTION

successive processes which are transcription and translation. Yet in order to adjust the synthesis of proteins
to the cell needs the genetic expression can be regulated.

1.1.2 From a classical to a modern view of transcription

In a classical work [3]], Jacob and Monod (Nobel prize 1965) proposed their vision of the operon system
in bacteria, which has been extended to the whole living realm and is still nowadays a pillar of molecular
biology. Genetic expression is under the control of particular sequences called promoters, found a few
tens of base pairs upstream of the protein encoding sequences. Such regions have typically a size of
300 bp but sometimes can be even longer. The structural unit constituted of one promoter followed by one
or several regulated genes is called an operon. The promoter is of critical importance because it is where
the protein responsible for the mRNA synthesis, the RNA polymerase (RNAP), is recruited to initiate the
transcription of the downstream gene or operon. The affinity of RNAP with the promoter is therefore an
indirect measure for the transcription level and represents a handle for its regulation. Transcription factors
(TFs), that is to say proteins which can regulate the transcription of a gene, can bind to the promoter
thanks to the presence of several transcription factor binding sites (TFBS, fig. [[.I). Importantly the
binding of transcription factors to the promoter can alter its affinity with RNAP. When a transcription
factors stimulates the transcription it is called an activator (or inducer), and a repressor in the opposite
case. At a molecular level, a repressor bound to the promoter area will prevent RNAP binding or obstruct
transcription elongation, and an activator bound to the promoter will enhance transcription by recruiting
RNAP from the bulk (fig. [T.2).

promoter ORF
DNA } vl } } f—»
TFBS distant enhancer

Figure 1.1 — Organisation of a gene under transcriptional regulation. The open reading frame (ORF) encoding for a protein is
preceded by a promoter region where several transcription factor binding sites (TFBS) are found. The promoter region comprises
one main binding site and several auxiliary binding sites. In eukaryotes, TFBS participating to the gene expression regulation can
sometimes be found very far away on the DNA sequence and are called enhancers.

The transcription factor binding sites can be divided into two sets. The binding site with the highest
affinity is called the main binding site and is generally found in the promoter region. Others binding sites
entailing a weaker binding are called auxiliary binding sites. These are mainly found in the promoter
region, but can also be found outside in some cases. The simultaneous binding of a TF with the main and
auxiliary binding sites can also participate to the regulation of the transcription. A famous example is the
lac repressor system in Escherichia coli. In this particular case, efficient repression is achieved only when
the lac repressor binds simultaneously the main and auxiliary binding sites found 401 bp from each other
in the genome. Actually, many other examples of such regulatory systems have been characterized [5}/6].
This type of repression involves the formation of DNA loops from tens to a few hundreds base pairs long.
An in vitro assay has even constructed a synthetic repressor system involving the interaction between the
main binding site of a promoter and an auxiliary binding site separated by 2800bp on a plasmid [7]..
The corresponding DNA loops were observed with electron microscopy imaging and corresponded to the
repressed state (fig. [[.3). The existence of distant regulatory elements has now been established for a
large number of genes. In eukaryotes specifically, auxiliary binding sites can be found sometimes very far
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Figure 1.2 — Classical view of the repressor/activator regulation of the transcription [4].

away from the promoter (tens of thousands base pairs), in which case they are called enhancers. When a
TF has a low affinity with its main binding, i.e. the promoter is weak, the simultaneous binding with an
auxiliary binding site may stabilize the binding of the TF to the promoter. When the main and auxiliary
sites are not too far from each other, say less than 200 bp, the formation of a DNA loop may simply prevent
RNAP binding by physically forbidding the access to the promoter. More generally, it is conjectured
that the interaction with a remote regulatory site (or CIS element) can favor the formation of a complex
comprising DNA and proteins which enhances or represses the transcription (fig. [I.4).

Let us now consider the problem of a TF diffusing in the nucleoid (in bacteria) or nucleus (in
eukaryotes), whose target is the main binding site found in the promoter region of the regulated gene.
The typical square displacement of the protein during the time ¢ scales like (x*>) ~ Dt, where D is the
diffusion coefficient. For a protein diffusing in the cytosol, we typically have D ~ 10 um?s~! [8]. Hence
the average distance traveled by a protein during 10 ms is approximately 300 nm. If we consider that the
typical size of the bacterial nucleoid in E. coli is 600 nm, then the diffusion time can be quite limiting in
regulatory mechanisms of the transcription where proteins have to find their targets on the DNA, scattered
within the nucleoid. This is even more critical in eukaryotes, where the size of the nucleus is of several
micrometers. The presence of auxiliary binding sites provides an intuitive way to enhance the search
process. When a TF is bound to an auxiliary binding sites, it cannot diffuse freely in the cytosol. Instead,
it is confined in a sphere whose radius is the contour distance, say /, between the main and auxiliary
binding sites. Hence the TF only explores a reduced volume in comparison to the whole cellular (or
nuclear) compartment, of size L. In other words, the apparent concentration of this TF relatively to the
promoter is increased by a factor (L/I)3. This is a typical example of local concentration effect.

In summary, it has become clear in the recent decades that the DNA molecule cannot be reduced to a
mere “cookbook” with a passive role. Instead, it is directly involved in the genetic expression regulation.
Specifically, proteins can use the DNA molecule as a scaffold to build complexes or loops that regulate
the transcription [9]]. This is possible because most TFs are divalent and have several additional binding
sites distributed on the genome.
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Figure 1.3 — Electronic microscopy image of a repressor system relying on the formation of a 2850 bp long loop between the main
binding site of a promoter and an auxiliary binding site [IZI]
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Figure 1.4 — A distant regulatory sequence can interact with the promoter through a looping mechanism to enhance/repress
transcription IHI
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1.1.3 Multi-scale description of the chromosome

In physiological conditions, scores of proteins are bound to the DNA molecule, which consequently is
never found “naked”. The resulting molecule is usually called the chromosome. Although in the classical
sense, the chromosome refers to the threadlike structures of condensed DNA observed during mitosis (the
process by which a cell becomes two cells), it is nowadays commonly used to designate the double-helical
DNA molecule with its structuring proteins. Thus we shall follow this convention from now on. Under
the effect of these structuring proteins, the chromosome adopt higher level structures that constitute the
chromosome folding, or architecture.

In order to fit inside the bacterial cell or the eukaryotic nucleus, the chromosome is compacted nearly
103 times, and this is true in all organisms [10]. In E. coli for instance, the free chromosome (after lysis
of the cell walls) spans a spherical volume with a diameter of approximately 20 um whereas the length
of a bacterium cell is typically of 1 um (fig.[I.3). Therefore, the chromosome needs to be compacted (or
folded) in a multi-scale organisation whose underlying mechanism has remained unclear.

In eukaryotes, there exist four basic levels of folding of the chromosomal chain [TTL[12] (fig. [T.6).
First, there is the nucleosomal organization enabled by the presence of structuring proteins called histones.
Naked DNA wraps around each histone octamer on approximately 147 bp to form a nucleosome. Two
consecutive nucleosomes are connected by a linker DNA approximately 80 bp long. Consequently, the
chromosome adopts a "beads-on-string" structure, clearly characterized by in vitro assays, where the
elementary monomer in the chromosomal chain is the nucleosome. A string of nucleosomes gives rise to
the 11 nm fiber. Second, the 30 nm fiber is obtained by coiling the 11 nm fiber in a solenoidal structure with
about 6 nucleosomes per turn. The chromosomal fiber is then usually designated as chromatin and has
a linear packing fraction v ~ 100 bpnm™! [[I13H16]. Note that actively transcribed chromatin tends to be
loosely packed and is called euchromatin whereas chromatin containing non-coding or silent genes tends
to adopt more compact conformations (often under the effect of structuring proteins) and is usually called
heterochromatin. Yet, the 30 nm fiber is apparently only observed in the interphase nucleus. Therefore, a
third level of organization exists, in which the chromosomal chain is organized into domains containing
from 30 to 100 kbp and resulting in a fiber of diameter 200-300 nm. Finally during mitosis, the ultimate
level of compaction consists in an helical folding of the metaphase chromosome, resulting in the well
known condensed chromosomes [[17,|18]]. Presumably, structuring proteins are responsible for transitions
from one level of organization to the other.

Bacteria lack histones, therefore the primary level of folding is not achieved and the chromosome
can be seen as a fiber of diameter 2.5 nm [13]. However, the bacterial DNA is most often circular and
negatively super-coiled. This is known to produce plectonemes. In particular, they have been reported
to provide a superior level of organization of the chromosome into domains whose size is estimated to
10—-20kbp [19,20]. Yet, we stress that they are not maintained by scaffolding proteins and for this reason
can hardly be compared to chromosome folding in eukaryotes.

1.1.4 The role of chromosome architecture

The cooperative binding of hundreds of multivalent TFs producing DNA loops and of structuring proteins
on the chromosome can result in sophisticated structures. This kind of global changes can completely re-
define the chromosome architecture, and have far reaching consequences on transcription (and presumably
other biological processes) that we are just starting to understand.

A modern view of the chromosome is that TFs can form DNA loops resulting in several functional
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Figure 1.5 — E. coli chromosome after lysis of the cell walls (at the center) .

DNA The Nucleosome "Beads-on-a-String" The 30nm Fibre Active The Metaphase
[ 1 [ 1 [ 1 [ 1
Isolated patches. Genes under active Less active genes. During interph: During cell division.
[ 1 [ 1 [ 1 [ 1 [ 1
Add core histones. ‘Add histone H1. Add further scaffold proteins. Add further scaffold proteins.

Figure 1.6 — The four levels of folding of the eukaryotic chromosome .
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clusters with a “rosette” shape [22123] or in a solenoidal topology [24]23] (fig.[T.7). It is conjectured that
these organizations enable to bring close in space genes whose transcription needs to be synchronized
(fig. [I.7). In other words, the spatial distribution of genes inside the nucleus/nucleoid matters. This
suggests that the genetic expression of a gene will depend on the genes and proteins encountered in its
neighborhood. Hence, the specific folding of the chromosome can result in varying transcription levels
along the genome, a phenomenon known as context sensitivity which has remained poorly understood.

bacterial eukaryotic
nucleoid nucleus

territory in nucleus

Figure 1.7 —Organization of the chromosome in “rosettes” by TFs [23]Organization of the chromosome in “solenoid” [25].

Functional structures are also encountered in biological processes radically different from genetic
regulation. For instance, in E. coli and Bacillus subtilis bacteria, following an exposure to assaults inducing
double-strand DNA breaks, the chromosome is reorganized into filamentous bundle-like assemblies
maintained by the RecA protein. It is assumed that these structures with quasi-crystalline order can at the
same time protect DNA from further damages and enhance DNA repair by limiting the dimensionality of
the research in the homologous recombination process, hence justifying the name of “repairosome” [26].
Such ordered states, which have been reproduced in vitro, are also encountered in other contexts such as
viruses, mitochondrial DNA, stressed bacteria, and induce an inactive state for DNA [27].

In summary, recent advances in biology are promoting chromosome architecture as a major determinant
of the cell physiology. Back to transcription, while the operon system may be seen as the primitive
mechanism for genetic expression, it is has become clear that sophisticated regulatory mechanisms
require an interplay between chromosome architecture and transcription. Understanding this link is also
relevant to several active areas of research including conditional genetic expression, cell differentiation
and epigenetics. Yet many unknowns remains, and we are still far from having resolved this phenomenon.

1.1.5 Experimental data in biology

Many important experimental results in biology have been and still continue to be obtained with fluores-
cence in situ hybridization techniques (FISH). In such methods, a fluorescent probe that binds specifically
a target DNA (or RNA) sequence by base complementarity is introduced in the cell and monitored with
confocal microscopy imaging. This allows the spatio-temporal tracking of a precise location on the
chromosome (or locus). For instance, it has been used to investigate spatial organization of transcribed
genes [28]] or to follow the motion of loci during DNA replication [29]. However, new technologies as



8 CHAPTER 1. INTRODUCTION

well as new ideas have enabled the steady improvement of experimental techniques in biology. Namely,
localization-based super-resolution fluorescence techniques have considerably extended possibilities of-
fered by FISH imaging and enabled to track fluorescent probes at a resolution of a few nanometers, below
the diffraction limit. This can be done in two ways. The first is achieved by post-processing images
obtained from FISH techniques. Thus the increased resolution does not come from more accurate exper-
imental measurements but from an ingenious data treatment of many consecutive images. The second
is achieved in experimental setups implementing stochastic optical reconstruction microscopy or photo-
activated localization microscopy (STORM or PALM, Nobel Prize 2014). Alternatively, the tracking
of quantum “dots” with two-photon adsorption has enabled imaging in living cells at an unprecedented
resolution and with less damages caused to the cell.

Other techniques that have revolutionized experimental biology in the last decade or so are those
relying on polymerase chain reactions (PCR) combined with high-throughput DNA sequencing. For
instance, ChIP-seq techniques [30H32] allow to measure the probability of binding along the genome for
a protein of interest at a resolution of a few tens of base-pairs. Similarly, Hi-C techniques can measure
the probability of contact between pairs of DNA sequences on the chromosome and output a contact
probability matrix for the whole genome at a resolution of a few kbp [33-35].

The convergence in technologies now makes it possible to apply each of these techniques not on
a population of cells but at the single-cell level. Although they still are at their beginning, single-cell
techniques can throw light on stochastic fluctuations from a cell to another one in biological processes
including chromosome organization and genetic expression.

1.2 Modelling complexity in biology

Thanks to modern experimental techniques, the spatial structures of the chromosome that we just discussed
have been pretty well characterized. Yet understanding the underlying physics, that would pave the way to
an era of quantitative predictions, has remained an important challenge. While it is true that all biological
processes result from the superimposition of many individuals abiding by the laws of physics, the resulting
system can be of a daunting complexity. In particular, problems in biology are characterized by their
high-dimensionality, the non unicity of their solutions and the variety of the microscopical players involved
(i.e. the presence of disorder).

Proteins are ubiquitous in the cell and their many interactions with DNA form a complex system. On
a global scale, the chromosome architecture is constrained and shaped by structuring proteins, namely
nucleoid-associated proteins (NAPs) in bacteria and histones in eukaryotes. Yet less abundant but
dedicated transcription factors can bind to DNA and locally alter the structure the chromosome (e.g.
by forming loops). Reconciling these two effects into a single physical model is not an easy task and
requires a multi-scale approach. For example, there have been models of statistical physics showing how
the cooperative binding of transcription factors can result in abrupt transitions leading to the collapse of
the chromosome into loops [36] or to an apparent increased affinity of the TF to the gene promoter [37].
Methods from statistical physics have been very successful in describing a large variety of complex system
phenomena in the twentieth century, yet their application to study biological processes has found many
caveats. While they are adapted to describe systems with many but identical constituents, and possibly
a source of disorder, difficulties arise in biological systems which involve not a few but tens of protein
types, hence these models are rarely tractable.

For example, the organization of the chromosomes does not comply with predictions from standard
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polymer physics. Indeed, instead of being entangled, chromosomes remain in separated and non over-
lapping domains known as chromosome territories [3839] (fig. [T.8). The configurations adopted by a
single chromosome seem best described by the so-called crumpled (or fractal) globule polymer which as-
sumes that strong topological constraints (namely excluded volume) prevents mixing and the equilibrium
distribution of the polymer to be reached [40,41].

It is often hard to know whether a biological process operates at or out of thermal equilibrium. On
the one hand the presence of many stationary processes suggests that processes in biology can occur at
thermal equilibrium. For example, the transcriptional response to external changes can be achieved within
seconds, like the SOS response to stress exposure in E. coli. This suggests that for several biological
processes, equilibrium, or at least a new stationary state, can be reached quickly. On the other hand,
molecular crowding significantly increases the diffusion times, which is also known to result in anomalous
diffusion [42}/43]]. Furthermore, consistent with the crumpled globule picture, the equilibration time for
chromosomes is expected to count in tens of years, suggesting that the chromosomes in the nucleus are
never equilibrated [44].

—— R e

Fractal globule Equilibrium globule

(@) (b)

Figure 1.8 —Fluorescence imaging of the chromosome 12, 14 and 15 in the nucleus of mouse liver cells display an organization
into chromosome territories @] @Crumpled versus equilibrium polymer globules []EI]

A strategy to increase our understanding of biology and still retain a reasonable amount of complexity
is to resort to molecular dynamics (MD) simulations. Even then, it is not possible in general to perform
molecular dynamics simulations at the atomic resolution and produce trajectories corresponding to time
scales compatible with biological times (of the order of seconds). Instead, coarse-grained approaches
ignoring molecular details such as sequence effects, the double-helical structure of DNA and modeling
the solvent implicitly are preferred. This kind of MD, called Brownian Dynamics (BD), has been broadly
used in the past to model the dynamics of the chromosome. It has brought valuable insights on several
biological processes, including genes co-localization [43]], transcription factories [46], or the nucleosomal
architecture in eukaryotes [[15]], and more generally on chromosome architecture [44,47H49]. Obviously,
BD simulations still rely on several simplifying assumptions that reduce the underlying complexity. In
particular, a trade-off must be found between the system size, i.e. the number of constituents, and the
variety of the interactions, e.g. the types of proteins or sequence effects. For instance, a common approach
is to consider a generic type of protein with average properties, which represent several protein types at
the same time [46,50]. The investigator is then left with several free parameters to fit (or to guess),
like binding energies between proteins and DNA, which in general are not known. Because of these
limitations, BD simulations cannot be used yet to produce accurate quantitative predictions. However,
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when they are in qualitative agreement with experimental observations, they can be of precious help to
understand the underlying physics and serve as proof of concept for a physical model.

In the next two sections, we spend some time to review some standard results in statistical physics that
will be used at different stages of this manuscript. In particular we introduce standard polymer models of
the chromosome and the Brownian dynamics framework.

1.3 Polymer model of the chromosome

1.3.1 Beads-on-string polymer

Being a long macro-molecule, the chromosome is commonly modeled as a polymer, consisting of the
repetition of structural units called monomers [51}/52]]. The chromosome is then divided into N + 1 “blobs”
of size b, with coordinates r;, withi = 0, ..., N. This is the so-called beads-on-string polymer of contour
length L = bN (fig.[1.9). In order to be a consistent model of the reality, b should be equal to the diameter
of the chromosome fiber. For eukaryotes, we will consider the 30 nm fiber, and we obtain b = 3000 bp.
For bacteria, we will consider the naked DNA with diameter 2.5 nm and we obtain b ~ 7.3 bp (where we
have used that one base pair has a size of approximately 0.34 nm). In the sequel, we introduce the standard
polymer models that are used to model the chromosome. For an exhaustive review on polymers, we refer
the interested reader to the classical literature [S3H535]).

N &@@
b
B

Figure 1.9 — Beads-on-string polymer.

1.3.2 Gaussian chain

Assuming that the first monomer is attached to the origin, ro = 0, the end-to-end vector is defined as:

Re =InN
N (1.1)
= lei,
i=1

where u; = r; — r;_; is the bond i vector. The expression in eq. @ may be seen as a discrete stochastic
process describing the motion of a particle making random jumps u;. If we assume that all bonds are
independently and identically distributed (i.i.d.) random variables with zero mean and variance b%, we
obtain the mean square end-to-end distance:

(R2) = N, (1.2)
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where b, the monomer size, is also called the Kuhn length. Note that for long polymers (N > 1), we
have by the central limit theorem that the probability distribution function (p.d.f.) of R, converges to a
Gaussian distribution. Another useful quantity is the (square) radius of gyration:

N

1

R = (r; = Tem)? (1.3)

g 1 cm 9
N+1 ;

where r.,, is the center of mass of the polymer. The radius of gyration gives an account of the spherical
volume occupied by the polymer coil, and it has also the advantage of being defined for branched polymers,
when the end-to-end vector is not.

If we assume that all bonds u; have Gaussian distributions, then R, has also a Gaussian distribution.
This is the so-called Gaussian chain model, which is equivalent to say that monomers are linked one to
another by harmonic springs (fig.[I.10). The internal energy of the polymer chain is then simply obtained
by summing the contributions of each spring:

N

3
BUC il = 55 3 (i = xip)” (1.4)
i=1

The partition function of the Gaussian chain is then

N
ov = [ []e exp Ui, (15)

i=1

and we can compute the characteristic function of the end-to-end distance by Gaussian integral calculus:

N
<eXp(ik-Re))=Lf]—[d3ri exp (=BU, [{ri}] +ik - ry)
OvJ i (1.6)

1
= exp (—EbZNkz),

from which we conclude that R, indeed is normally distributed and with second moment as in eq. (I.2).
For completeness, note that eq. can be extended in the continuum limit: r; —r;_; « 1(s). The chain
is then determined by the space curve r(s), where s is now a continuous variable between 0 and N. The
energy of the continuous Gaussian chain reads:

N

3
BU, [r(s)]=ﬂ f ds(s)>. (1.7)

0

In reality, approximating a polymer to a Gaussian chain is only valid for weak perturbations, and in
particular when the end-to-end distance is much smaller than the contour distance: R, << Nb. Otherwise,
non-linearities in the bonds elasticity may arise. Besides, Gaussian polymers allow the bond distance
to fluctuate quite a lot ((ul.z) = b?). This will be problematic in BD simulations with excluded volume
interactions between the monomers because this would result in possible crossings between different
bonds. Therefore, for BD implementations, we will prefer to eq. (I.4), the finitely-extensible non-linear
elastic potential (FENE):

3ker? lz

Upene [{ri}] = =55 1n(1 - ‘r‘—) (1.8)

2
i=1 0
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Figure 1.10 — Gaussian chain model.

where r( is a distance above which non-linear effects start to appear in the bonds elasticity and k&, is the
rigidity constant of the non-linear spring. Note that for u; < ro we recover eq. (I.4), i.e. alinear spring
(with k., = 1 kpT). In practical applications, and following the authors who introduced this potential [56],
we will generally take ro = 1.5b and k. = 10 kpT.

1.3.3 Excluded volume and short-range interactions

Gaussian chains are also known as phantom chains because monomers can overlap. In real polymers

however, monomers cannot inter-penetrate, and it is necessary to introduce excluded volume interactions.
In dilute solutions, the size of real chains depends on the quality of the solvent. In good solvent, the

end-to-end distance is still expressed as a power law of N, as in eq. (I.I)), but with another exponent v:

R, ~ bN” 1.9)

whose value has been well characterized [53]. Namely, in three dimensions v ~ 0.588. This value is well
approximated by the Flory exponent vy = 3/5. In bad solvent, the chain collapses into a close-packed
configuration called globule, in which monomers are in contact. The resulting size of the coil scales like
R, ~ bN 13 In the other limit, for very concentrated solutions, chains behave essentially like ideal chains
with size R, ~ bN1/2

Let us now consider the nucleoid in E. coli with volume 0.2 um? and a genome of length Ng =
4.6 x 10° bp. Following the description of chromosome organization given in section we may assume
that the chromosome is represented by a beads-on-string polymer with N = N,/b monomers of size
b =7.35bp = 2.5nm. It follows that the volume occupied by the polymer is approximately Nzb?/4, from
which we obtain that the chromosome volume fraction in physiological conditions is7 ~ 1072, By applying
similar arguments to an eukaryotic nucleus of size 1-10 um with a genome of length N, = 10” bp, and
monomers of size b = 3000 bp corresponding to the 30 nm fiber packaging, we also obtain a chromosome
density of the order of 7 ~ 1073 — 1072, Thus, we may consider that the chromosome can be modeled as
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a polymer in a dilute solution. We will also assume that the cytosol is a good solvent for the chromosome
polymer.

Most of DNA-DNA and DNA-protein interactions are in fact Coulombic interactions. Yet ions are
present in the cell, giving rise to screened electrostatic interactions. The range of the interactions is
given by the Debye-Hiickel length scale, rpg. In physiological conditions, the concentration of salt is
co = 0.1 M, giving rpg ~ 1 nm [57,58]]. Since interactions decay exponentially for larger distances and
since proteins have a size of the order of the nanometer, the range of the interactions will be typically the
size of the objects interacting together.

A commonly used two-parameter empirical form for describing non-bonded interactions between
two neutral (but possibly polarized) particles is the Lennard-Jones, or “6-12”, potential. For a pair of
monomers separated by a distance r, it reads:

Vi (r) = 43((%)12 - (5)6), (1.10)

r

where € is an energy scale in kT and o is the hard core distance. Here, the interaction still decays as
a power law of the distance r. A standard method to make this interaction short-range, is to introduce a
threshold 7" such that for distances r > " the interaction vanishes. Therefore, in practical applications,
we will consider the truncated Lennard-Jones potential:

Uey(r) = (1.11)

Ve (r) = Ve, ™y ifr <™,

otherwise.

The form in eq. (I.TT)) can be used to describe both repulsive and attractive interactions. Indeed, the
repulsive or attractive nature of the interaction depends on the sign of the Mayer coefficient:

a=fd3r (1-e#V0), (1.12)

which is the mean-field potential associated to the generic pair potential U(r). When a > 0, the potential
is repulsive, and when a < 0 the potential is attractive despite the presence of a hard core (fig. [[.TI).
Note that @ has the dimension of a volume, and can be understood as follows. Let us consider an isolated
monomer at the center of a spherical volume equal to |a|, that we call the “volume of influence”. An
external monomer penetrating in this volume of influence will tend to be ejected when @ > 0 while it
will tend to remain inside when @ < 0. In the first case, |a| is effectively a volume from which the other
monomer is excluded, while in the latter case it defines a “basin of attraction”.

In practical implementations, we will take o = b and € = 1kgT. Furthermore, to model a strict
repulsive interaction, we will consider r'"* = 2!/%¢-, resulting in U, (r) > 0 for r < r*"', and consequently

a > 0. This choice also ensures that the repulsive force, —9U,,,/dr, vanishes precisely for r = r'".

1.3.4 Bending rigidity

In reality, polymer chains are not always flexible and may oppose a resistance to bending. Incidentally,
DNA is one of the best characterized examples of polymer with a large bending rigidity. There are different
ways to model stiff polymers.
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Figure 1.11 - Potentials of interaction with different shapes. The Mayer coefficient @ = f dr (1 —exp (—u(r))) measures the
volume excluded for one bead interacting through this potential with a bead attached to the origin. For potentials with an attractive
tail (red), @ can be negative. When @ < 0 we say that the potential is attractive, otherwise we say that the potential is repulsive.

1.3.4.1 Worm-like chain

Model

The discrete worm-like chain, originally introduced by Kratky and Porod [59] to describe polymers
with bending rigidity, assumes that the bonds u; are of fixed length, b (fig. [I.12). For simplicity, we will
take b = 1 in the sequel. We therefore introduce the N spherical coordinates systems (w;, v;, u;) attached
to each bond (the zenith is given by the bond i direction). The coordinates of bond i + 1 in the frame i and
the corresponding integration measure read:

sin @; cos {;
W = | sine;sin & , d*u;,; = sin @;de;d;, (1.13)

cos a; (Wi, Vi u;)

where a; (resp. ;) is the polar angle (resp. azimuthal angle) associated to frame i. Hence a; is the angle
between bond i and i + 1. In particular, we have u;;; - u; = cos @;. We will say that the spherical system
in eq. (I.13)) characterizes the joint i of the chain.

The Kratky-Porod chain potential is then expressed as:

N-1
Up il = B~k ) (1= w - wi), (1.14)
i=1
where « is a bending rigidity coefficient expressed in kg7 .

Partition function and chain propagator
The partition function may then be written in a compact form:

On = f Cuy Puy TV (uy | u), (115)
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Figure 1.12 — Worm-like chain.
where we introduced the transfer matrix 7 with elements:
T (u|u') =exp(—«(1 —u-u)), (1.16)

and can be factorized to give an analytical result. To this end, let us introduce the chain propagator
gn-1(u) and the reduced probability function ¥y (u):

gn-1(u) = fdzu’ ™ (u| ),

1 (1.17)

Yy = —gn-1(w),
OnN

where we have chosen the underscript N — 1 for the chain propagator to emphasize that it is expressed as
the matrix 7 to the power N — 1. Therefore, g, (u) is the statistical weight for a polymer with 7 joints (i.e.
n + 2 monomers) to have its last bond (or the first) pointing in the u direction. In order to compute g, (u),
we make use of the change of variable u; - ;41 < cos ;. Using the independence of the joints angles we
have:

qn(u)zfdzul cod?u, T(uluy)...T(u|wy)

2 n
= I_l If dg; fdai sin a; exp (—«(1 —cos a@;)) (1.18)
=119 0

exp (—«)
K

=z" with z=4n sinh «.

In particular, we get that the reduced probability ¥ (u) is uniform. In other words, the orientation of

the final bond is isotropic. Hence we retrieve the rotational invariance allowed in this model. Due to this
factorization of the chain propagator, the partition function is trivially expressed as:

Oy = f Puy gy (uy) = drgV . (1.19)
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Orientational correlations

The WLC is also characterized by an exponential decay of the orientational correlations (u, - u;) as
a function of the number of joints n. In order to briefly review this result, let us now introduce the Green
function of the discrete WLC:

1
Gu(uw) = —T" (u|u'), (1.20)
Z

where n is the number of joints between the last bond, u,,+; = u, and the first bond, u; = u’ in a chain with
n + 2 monomers. In order to obtain the orientational correlations, we first compute the thermodynamical
average (cos «;) for any joint i. A similar computation as in eq. (I.18)) yields

1
(cos a;) = coth (k) — —. (1.21)
K
By expressing u,,; in the spherical coordinate system attached to u,;:
U+ = sina, cos {, W, + sin @, sin £, v, + cos a,u,, (1.22)

we see that

Wy - up) = {cOS @y, - Uy) +{c| o8y, + c2sindy) (1.23)
=(cos a,,) (u, -uy),

where we have used the independence of consecutive polar and azimuthal angles, and (cos {,,) = (sin () =
0. By recurrence, and by substituting eq. (I.21]), we obtain the orientational correlations:

n
(W1 -Up) = (COthK - l) — exp (—E) (1.24)
K| ko K
for k > 1. Therefore, « characterizes the distance (in unit of monomers) above which the chain looses
the memory of its orientation. Following standard notations, « is usually called the persistence length and
noted /,, = k. For moderate values of x, we can make use of the two largest eigenvalues (1o > A1) of the
transfer matrix 7'

<un+1-u1>=fdudu'u-U’Gn(u,u')

fdudu’u-u’T" (u|u)
= . (1.25)
[ dudw 7" (u| w)

\"
(%)

Therefore, the persistence length is more generally definedas [, = —1/log (41/4¢). We have computed
the persistence length for several values of « (fig.[T.T3). Clearly the persistence length quickly converges
to the bending rigidity parameter, [, — «, and eq. can be considered as a good approximation in
most cases.

Let us note that similarly to the Gaussian chain, the Kratky-Porod potential in eq. can be

defined in the continuum limit: (1 — u; - w;4;) < w2(s)/2. In that case the correlation of the tangents is
always: (u(0) - u(s)) = exp (=s/I,). The continuous worm-like chain is presented in further details in

appendix
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Figure 1.13 — Persistence length computed from the ratio of the two largest eigenvalues of T" (eq. li as lp = —1/log (11/0)
for different values of k. We have used a discretization of the polar angle « interval [0, 7r] in 1000 points (the azimuthal angle is
irrelevant and disappear from the integration).

1.3.4.2 Gaussian chain with curvature penalty

Although for numerical simulations we will generally consider the WLC model of eq. (I.T4), it is not
always adapted to analytical calculations because of the constraint on the bond length: |u,| = 1. A simple
alternative is to relax this strict constraint and introduce instead a Lagrange multiplier A. This trick allows
us to have an integration measure for the bonds on the full volume instead of the unit sphere. The partition
function for this model reads [[60-62]]:

N N N
3
O = fﬂd%i exp(—zll,Z(ui —u)?- 2 § u?> (1.26)
i=1 i=1 i=1

which is a Gaussian integral. Hence it can be computed, and the result in the N — +oo limit is:

4 \32
on =7V, 7= (W) exp (3 - 1/3/1/11,,). 1.27)
P

The Lagrange multiplier can be then determined with a self-consistent argument:

19InQy
N 04

3
=<u3>=1@A=E. (1.28)

Remarkably, this model reproduces the orientational correlations of the WLC, namely
(up - uy41) = exp (=n/lp). (1.29)

1.3.4.3 Persistence length values for DNA

On the basis of a worm-like chain model, naked DNA has a persistence /,, = 50 nm and the 30 nm fiber
has a persistence length /,, = 60-90nm [13]]. Therefore, in our familiar monomer units, we will typically
consider in practical applications /,, = 20 b for the former and /,, = 3 b for the latter.
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1.3.5 Final model of the chromosome

In summary, by collecting the potentials described in the last paragraphs, the chromosome will be modeled
as a beads-on-string polymer with N + 1 monomers, and with a potential energy given by:

U = Ufene + Up + Uey. (1.30)

1.4 Brownian dynamics

Brownian dynamics simulations are molecular dynamics simulations in which many molecular details are
coarse-grained. In particular, beads in simulations do not represent an atom nor a base pair, but instead
a “blob” which is the basic entity of a mesoscopic description of the chromosome. Furthermore, the
solvent (i.e. water molecules, plus salt and ions in solution) are not modeled explicitly. Instead, each
bead exchanges energy with a thermal bath at temperature 7. The classical framework to describe the
Brownian motion of a particle is the Langevin equation.

1.4.1 The Langevin equation

Let us consider the motion of a particle with coordinates x(¢). The Langevin equation is nothing else than
the Newton equation of motion for a particle in a viscous medium plus a stochastic term:

ou
mx(t) = —yx = ——(x()) + yn(©), (1.31)

in which m is the mass of the particle, y is a damping term and —0U /0 x is the force applied to the particle
with U being the potential energy of the particle. These first three terms are deterministic. In addition
there is a stochastic term, n(¢) which represents random collisions with the solvent at temperature 7. More
accurately, 7 is an uncorrelated continuous random process with two first moments:

(n()) =0, (")) =2Ds(t —1"), (1.32)

where D is the diffusion coefficient of the particle. It can be shown that in order to sample the Boltzmann
equilibrium, D needs to satisfy the Stokes-Einstein relation (see appendix [I.C):

D = kgT]/y, (1.33)

where finally from the Stokes’ law applied to a bead of diameter b we get y = 3wbu, with u being the
fluid viscosity.

In order to produce trajectories of polymer dynamics, the Langevin equation eq. (I.31) is applied to
each bead and integrated numerically with the LAMMPS simulation package [|63]], which uses a standard
velocity Verlet integration scheme [|64]]. Practically, this requires the choice of an integration time step dt.
Unless specified otherwise, we will consider in this thesis dr = 1072 when there is no excluded volume
interaction, and dt = 1073 otherwise. We also set y = 1 (in simulation dimensionless units).

1.4.2 Mapping to real time

BD simulations can be used in order to compute equilibrium quantities and validate theoretical predictions.
Furthermore, it is possible to map the simulation time to the real time.
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Let us write the diffusion coefficient as D = b?/7g. During the time 7p, a particle typically travels
through a distance b, which is its own size. Consequently 75 is the natural unit of time for this diffusive
process and is called the Brownian time. In BD simulations we take » = 1 and D = 1 (in dimensionless
units), therefore a unit of simulation time correspond to the Brownian time.

The diffusion coefficient in the bacterial nucleoid was found to be D = 10 pmz s~! [8]]. Therefore, for
b = 2.5nm we find 7 = 600 ns and for b = 30 nm we find 75 = 90 us. Consequently, by performing runs
of 10° simulation time units, we can typically produce trajectories corresponding to real times between
10ms and 10s.

1.4.3 A practical detail: relaxation of polymer systems with excluded volume

In general we will want to start from a random configuration of a self-avoiding polymer. Although we
can start from an arbitrary configuration respecting excluded volume constraints, the relaxation to the
Boltzmann equilibrium can be very slow. Below is a standard procedure to circumvent this problem and
generate quickly an initial configuration for a polymer with excluded volume interactions.

First, perform a relaxation run without excluded volume or short-range attractive interactions. This
corresponds to the dynamics of an ideal chain and aims at sampling rapidly a large number of configurations
to loose the memory of the initial condition.

Second, perform an intermediate run with few iterations (generally 10° iterations at dt = 1073) with a
soft pair potential:

Usoy:(r) = A (1 + cos (ﬂ)) (1.34)

ik

where r"* is the same cutoff as in the truncated Lennard-Jones potential from eq. . The magnitude
A is progressively increased from 1 to 60 during the run [56]], so that we obtain in the end a configuration
with no overlaps between the beads.

Finally, the main run with excluded volume and short-range interactions is performed starting from
the configuration without overlaps. Several configurations (generally 1000) are extracted from the re-
sulting trajectory, which sample the Boltzmann ensemble. These configurations can be used to compute
equilibrium averages according to the ergodic property of the Boltzmann equilibrium.

1.5 Organization of the thesis and personal contributions

This thesis aims at proposing physical models for some of the functional chromosome architectures
characterized or conjectured in biology. In addition, we have sought to understand at a phenomenological
level how these structural features can influence the transcription in living cells. Our strategy has been
to start from simple physical models that may capture observed features and use methods from statistical
physics to obtain analytical results. However, as mentioned previously, such models are not always
amenable to analytical solutions. Therefore, we also have used BD simulations in order to complement
our studies and sometimes bring unique insights.

In chapter[2] I present the work published in [1]] on the modelling of transcription factories. Transcrip-
tion factories are clusters of DNA and proteins, characterized in vivo, from which most of the transcribed
RNAs originate. Despite increasing evidences, very little is known about the structure of these clusters,
let alone the underlying physical mechanism. At some point during this investigation, and in the context
of a polymer field theory, I needed to compute the structure function of a polymer with semi-flexibility.
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Yet no analytical form is known, and this led me to design a method based on complex transfer matrices,
that I present in chapter 3]

In chapterd] I present a model for a regulatory mechanism of the transcription, based on the formation
of DNA hairpin loops by the H-NS structuring protein in E. coli. The disruption of these structures by
external transcription factors may constitute a way to relieve H-NS mediated repression, although this last
mechanism has not been investigated in details in this thesis.

In chapter [5] I propose a method to reconstruct the chromosome architecture from contact matrices
obtained with Chromosome Conformation Capture experiments. Namely, the resulting polymer model
reproduces the experimental contacts. This achievement constitutes a major improvement compared with
other methods proposed in the literature.



Appendix

1.A  Asymmetrical DNA double-helix

The four fundamental bases can be divided into purines (A and G) and pyrimidines (T and C). A purine
contains a single heterocycle in its chemical composition whereas a pyrimidine contains two of them.
This introduces an asymmetry in the DNA double-helix. Namely, the DNA molecule has two asymmetric
grooves. One groove is smaller than the other. The larger groove, which is called the major groove, occurs
when the backbones are far apart, while the smaller one is called the minor groove and occurs when they
are close together (fig. [[.T4).

The major and minor grooves expose in a different manner the edges of the bases. As might be
expected, the major groove provides an easier access to the bases than the minor groove. Hence the
specific binding of proteins to DNA is generally achieved by making contacts with bases through the
major groove.

Minaor
groove

34 nm

Figure 1.14 — The DNA double-helix is asymmetrical and induced the existence of a major and a minor groove.

1.B  Continuous worm-like chain

Model
The Kratky-Porod model []3_5[], also known as Worm-Like Chain (WLC), can be formulated for contin-
uous chains. A polymer of length L = DN is described by a space curve, r(s), where s is an arc variable

21
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varying continuously from one end at s = 0, to the other at s = N. Here, b represents a unit length, which
is typically the length of the smallest building unit of the polymer. In addition, let us introduce u(s), the
unit tangent vector to the curve r(s) at coordinate s. The internal energy of the WLC can be written as

du

N 2
BU, ()] = f ds (E) (135)
0

where 8 = (kgT)~! is the inverse temperature and « is a bending rigidity parameter. Therefore, SUj, is a
functional of u(s) which belongs to the unit sphere. Namely, in the spherical coordinate system attached
to the z-axis we have:

sin @ cos ¢
u=|sinfsing |, d*u = sin 6d6de. (1.36)
cos 6

Partition function and chain propagator
The partition function reads:

On = fD[u(S)] exp (=BUo [u)é (| u(s) | -1). (1.37)

Because of the constraint on the norm of u(s), computing the integral in eq. is rather difficult.
We now turn our attention to the Chapman-Kolmogorov (or Schrédinger) equation satisfied by ¥ (u; s),
which is the p.d.f. that the last tangent of a chain of length s is u. To this end, we introduce the chain
propagator g(u; s), which is the statistical weight that the last (or the first) segment of a chain of length s
is u. More formally:

u(s)=u
q(u;s) =f D[u(o)] exp (-=BUp [u(o) )6 (| u(o) | -1)
. (1.38)

¥(u;s) =QLNq(u; s)

In what follows, we will define the thermodynamical average for any functional A [u(s)] of the tangent
curve as:

1
(Afu(9)]) = On fD[u(S)] Afu(s)]exp (=BUp [u])d (| u(s) | -1). (1.39)

Chapman-Kolmogorov equation

We can make use of the Markovian structure of the path integral in eq. (I.38) to split the integration
over several sub-chains, connected one to the next. In particular, for small variations in the chain length,
As, and small displacements on the unit sphere, Au we can write (see [55]]):

Y(u;s + As) = 4i f d*(Au) ¥ (u — Au; s) exp (- BAU)
) oF 1 oy (1.40)
=Y(us) - (Au),,% + §<Au2)ﬂm +o({Au?),)

where the variation in internal energy is written in terms of the displacement Au on the unit sphere:
K

AU =
PAUb 2As

Aw? = ZT:S(AQZ + sin® OA¢?), (1.41)
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and the bracket averages are computed from the Gaussian weight u such as:

1
p(Au) = — exp (- SAU,)
9

(1.42)
A
(Auy, =0,  (Au?), = —.
K
In the limit As — 0, we obtain the Chapman-Kolmogorov equation:
oY 1 9°¥
—(Ws) = ———, 1.43
ds (u; 5) 2k fu? (143)
where the operator §>/du? is the Laplacian on the unit sphere:
Y 1 4a v 1 %Y
— = —— |sinf— | + ———. 1.44
ou?  sinf 00 (Sm ae) sin? 6 9¢? (159

Orientational correlations
Let us now introduce the Green function, G(u, u’; s), which is the p.d.f. that a chain of length s has its
last segment oriented according to u, and its first segment oriented according to u’. Formally, it is defined
as
Guu';s —s") ={(5(u(s) —u)d(u(s’) —u’)) (1.45)

In particular, The Green function is related to the reduced probability function:
1
P s) = f v’ Gwu';s — sH¥P';s"). (1.46)
v

The Green function is particularly useful for analyzing statistical properties. In particular, let us define
the orientational correlation function:

(u(s) -u(0)) = % f dudu’ G(w,u’; s)u-u’. (1.47)

In order to compute eq. (1.47), we can use the fact that G(u,u’;s) also follows the Chapman-
Kolmogorov equation in eq. (1.43)), with the initial condition G(u,u’;0) = §(u —u’). Then we write:

. 1 ‘.
ou(s) -u0) _ —fdudu' 0G(u,u ’S)u«u’ (1.48)
as 4n as
and by using eq. (I.43) and integrating by part (see [54]]), we obtain:
(u(s) - u(0)) = exp (—%) (1.49)

In conclusion, the bending rigidity coeflicient is usually referred as the persistence length: [, = «. It
characterizes the contour distance over which orientational correlations decay.

1.C Sampling of the Boltzmann equilibrium by the Langevin equa-
tion

We recall here why the Langevin dynamics in the stationary regime samples the Boltzmann equilibrium.
In the over-damped limit 73 < m/y (light particle or viscous solvent), the acceleration term in eq. (I.31)
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can be neglected. Hence we obtain the over-damped Langevin equation:

ou
(1) = =D (x(1) +n(), (1.50)

where 7(7) is an uncorrelated noise with first moments given in eq. (1.32).
Let us now consider a generic observable of the particle position f(x). According to the It6 calculation
rule, the variations of f(x) along the particle trajectory reads:

af 3f

df(x) = > d(z)+l ~dx(1)”. (1.51)

We will now obtain the continuity equation for p(x, ), which is the probability that the diffusing
particle is at position x at time . On one hand, using eqs. (I.50) and (I.5T), we have:

2
<—df(x(”)>=<"f< S+ 35t (r))(—m) >

dr 2 9x2
- <—Dﬁa—§(x(t))§(x(t)) i (x(z>>D>
. (1.52)
:fdxp(x,t) (—Dﬁ%(x)—(x)+ f(x)D)

0
=def(X)6 (D,B (x)p(x, l)+D—(x t))

where we have used the independence between x(¢) and 17(¢), eq. (1.32)) and integration by parts to obtain
the last line. On the other hand, we have by definition:

4 ) - op
E(f(x(t)» —def(X) 5 (x,1). (1.53)

Therefore, by equating eqs. (I.52)) and (I.53)), we obtain the heat equation:

6;—p(x,t) + g—j(x,t) =0,
! X (1.54)

ou 0
Jx.1) = =DBZ=(x)p(x.1) - Dﬁ@ ),

where j(x,t) is the local density current of particles. The equilibrium is achieved when j(x,7) = 0,
yielding:
Peq(x,1) o exp (=BU(x)), (1.55)

which is the Boltzmann distribution.



Chapter 2

Modelling of transcription factories

In this chapter, we address the characterization of transcription factories, which are clusters of DNA
and proteins where presumably active genes are transcribed. We start by an overview about gene co-
regulation, and in particular we introduce recent developments in biology suggesting that the regulation
of the expression of genes belonging to a same network entails their co-localization in space. We then
introduce transcription factories and discuss what is known about their biological functions.

There are only few physical models for the existence of transcription factories, and still many open
questions. Hence, in a first approach, we propose a model grounded in a polymer representation of the
chromosome in interaction with a solution of binding proteins, that we call a formal nucleus. In order to
characterize the thermodynamical equilibrium of this formal nucleus, a Flory-Huggins free energy model
was implemented. We found that depending on the DNA-protein affinity, the DNA chromosome may
collapse, resulting in a biphasic regime with a dense and a dilute phase. The dense phase is then a model
for transcription factories. Furthermore, we explored the dependence of the collapse on DNA and protein
concentrations. In particular, we computed the corresponding phase diagram.

Although the Flory-Huggins theory gives a proof of principle for the existence of clusters of DNA
and proteins at equilibrium such as transcription factories, it does not give information on the structure of
such a dense phase. By drawing a parallel with an approach based on Hamiltonian paths, used in protein
folding, we show with Brownian dynamics simulations that the dense phase has either a molten globule
or a crystalline structure, depending on the DNA bending rigidity.

At the end of the Flory-Huggins theory and of the dense phase structure study, we will discuss the
biological implications of the results obtained.

2.1 Introduction

2.1.1 From co-regulation to co-localization

Let us consider a network of co-expressed genes. By co-expressed we mean that the expression of such
genes is coordinated in some way. For instance, co-expressed genes might be under the control of the
same promoter. More generally, when their expression is directly regulated by the same transcription
factor (TF) we say that they are co-regulated. Other cases of co-expression may involve a TF that directly
activates the transcription of a gene A, encoding a protein that in turn activates the transcription of a gene
B. This example illustrates how transcriptional cascade can occur in network of co-regulated genes. Such

25
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effects may depend on one or just a few TFs, and therefore co-regulated gene networks can entail a broad
genetic response to changes coming either from external conditions or from other metabolic pathways.
Such transcriptional cascades are not without similarities with cascades occurring in other biological
contexts such as for instance kinase pathways in cell signalling.

Whether it is an external TF or a protein encoded by another gene, every protein must diffuse
in the nucleoid before reaching its target. In chapter[T] we have estimated the time scale to sample the
nucleoid/nucleus to be of the order of seconds, which may be a rate-limiting step in transcription regulation.
A natural way to overcome diffusion-limited processes is to place co-regulated genes consecutively and
next to each other on the DNA sequence (fig. [2.Ta). Consequently, the search for the protein target is
biased because it is not far from the place where this protein was initially activated, or even produced (note
that this last argument does not apply to eukaryotes because proteins are synthesized in the cytoplasm and
then imported in the nucleus). In other words, the search time for a protein transiting from one gene to
another can be dramatically reduced if these genes are neighbors in space, i.e. co-localized.

Although proximity on the genome sequence is one way to achieve co-localization, it is hardly scalable
to networks of tens or hundreds of genes, because this would inevitably lead to large genomic distances
for some genes of the network, and hence to large spatial distances. Therefore, other mechanisms must
exist in order to bring into spatial proximity genes separated by large genomic distances (fig. [2.1b). An
influential view is that some TFs have the ability to bind two (or several) sites on the DNA molecules,
resulting in an organization of the chromosome into loops [22-24]]. Such TFs are said to be divalent, or
more generally multivalent if they can bind more than two DNA sequences simultaneously.

A direct consequence of the binding of divalent TFs is the formation of DNA loops. A case in
point is the lac operon in Escherichia coli, in which repression is achieved when the lac repressor
binds simultaneously a main site located in the promoter region and an auxiliary sites 401 bp away on
the sequence [5,/6]. In this context, the strength of the binding maintaining the DNA loop is directly
correlated with the efficiency of the repressor system. This looping mechanism can be envisioned as a
mechanical regulatory switch which is turned on and off through the binding of TFs. Let us emphasize
that in vitro and in vivo studies have confirmed the existence of DNA loops, sometimes over long genomic
distances [7,60], suggesting that specific looping can indeed be a key feature of the transcription regulation
even in eukaryotes, where enhancers can be found several kilo base-pairs away from the promoter [[67-69]].

On the basis of this representation of the chromosome shaped up by divalent TFs, one can think of
several physical models. In a stylized view, divalent TFs can be seen as binding spheres able to bind
several sites on the DNA sequence (fig.[2.1c). The binding of such a bead at two loci separated by a large
genomic distance gives rise to a DNA loop. The superimposition of many such loops not only changes the
global chromosome architecture, but has also an impact on transcription, for instance by preventing RNA
polymerase (RNAP) to access to the promoter. This has been studied in the so-called strings and binders
switch model [36] (fig. 2.Ic). Another physical model demonstrated that although it is seemingly more
complex than adjusting the affinity of a TF with a given promoter, DNA looping can confer unique and
relevant properties to transcription regulation [9}37]]. In particular, DNA looping leads to an increased
effective binding free energy of a TF to its promoter. In other words, the apparent search volume to find
the target is reduced and the local concentration of protein is increased. A consequence of such local
concentration effects, which can be envisioned as “molecular traps”, is to stabilize the protein binding
versus global fluctuations of the protein concentration in the cell.
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Figure 2.1 —An in-row layout for co-regulated genes enables an efficient regulation of the genes in the network. For instance
when a gene produces a protein which down-regulates the expression of the following, or when high local concentration of RNAP
results in an increased transcription of one gene and its neighbours. [(b)] The in-row layout is hardly scalable to networks of tens or
even hundreds of genes. In eukaryotes, but also in bacteria, several regulation networks involve genes which are located at distant
coordinates along the genome sequence. Strings and binders switch model [36].

2.1.2 Co-localization of genes in transcription factories

Co-localization of co-regulated genes has proven to be more than a surmise. It has been confirmed to
occur in prokaryotes [70,71] and eukaryotes [28||72]] using fluorescence techniques (FISH). In the case
of the mouse hemoglobin co-regulated genes (more than 40), a combination of FISH and Chromosome
Conformation Capture (3C) techniques demonstrated that these genes tend to co-localize in clusters and
exhibited higher contact frequencies than with other non-related genes [28]. These clusters were shown
to contain of the order of 8 to 10 genes. Associations between co-regulated genes were also shown to
happen between different chromosomes [[72]].

In a first series of experiments, it was shown that nascent RNA transcripts are synthesized at discrete
foci in the nucleus [[70L|73]]. Later, it was shown that RNAP itself gathers into clusters instead of being
uniformly distributed within the nucleus [74]]. These clusters with increased concentration of nascent
RNA transcripts and RNAP correspond to areas where active transcription occurs. Hence they were
called transcription factories. Although the existence of transcription factories were first obtained on
mammalian cells, because their large size is a better fit for fluorescence studies, their existence has also
been demonstrated in bacteria [75].

In an attempt to connect the co-localization of co-regulated genes with the existence of transcription
factories, it was conjectured that by binding to and organizing the chromosome, TFs gather co-regulated
genes in transcription factories. In addition to achieve gene co-localization, this may lead to a mutualization
of resources, such as the availability of RNAP, TFs or epigenetics marks such as methylations. It would also
give a more general account of local concentration effects and their role in regulating the transcription. Itis
very likely that transcription entails a cellular response that will in turn impact chromosome architecture.
Incidentally, the life time of transcription factories was found to be of the order of 5 s [[74]], suggesting that
transcription factories are dynamically re-allocated as a function of the transcriptional state of the cell. In
our view, this supports the idea that transcription regulation and chromosome organization are related in
some sort of dynamical feedback mechanism which remains to be found.
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(a) (b)

Figure 2.2 — Transcription factories in vivo. FISH imaging of nascent RNA transcripts (green) in human HeLa cells [23].
PALM imaging of RNA polymerase (red) in human osteosarcoma cell [[74]. [(c)] Fluorescence imaging of RNA polymerase in E. coli
by fusion with green fluorescent proteins [76).

2.1.3 Physical origin of transcription factories

The physical origin of transcription factories has remained controversial. Two questions at least may
be formulated. First, one can wonder if the formation of transcription factories constitutes a Boltzmann
equilibrium. We have mentioned earlier that the typical time for a protein to sample the bacterial nucleoid
is 100 ms, which gives the typical time scale for transcription regulation processes. This figure should
be compared with the life time of transcription factories which has been measured to be of the order of
seconds or tens of seconds [[74]. Thus it seems that transcription factories are reminiscent of an equilibrium
phenomenon. Second, the structure of the DNA inside such transcription factories has remained elusive.
In particular, it is not clear what is the effective diffusion coefficient of TFs or RNAP inside transcription
factories. These remarks have motivated the study of the statistical physics of the DNA interacting with
TFs.

2.2 Model proposed

2.2.1 Formal nucleus/nucleoid

We consider a simplified model in which the nucleus (or bacterial nucleoid) is represented by a closed
volume V (fig.[2.3). In the sequel we will indifferently use the words cells and nucleus, since this model
is considered to represent either a bacterial cell or the nucleus of a eukaryotic cell. The double-stranded
DNA chains are modeled as M semi-flexible polymer chains of length b X N, where b is the Kuhn length.
A DNA monomer is specified by a coordinate s varying from O to N, and can interact with P spheres,
representing DNA-binding proteins. The typical size of DNA monomer beads and of a protein beads are
taken to be equal in this study. In bacteria, b ~ 2.5 nm, is the diameter of the naked DNA fiber, and also
corresponds to the size of a typical size of a protein. In eukaryotes, b ~ 30nm is the diameter of the
chromatin fiber, therefore a protein bead rather represents a protein complex. Introducing the subscript D
for DNA and P for proteins, we shall consider the three pair potentials upp (r), upp(r) and up p(r) for
the interactions between two beads separated by a distance . We will also consider that proteins can bind
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to DNA monomers non-specifically. Although this last assumption is strong, it may be considered as a
model for transcription factors with a very large number of targets on the DNA, such as nucleoid-associated
proteins (H-NS, FIS or HU in bacteria), or even RNAP itself.

In the sequel, we will assume that DNA monomers experience pure excluded volume interactions with
other DNA monomers, and similarly proteins-protein interactions are only repulsive. On the contrary,
we will assume that proteins can bind to DNA, and therefore the corresponding interaction potential has
an attractive tail. Hence we have the Mayer coefficients (see eq. on page for each of the three
interaction potentials:

ap = fdruDD(r) > 0,

apzfdrupp(r)>0, 2.1)

v:fdrqu(r)<O.

Figure 2.3 — Stylized view of the bacterial cell or nucleus. It contains DNA chains represented as polymers and binding proteins
represented as free spheres. The dashed circles denote transcription factories.

2.2.2 First principles model

Starting from the model defined in the last paragraph, we now lay the grounds for a study of the statistical
physics of this system. First, we specify the Hamiltonian built from summing over all interactions
between microscopical constituents. Let us consider M polymer chains representing the chromosomes in
the nucleus. In this chapter, we will use continuous polymers to model the chromosomes. Thus, every
DNA chain k is represented by a space curve ri(s) for k = 1,..., M, giving the spatial coordinates
of monomer s along the DNA sequence. In addition, we introduce P proteins with coordinates R; for
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i =1,..., P. Using the pair potentials previously introduced, the Hamiltonian for the system reads:

N
1 1
FHURM )T = 5 Y urr(Ry =R+ 5 Y [ dsds’upp(a(s) = (o)
0

i) k#l

N
5 )Y, [ asunptus) - R0 @2)
ik 0

+ %w > SRy -R)SR; ~Ry)
Lra

The Hamiltonian thus consists in a summation over many bodies interactions. Note that because
upp(r) is a potential with an attractive tail, the system may collapse in a certain range of concentrations of
DNA and proteins, if it were not to be compensated by higher order terms. For that reason, we needed to
consider an expansion of the Hamiltonian to order three at least, which is a common procedure in polymer
physics [77]]. In the present study, we have assumed that a Kuhn segment on the DNA and a protein bead
have same size b, and for that reason, the three-body term is a sum over an index / which can be either
a protein or a DNA monomer. The coefficient w represents a penalty in kg7 whenever three such beads
collapse on the same coordinates. The prefactor of 1/3! is here to ensure a standard form of the associated
virial expansion of the osmotic pressure. We will come back to this shortly. We also point out that only
the DNA-protein interaction is temperature-dependent, as can be seen from the 8 prefactor right in front
of the potential upp.

The partition of our formal nucleus therefore reads

12 1
z= f ﬁngi f MBD[rkm] eXp(—ﬁW [{Ri},{rk(sm—ZﬁUo[rus)]), 2.3)

k

where we introduced the internal energy of the DNA chains SUj. The functional dependence of the
internal energy on the chain configuration depends on the polymer model retained for the chromosome.
Specifically, DNA is a rigid biopolymer that can be modeled as a semi-flexible polymer (see section[I.3.4]

on page[13).

2.2.3 Field representation

We now derive the partition function in field representation. This can be used as a starting point for several
standard approximations, including the saddle-approximation and the Gaussian fluctuations analysis also
know as Random Phase Approximation in the context of polymer physics. In particular, the mean-field
theory, that we will introduce in the next section, can be obtained from a saddle-point approximation.

In order to change the integration in eq. (2.3), which is performed over the individual coordinates of the
constituents to an integration over fields, we make a change of variables by introducing the concentration
fields:

pp(r) =) 6(r—Ry), 24)

N
pp(r) =) f ds §(r = 1 (5)). (2.5)
k0
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We then introduce the following identity in the partition function in eq. 2.3):

N
1=fD[PD(l‘)] 0 PD(I‘)—Zde5(l‘—l‘k(S))
‘o (2.6)

N
=fD[PD(l‘)] D [¢p(r)] exp ifdl‘PD(l‘)<PD(l‘)—ZdeQDD(l‘k(S)),
k%

where in eq. (2.6) we made use of the exponential representation of the delta-functional by introducing an
auxiliary field ¢p (r). A similar identity can be introduced for the protein concentration field. This leads
to the following re-writing for the partition function of the system:

z= [ Dloo] Dlen] Dlor] Dlgr] exp (=55 [op.0. pr.vel) @)
with the action
BS=—ifdrpu(r)saD(r)—ifdrpp(r)wp(r)
+ f drdr’ pp(r)upp(r’ —1r)pp(r) + f drdr’ pp(r'Yupp (r’ —r)pp(r)

+p f drdr’ pp (rupp(r’ —r)pp(r) (2.8)

1
+ gwfdr (pp(r) + PP(r))3

P M
— PInW[igp] - MInQligp] + Pln — + MIn —.
e e

An interesting outcome of this re-writing is the separation of the enthalpic and entropic contributions
in the action expressed in eq. (2.8). Namely, the entropy is represented by the last four terms in the action.
It depends only on the single-particle partition function of the protein beads, respectively the single-chain
partition function of the DNA chains, in the imaginary potential i¢p(r), respectively i¢p(r), whose
expressions are given by

Wlipp] = de exp (=igp(R)), 2.9
N

Oliep] =fD[r(S)] exp —ﬁUo[r(S)]—ifdssvD(l‘(S)) . (2.10)

0

2.3 Flory Huggins theory

In this section, we study the Flory-Huggins theory of the bulk of the nucleus. We will show that the
existence of a binding energy between proteins and DNA can lead to the formation of a dense phase that
one may identify to transcription factories. As pointed out previously, only the DNA-protein interaction
is temperature-dependent. In the sequel, we will often refer to the high, respectively low, temperature
regime which corresponds to a weak, respectively strong, DNA-protein attraction.
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2.3.1 Mean-field free energy

Intuitively, one might expect that for high temperatures, the attraction between DNA monomers and
binding-proteins vanishes. In this regime, the system contains an homogeneous concentration of DNA
monomers and proteins. In other terms, we may perform a mean-field approximation and remove the
spatial dependence of the concentration fields: pp(r) < cp = MN/V and pp(r) < cp = P/V. In the
context of polymer physics, this is also called the Flory-Huggins theory [53]]. We will frequently refer
to these concentrations as the mean-field solutions. Solving the stationary equations for the action in
eq. can be done (see section[2.4.1)). If in addition we assume mean-field solutions, we obtain the free
energy function per volume unit:

CDb3
Ne

Cpb3

1 1 1
Bf(cp,cp) = —aDc%) + —apc%, + Bvepep + —w(cep + CP)3 +cpln + CWD In (2.11)

2 2 3!

Another way to look at this expression is to consider that an excluded volume penalty « is applied
whenever two beads are in contact. In the case of the DNA-protein interaction, the effective excluded
volume Sv is negative because the interaction is attractive. The probability to find two beads in contact is
proportional to the product of their concentrations. This gives terms of the form a X ¢? contributing to the
free energy function. The two logarithmic terms in the free energy accounts for the configurational entropy
of the proteins and DNA chains. Briefly, one can see them as contributions of the form (V/b*)F /P! ~
exp (Vep In (cpb?/e)) to the Boltzmann weight, where (V /b?) is the number of accessible configurations
for one bead of size b> distributed uniformly in the volume V. We may also give an account for the presence
the three-body term without resorting to the microscopical Hamiltonian defined in the last section. For
this, one needs to consider the Flory-Huggins theory as the limit of a gas on a lattice, where the enthalpic
contributions are the first three terms in the right-and side (r.h.s.) of eq. (Z.11), and the last two terms are
the entropy of the particles. Now, in any gas on a lattice representation, one should take into account the
entropy of the vacancies, which in our case should be identified to the solvent. If we assume the system
to be incompressible, this entropic contribution has the form (co —cp — cp) In ((co — cp — cp)/e), where
co is the close-packing concentration. An expansion in powers of (c¢p + cp) truncated at order three yield
the three-body term in the free energy.

In the high temperature regime, the DNA-protein interaction term, Bvcpcp, in eq. (2.11) vanishes.
The free energy is therefore a convex function, making the mean-field solution stable.

2.3.2 Spinodal condition

When the temperature is progressively decreased, the attractive interaction | 8v| increases, until the mean-
field solution is no longer stable. This is the so-called spinodal condition, which delimits the region in
which the mean-field solution is stable from the region where it is not. This condition corresponds to an
inversion of the curvature of the free energy, which in our case reads

?f  _f

act, dcpdcp|

62f (92f =0, (2.12)
dcplcp dcs,

where the array denotes a determinant. For any given choice of the DNA-protein attraction, Sv, the
spinodal equation is an implicit equation for a closed curve in the (cp,cp) plane. The range of con-
centrations enclosed within this curve corresponds to unstable mean-field solutions whereas in the outer
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region are stable mean-field solutions. There is a critical temperature 7¢ such that for T > T there is no
solution to the spinodal condition and the mean-field solution is stable, whereas for T < T, the spinodal
condition has solutions. At 7T = T, the closed curve of solutions reduces to a single point of coordinates
(¢h cpr TO).

Let us point out that eq. (2.12) is not tractable by hands, so we solve it numerically. As shown in
fig.[2.4] we obtain the following scaling relations for the critical concentrations:

.11

~ —_———

DTNV (2.13)
ch ~ 1/4w.

We observe that for T < T¢, the spinodal equation consists of an infinite set of doublet pairs (c}), C}D)-
(c%), c%)) which together are a parametrization for the spinodal line (fig.[2.5a)). However, on each spinodal
line are found two double solutions, meaning that each doublet pair (cb, cp) and (c%), c%,) merge into a
single critical point (c%, c?,).

In summary, eq. (2.12)) is an implicit equation for a surface in the (cp, cp, T) space, below which the
mean-field solutions are unstable. On this surface lies a critical curve where the spinodal condition has a
double solution (c%, cOP), instead of two different solutions (fig. . At the apex of the critical curve lies
the tricritical point (c}), ¢p, T¢), which is the first point where the mean-field solution becomes unstable
when the temperature is decreased.
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Figure 2.4 — Scaling of the critical concentrations of DNA and proteins as a function of the parameters of the model. wr = b® is
the value of the three-body repulsive core which naturally arises from a Flory-Huggins theory. The insets display the dependence
of the critical concentrations on the parameters in log-log scale, over a broad range of values.

2.3.3 The biphasic regime

For T < T¢, the free energy function in eq. has an unstable range of concentrations. In this range,
the system splits into two phases / and // which belong to the stable region. The total free energy of the
system can be written as the sum of the free energies of the two phases. The equilibrium state in then
found by minimizing the total free energy function under the constraints that the total number of particles
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Figure 2.5 — At t = 0.05. The binodal, or coexistence, line is the solid black curve. The mean-field solution is unstable in the
region colored in red and the system splits into two phases. For concentrations falling into the blue region, the mean-field solution is
stable. The black circles are two critical points where the coexistence and the spinodal lines intersect. @Binodal, or coexistence,
lines at # = 0.05, 0.5, 1.0. The coexistence line shrinks toward the tricritical point (red dot) when ¢t — 0. For each curve, the dilute
phase is shown in green and the concentrated phase is shown in blue. Coexisting states are connected by tie lines (dotted segments).
The volume fraction of each phase is determined (black arrows) according to eq. @

is conserved and the volume constant. This is most easily done by minimizing the Lagrangian:

L=¢"f+¢"fUD o1

~up (¢'cp + 0" ep) —pp (¢ ch + 9" e}l ) T (9" + 1),
in which f(7) is a short-hand for f (cID, C{D) and ¢ is the volumic fraction of phase /. The same notations
apply for phase /1. The Lagrangian multipliers yp and up have been introduced to conserve the number
of DNA monomers and the number of proteins, and are to be identified with chemical potentials. The
Lagrangian multiplier IT has been introduced to conserve the volume, and is to be identified to the osmotic
pressure. The minimization of £ relatively to the variables 1), ¢k, ¢l ¢t ¢!, ¢! yields the system of
equation

0 0

oL chch - Ll =

0 0

2L e - et - @19
f(eprcp) —upcp —ppcp = flep.cp) —upcp —ppcy = T

which states that the chemical potentials and the osmotic pressure in the two phases are equal. Note that
the writing of the last line can be rewritten more compactly if we introduce the Gibb’s free energy, which
is the Legendre transform of eq. 2.11):

g(cp,cp) = f(cp,cp) — upcp — ppcp, (2.16)
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and where the chemical potentials depend implicitly on the concentrations through the equilibrium con-
dition:

9g af

do - ’ PN dep — M (2.17)
9% _ a _ '
3Cp - an = KP

The system in eq. (Z.15) is a system of 3 equations with the four unknown concentration variables,
plus the temperature. Hence it is a parametrization for a surface, called the binodal, which completely
determines the phase diagram of the system. We solved this system of equations numerically using a
quasi-Newton root finding method [[64]. The surface obtained is represented in fig.[2.6] where a parameter
t has been introduced as an expansion of the DNA-protein interaction around the tricritical point:

By =(pv)(1+1). (2.18)

— nj =0.0015

/\ - = np =0.015

Figure 2.6 — Phase diagram obtained from the resolution of eq. . For T < T, any combination of concentrations lying below
the binodal curve is an unstable mean-field solution, which results in the system splitting into two phases I and /7 which sits on
the binodal surface. The dilute phase I (green) has lower concentrations than the dense phase 771 (blue). The parameter ¢ from the
vertical axis is defined in eq. @ In this diagram, we chose to use the volumic densities instead of the concentrations, which are
defined as 7p = b3cp and np = b3cp. The black line is the critical curve.

At a given temperature though, there is only one solution for the phase separated system. Indeed, the
points on the binodal are uniquely determined by the self-consistent relations:

£ =MN/V,
Oup
9L _py, (2.19)
Oup
0L _,

ANl
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which yield
c{) _ cIDI _[ep=MN/V
o) a-o (@) =(2200) e

and completely determine the dilute and the dense phase from the mean-field concentrations c¢p and cp.
This relation has a very straightforward graphical interpretation and is a generalization of a Maxwell
construct (fig. 2.5b). If we imagine changing the concentration ¢p or cp, or more generally going along
a path in the (cp, cp) plane, the system will not phase-separate right away when the path crosses the
coexistence line. That is because there is a range of metastable mean-field solutions enclosed within the
coexistence curve (fig. 2.5a). Continuing along this fictive path, the mean-field solution will become
unstable only when the determinant in eq. (2.12)) becomes negative. Only then will the system split into
two phases. Therefore in general, the transition is first order, except at the two critical points where the
coexistence line and the spinodal line intersect.

2.3.4 Conclusion

The relevant biological parameter in this approach is the binding interaction between proteins and DNA,
which is represented by the mean-field coefficient Sv. It is a function of the affinity of the proteins with
DNA and depends on the biochemistry of the interaction. What this approach tells us is that for a generic
DNA-binding protein, a phase separation is to be expected if the affinity is such that gv < (Bv)¢ and if
the concentrations of DNA and proteins fall within the biphasic region. The phase separation gives rise
to a dilute phase (/) with few DNA and few proteins and a dense phase (/1) with higher concentrations of
DNA and proteins. Because in general cf) <cp ~1/ VN, the concentration of DNA in the dilute phase is
very small. Essentially, the DNA chains are collapsed into molten globules which form the dense phase,
with few protruding loops which form the dilute phase. This feature is visible in BD simulations (fig.[2.7).
The phase transition characterized is first order almost everywhere, in agreement with a thermodynamical
model for the agglomeration of DNA-looping proteins, based on a description with graph ensembles [78]].

The globular clusters of the dense phase can be considered as a model for transcription factories
observed in vivo. Of course in reality there are many different TFs in the cell, which together may
contribute to the architecture of the chromosome, including the formation of transcription factories.
However, here we considered a generic type of protein. This come to say that the effect of one abundant
protein prevails on the others in given physiological conditions. Note that we have adopted a coarse-
grained approach in which many details of the chromosome organization such as specific DNA loops or
protein complexes are embedded in the bead representation of DNA monomers and proteins. However,
DNA clusters are indeed observed in the cell (fig.[2.8). These clusters do not display any internal structure,
suggesting that they are globular. This effect can be accounted by the present theory by considering in a
general way the effect of all binding proteins on the DNA.

Increasing evidence has suggested that transcription partly proceeds from transcription factories.
Although the non-specific hypothesis for the binding of proteins to DNA that we have taken in this model
is an over-simplifying assumption of the reality, it is true for instance that RNAP binds widely on the
DNA thanks to its o-unit. The conclusions reached in this Flory-Huggins theory suggest that a biphasic
regime can exist, with a dense phase spanning a volume of size (1 — ¢)V and with local concentrations of
DNA and RNAP increased with respect to the mean-field ones. Hence, the equilibrium of complexation
reactions such as:

DNA + protein 2 RNAP bound to DNA
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may be shifted towards the formation of complexes and may favour transcription initiation in the transcrip-
tion factories. This is consistent with some experimental study showing that RNAP clusters are formed
during pre-initiation and initiation of transcription [74]]. The same authors also proposed that crowding of
enzymes, i.e. higher local concentrations can aid in rate-limiting steps of gene regulation. From a dynam-
ical standpoint, the confinement of unbound RNAP in a restricted volume can reduce the search time for
a promoter. To this extent, it is worth pointing out a study claiming that the promoter search mechanism
is indeed dominated by three-dimensional diffusion of RNAP over the monodimensional diffusion (i.e.
sliding) along DNA [79].

Note that the theory described here is somewhat different from more standard polymer-colloid systems
treatments. In the latter case, the system consists of a solution of polymer coils and colloids, and the
radius of gyration of one single coil and the diameter of the colloidal particles are comparable. In our
case, the proteins can hardly be compared to colloidal particles because their size if comparable not to the
radius of gyration of the whole chromosome but instead to the size of one monomer.

The presence of ions in solutions (e.g. Ca>*, C1~ Mg?*) gives rise to screened electrostatic interactions.
For objects of nanometric size like proteins, interactions are short-ranged with a range typically given
by the size of the objects in question. Let us also point out that at the mean-field level, the effect of
ions in solution only arise through an adjustment of the Mayer coefficients ap, @p and Sv. The DNA
excluded volume coefficient a p will always be positive and accounts for the electrostatic repulsion between
negatively charged monomers. The protein excluded volume coeflicient a p will be positive in general for
the same reasons, but for proteins able to dimerize it may take negative values.

The present theory is stated with a general formalism. Hence, we think it may also be adapted to
the description of the condensation of DNA by other condensing agents such as multivalent ions. As
stated above, within the Flory-Huggins theory, the phase transition induced by condensing agents appears
to be first order, except at the tricritical point and on the critical lines. Therefore the transition from
the swollen to the condensed state should be discontinuous and present hysteresis effects, which was
indeed observed [[80,[81]]. Interestingly, the Flory-Huggins theory also predicts another effect. For a
fixed temperature and for a DNA concentration taken in a prescribed range, if we start with a small
concentration of condensing agents that we progressively increase, there will be a value at which the
system splits into two phases. Yet, if we keep adding condensing agents, the system will at some point
exit the biphasic regime. This phenomenon called re-entrance has been observed in some experimental
work using polyethylene glycol (PEG) [_82].

(@) (b) (©

Figure 2.7 — Snapshots of Brownian dynamics simulations (polymer with N + 1 = 400 monomers). For small persistence lengths
the dense phase is a molten globule while it is crystal-like for stiffer chains [(b)]
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Figure 2.8 — DNA-protein condensates observed in the nucleus in mouse cells with electron microscopy techniques . The
condensates are globular and have DNA (yellow) and proteins (blue), while the rest of the nucleus is filled mostly with proteins.

2.4 Structure of the dense phase

In the last section, the Flory-Huggins theory predicted the existence of a phase separation between two
homogeneous phases. However, in the Flory-Huggins theory, the chain structure does not come into
play, except through the suppression of the translational entropy of the chains. Namely, the dense phase
predicted is a globule, that is to say a melt of collapsed DNA with proteins, regardless of the rigidity of
the DNA chains. It turns out that DNA is a rigid biopolymer. It is an example of polyelectrolytes, and
as such its bending rigidity depends on the screening effect of salt because of the presence of negative
charges along its backbone. In physiological condition, the naked DNA has a persistence length [, of
approximately 150bp. Several studies have highlighted that the bending rigidity of the polymer has an
influence on the micro-structure of the dense phase [46]84][85]. The dense phase then adopts stretched
configurations which are characterized by the apparition of tube-like or helical structures. This effect is
also well characterized through BD simulations (fig. 2:9).

2.4.1 Random Phase Approximation

A standard way to characterize the effect of the chain structure is to use the Random Phase Approximation
(RPA) [53]]. The method consists in expanding the action in eq. (2.7) to second order around the mean-field
solution and checking for the stability of the Gaussian fluctuations. The structure function of the DNA
chain then naturally arises as a functional parameter for the stability condition of the Gaussian fluctuations.
For the sake of simplicity, we will introduce the notation

pp(r)
X(r) = [P0, 2.21)
pp(r)
ep(r)
and write the partition function in eq. (2.7) as
Z= fD [X(r)] exp (=S[XD), (2.22)

where to alleviate notations, we took 8 = 1.
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(a) (b)

Figure 2.9 — Two equilibrium configurations of a polymer chain (blue) interacting with binding spheres (red) in the absence of
bending rigidity (I, = 0) and with strong bending rigidity (/,, = 30), obtained with BD simulations. We used a truncated Lennard-
Jones potential with & = 3.0kgT and r'" = 2. In both cases, the system is phase separated. mFor lp = 0, the dense phase
consists of several globular aggregates distributed in a necklace fashion along the chain. For lp = 30, the dense phase adopts a
tubular structure.

The saddle-point condition, 6S/6X(r) = 0, yields the Lagrange equations:

ipp(r) — fdl" upp(r—r1")pp(’) - f dr'upp(r—r")pp(r’)

1 =0, (2.23)
= 3Wlpp(x) + pp(r)’
. olnQ . _
ipp(r) + M TS livp] =0, (2.24)
ipp(r) — f dr’'upp(r—r")pp(r’) — f dr’ upp(r —r")pp(r’)
) =0, (2.25)
= 3W(pp (@) + pp(1)’
ipp(r) + P olnW ligp] < ++ > =0. (2.26)

dpp(r)

Starting from a guess solution (e.g. homogeneous fields), the previous system can be solved iteratively
or using continuous steepest descent methods. Such procedure is known as numerical self-consistent
field methods in the polymer literature [55]. Although the convolutions are easily handled in Fourier
space, the difficulty lies in the computation of the functional derivative § In Q/d¢p (r). Hence it is a hard
computational problem to solve. Based on physical considerations presented in the last section, we may
look for the particular homogeneous (mean-field) solution:

¢D

x'=|?7|. (2.27)
cp

dp
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The resolution of eq. (2.26)) is now straightforward. We obtain the following saddle-point approxima-
tion for the partition function:

Z ~exp(=S") = exp (=VBf(cp,cp)), (2.28)

where Bf is given by eq. 2.11), with cp = MN/V and cp = P/V. That is to say we recover the Flory-
Huggins theory from the last section. The RPA consists in the analysis of the effect of the thermodynamical
fluctuations on the mean-field solution. To this end, let us introduce the vector field Y = X — X*. An
expansion of the action in eq. (Z.22)) to second order gives

1 52S
Z ~ D[Y S == [ drdr' Y(r) —— Y(r')|, 2.29
[ prva exp( 5 [ ey St Y >) (2.29)
or in Fourier space
1 RN
S f dYy exp (—S* - = > Yk —— Y_k), (2.30)

where the summation in Fourier space is carried out over the first Brillouin zone. The operator in the
quadratic form is a 4 x4 matrix. Its matrix elements can be computed (see appendix[2.A) and the following
expression is obtained in Fourier representation:

App (k) =i App(k) O
2 i
0-S _ 1 CDSN(k) 0 0 ’ (231)
0X0X k|x_x» |Appr(K) 0 App(k) —i
0 0 —i cp

with

App(K) = upp (k) + w(cp +cp)?,
App(K) = upp(k) + w(cp + cp), (2.32)

App(K) = upp(K) + w(cp + cp)*.

Note that the structure of the chain comes into play through the structure factor Sy (k) which appears
in one of the matrix elements. The quadratic fluctuations operator is diagonal in Fourier space. Hence
the partition function in eq. (2.30) is a product of Gaussian integrals. It is well-defined as long as for all k

I'(k) = det (ﬁ) > 0. (2.33)
0X0X_k

The previous equation is a generalization of the spinodal condition for a Fourier mode k. When the
temperature is lowered, the first mode k* to become unstable sets the temperature when the mean-field
solution is no longer stable. If k* = 0, then it is simply the spinodal condition of the Flory-Huggins theory,
and at the instability, the system splits into two homogeneous phases as described previously. If k* > 0,
then it is the signature of a micro-phase separation. In that case the homogeneous mean-field solution is
no longer a stable solution and instead stable solutions will display spatial modulations of typical length
2n/k*. The determinant in eq. can be computed easily and gives

1
I'(k) = (ADD(k) + ) (APP(k) + ;) - App (k). (2.34)

1
cpSn (k)
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The potentials are essentially contact-like because of the screened interactions (we recall that the
Debye-Hiickel length is ~ 1 nm in the cell), thus the Fourier transforms of the interaction potentials have
the expressions:

upp(K) = ap,
upp(K) = ap, (2.35)
upp(k) = Bv.

The structure factor for a Gaussian chain with N Kuhn segments of length b is given by Sy (k) =
ND(szz,), where Ri, = b?>N/6 is as usual the radius of gyration of the chain and D(x) = 2/x3(x =1+
exp (—x)) is the Debye function [53]]. There is no analytical expression available for the structure function
for a Worm Like Chain (with persistence /,,) as it is the case for the Gaussian chain. To date, to the best
of our knowledge, it is still an open problem despite several classical and more recent works [86-90]. We
first used an approximate expression for the structure factor of a semi-flexible chain found by Thirumalai
and co-worker [62], which lead us to propose an alternative method to compute the structure function of
a worm-like chain, that we will present in chapter 3]

We have monitored the sign of I'(k) as a function of the wave number k. However we do not
report it here because we have not found any instability arising for a non-zero Fourier mode, that would
characterize a dense phase with micro-structure. On second thought, we suspect that the RPA analysis is
not well suited for this system because the phase transition is first order in general (it is only second order
when crossing the critical line). In order to illustrate this point, let us consider a generic system with a
mean-field order parameter ¢ and a free energy function F(¢) displaying a second order phase transition
at a critical temperature T,.. For T > T, the free energy has a single minimum ¢* and 8>F/d¢*(¢*) > 0,
i.e. the solution is stable. At T = T, the free energy has still one single minimum ¢*, yet the curvature
at this minimum is null. For T < T, the former solution ¢* is unstable, i.e. O%F /8¢2(¢*) < 0, and the
free energy has two minima ¢’ and ¢!/. Similarly to what has been presented above, one may give an
approximation of the partition function of this system by integrating over the Gaussian fluctuations:

1 0F

Z= f dy exp (—F(¢*> ~ 3384 (2.36)

where y = ¢ — ¢* is the difference with the high-temperature solution. When 7' < T., 8>F /d¢*(¢*) < 0
and this Gaussian integral is no longer defined. The instability is driven by an inversion of the curvature
around the high-temperature solution ¢* which occurs at T = 7, (fig. [2.104). Therefore, for a second
order transition the critical temperature 7, coincides with an instability of the fluctuations around the
high-temperature solution. In that case, we say that the phase transition is driven by critical fluctuations.
To the contrary, in the case of a first order transition, the high-temperature solution ¢’ remains stable as
we cross the phase transition temperature 7* (fig.[2.10b). For that reason, the integral over the fluctuations
around the high-temperature solution remains a well-defined Gaussian integral and is of no use to identify
the phase transition temperature 7*. In that case, we say that the phase transition is not driven by critical
fluctuations. A generalization of this reasoning suggests that RPA will not help in characterizing a
micro-phase separation because the transition is not driven by critical fluctuations around the saddle-point
solution. Since the RPA did not give any interesting results, we turned to another way to characterize the
structure of the dense phase.
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Figure 2.10 — Comparison between a first order phase transitionand a second order phase transition A second order phase
transition is therefore driven by critical fluctuations at the high temperature equilibrium, which is not the case for a first order phase
transition.

2.4.2 Lattice model of the dense phase
2.4.2.1 Model

Since the RPA is not appropriate to describe the system in the dense phase, we adopt another approach.
Because of their attractive interactions with the DNA, the spheres induce an effective attraction between
the DNA monomers. Before coming back to a system in a continuous volume at the end of this section,
let us turn our attention to a model of a semi-flexible polymer chain on a lattice that was proposed initially
to explain the folding of a protein in compact structures [85,91,[92]] (see fig. 2.T1). An attraction energy
&, between non-bonded nearest neighbors is included, which favors compact configurations. A bending
energy of the chain is introduced as a corner penalty which favor stretched configurations (or “helices” in
the protein folding vocabulary). It penalizes corners by an energy &, and thus plays the role of a bending
rigidity. As we will see, this term induces an ordering transition between a random (molten) globule
where corners are mobile in the bulk, and a crystalline phase, where corners are expelled to the surface of
the globule.

In order to explore the equilibrium physics of this system, we write the partition function for this
system as

Zy = S;V exp| —BenNe + % Bey ; neAeene — NBe, | (2.37)
where the sum is carried out on the self-avoiding walks (SAW) of length N, N, is the number of corners
in the configuration, A, is the nearest neighbor operator on the lattice, and n, = 0, 1 is the occupancy
variable of the lattice sites. The first term in the exponent gives a penalty proportional to the number of
corners, whereas the second gives a bonus proportional to the number of neighbors pairs. Note the third
term which is introduced to cancel off the interactions between consecutive monomers along the path that
were already counted in the second term. Using a mean field theory, Orland and colleagues [85}91192]
showed that depending on the attraction energy and the corner penalty, three phases can exist, namely a
dilute phase where the polymer is swollen, a condensed phase, which we call a molten globule, where the
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Figure 2.11 — Lattice model for the collapse of a DNA polymer. The attractive interaction mediated by binding proteins (red spheres)
is taken into account implicitly through the introduction of an attractive interaction between neighboring sites.

polymer is collapsed and disordered and finally a second condensed phase where the polymer is collapsed
but with a local crystalline ordering. The phase diagram is described simply in the plane (&, /T, en/€y).
For fixed small g, there is a second-order phase transition at a temperature 7 = Ty between a dilute and
a disordered condensed phase, followed by a first-order freezing transition at 7r between the disordered
condensed phase and a locally ordered condensed phase of the polymer. Upon increasing the chain stiffness
&p, the molten globule region shrinks until it eventually vanishes. Thus, for large stiffness, the polymer
goes abruptly from a swollen to a frozen configuration (Tr > Ty) through a direct first order transition.
These theoretical results were readily confirmed and improved by Monte-Carlo simulations [93]/94]].

2.4.2.2 Counting Hamiltonian paths

For the sake of completeness we review here in a simple case the methods that were used to obtain the
announced results. We consider the extreme case where the polymer has collapsed completely (density
n = 1). That is to say, each of the N sites of the lattice are occupied by a DNA monomer. When both
e = 0and g, = 0, the partition function for this system reduces to

Iy = Z 1, (2.38)
HP

where the sum is carried out on the Hamiltonian paths (HP) on the lattice, that is to say paths that visit
each of the N sites of the lattice once and only once. Hence, the partition function is just the number
of HP on the lattice. An equivalence to a field theory is obtained by introducing for each lattice site a
n-component field ¢, and the corresponding partition function

1
_ -A 12
Qn—flrldgare c|r|(2¢r), (2.39)
where Ag is a quadratic action given by
1 -
Ac =5 Z PPy, (2.40)
r,r

and A,y is as before the nearest neighbor operator on the lattice. The quantity in eq. (2.39) is (up to a
normalization), a simple Gaussian average. This average can be computed using Wick’s theorem once it
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has been pointed out that the elementary contraction reads
(prol) = 6" Ar. (2.41)

Therefore, only products of fields corresponding to sites which are nearest neighbors will give a non
zero average. As a result, we obtain that

<H(%‘Pr)2>=2% D (enen)(Pran frn)s

all permutations

where ¢y is the number of graphs on the lattice containing k closed paths which together visit all sites of
the lattice once and only once. Eventually, c; is just the number of Hamiltonian paths on the lattice, and
we have the equivalence

e

1 =lim — J ) (2.42)

mp "0 f 1_[ dp, e 1—[

r r

This simple equivalence gives an original way to compute the number of Hamiltonian paths on a
lattice. Namely, one can perform a saddle-point approximation on the field partition function in eq. (2.39).
In that case, an approximation of Q,, is:

0, = f l_ld(pﬁ exp (—N + d% Zln (%tp;)), (2.43)

where the * superscript denotes that the integration is carried out on the saddle-point solutions. One can
then go further by making a mean-field approximation, that is to say by considering only saddle-point
solutions of norm ||@%|| = ¢. It follows from the saddle-point equation that 9> = 2q where ¢ = 2d is
the coordination number of the lattice. The integration in the last expression is then performed over the
n-dimensional sphere, whose area is 27"/2/T'(n/2). Eventually, using the equivalence in eq. , one
obtains the approximation for the number of Hamiltonian paths on the lattice of NV sites:

Zn ~ (g)N _ 2.44)

2.4.2.3 The effect of rigidity

Still assuming that the polymer has collapsed completely, we can now slightly modify the previous model
by introducing a corner penalty Sej # 0. In that case, the partition function for this system reads

Iy = Z e PenNe, (2.45)
HP

where as before N, counts the number of corners in the HP realization. In close analogy to the previous
developments, we seek for an equivalence with a field theory. For each site of the lattice, we introduce a
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n-component field ¢, (r) for each of the direction @ = 1, . . ., d of the d-dimensional lattice. This time we
introduce the partition function

d d
On = f l_] l_[ de,, (1) e AG l—[ % Z (pa(r)Z + e Pen Z 905(1') . 907(1‘) i (2.46)
a=1

r a=l1 r a<y

where Ag is a quadratic action given by

d
Ao =3"> 0u [A] " 0, @.47)

a=1r,r

and A, is the nearest neighbor operator on the lattice in direction . The quantity in eq. @) is again
a simple Gaussian average. It can be computed using Wick’s theorem with the elementary contraction

(pa)@p(r)) = 6" 6P AL, (2.48)

and again, only products of fields corresponding to sites which are nearest neighbors will give a non-
zero average. Therefore this average selects closed paths on the lattice. However, there is an important
difference with the previous case. While making products of the quantity between parenthesis in eq. (2.46)),
the first term of this quantity will tend to select nearest neighbors only in the direction @. Yet, given
a site r and a nearest neighbor r’, one can choose for the former a term of the form gaa(r)2 /2, and
for the latter a term ¢, (r) - p4z(r’), in which case a Boltzmann weight equal to exp (- Be),) must be
applied. Applying Wick’s theorem, one is led to consider products of elementary contractions like
(@a (1) - @, (x"))e Pen (pp(r’) - g(r”)). In summary, like before, the partition function in eq.
generates closed paths on the lattice. Yet this time a Boltzmann weight with a penalty equal to the number
of turns times Begy, is applied to each path. This leads to the following equivalence:

d d
f [ 1] Jaeam e ] (% D @+ gp(r) - o (r)
1 r a=1 a=1

n—-0n

" [
r a=1

In the same spirit as in the previous case, a saddle-point approximation supplemented by a mean-field
approximation yields the approximate expression for the partition function in eq. (2.43):

(2.49)

N
Zy = (q(f )) ) (2.50)
where
q(B) =2 +2(d - 1)ePen, 2.51)

The expression obtained for the partition function is remarkable because it has the same form as
eq. (2.44), but with an effective lattice coordination number ¢(f). In the limit 7 — oo, one recovers the
previous case, with ¢g(0) = 2d. To the contrary, when T — 0, one has g(c0) = 2, which corresponds
to straight paths where each monomer only "sees" the previous and the next monomer. The free energy
f(T) = =T /N In Zy has the property to vanish at the temperature T, defined by g(8r) = e. Starting
from the high temperatures, f(7) is a decreasing function of the temperature until 7 = 7*, at which point
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the entropy S(T*) = —0f/0T(T*) = 0 and f(T*) > 0. When the entropy vanishes, the system freezes
in one configuration. Nonetheless this result is obtained within the context of the saddle-point and mean
field approximation. A more careful analysis of the partition function in eq. based on a Schwartz
inequality shows that the free energy is bounded: f(7') < 0 [91]. Consequently, the positivity of the free
energy in the range of temperature 7* < T < TF can only correspond to metastable states. In conclusion,
there is a freezing transition at T = Tr which separates a high temperature regime in which the collapsed
polymer is a molten globule from a low temperature regime in which the collapsed polymer is crystal-like
and has a (quasi) zero entropy. In the crystalline phase, the configurations look like straight paths with
corners expelled to the surface of the lattice (fig.[2.12)). These configurations have been studied previously:
they are elongated neck structures or toroids [95].

corners
(X Ry
globular crystalline

Figure 2.12 — Two realizations of Hamiltonian paths on a cubic lattice. The globular state contains an extensive number of corners
whereas the crystalline state contains a non-extensive number of corners (proportional to the surface).

2.4.2.4 Phase diagram

The methods presented in the two previous paragraphs can be generalized to the case with attractive
interactions between nearest neighbors (Be, < 0) and to a lattice with vacancies (7 < 1). Namely, an
equivalence with a field theory in the limit n — 0 can be written for the partition function in eq. (2.37).
Similarly to the previous cases, a combination of saddle-point and mean-field approximations yields the
free energy per monomer:

f.T) = —Tln(@) +T1_T’71n(1 —n) +&,(1 —dn), (2.52)

where g() is defined in eq. (2.51). The full derivation is presented in details in [85]. In the open coil
regime 17 =~ 0 and the free energy reduces to fo(T) = =T Ing + &,. Introducing the reduced temperature
t = T/e&,, the equilibrium equation d f/dn = 0 yields non-zero solutions r* only when

t<tg=2d. (2.53)

Therefore, there is a second-order transition between an open-coil state and a globule at z9. Though, as
characterized previously, for Be;, # 0, there is a freezing transition at a temperature ¢ toward a crystalline
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phase. For each ¢, the freezing temperature is obtained by equating the free energy in eq. (2.52) with the
free energy of a frozen configuration where all the corners, delimiting the non-vacant region, are expelled
to the surface:

g=—-(d-1s,. (2.54)

In conclusion, the phase diagram announced is obtained in the plane (¢, €;,/€,), in which ¢y delimits
the coil-globule transition and ¢ the globule-crystalline freezing transition. This phase diagram was later
confirmed and refined with the help of Monte-Carlo simulations [93] (see fig. 2.13a).
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Figure 2.13 7Phase diagram of the collapse of a polymer on a lattice as defined in eq. , and computed in [93]] from
Monte-Carlo simulations. x = &, /£, [()]Phase diagram of a polymer interacting with spheres in a continuous volume. The phase
diagram was computed using BD simulations with P = 100 spheres, a polymer with N + 1 = 400 monomers, as a function of the
persistence length [, and of the strength of the Lennard-Jones DNA-protein interaction &.

2.4.3 Phase diagram of the dense phase structure

The results obtained in this section have enlightened our understanding of the collapse of a rigid polymer.
There are however differences with the model of DNA condensation by binding proteins presented in
section 23] First, the formal nucleus model is not a lattice model. Second, the attractive interactions
between DNA monomers are not implicit but mediated by proteins. In that respect, the collapse depends
on the concentration of proteins. Third, the bending rigidity of the DNA is not taken into account by
discrete corner penalties but is instead modeled using a Kratky-Porod potential with persistence length /,,
(see section [I.3.4]on page[T3).

Despite these differences, we have found that the phase diagram of the collapse of a semi-flexible
polymer interacting explicitly with spheres in an off-lattice volume is very similar to the phase diagram
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obtained for the collapse of a polymer on a lattice presented above (fig.[2.13). Indeed, we performed BD
simulations with a polymer chain of N + 1 = 400 beads and P = 100 protein spheres in a cubic volume
of size L = 100 with periodic boundary conditions. Polymer beads and protein spheres were interacting
through a truncated Lennard-Jones potential with a well depth given by the energy scale € (in kgT). By
varying [,, and & independently, we explored the phase behaviour of this system (appendix .

There are minor quantitative differences between the lattice/implicit and the off-lattice/explicit cases.
Namely the numerical values for the coil-globule and globule-crystal transitions are different. This is due
to the difference in the definition of the order parameters, the use of a Lennard-Jones potential for the
attractive interaction, the Kratly-Porod model used to take into account the chain bending rigidity, and it is
also a consequence of going from a lattice model to a continuous model. Furthermore, the concentration
of spheres in solution is smaller than the close packing concentration, making it hardly comparable to an
actual solvent. Despite these discrepancies, we can say that the results in both cases are in qualitative
agreement.

The main conclusion obtained from the phase diagram of the dense phase is the existence of specific
persistence length /;, ~ 10 such that:

e forl, <1, the polymer collapses through a second order coil-globule transition, followed by a first
order globule-crystal transition when & increases;

e for [, > [, the coil-globule transition no longer exists and the polymer collapses directly from a
coil to a crystalline phase through a first order phase transition.

The coil-globule transition is the same as the phase transition depicted using a Flory-Huggins theory
in section[2.3] Yet, when the DNA-protein attraction is strong enough, it appears that the dense phase can
be crystalline. Besides, for very rigid chains (), > [},), the coil-globule transition does not exist because it
is precluded by the freezing transition. In this case, the results of the Flory-Huggins theory are no longer
valid. Snapshots of the coil, globule, and frozen state computed from MD simulations can be seen in

fig. 27 and fig. (T35

2.4.4 Conclusion

Let us sum up what has been obtained in this section. We have first noticed that the bending rigidity has
an influence on the structure of the DNA-protein condensates. We have tried to use the RPA in order to
characterize modulations of the DNA and protein concentrations in the dense phase, which is the signature
of the existence of a microphase. Yet, the RPA failed because the collapse transition being generally first
order, it is not driven by critical fluctuations. We turned to a theory of polymer collapse on a lattice,
which is instructive because it predicts the existence of a crystalline phase for large values of the rigidity
parameter ;. Using BD simulations, we effectively recovered this result for our formal nucleus model.

DNA condensation has been well characterized in in vitro experimental works [80,82,/96-99]]. Con-
sequently, it is well known that DNA collapses from disperse structures corresponding to swollen coil
configurations into ordered, highly condensed states, namely toroids or hexagonal bundles [[100}/101].
Namely, such studies have concluded that during its collapse, DNA undergoes transitions through the
following three phases: isotropic fluid, cholesteric and crystalline (hexagonal). This is in agreement with
our results, demonstrating that our model for the collapse of DNA by proteins is actually more general
that what was intended in the first place.

Although it is premature to draw any clear biological conclusion, it is tempting to discuss at least
qualitatively potential effects of the crystalline phase on biological functions. In eukaryotes, nucleosomal
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organization provides an effective protection against detrimental factors. This organization is absent in
prokaryotes, which have a significantly lower ratio of DNA-binding proteins [102]. However, in harsh
environmental conditions (radiations, temperature, oxidizing agents and radicals), several bacteria resort
to DNA condensation mechanisms to protect their genome. Maybe the most spectacular case is the
appearance of macroscopic DNA aggregates with crystal-like order in starved E. coli cells. In stressful
conditions, the alternative o5 factor is expressed, in response to low temperature, cell surface stress or
oxidative shock. This in turn induces the expression of the DNA-binding protein DPS [[103[T04]. In starved
cells, DPS is the most abundant DNA-binding protein, with approximately 20 000 DPS proteins per cell.
Consequently, DNA is condensed into crystal-like aggregates, which makes it less accessible to damaging
factors. Wild-type E. coli cells starved for three days remain unaffected by a high dose of oxidizing
agents whereas mutants lacking DPS lose viability [I03]]. This process is reversible. Interestingly, DPS
binds non-specifically to DNA. We speculate that when DPS concentration increases, it induces the DNA
collapse, and a dense phase appears. For proteins of the size of DPS (< 10 nm), the apparent rigidity of
DNA is large (= 50nm). Hence we might be in a case where the coil-globule transition is precluded by
the freezing transition. Other examples of DNA compaction by non-specific proteins seem to exist. For
instance the protein RecA induces the formation of DNA bio-crystals in E. coli which have an essential role
in the DNA repair system [26]], and the condensation of DNA in crystal-like configurations by spermine
and polyamines has also been well characterized [[105]].

Earlier studies have demonstrated that the frozen phase can present various metastable states [94].
In the large N limit (N is the length of one chain), the transition time scale from one to another could
be very large, and the system might well never equilibrate within biological time scales. Moreover, the
parallel drawn between the Hamiltonian paths theory and the Flory-Huggins theory does not pretend
to mathematical rigor. One essential difference is that in our case the attractive interaction between
monomers is mediated by spheres. A way to compute more precisely the structure of the dense phase
would be to go beyond the homogeneous saddle point approximation leading to the Flory-Huggins theory,
for instance by using self-consistent field methods [541/55]], which are quite complex methods in the case
of semi-flexible polymers.

(a) (b) (c)

Figure 2.14 —Electron microscope (EM) images of DNA co-crystals in E. coli . CryoEM of DNA condensed inside
the T5 bacteriophage in toroidal shapes [100]. DNA-protamines complexes with bundle shapes observed by cryo-imaging with
transmission electron microscope ||
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2.5 Discussion

We presented here two complementary frameworks to describe the phase diagram of polymeric fluids
induced by binding particles, and applied it to a DNA chain interacting with DNA-binding proteins.
Starting from a Flory-Huggins free energy, we first computed the mean-field phase diagram and found
that at low temperature (i.e. high DNA-protein affinity) a biphasic regime exists, consisting of the
coexistence of a dilute phase and a concentrated phase. The dilute phase may correspond to swollen
configurations of the DNA whereas the concentrated phase is a model for condensed states of DNA. It
turns out that the theory may also apply to DNA condensation by multivalent ions. Second, we addressed
the characterization of the dense phase structure and showed that the chain bending rigidity can have
dramatic effects. Without bending rigidity, the dense phase has no directional order and is a molten
globule. However, when the chain bending rigidity is large enough, there is a freezing transition from the
globular to a crystalline phase. Eventually for very rigid chains, the coil-globule transition is precluded by
the freezing transition and the phase transition predicted in the Flory-Huggins framework does not occur.

In the cell, the existence of a dense phase could be a good approximation for the transcription factories
observed experimentally. It is conjectured that this may increase the rate of success in transcription
initiation by means of protein crowding and by enhancing the promoter search mechanism. Note that
at a scale coarse-grained to a few thousand base-pairs (gene scale), the chromosome is flexible and the
dense phase has the structure of a molten globule. Conversely, at a scale of a few base-pairs, the apparent
rigidity of DNA is much higher. Thus, the DPS protein, which binds non-specifically to DNA, can induce
the collapse of the E. coli chromosome into crystal-like aggregates; the dense phase is then frozen. This
is not an efficient state for a searching mechanism. But on the contrary, it is very adequate to protect DNA
or to halt transcription.



Appendix

2.A Matrix elements of the Gaussian fluctuations

We recall the expression of the action in eq. (2.8):

BS=-i f dr pp (r)¢ep(r) —ifdrpp(r)sop(r)
+ f drdr’ pp(rupp(x’ —1)pp(r) + f drdr’ pp (r)upp (r' — 1) pp(r)
+ B f drdr’ pp(rupp(r’ —r)pp(r) (2.55)
1
3 f dr (pp(r) + pp ()’
. . P M
—PInWligp]— MInQ[igp] + Pln " +MIn -

with the single bead and single chain partition functions:

Wligp] = f dR exp (~igp(R)).

N (2.56)
Oliepl =fD[r(S)] exp _,BUO[r(S)]_ide‘PD(r(S)) .
0

We now give the first and second order derivative of the action, which are used to find the saddle-point
equations and perform the Gaussian fluctuations analysis. For the sake of clarity, we take 8 = 1 in the

51



52 CHAPTER 2. MODELLING OF TRANSCRIPTION FACTORIES

sequel. The first order functional derivatives are:

oS
0pp(r)

= —ipp(r) + f dr’upp(r —1")pp(r’) + f dr’upp(r—r)pp(r’)

1
+ 5wlpp(0) + pp(r))?

58 , 5InQ
=-ipp(r)-M ,
Sop(r) d¢p(r) (2.57)
6pis(r) = —ipp(r) +fdl" upp(r—r")pp(r’) +fdl" upp(r—r")pp ()
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In the RPA analysis of section[2.4.T] these derivatives are to be computed at the mean-field solution:

pp(r) = cp,
¢p(r) = ¢p, (259)
pp(r) =cp,
pp(r) = ¢p,

which we denote by the * subscript in what follows. Evaluating the five first equations in eq. (2.58) at the
mean field saddle-point is easily done, whereas it requires further computations for the two last ones. We
obtain:
628
d¢pp(r)ogp(r’)
628
6¢p(r)dep(r’)

=cp (6(r— r) - %),
* (2.60)

=cp (Sn(r—r')—cp),

*
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where Sy (r—r’) is the structure function of the polymer chain. Its expression follows directly from taking
the second order derivative in eq. (2.56):

N

cpSn(r—r') = <f dsds’ 8(r —r(s))o(r’ — I‘(s'))>
0
N
= QL f dsds’ fD[l'(t)] S(r—r(s))s(r’ —r(s"))exp (-Up[r]) (2.61)
0
0

N
1 ; o :
-z f ds ds’ f dry dro (exlem 00y (e |00y r] =00 g,
0
0

where we have introduced the chain propagator:
r(s)=r’
4(t's: 10) = f DIr(1)] exp (~Uplr])
r(0)=r (2.62)
= (1| )

=({@'ly(s), () =Ir).

A proper choice of normalization results in |(s)) to be the probability distribution function for the
last monomer. Consequently, we have

f ar g(Fs;r0) = f dr’ (10 (5))

Il
—_

(2.63)
f drdr’' g(r's;r0) = f drdr’ ('|y(s)) = V.
Eventually, the structure function of the chain has the expression:
| N
Sy@ —r) = v f dsds’ g(r's’;rs). (2.64)

0

Let us emphasize that this result is valid only because Sy (r’ — r) can be expressed in eq. (2.61) as a
matrix product of the three subchain propagators g(ry N;r’s’), g(r’s’; rs) and g (rs; ro0). More generally,
the chain propagator must obeys a Chapman-Kolmogorov equation. For a Gaussian chain it is [[53}/55]:

aq ’ ! az ’ ! ’ !
a(rs;r s’ = FArq(rs;r sy =V(r)q(rs;r's’), (2.65)

where A, is the Laplacian operator and V (r) is an external field. It should be noted that the r.h.s. is
diagonal in Fourier basis. In the case of the free Gaussian chain, V(r) = 0, one obtains for the chain
propagator:

azls'—s\fiz
gk, s"—s)=(kle” © |k)

( a2k2|sl _ S|) (266)
= exp ——6 .
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Plugging this result back into eq. (2.64) gives the structure function of the Gaussian chain:
Sn(K) = ND(K*Ry), (2.67)

where R; = a?N/6 is the radius of gyration of the chain and D(x) = 2/x%(x + exp (—x) — 1) is the Debye
function.

2.B Detection of the coil-globule-crystal transitions

In order to detect the coil-globule transition, we monitored the quantity:

log R,
q= )
log N

(2.68)

where R, is the radius of gyration of the polymer. For a self-avoiding polymer with scaling law R, ~ bN”,
q = v +cst/log N. In a good solvent, the polymer is swollen with v = 0.588 whereas in a bad solvent it
collapses with v = 1/3 . Thus ¢ varies like v.

In order to detect the coil-crystalline transition, and following [93]], we first defined the quantity

na = lui-eql, (2.69)

in which i runs over all the bonds of the polymer, u; is the unit vector having the same direction as the bond
i and e, is the unit vector of the corresponding a-axis (o = x, y, z). We chose to monitor the quantity:

p=1-2mn (2.70)
Nmax

where 1., = ming (ny) and 7,4 = Maxq (ne). Itis clear that for an isotropic configuration, ny = ny = n,
resulting in p = 0. Conversely, for a configuration stretched in one direction, say along the x-axis, n, = 1
and ny, = n; = 0, resulting in p = 1. Thus p effectively measures the directional order of the polymer.

We then performed a thermodynamical average over uncorrelated configurations sampled from BD
trajectories to obtain (g) and (p). We carried out this procedure for different values of the DNA-protein
interaction, represented by the strength & of the corresponding Lennard-Jones interaction and plotted the
values of (¢g) and (p) as a function of & (fig. 2.15).

In order to to identify the transition point, we performed a fit with a sigmoid function:

1

—_— 271
1+ e @71

s(x) =

The inflexion point, x* = 0, was taken to be the transition point. Carrying out this procedure for
different values of /,, gave the phase diagram from fig. 2.13b]
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Figure 2.15 — Collapse of a DNA polymer interacting with binding proteins through a Lennard-Jones potential with strength &, for
different persistence length /,. For each & the average values (Rg ), (q) = VR < and (p) are computed from BD simulations. A fit
with a sigmoid function gives access to the coil-globule transition (for Rg and g) and the globule-crystal or coil-crystal transition

(for p).
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Chapter 3

A side-study: computation of the
structure function of a worm-like chain

In chapter [2) we have seen that the structure function of a polymer is a quantity that arises in polymer
field theories, and in particular in the Random Phase Approximation (RPA). Although this object has an
analytical closed-form for a Gaussian chain, it is not the case for a worm-like chain (WLC). However the
chromosome is a rigid biopolymer better described by the latter model. Therefore, the RPA analysis in
chapter[2]has motivated additional work to compute the structure function of polymer chains with bending
rigidity.

In the present chapter, we consider a discrete worm-like chain polymer model. We first introduce the
pair correlation function, which is the central quantity required to compute the structure function. We
will show that the pair correlation function can be expressed exactly as a power of a transfer matrix with
complex entries. We then apply our result to the computation of the structure function for a worm-like
chain and compare it to the values obtained with Monte-Carlo simulations, as well as with other existing
methods of the literature.

3.1 Relevance of the structure function in polymer field theories

In polymer physics, the structure function is a central quantity which characterizes the density fluctuations
at thermal equilibrium. More accurately, it is related to the two points correlation function for the polymer
density:

¢Sn(r) = (p (r+1)p’)), (3.1

where N is the length of the polymer, p(r) is the concentration of polymer and ¢ = N/V is the mean-field
concentration in a cavity with volume V.

The structure function has key applications in self-consistent field theories of polymer mixtures,
including the RPA. Briefly, the RPA looks for Fourier modes k driving critical fluctuations (see for
instance [53,55]). The specific shape of the structure function can induce instabilities for non zero wave
number Kk, which is in general the signature of a microphase separation.

The analytical expression of the structure function for a Gaussian polymer is known to be the Debye
function [53}/54,/77]]. Yet, many polymers cannot be considered as such. The example of biopolymers
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like DNA, actin and microtubules is a case in point. It is then necessary to take into account a persistence
length [, which characterizes the distance over which a polymer looses the memory of its orientation.
This is the realm of semi-flexible polymers. In a simplified picture, such a polymer can be discretized as
a sequence of monomers with inextensible bonds, free to rotate from one to the next. A common way
to deal with them is to use the so-called Kratky-Porod model [59], or worm-like chain (WLC), which
introduces a penalty proportional to a bending modulus x when two consecutive bonds are not aligned.
Despite the longing interest in computing the structure function for semi-flexible polymers, there is no
exact analytical closed-form available. Nonetheless, several solutions have been proposed. Some of them
rely on analytical approximates [62},86}/87,/106], while others provide numerical methods to compute the
desired quantity [[88-90]]. After presenting our method, we will discuss some of them in the sequel.

3.2 Expression of the pair correlation function

3.2.1 Pair correlation and structure function

Let us start from the discrete WLC presented in section [I.3] with N + 1 monomers. The density of
monomers at position r is given by:

N
p(r) =) 6 (r=ry), (3.2)

n=0

where as usual, r, is the vector of spatial coordinates for monomer n. If we substitute this expression in
eq. (3.I), and integrate the translational degree of freedom, then we obtain:

1 N
Sn(r) = 5 D40 (0= (6 = 1)), (3.3)

m#n

in which the terms such that n = m have been removed when going from a continuous to a discrete chain.
Let us now introduce the pair correlation function:

gn(r) =6 (r—(ry —r10))), 3.4
with Fourier transform:

gn (k) = (exp (ik - (ry —19)))
| N N-1 N
= Q_ f l_[dzuj exp |—« Z(l —u;.u,) +ik.Zuj .
NV o =1 =

From eq. (3.3), we see that the Fourier transform of the structure function, Sy (k), can be expressed
as:

(3.5)

N
1
Sn(k) = ;ngmfmmk), (3.6)
Note that at &k = 0, we retrieve Sy (0) = N + 1 which is the number of scattering units, i.e. monomers
of the chain. It is clear that the central quantity to compute is the pair correlation function, but the integral
form from eq. (3.3)) is out of scope for practical use when N grows to large values.



3.2. EXPRESSION OF THE PAIR CORRELATION FUNCTION 59

3.2.2 Expression in terms of transfer matrices

We extend the transfer matrix defined in eq. (I.T6) on page[T5|to Fourier modes, k # 0:

(3.7)

T(ulu’)=exp(—/<(1—u-u’)+ik~u+u)

and rewrite eq. (3.5) as

1 i _ +
gN(k)zQ—Nf[l:[dzuj T(uj|uj_1)] exp (lk~¥) (3.8)

For k = 0, T is real and symmetric, yet for k& # 0, the transfer matrix is still symmetric but with complex
matrix elements. Note that this kind of transfer matrix had been introduced earlier in the literature, but
with ik = f real, in order to compute the relative extension of a WLC polymer when a force is applied at
both ends [[107.|108]]. In what follows, we will keep the same notation for 7 but it should be kept in mind
that it implicitly depends on the wave number k.

The integration in eq. is carried out over the angular variables ¢ and 6 in the spherical coordinates
system attached to the z-axis (see eq. (I.36) on page 22)). However, we can formally integrate out the ¢
variables. Hence we obtain a reduced transfer matrix 7', with matrix elements:

A 0+ 0’
(61 0') = Io(k sin 6sin 6) exp (—K(] —cosfcosb’) + ik% , (3.9)
where
de
Io(2) :fﬂ exp (z cos ¢) (3.10)

is the modified Bessel function of rank 0. The evaluation of Iy(z) is performed numerically, for which
several routines are available [64)]. Besides, one can still use polynomial approximations to save up
computational time. Using the reduced transfer matrix, the pair correlation function from eq. (3.8) now
reads:

gnv(k) = Lfde sin @ ®(O) TV D(9), (3.11)
On X

where we defined ©(9) = exp (ik cos 8/2). Note that our notation for matrix-vector product implies that
the correct measure, df sin 6, is taken in the integration. In particular, the product of T with the function
O reads:

T
TO) = f do’ sin0’ T(0 | 6")D(H"). (3.12)
0

In conclusion, the pair correlation function has been expressed as an integral over one single angular
variable 6. Besides, it only depends on the norm k of the Fourier mode considered. As can be expected
at that point, a calculation scheme of gn (k) will consist in expanding @ on the basis of eigenfunctions
of T. However it is worth pointing out that 7 is not hermitian in general, except when k = 0 for which
it is real and symmetric. Therefore in the general case, the eigenfunctions ¥, (6) of 7" are not orthogonal,
ie. f do sin 6Y,,(0)Y, (6) # Op,nr. We stress that the final form in eq. is exact and can be formally

rewritten as:
(@ 7N |c1>>k
gn(k) = (

A . (3.13)
® | TN |c1>>k:0
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3.3 Application to the computation of the structure function

In this section, we introduce our method to compute the pair correlation function gn (k) and apply it to
compute the structure function of a discrete WLC with N + 1 = 200 monomers. Then we compare our
results to existing methods.

For computational efficiency, we have used the following expression for the structure function:

N
2
Sw (k) = N;w—m 1ga(k), (3.14)
which is equivalent to eq. (3.6), but reduces the computational complexity from O(N?) to O(N).

3.3.1 Transfer matrix method

As announced, we devised a numerical procedure based on eq. (3.13)) to compute gn (k). For convenience,
we have chosen to make the change of variable T = —cos 8, with the uniform integration measure on
[-1, 1]. We also chose a discretization of size M, through the regular subdivision:

2
Tm=—1+mMWithm=0,...,M. (3.15)

Using this discretization, the matrix elements of the reduced transfer matrix T read:

T+ Y
tmn = €Xp (—K(l = YY) — 1k%)1@ (K\/l — 1241 - ‘r,%), (3.16)

where Iy(z) is the modified Bessel function of rank 0. Similarly, the discrete version of the function @ is
a vector with coordinates:

$m = exp (—ik%m) : (3.17)

For each value of the wave number k, the discrete matrix 7' can be diagonalized, namely ¢,,, =
2 pmj/ljp;,i, where Ao > A > ... Ay are the eigenvalues and p;; is the matrix of coordinates for the
diagonal basis. Once again, let us emphasize that both the eigenvalues A; and the matrix p;; depend on
the wave number k. The pair correlation in eq. (3.13) is then finally expressed as the ratio of two sums:

[#mDmi AN~ p7l b (K)
[¢mpmj /ljvilp;,: ¢n] 0 ’

gn (k) = (3.18)

where the summation on indices j, m, n is implied.

This procedure provides a systematic way to compute the pair correlation function of a discrete worm-
like chain for any value of the rigidity parameter « (fig. [3.I). The pair correlation function obtained
correctly interpolates between the Gaussian chain, for which gy (k) = exp (—szZ,), and the rod-like
chain, for which gn (k) = sin (kN)/(kN).

In practice, the numerical complexity lies in the fact that for any wave number &, we need to diagonalize
a M x M complex square matrix. As the rigidity of the chain increases (large «), a discretization with
a larger M is required, resulting in an increased complexity. For x > 1, T(6 | 6’) is sharply peaked
around the straight bond configuration 6 = 8, with a maximum at § = 6’ = 0 (7). As T(6 | 8”) becomes
localized near 6§ = 6’, replacing the integral in eq. by a Riemann sum with a regular subdivision
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such as in eq. (3:13) is not adapted, and M needs to be increased. Therefore, for very rigid chain, the
transfer matrix method is not ad hoc since the complexity for diagonalizing a matrix of size M grows like
oM 3). As can be expected, the accuracy reached for the computation of the structure function Sy (k)
will depend on the value of M (fig.[3.2). In other words, for fixed M, the quality of our prediction falls off
as the rigidity of the chain increases, especially in the small k regime. On the basis of this analysis, we
used a discretization M = 1000 in further applications.
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Figure 3.1 — Computation of the pair correlation function for different values k. The dotted lines are the Gaussian, exp (—kzN / 6),
and the rod, sin (kN)/kN pair correlation functions. We considered a chain of length N = 200 and used a discretization with
M =1000.
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Figure 3.2 — Transfer matrix computation of the structure function for M = 50, 100, 500 and 1000. We considered a chain of length
N =200 with a bending rigidity « = 20. ESN (k) as a function of k. szN (k) as a function of k (Kratky plot).
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3.3.2 Comparison with other methods

As areference method, we computed the structure function of a WLC using Monte-Carlo simulations. We
used a standard Metropolis-Hasting Monte-Carlo algorithm to sample configurations of a discrete WLC
in the Boltzmann ensemble. A configuration was defined by the N + 1 coordinates of the monomers {r;}.
At each iteration, a new configuration {r;} was generated from the previous one using pivot and crankshaft
moves. The probability to accept the new configuration was taken as usual to be

Pr ({r;} — {r}}) = min (1,exp [-BU,(r}})) - UL ({r:})] ) (3.19)

where BUj, is defined in eq. (I.14) on page [T4] As is well known, the stationary distribution resulting
from this Markov process samples the Boltzmann equilibrium. After an initial run intended to reach the
Boltzmann equilibrium, we sampled 10000 configurations every 500 iterations. For N + 1 = 200, the
autocorrelation time appeared to be smaller than the time between two such configurations. Using the
ergodicity property of Markov processes, we computed thermal averages by taking an average over the
sampled configurations. In particular, the pair correlation function was computed using

gn (k) =(cos (k- (ry —rp))) (3.20)

which is equivalent to eq. because gy (k) is real. As can be seen in fig. the structure function
obtained with the transfer matrix method and with Monte Carlo simulations are in good agreement.

Other methods to compute the structure function of a WLC can be found in the literature. Two
good analytical expressions are available. Khodolenko [87] used an ansatz for the structure factor of
a WLC based on a Dirac propagator equation. By design, this model smoothly interpolates between
the Gaussian and rod-like chain limits. Although the formula proposed by Kholodenko seems like a
good approximate for the pair correlation function, it is not the actual solution for the WLC model.
Furthermore, both the physical interpretation of the parameters and the accuracy for intermediate stiffness
are not clear. Bhattacharjee and co-workers [62] enforced the constraint on the bond length, | u? -1,
through a mean-field approximation and relaxed the integration on the unit sphere to the full volume (see
section [I.3.4.2] on page [I7), and obtained an analytical expression for the pair correlation function. Yet,
its accuracy might be called into question for moderate stiffness, due to uncertain contributions of local
chain length fluctuations which are not taken into account at the mean-field level. Other methods have
been proposed, giving a numerical approximate of the pair correlation function of a WLC. Spakowitz [89]
and co-workers computed gn (k) as an infinite continued fraction, which must be truncated for numerical
evaluation. Although the numerical implementation of the continued fraction seems straightforward,
further treatments are required to obtain the structure function, namely an inverse Laplace transform.
Zhang and co-workers [90] used the Chapman-Kolmogorov equation satisfied by the Green function
G(k,u; s) of a WLC (see appendix. Physically, G(k, u; s) is the spatial Fourier transform of G(r, u; s),
which is the joint probability distribution that a chain starting at the origin ends up at position r with
orientation u. The associated numerical procedure makes use first of an expansion of G(k, u; s) in terms
of the spherical harmonics functions. This method shares similarities with our own approach.

We chose to compare our results (at M = 1000) with the analytical forms of Khodolenko and
Bhattacharjee (see appendix [3.A)), using the Monte-Carlo result as a reference. We observe that the
transfer matrix method performs better than the analytical forms of Kholodenko and Bhattacharjee for
moderate stiffness (fig. [3.3). Conversely, for strong stiffness, the transfer matrix method would require
a higher discretization M, and therefore it performs less well than the analytical expressions. Note
that this could have been expected since both Kholodenko and Bhattacharjee forms are derived from
approximations whose validity improves for stiff chains.
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Figure 3.3 — Comparison of the structure function obtained with different methods, for « = 2.00, 4.00, 20.00. We considered a
chain of length N = 200. SN (k) as a function of k. szN (k) as a function of k (Kratky plot).

3.4 Discussion

In conclusion, we have presented a method to compute the structure function of a WLC, in Fourier space.
The method relies on the eigenvalue decomposition of a transfer matrix with complex entries, which is
performed for each value of the wave number k. Specifically, the pair correlation function, which is
expressed as a power of the transfer matrix 7', can be straightforwardly computed with this method.

Our method appeared to be in good agreement with a computation of the structure function obtained
from Monte-Carlo simulations of a WLC. In addition, we have compared it with two of the existing
analytical approximations that can be found in the literature. We stress that the structure function
computed with these methods is not the WLC structure function, because the authors model the polymer
bending rigidity using models which are approximation of the WLC model. This might have lead to
discrepancies when comparing with our method because the bending rigidity parameter in these models
is not exactly the WLC persistence length, although we followed the interpretation given by the authors
of these studies. We found that our transfer matrix method performs better for moderate stiffness of
the WLC. To the contrary, for large persistence length our method performs less well. This is due to a
too sparse discretization of the transfer matrix 7', resulting in a discrepancy between discrete sums and
continuous integrals. A practical way to circumvent this issue would be to consider a finer discretization
of the transfer matrix T (larger M). This is of course possible, but it should be kept in mind, that the time
required to compute the structure function at wave number k, Sy (k), scales as N times the time required
to diagonalize T, which is in O(M?).
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Appendix

3.A Other methods to compute the pair correlation function of a
worm-like chain

Kholodenko’s method
Ineq. (11) from [87], the pair correlation function is computed from the expression:

1 sinh (\/1 - (k/m)sz) -
ifk <m

i=jme sinh(mN)

W sinh(mN)

where m = 3/(2l,). This ansatz is obtained from the analogy of the Hamiltonians between Dirac’s
fermions and semi-flexible polymers.

ifk>m

Bhattacharjee’s method
In eq. (15) from [62], the pair correlation function is computed from the expression:

(3.22)

gN(r>=N[1—<r/N>2]’°’2exp( N )

41, 1 - (r/N)?

where N is a normalization constant.
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Chapter 4

Model for the role of
nucleoid-associated proteins in
regulating transcription

In this chapter, we propose a model providing a direct connection between regulation of the transcription
and chromosome architecture.

In bacteria, an example of structuring proteins is the so-called family of nucleoid-associated proteins
(NAPs). Hence we will build our analysis on what is known today about these proteins. We first start by a
review of the literature on the four main NAPs in Escherichia coli bacteria which are: H-NS, FIS, HU and
IHF. We will describe the architectural changes induced on the chromosome by these proteins, and what
is known of their consequences on genetic expression. In particular, H-NS leads to the formation of DNA
filaments and hairpin loops which prevent RNA polymerase binding. Several studies have conjectured that
small H-NS/DNA hairpin loops can be unstable or easily disrupted by perturbations, such as the binding
of more dedicated transcription factors. Hence this constitutes the basis for a transcriptional switch, which
motivates an investigation of the underlying physical mechanism.

Second, we will figure out what is the relevant genomic scale to model the structuring effect of NAPs
on the chromosome. To serve this purpose, we will use data from ChIP-seq experiments. We will show
that the distribution of H-NS and FIS binding sites on the E. coli genome cannot be well modeled by
a Poisson stochastic point process where the realization of stochastic events in time corresponds to the
insertion of binding sites on the genome. In particular, we will show that deviations from this model occur
at short genomic distances, hence giving a likely scale at which evolutionary pressure has been exerted.

Finally, we will explore in more details the formation of DNA hairpin loops under the effect of H-NS.
We will show that in order to form stable hairpin loops, binding regions must have a minimum length.
This result is first derived using a simple polymer model with implicit interactions, and then confirmed
using Brownian dynamics simulations with explicit and divalent proteins. Then we elaborate on possible
implications for a regulatory mechanism relying on the disruption of these structures by other proteins
such as FIS.
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4.1 Introduction to nucleoid-associated proteins (NAPs)

4.1.1 What are NAPs?

In eukaryotic cells, histones provide a first and significant level of organization of the chromosome. Since
bacteria lack histones, the chromosome is not organized into nucleosomes and the relevant description of
the chromosome is the naked fiber of diameter 2.5 nm [[13]]. However, proteins playing a structural role
like histones exist. With no surprise, they are called histone-like proteins, or nucleoid-associated proteins
(NAPs), and are well known structuring proteins. In Escherichia coli, the NAPs family comprises 12
proteins [32], including H-NS, FIS, IHF, HU and StpA (a close analog of H-NS). The stationary phase
transcription factor DPS is to be mentioned too, although it is present in significant concentrations only
during the stationary phase or in response to stress.

The presence of NAPs is a universal feature among bacteria. In particular, there are found in many
Salmonella species, like S. typhimurium [[109]]. In other bacteria species, NAPs are not exactly the same
as in Escherichia coli, but often functional and structural analogs can be found. For instance in Bacillus
subtilis, FIS is present while H-NS is replaced by the protein Rok, which has a similar structure despite
the absence of sequence homology. In Deinococcus radiodurans, a radiation-resistant bacteria, H-NS and
FIS are not found, but HU and DPS are present in the cell [26]. Unless otherwise stated, we discuss in the
sequel the biology of the E. coli bacteria.

4.1.2 Architectural and regulatory role

Like histones in eukaryotes, NAPs contribute significantly to the compaction of the bacterial DNA. In
E. coli the 1.5 mm bacterial DNA is folded dramatically to fit into the 1 um? volume of the cell. More
precisely, DNA is constrained to sit in a small region near the center of the cell [[110]]. It has been
demonstrated that this is mainly due to H-NS, which induces the formation of approximately two clusters
per chromosome, which constitute the bacterial nucleoid. It has been shown that Rok has a similar role in
B. subtilis [111]]. Consequently, H-NS is found inside the nucleoid, whereas FIS, IHF and HU are found
mostly at its periphery [[112}|113]].

In general, regions of the chromosome which are trapped inside the nucleoid appear to be transcription-
nally silent. Therefore, there is a connection between chromosome architecture and transcription, yet to
be resolved. More generally, all NAPs were shown to have an effect on the transcription of a large number
of genes. For instance, it is known that the presence of AT-rich regions upstream of gene promoters can
dramatically increases transcription [[114]. Incidentally, AT-tracks, which are DNA sequences consisting
of the repetition of A and T nucleotides, are over-represented in the genome of E. coli [19]]. Interestingly,
H-NS, FIS and IHF bind preferentially to AT-rich regions [[115]], suggesting that the binding of NAPs to
the chromosome is correlated with the role of AT-tracks in regulating the transcription.

NAPs have a strong influence on DNA architecture in the cell and are often called structuring proteins.
Yet, it was shown that removing mRNA from E. coli bacteria had more impact on the topology and shape
of the nucleoid than the removal of H-NS, FIS or IHF, suggesting that the prevalent role of NAPs is not
only architectural but also regulatory [[115]].

In short, the ubiquitousness of NAPs in bacteria points toward a key role maintained throughout
evolution. In particular, NAPs are the most abundant transcription factors in E. coli [116]]. Thus their
high concentrations and numerous binding sites scattered across the genome suggest that even today
NAPs still play a prevalent regulatory role over other less abundant transcription factors. Presumably,
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regulatory functions stem from architectural changes induced on the chromosome. Besides, they are
commonly found in bacterial species, suggesting that they are the remnants of a long-lived evolution from
a common ancestor. Altogether, these elements represent strong reasons which motivate a more profound
understanding of the mechanism by which NAPs regulate gene expression.

4.1.3 Characterization in vivo

The concentration of NAPs depends on the growth phases of a cell population (fig. . T). H-NS concentra-
tion remains of the order of 20 000 copies/chromosome [|116-118]]. For this reason, it is often considered
as the NAP of reference. With more than 75 000 copies/chromosome during the exponential growth phase,
FIS is the NAP with the highest concentration in the exponential growth phase. Yet its concentration
plummets to less than 100 copies/chromosome during the stationary phase [[19,/116]. Similarly, the ratio
of HU to H-NS is HU:H-NS=2.5 during the exponential growth phase and falls to approximately 1.0
during the stationary phase [110]]. IHF concentration is low during exponential growth phase and sharply
increases at the onset of the stationary phase [117]]. Eventually, NAPs can be ranked according to their
concentrations in different growth phases [[119}/120]:

* FIS > HU > H-NS > IHF > DPS in the exponential phase;
e DPS > IHF > HU > H-NS > IHF in the stationary phase;

suggesting that bacterial physiology and NAPs concentrations are intimately connected.

Because of their relatively high concentrations and of the small size of bacterial cells, their observation
with standard fluorescence microscopy is cumbersome [[111]]. Indeed, let us consider a bacterial cell with
volume 1 pum3, and a NAP with 20000 copies resulting in a number density ¢ = 2.0 x 10*ym=>. The
typical distance between two NAPs can be estimated to d ~ ¢™'/3 ~ 40nm, which is below the visible
light wavelength. This issue, also well known as the sub-diffraction limit has been addressed with modern
super-resolution techniques [[74}75].

What distinguishes NAPs from other transcription factors is not only their high copy number but also
their large number of targets on the chromosome. Thus NAPs bind widely on the bacterial chromosome
with a coverage of the order of one binding site for every hundred base pairs (1:100 bp) [111]. Moreover,
although less than 10 % of the genome corresponds to non-coding DNA, approximately 50 % of each
H-NS, FIS and IHF binding sites fall in the promoter regions, suggesting a strong regulatory role for the
NAPs [115].

4.2 The Nucleoid-Associated Proteins of E. coli bacteria

4.2.1 The Histone-like Nucleoid Structuring protein (H-NS)
4.2.1.1 DNA binding

H-NS is a small protein binding widely to DNA (17 % of the chromosome in E. coli [32]). Consequently,
it was believed for long that H-NS could bind non-specifically to DNA [122}|123]]. In fact, state-of-the art
high-throughput ChIP-seq experimental techniques have demonstrated that sites with a slightly increased
affinity exist. Specifically, a 6 bp long binding motif has been identified [32]] (fig.[4.2). This motif consists
in an AT track, with a core of 3 consecutive nucleotides having an information content close to 2 bits of
information (for the meaning of bits of information, see [124}[125]). The average number of 3-nucleotide
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Figure 4.1 — Evolution of NAPs concentrations across the different growth phases [[121]].

random draws before returning to an AT 3-nucleotide core is only 8, or equivalently 24 bp. Therefore,
despite a bias for AT-rich sequences, it turns out that the binding motif might be quite commonly found
throughout the genome, which makes the non-specific binding hypothesis legitimate in a coarse-grained
approach.

A H-NS monomer is able to bind DNA with its C-terminal domain. It can also can dimerize with
another H-NS protein with its N-terminal domain [111]]. Such an H-NS dimer is a divalent protein with
two DNA-binding domains. Furthermore, H-NS can gain valency by polymerizing with other dimers.
Contrary to other NAPs, H-NS does not seem to induce any bending of the DNA upon binding. Thus the
old claim that H-NS binds preferentially to curved regions of the DNA might find its origin in the fact that
AT-tracks are indeed more flexible. Alternatively, DNA regions presenting a hairpin-like conformation
might represent good candidates for subsequent binding by H-NS, since in this case H-NS can bridge the
two DNA segments without any enthalpic bending penalty.

Remarkably, H-NS dimers can induce the formation of rigid DNA-H-NS-DNA filaments (or bridges)
[122/123]]. Such filaments can nucleate from an initial binding site with higher affinity and elongate
in a zipper-like fashion. At moderate H-NS concentrations (>1:100 bp), H-NS-bound DNA molecules
display a characteristic structure with many filaments, usually flanked by DNA loops (fig.[#.3a). At larger
concentrations, dense structures are observed, presumably due to the existence of complexes containing
H-NS oligomers with a high polymerization index.

The mechanisms for the formation of DNA/H-NS bridges has remained elusive however. For instance,
itis not clear how DNA binding and polymerization of H-NS dimers result in stable filaments. On one hand,
a single molecule experiment demonstrated that two double-stranded DNA molecules previously coated
with H-NS fail to make filaments, suggesting that dimerization alone is not sufficient to make filaments.
Instead, H-NS dimers, tetramers and other oligomers would bind several DNA sites simultaneously
[126]]. On the other hand, the packing of DNA into the nucleoid by H-NS has been demonstrated
to be highly deficient in mutants where H-NS could no longer polymerize, as evidenced by super-
resolution fluorescence microscopy [111]. More accurately, H-NS condenses the bacterial chromosome
in approximately two clusters with diameter close to 300 nm in wild-type cells, but these clusters disappear
in mutant cells where H-NS cannot dimerize.
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4.2.1.2 Thermochemical considerations

As already mentioned, H-NS exists under the form of oligomers with different polymerization indices.
In vivo studies demonstrated that it is a dimer at low concentration and a tetramer at high concentration
[[122]]. Furthermore, single DNA molecule studies have shown that H-NS has a high off-rate from DNA,
k= ~ 1.5s57!, suggesting that the DNA/H-NS bridges are fragile [126]. This can ease the dynamical
re-organization of the genome architecture. The same authors also measured the binding free energy of a
H-NS dimer bound to two DNA sites and found a value close to be 11 kgT, i.e. a binding free energy of
A’ f ~ 5.5 kgT per DNA-protein link.

4.2.1.3 Regulatory function

We have seen that H-NS concentration is constant in first approximation, and that it may be considered as the
NAP of reference. Structural and/or regulatory changes might result from variations in the concentration
ratios of other NAPs relatively to H-NS. For example, the ratio HU:H-NS is 2.5 in the exponential growth
phase whereas it is close to 1.0 in the stationary phase. It has been argued that HU counteracts the
compaction of DNA induced by H-NS and that the balance between the action of the two NAPs have an
important role in regulating the transcription [110].

H-NS over-expression in E. coli has radical effects: it stops the cell growth, and makes the cell
enter a stationary state, even when induced in the middle of the exponential growth phase. In minimal
media, it was even reported to kill the cell [[112,|127]]. More accurately, H-NS over-expression stops the
production of RNA transcripts, and therefore protein synthesis. The resulting nucleoids displayed strong
morphological signatures: very dense and compact. Therefore, H-NS is generally considered as a global
transcription silencer, through DNA compaction.

In physiological conditions, H-NS represses the transcription of many unrelated and non-essential
genes [32,[109} 11 LL{T12}[115/117L122}[123]]. We stress that H-NS is also involved in the regulation of the
rrn operon encoding rRNAs, which are extremely abundant constituents of the ribosomes (essential for
the cell).

In agreement with the results obtained when H-NS is over-expressed, it was shown that genes repressed
by H-NS appear to be bound by H-NS and sequestered in clusters, whereas genes which are not regulated
by H-NS do not localize in such clusters [[111]]. Consistently, a ChIP-seq study has shown that genes bound
by H-NS are not bound by RNA polymerase (RNAP) and that their associated RNA transcripts have very
low copy numbers in the cell [32]. In contrast, in mutants lacking H-NS, the same genes were significantly
expressed and bound by RNAP. The study also confirmed that H-NS preferentially binds to AT-rich regions
in agreement with previous claims [[109}|118]]. The majority of these AT-rich regions are sequences longer
than 1000 bp which are significantly enriched in genes acquired by horizontal transfer. Smaller binding
regions appeared to correspond essentially to sequences in the promoters of operons or genes. In short,
the mechanism of gene repression by H-NS seems to rely on the co-localization of H-NS-bound genes in
dense clusters which can not be accessed by RNAP. The global regulation of transcription by H-NS might
encompass a transcriptional modulation (by mild repression) of the short promoter-rich binding regions,
and complete silencing of large binding regions.

Most AT-rich regions correspond to xenogenic DNA acquired by lateral transfer (from bacterial
viruses for example). From an evolutionary perspective, it has been argued that the primary role of H-NS
could have been to act as a genome sentinel by silencing the expression of xenogenic DNA [109,|118].
Subsequently, sequences and transcription factors might have evolved independently and occasionally
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produced mechanisms able to relieve H-NS-mediated repression. Thus, although H-NS could have
acquired its prevalence in the bacterial kingdom because of its xenosilencing role, this system designed
for defense might have been diverted from its original function in the course of evolution to serve other
purposes, namely transcription regulation. An example is the rrnB operon which is repressed by H-NS
through the formation of a hairpin loop but activated by FIS (fig. &.3D).

Incidentally, an interesting candidate for a regulatory mechanism based on H-NS effect is the so-
called RNAP-trapping mechanism by the rrnB promoter [[115]]. AFM experiments have demonstrated that
upon binding the rrnB promoter, RNAP can be trapped in a hairpin loop at the extremity of a DNA/H-NS
duplex [122]. This mechanism is thought to enable a fast response to external stimulus because RNAP does
not need to be recruited anymore when the H-NS repression is relieved. In the case of the rrnB promoter,
the stimuli corresponds to the binding of FIS in the promoter region. More generally, other TFs might
be able to relieve the H-NS-mediated repression by disrupting the H-NS/DNA complex [[109,(118|123]].
On a local scale, H-NS may act in concert with other proteins resulting in specific regulatory functions.
The cooperative effect of H-NS hairpin loop repression with a disrupter TF may be envisioned as a
transcription “switch”.

H-NS is also a sensor to many environmental changes. For instance, H-NS expression is increased in
response to a cold shock. In Salmonella, 75 % of the genes having their expression altered by a temperature
shift from 25 °C to 37 °C also depend on H-NS concentration [[117]. Namely in S. typhimurium it was
found that an increased temperature results in a diminution of the fraction of H-NS bound to the virulence
gene virF, hence relieving its repression [[109]. This suggests that the heat-shock response is mediated
by a change in H-NS expression. Therefore, thermodynamical changes in the environment can alter the
relative fraction of H-NS monomers and other oligomers, which induces a physiological response.

As a complementary mechanism, it has been suggested that the H-NS/DNA duplexes might prevent
the supercoiling propagation along the chromosome [118]], and it was shown that H-NS over-expression
correlates with a global decrease of supercoiling.
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Figure 4.2 — Position Weight Matrices for H-NS and FIS computed from high-throughput ChIP-seq experiment [32].

4.2.2 The Factor of Inversion Stimulation (FIS)
4.2.2.1 DNA binding

It was characterized early that FIS is a protein with a degenerate consensus binding sequence which can
bind widely on the genome [32,|117,/128H130]. Similarly to H-NS, few sites with higher affinity can be
found. In particular, ChIP-seq studies have identified a 15 bp binding motif for FIS [32l[114,[130] (fig..2).
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Due to the presence of side chains in the protein structure, FIS effectively spans a 21 bp region once bound
to DNA [129].

FIS is a homodimer [[129}|130], i.e. its structure comprises two identical subunits which are assembled
together. Each subunit has a helix-turn-helix structure resulting in a protein domain that can bind DNA.
Hence FIS is divalent, namely it can bind two DNA sites simultaneously. Upon binding, FIS makes
contacts with two consecutive major grooves on the DNA double-helix, separated by approximately 11 bp.
However, the length between the binding domains of the two subunits is too short, and consequently DNA
is bent by 40-50° [[19,[130]. Once bound, FIS can interact with flanking DNA and/or proteins with its
side chains. In particular, it has been established that it can bind the @-CTD domain of RNAP by charge
complementarity. This finding supports the view that FIS can recruit RNAP to facilitate the initial binding
step of RNAP to the promoter [[114}/122].

The DNA structures resulting from the interaction with FIS are different from the structures induced
by H-NS. In particular, FIS results in the formation of branched structures in supercoiled circular DNA
molecules [[119]. This effect is grounded in the formation of DNA loops. In vitro assays have shown
that DNA branching starts to appear at a protein ratio of 1:160bp. For higher concentrations, starting
with a ratio <1:80bp (or a concentration > 75 nM), DNA collapses in low mobility complexes [[119]. In
between, at moderate concentrations, FIS favors the formation of loops. This has also been evidenced
with force-extension experiments [[129}[130]], in which a stretching force is applied at both ends of a linear
DNA molecule of 50-100 kbp. For various FIS concentrations, a threshold force was identified, below
which the DNA molecule collapses. This appeared to result from the existence of loops induced by
thermal fluctuation at low forces. Such loops can be quenched by FIS proteins binding the extremities
of the loop. Specifically, upon re-extension of the DNA molecule, discrete steps of DNA molecule size
were observed, corresponding to the opening of such quenched loops. Their typical size was estimated to
200 bp. From a regulatory standpoint, formation of loops in promoter regions may potentiate transcription
by bringing in proximity remote regulatory sequences. On the contrary, dense aggregates occurring at
high FIS concentration are expected to silence transcription in a manner similar to H-NS.

4.2.2.2 Thermodynamical considerations

The concentration of FIS peaks during the exponential growth phase, with approximately 75,000
copies/chromosome (~ 50 uM) [19,(116,|128|131]. Yet, in the stationary phase, FIS concentration
plummets to undetectable levels [32]. Paradoxically, despite being the most abundant NAP in this phase
of growth, it remains spatially localized to the periphery of the nucleoid, whereas H-NS for instance is
distributed in the whole nucleoid.

It appears that FIS binding to DNA is much stronger than that of H-NS. Indeed, starting from a DNA
molecule coated with FIS, it was shown that the introduction of additional DNA molecules providing free
competitor binding sites was not enough to drive the dissociation of FIS proteins from the original DNA
molecule [[130]. Dilution of the solution to increase the entropy of free FIS proteins was also insufficient
to drive FIS dissociation. Finally, upon force re-extension of the DNA molecule and breakage of the
DNA loops maintained by FIS, it appeared that FIS still remained bound to DNA. From these assays, the
apparent dissociation coefficient measured was K; ~ 1 mM. Besides, ChIP-seq experiments revealed a
very strong background signal for FIS binding in the exponential phase, confirming the high affinity of
FIS with DNA genome-wide [32].
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4.2.2.3 Regulatory function of FIS

The role of FIS in regulating the transcription is less clear than with H-NS and has remained rather
controversial. It has been argued that FIS is an activator for several genes, including the genes of the
macrosynthesis (tRNA, rRNA) [[I131]] and the hns gene [109|117]]. Early ChIP-chip experiments also
demonstrated that 61 % of FIS binding occurs in promoter regions. Beside, 47 % of these binding
events were correlated with the binding of RNAP, supporting the role of RNAP recruiter for FIS [[19].
Interestingly, it is also claimed that FIS has a role in regulating DNA supercoiling since it was found
to be an activator for the expression of topoisomerase I, one of the enzymes responsible for relieving
supercoiling [[117].

Yet there are also many cases where FIS acts as a repressor. For instance it represses its own
expression [[115]]. Hence there is no general tendency toward activation or repression of the transcription.
Even more confusing, some equivalent genes in Escherichia coli and S. typhimurium appear to be contrary
regulated by FIS [131]. Eventually, these results should be taken with caution since the differential
expression measured for those genes is sometimes very small. A rather recent ChIP-seq study [32] has
even concluded that despite its role as a key activator/repressor for very few genes, such as the rrnB
operon, in most cases the transcription of genes bound by FIS is not significantly affected by the fis gene
deletion.

Concerning the rrnB operon, it has been shown that FIS binding increases the transcription of the
downstream genes by 3 to 7 fold [114]. As detailed previously, this promoter is also under the repressive
control of H-NS, which operates through the formation of DNA/H-NS hairpin with RNAP trapped at
the apex [[122]. FIS has 3 binding sites upstream in the rrnB promoter. Such bindings may interfere
with H-NS binding, disrupt the DNA/H-NS filament, resulting in the de-repression of the rrnB operon.
Another evidence of this phenomenon seems to be the observation from ChIP-seq experiments that H-NS
and FIS binding are mutually exclusive and anti-correlated [[32]. Furthermore, as stated previously, H-NS
has a high off-rate, suggesting that the DNA/H-NS filaments can undergo fast dissociation whereas FIS
binding to DNA is strong, suggesting that it may prevent H-NS mediated repression for large times.

Several works have sought to relate the action of FIS to supercoiling in bacterial chromosome [115].
In E. coli the typical size of a supercoiled domain is of the order of 10 kbp. ChIP-chip studies have shown
that there is approximately two FIS proteins bound per supercoiled domain. Therefore the average spacing
between consecutively bound FIS in vivo is estimated to 5 kbp.

4.2.3 The Heat-Unstable protein (HU)
4.2.3.1 DNA binding

HU is a dimer whose monomers are coded by the hupA and hupB genes. Both homodimers and het-
erodimers are present in vivo [[132]. HU binds a 9 bp motif on the DNA sequence [110]] and bends DNA
by approximately 60-70° [[133]]. The binding motif is quite degenerate and consequently, HU binding is
nearly non-specific.

4.2.3.2 Regulatory function

A large number of bacteria contain proteins which are close sequence analogs to HU, pointing to an ancient
and fundamental role of HU [[110}/132]]. However, the regulatory function of HU has remained elusive.
Some experimental works reported that HU increases transcription initiation. This is maybe because HU
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bends DNA and decreases supercoiling when binding to DNA, which may facilitate RNAP binding [[117].
HU has also probably an important role in regulating DNA replication and stimulating DNA unwinding
at the origin of replication (oriC) of E. coli chromosome by regulating the assembly of the pre-replication
complex [[134].

More specifically, there are strong reasons to believe that HU can relieve the repressive action of H-
NS [1104117]. Since H-NS concentration is constant during the cell-cycle, variations in HU concentration
may constitute a fundamental mechanism to tune the genetic expression globally. Thus, there is an
antagonism between HU and H-NS effects. The main role of HU would be to counteract the compaction
of the chromosome by H-NS by opening up the chromosome in order to make it accessible for transcription
[L10].

4.2.3.3 Thermodynamical considerations

During the exponential growth phase, there are approximately 55,000 HU copies/chromosome, but during
the stationary phase, the concentration of HU is reduced to 20,000 copies/chromosome [[1 1041 16l117./132]].
Furthermore, HU binding to DNA is relatively strong, with a dissociation constant K; ~ 200 — 2500 nM.
As a side remark, similarly to FIS, HU tends to localize at the periphery of the nucleoid, with RNAP and
ribosomes.

4.2.4 The Integration Host Factor (IHF)
4.2.4.1 DNA binding

IHF binds a 13 bp motif on the genome [135]. Although its binding sequence is shorter than FIS, the
binding motif is more constrained, which makes IHF the most specific of the NAPs. IHFs sharply bends
DNA upon binding, by about 160°. This implies an important enthalpic cost because DNA is rigid on
that scale (it has persistence length /,, = 150 bp), which explains partially why the IHF binding is weaker
than with other NAPs.

4.24.2 Regulatory function

As with HU, a large number of bacteria contain structural analogs to IHF, pointing to an essential role
maintained throughout the evolution. It acts also probably in concert with HU to regulate DNA replication
by stimulating DNA unwinding at the oriC [[134].

It has also been conjectured that the sharp bending induced on DNA favors the nucleation of H-NS
filaments. Hence, IHF might work in concert with H-NS and act as a repressor, in agreement with the
finding that IHF binds mostly transcriptionnally silent regions [115,/132]. Incidentally, IHF concentration
increases during the stationary phase, in which many genes are silenced.

4.2.4.3 Thermodynamical considerations

During the stationary phase, there are approximately 20,000 IHF copies/chromosome. This concentration
is slightly decreased during the exponential phase but remains close to that value [[116]. IHF binding to
DNA is also much weaker than that of HU for instance, with a dissociation constant K5 ~ 20 — 30 uM.
This low affinity might be due to the important enthalpic cost which comes from bending DNA. It seems
that the bound protein has no contact with the DNA major groove, suggesting that the binding is mainly
entropic, which may be another reason for this low affinity [[132]].
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Protein H-NS FIS HU IHF
Binding motif | 6bp 15bp 9bp 13bp
Binding . . . .
specificity nearly non-specific nearly non-specific nearly non-specific specific
Bindi

nding weak strong strong weak
strength
DNA bending | no 40-50° 60-70° 160°
i —
(') igomeriza yes o (n0) (n0)
tion
. open/rigidify the
h f
Effect on DNA/H-NS oY iy | double-stranded DNA haitoin
DNA filaments . P DNA by decreasing P
average size 200 bp .
supercoiling
75000 in 55000 in
Copy number exponential phase exponential phase
20000 20000
(per genome) and < 100 in and 20000 in
stationary phase stationary phase

Table 4.1 — Synthetic table for the properties of the four main NAPs in Escherichia coli. We used parenthesis for properties in which
some doubts remained after careful inspection of the literature.

4.2.5 Summary

NAPs can be quite puzzling at first because they have an effect on the genetic expression of a broad class
of genes and on the structure of the chromosome. As such, they illustrate the loose frontier that exists
between transcription regulation and chromosome architecture, which with most likelihood implies some
sort of feedback mechanism between the two processes.

Their effect on the chromosome architecture entails DNA compaction, DNA bending or the formation
of specific structures. H-NS induces the formation of filaments, which makes DNA hardly accessible
to other transcription factors, including RNAP. FIS is able to quench DNA loops produced by thermal
fluctuations. HU tends to open the DNA double-helix by decreasing supercoiling. IHF can bend DNA in
a hairpin configuration. A summary on the properties discussed in this section is given in table {.1]

We have seen that NAPs are also the transcription factors with the largest concentrations in the cell.
This prevalence certainly suggests that their structuring role is coupled with specific functions, probably
in regulating the transcription. In this sense, it is remarkable that NAPs, or at least structural analogs,
are found in different bacterial species. This fosters the view of a universal role played by NAPs in the
bacterial kingdom and acquired early in the course of Evolution by giving a crucial fitness advantage.
Subsequently, regulatory mechanisms based on these architectural changes induced on the chromosome
may have been selected. In particular, we shall explore a model of regulation based on the formation of
DNA hairpin loops (or helices) by H-NS.
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4.3 Relevant scale for modeling the effect of NAPs

4.3.1 Evolutionary selection of random insertions

Before attempting to model the effect of NAPs on the chromosome architecture and seeking to relate this to
biological processes, an important question is: what is the correct scale to investigate this effect? Indeed,
performing Brownian Dynamics (BD) simulations at base pair resolution is not realistic because sampling
equilibrium configurations would require too much computational power. It is therefore required to
coarse-grain some molecular details. For instance, taking a unit length of about one double-helix turn, i.e.
l1u ~ 10bp = 3.4 nm seems at first like a reasonable choice because it is close to the naked DNA diameter
of 2.5nm and therefore allows for a consistent modeling of the bacterial DNA using a beads-on-string
polymer. It is also of the order of magnitude of a NAP binding sites (fig. d.2)).

But even at this resolution, modeling the full E. coli chromosome would require about 5 x 10° beads,
let alone the introduction of protein beads to model NAPs which are to interact with DNA. In order to
reduce the complexity and focus on the underlying physical process it seems necessary to consider shorter
chunks of chromosome. But how to choose their size?

In the case of the lac operon, repression occurs through a looping mechanism [5]]. It requires the
promoter to contact an auxiliary site, 401 bp downstream on the sequence, caused by the binding of the lac
repressor. Similarly, a repressor system of the coliphage A was evolved in E. coli in which the simultaneous
binding of a tetramer with the promoter and an auxiliary binding sites separated by 3600 bp lead to a
drastic repression of transcription [7]. In these simple examples, the natural scale for the regulation of
transcription is the distance between the promoter and the auxiliary sites.

Such reasoning does not apply to NAPs because the regulatory mechanism has remained less clear,
and in particular it cannot be reduced to the formation of one single loop. However, NAPs binding sites
may have been acquired and maintained during Evolution by horizontal transfers [118]]. Therefore, we
will use this assumption to investigate at which scale was exerted evolutionary pressure.

4.3.2 Model of NAPs binding sites insertion

Let us consider the E. coli genome of size Ng = 4.6 x 10%bp, with the usual genomic coordinate
s =1,..., Ng. We now introduce the sequence of coordinates:

S0 <81 <$ << Swm, (41)

which represent the starting position of M+1 binding sites on the genome. We also introduce the spacing
variables d; = s; — s;_1. Formally, this can be seen as the realization of M events, starting from time
so, drawn from a stochastic point process, in which the spacing distances are random variables. In the
absence of evolutionary pressure, it would be reasonable to expect that random insertions of foreign DNA
have been independent events. Therefore, we will consider that the spacing variables d; are drawn from
independently and identically distributed (i.i.d.) random variables that we denote with capital letters, D;
. Thus we may model the insertion of NAPs binding sites as a stochastic point process with independent
increments:

P = (50,50 5% 2 Sp-.)  Si—Si1=D; ED. 4.2)

We may also make the more restrictive assumption on the spacing random variable D:

Pr(D>d)=Pr(D-dy>d|D>dy), 4.3)
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which is a non-aging condition in standard survival stochastic point processes. As a consequence,
eq. {@.3) ensures that D is an exponentially distributed random variable, with probability distribution
function (p.d.f.) .
- -d/{d
u(d) = e, 4.4
which is equivalent to say that % is a Poisson stochastic point process.

Therefore, if NAPs have a regulatory role underlying cooperative binding between distant sites along
the DNA sequence, this should be visible as a bias in the insertion of binding sites throughout time
(fig. B.4). In particular, the independence between consecutive binding sites insertions is flawed and
deviation from the exponential distribution in eq. (#.4) should arise. However, it is reasonable to think that
at large genomic distances, binding site insertions become uncorrelated. We may thus define a cross-over
distance d* such that:

{D< = 1(4<a+)D is exponentially distributed, @.5)

D, = (1 — 1{4<q-}) D is exponentially distributed.

In conclusion, we propose to compute the p.d.f. of the spacing distance between consecutive NAPs
binding sites (we will shortly present how). If it is exponentially distributed, then no evolutionary pressure
has flawed the Poisson-dot-process-like insertion of the binding sites. In that case, one can doubt that any
regulatory role is exerted by NAPs. Conversely, if it is non-exponentially distributed, it is the signature
for the existence of a non-random layout of NAPs binding sites with a regulatory role. The cross-over
between the two regimes will give us the scale that should be considered when modeling the effect of
NAPs on the chromosome architecture.
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Figure 4.4 — Random insertion of NAPs binding sites and evolutionary selection of sites playing an essential regulatory role.

4.3.3 Binding sites spacing analysis from AT content

In a first approach, we consider that NAPs binding sites correspond to AT-rich sequences. This is valid
to some extent because as discussed in the last section, H-NS indeed binds preferentially to AT-rich
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sequences [115]. In order to perform this investigation, we use the MG1655 E. coli genome, available
from [[136]. Then we define the density of AT nucleotides at coordinate s on the genome, par(s), by
considering a running window of size L:

s+L—1
par(s) = ¢ kZ Liar)(br) (4.6)

where br € {A, T, G, C} is the nucleotide at coordinate k. The corresponding p.d.f. can be computed and
is shown in fig. 5] for different sizes of the running window.
In order to identify potential NAPs binding sites, we need to set a threshold p such that an occupancy
variable can be defined as:
xar(s) = {1 i par(s)>p @7
0 otherwise,
and used to identify binding sites to coordinates where y ar(s) = 1. The threshold was set by fitting the
AT-density par(s) with a sum of Gaussian distributions. For example, for L = 20 the distribution of
par(s) is well fitted by a single Gaussian p.d.f. whereas for L = 200 two Gaussian p.d.f. were required
(fig.[4.5). We then set the threshold as:
p=u+30c 4.8)

where p and 0% are the mean and variance of the dominant Gaussian distributions. In fig. we show
the binding regions obtained (y a7 (s) = 1) for a chunk of the E. coli genome. We have chosen genomic
coordinates in the range 3.8 x 10°-3.9 x 109 bp in agreement with [32]], which will be used in the next
section.

Eventually, we are able to analyze the presence of long-range interactions in the NAPs binding sites
repartition. Following the directions given in section[4.3.2] we have computed the p.d.f. for the distance
between consecutive binding regions (fig. .7). In other words, we computed the p.d.f. of the size of
the empty regions. We observe that this p.d.f. has an exponential tail, suggesting that no evolutionary
constraint is exerted at distances d > d* ~ 2 kbp. On the contrary, deviations from the exponential decay
are seen for d < d* and characterized by an over-represented fraction of empty regions with small sizes.

For cross-validation, we have also computed the (connected) auto-correlation function of the AT-
density:

Car ={par (s + 50) par (50)) = {par ($)){paT (50)) 4.9

where s( can be any coordinate on the genome. We observed a non-exponential decay at short genomic
distances (fig.[4.8). Moreover, an exponential fit of the tail suggests that the cross-over indeed takes place
for genomic distances of a few kbp.

4.3.4 Binding sites spacing analysis from ChIP-seq data

While the previous approach can give insight on existing correlations between NAPs binding sites on
the genome, it is clear that limiting NAPs binding sites to AT-rich regions is a crude approximation of
the reality. Incidentally, ChIP-seq experiments provide a way to measure directly the in vivo genomic
positions of NAPs binding sites. Therefore, in this section, we will consider this ChIP-seq experimental
data and use the Poisson-point-process analogy described in section[4.3.2]

ChIP-seq experiments measure the density of binding for a protein of interest to the chromosome.
Briefly, ChIP-seq experiments involve first a cross-linking step to fix proteins bound to DNA. Then DNA
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Figure 4.5 — Probability distribution function of the AT-content p o1 (s) (data points), fitted to a sum of Gaussian p.d.f. . We used
a window size L = 20 or L = 200.

is sheared and the proteins, tagged with an anti-body, are immuno-precipitated. After purification, DNA
fragments that were bound to such proteins remain and are amplified by PCR. An alignment step follows,
in which the read sequences are mapped to genomic coordinates with a typical resolution of 200 bp.
Hence, for each bin at coordinate s, we obtain the number of times the protein of interest was bound to
this particular location. Actually, the counts obtained represent the number of binding events up to the
PCR amplification ratio. However, we shall consider that this operation only changes the normalization
of the counts. In summary, a counting variable n.p;, (s) is obtained. Here we use recent high-throughput
ChIP-seq data for H-NS and FIS [32].
Let us now define the density of binding:

p(s) = %n(s), N = Zs:n(s), (4.10)

where we have dropped the “chip” index for the sake of clarity. As before, we need to define a threshold
that allows us to label each coordinate s as a binding or a non-binding site.
It may seem natural to assume that the density of binding at coordinate s is a Boltzmann weight [|124]):

1 !
pls) = e P, (4.11)

where £(s) is the binding energy of the protein to the sequence at coordinate s, 8 = (kgT)~! is the inverse
temperature and Z is a normalization.
Let us also assume that there is a finite number M of binding energy levels encountered throughout
the genome, such that:
EM < EM-1 <<€ <& (412)

where g is the unbound state and g; withi > 1 are bound states. The bound states may represent different
binding modes and correspond to the existence of binding sites with different affinities, e.g. primary and
auxiliary binding sites. Then the probability for a protein to be bound to to the chromosome with energy
€ is expressed as a sum of delta functions:

M
Pr(e) = Z axd(e — ex), (4.13)
k=1
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where ay is the proportion of sequences with binding energy & in the genome.

In reality, the energy states might not be exactly discrete because the space of binding sequences is
very large. Hence a better description might be to replace the delta-functions introduced in eq. {#.13)) by
Gaussian weights:

J 1 (e — &)
Pr(e) = Z @k exp|— ) (4.14)
= /2770-,% 20

where a‘i is the variance of the energy fluctuations of the NAP binding in mode k, with mean energy .
For both H-NS and FIS, fitting — In n(s) to a sum of Gaussian distribution according to eq. appeared
to be a good approximation. For H-NS (fig. #.9b), we can clearly distinguish two peaks in the energy
levels distribution. In particular, we can assess the difference between the bound state and the unbound
state to g9 — €1 ~ 2 kpT. Note however that the energy scale in kg7 depends on the PCR amplification
ratio. For FIS (fig.[4.9¢), the conclusion is less clear because only one mode remains in the binding energy
distribution. It seems highly unlikely however that FIS be present only in the unbound state because it has
a strong affinity with DNA. Instead we prefer to consider that the bulk of the proteins is actually bound to
the chromosome.

In summary, we can extract the binding energies of the protein (up to a constant) from the logarithm
of the ChIP-seq counts, and fitting the energy p.d.f. to a multi-variate Gaussian mixture model gives us
the associated energy levels. In particular, we can use this information to define a threshold that retain
only the bound states. More accurately, we considered the sum of the M* dominant Gaussian distributions
such that

> ase (4.15)
k<M*
with @ = 50 %. This defines a distribution f3(c) for the bulk of the binding sequences with mean and
standard deviation given by:

M M’
2 AkEk Y ak(el +07)
k=1 k=1
Ep = Y O'i = "~ Ez, (416)
2 @k 2 @k
o) K=1

which appears to be a better description of the dominant mode (unbound for H-NS) than taking the single
Gaussian distribution with £ = 0. As announced, this enables the definition the thresholds:

£ =2¢8p — 30, p =exp(—&), “4.17)

from which we defined an occupancy field, similar to eq. [.7):

1 if p(s) > p,
x(s) = ) (4.18)
0 otherwise,

such that coordinates where y(s) = 1 are considered as binding sites.

We have applied this method to H-NS and FIS (fig. and scanned the ChIP-seq counts along the
genome to find potential binding sites. In fig.[4.6] we show the result for the same genome window as the
one used in [32]. In order to attenuate inaccuracies related to the resolution of ChIP-seq experiments, and
following the same authors, we have joined binding regions separated by less that 200 bp. The obtained
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binding regions are in qualitative agreement with [32]], so we conclude that our definition for the threshold
is consistent, and stick to it because it has a clearer physical interpretation in terms of binding energies.

We are now ready to analyze the presence of long-range interactions in the NAPs binding sites
repartition. Similarly to section[4.3.2] we have computed the p.d.f. for the distance between consecutive
binding regions on the genome (i.e. the p.d.f. for the length of the empty regions). For both H-NS and FIS,
we obtain that this p.d.f. is well fitted by an exponential distribution, except at short genomic distances
(fig. B.10). Actually, a large number of distances fall within the first bin of the histogram in our figure
and result in a deviation from the exponential decay. Altogether, the distribution for the distance between
consecutive binding sites can be considered as exponential for genomic distances d > d*, with d* ~ 3 kbp
for H-NS and FIS. Note that the exponential distribution of the distance between binding regions for FIS is
consistent with a previous work which found it to be well described by an exponential p.d.f. with average
Skbp [19].

We cross-validated our results by computing the auto-correlation function for the ChIP-seq counts
n(s):

C(s) = (n(s + so)n(so)) — (n(s + s0)) (n(s0)), (4.19)

where sg can be any coordinate on the genome. For both H-NS and FIS, we obtain that C(s) decays
exponentially for genomic distances larger than a few kbp (fig. .TT). For shorter genomic distances, it
is clear that C(s) does not have exponential variations, as can be seen in logarithmic scale. For genomic
distances larger than 5 kbp, the auto-correlation functions seems to collapse on an exponential curve.

4.3.5 Conclusion

In this section, we have exploited an analogy between a Poisson stochastic point process and the insertion
of NAPs binding sites in the genome throughout evolution. We found that the repartition of NAPs binding
sites in E. coli genome presents very few correlations at long genomic distances. This suggests that any
regulatory mechanism induced by an architectural change of the chromosome following NAPs binding
can be investigated for chromosome chunks of length d < d*.

Using ChIP-seq data for H-NS and FIS, we found d* ~ 3kbp. We conclude that it is sufficient to
study H-NS and FIS in regions with a size of a few d* (typically N ~ 10kbp) because it is unlikely that
regulatory mechanisms involving architectural changes exist at larger genomic distances. In particular,
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this suggests that BD simulations at a relatively low resolution (i.e. with a monomer size b ~ 10 bp) may
be used to investigate the effect of NAPs on the chromosome architecture, and infer regulatory effects.

4.4 Model for the regulatory effect of H-NS

As seen in the previous section, we may assume that it is sufficient to model the effect of H-NS on the
chromosome architecture on relatively short scales. In this section, we investigate a view of genetic
regulation in which short H-NS binding regions of the DNA experience transitions between an open
state, in which the chromatin is accessible to RNAP, and a closed (or looped) state which prevents RNAP
binding and therefore represses transcription.

4.4.1 Experimental evidences of H-NS loops

Atomic-force microscopy experiments (AFM) have shown that H-NS induces the formation of DNA
filaments (fig. d.3a on page[73) [110]. These filaments result from the action of H-NS, which can bridge
two neighboring DNA sequences together. Other experiments were performed with a rrnB promoter (the
main promoter of one of the seven ribosomal RNA synthesis genes in Escherichia coli) inserted in the
middle of a 1200 bp long linear DNA fragment [122]. First, when introduced into the medium, RNAP
appeared to bind the promoter, and in most cases induced a local curvature of the DNA fiber. Second, the
introduction of H-NS resulted in the formation of DNA filaments in the vicinity of the promoter. More
accurately, the structure obtained can be compared to a hairpin loop. Remarkably in many cases, RNAP
appeared to be trapped at the apex of such hairpin loops (fig. 4.3b). Such RNAP-trapping mechanism is
thought to silence transcription of the gene under the control of this promoter, but also to enable quick
transcription restart once the H-NS mediated repression is relieved because RNAP does not need to be
recruited from the bulk.

It was also demonstrated with high-throughput ChIP-seq techniques that H-NS binding sites are
clustered in regions, or tracks, of varying size L [[32]. Regions of size L > 1000 bp appeared to correspond
to genes with very low transcription levels. On the contrary, in short regions of size L < 1000 bp
transcription levels were not so low. Actually, many of these short regions appeared to fall within the
promoters. Following earlier discussions, we may assume that large regions are transcriptionnally silent
because of the formation of DNA filaments by H-NS. In short regions however, the overall force to
maintain the DNA hairpin loop is weaker, and consequently, DNA filaments may disassemble under the
effect of perturbations, leading to the removal of one or several H-NS proteins from the complex. Such
perturbations may result from the binding to DNA of a protein with higher affinity, or simply from the
entropic fluctuations of the DNA polymer. Altogether, the disruption of DNA hairpin loops in binding
regions of short lengths under the effect of thermal fluctuations or by the binding of an external protein,
may lead to the derepression of the downstream genes.

In summary, we propose that H-NS regulatory functions have derived from its original sentinel role.
Long binding regions are strongly repressed because they are confined in DNA filaments where RNAP
cannot bind. In shorter regions, the looped state is more sensitive to perturbations and can undergo
transitions to an open state, that can be used to modulate the expression of genes. This suggests that there
is a characteristic length for the size of H-NS binding regions which separates the two regimes. In the
sequel, we present a simplified model for the underlying physical mechanism in which such a characteristic
length naturally emerges.
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4.4.2 Model for the formation of H-NS loops
4.4.2.1 Free energy for hairpin configurations

As usual, we model a chunk of chromosome by a discrete polymer chain of size N. The chain consists
of N + 1 monomers with coordinates ro, ry,...,ry; N bonds defined as u; = r; — r;_1; and N — 1 joints
characterized by an angle «@; such that cosa@; = u; - u;;;. Furthermore, we use the WLC model, with
internal energy given by:

N-1
BUp [{ri}] = 1p Z (I —cosa;), i [| =1 (4.20)

i=1

where 8 = (kgT)~! is the inverse temperature and [ p is the persistence length.

In first approximation, we assume that the bridging effect of H-NS can be modeled implicitly by
introducing effective interactions between DNA monomers. Hence we consider a chain made of 2P
monomers and a "sticky" sequence of 2(L + 1) monomers in its center (fig. [4.12a). This constitutes a
chain of size N = 2P + 2L + 1. We are interested in the equilibrium of this system, and in particular in
the probability of the configurations in which the sticky sequence is paired with itself. For simplicity, we
assume that the configurations space is reduced to two configurations:

* Open (0): the chain is free; in particular the sticky sequence is not paired.
* Closed (c): the sticky sequence is paired in a hairpin structure of length L.

Hence the partition function of this system reduces to a two-state model:
Z=Z,+Z. 4.21)

In the rest of this section, we shall use notations introduced in section[I.3|to describe a discrete worm-
like chain. In particular, let us introduce again the entropy per monomer z (see eq. (I.T9) on page [T3),
and the chain propagator gn (u) (see eq. (I.T7) on page[I5). The first term in the right-hand side (r.h.s.)
of eq. [@.21) is simply the partition function of the free chain, i.e.

Z, = 4nz?P+2L, (4.22)

The second term is obtained as follows. We divide the polymer in three pieces (see fig. #.12a) which
are: the paired sequence of size 2L + 1 and the two dangling extremities of length P. The partition
function for the closed configuration is then obtained by summing the Boltzmann weights of two free
polymer chains of length P, plus the Boltzmann weight corresponding to a polymer folded in a hairpin
configuration with direction u. It can be expressed by using the Chapman-Kolmogorov structure of the
worm-like chain propagator g, (u):

Z. = 27dellP+1 dupior+1 gp(Ups1)gp(Upiar+1)d (Wpst + Upiorsr) e PEL
(4.23)

= 27de“‘]P(u)61P(—u)€_ﬁEL,

where Ep is the enthalpic contribution of the hairpin configuration. We considered this enthalpic gain to
be extensive in the hairpin length and proportional to the pairing energy —2¢, and the enthalpic cost comes
from the chain bending rigidity. Thus we have SEr = 2[,, —2Le. Note that without loss of generality, we
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have considered that the apex of the hairpin has a double-elbow structure with api; = @pir+1 = 7/2.
There is also a factor 2z due to the invariance by rotation around the hairpin axis. Finally, we obtain for
the Boltzmann weight for the close state:

1 :
Z. = 5(4:r)2z2”e—2’p+2“. (4.24)

The closed configuration will be dominant at thermal equilibrium if its free energy is lower than the
open configuration free energy:

lp —InV2r

-InZ.<-InZ, & L>L"=
e—Inz

(4.25)
Therefore, a characteristic length naturally arises that separates a regime in which the closed config-
uration prevails at equilibrium, for L > L*, from another regime in which the open state prevails, for
L < L*. The precise value of L* results from a competition between the chain bending rigidity, the pairing
energy and the conformational entropy per monomer, through /,,, £ and In z respectively.
The probabilities for the two states at equilibrium are then simply given by

Z, 1
Pr(o) = =
Zy +Z, 1+ ri-L/L . -2l
Z. pl-L/L* with T =2me P (4.26)
Pl = 257 ° Tevr

When increasing the length of the sticky sequence, the probability of the closed configuration increases
progressively from Pr(c¢) = O to Pr(c) = 1. At L = L*, the two states have the same probabilities
Pr (o) = Pr(f) = 1/2. Note that this is not a phase transition because the cross-over between the two
regimes is continuous. However, this result breaks down in the limit /,, — co. In that case, the probability
of the closed configuration jumps abruptly from Pr(c) = O to Pr(c¢) = 1 at L = L* and it is a phase
transition.

P 2L 41 e

P+2L+1+M
P+L+1

(a) (b)

Figure 4.12 —|(a)|Bridged configuration with no loop (hairpin). Bridged configuration with a loop.
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4.4.2.2 Free energy for hairpin-plus-loop configurations

We have just studied the case of a polymer chain containing a unique “sticky” region of size 2L + 1. We
now consider the case in which a chain contains two sticky regions, each of size L, and separated by a
linker of M non-sticky monomers (fig. [4.12b). As before, the rest of the chain is made of 2P monomers.
The partition function of the closed configuration now reads

Z. = f dugp()gp(—u)e? Gy (w) 4.27)
where Gy (u) is the Boltzmann weight for the linker:

Gar () = f Py T (—u | W) (Uparat + -+ Upsioper —U) S (@-wy)  (428)

where u, is by construction a unit vector perpendicular to u, and 7 is the transfer matrix used to describe
a worm-like chain (see eq. (I.I6) on page [I5). With the same arguments as before, we obtain a more
general expression for the characteristic length in eq. {@.23):

1 In GM

L' =—— 4.29
2e-Inz ( )

In particular, for a chain with no linker, M = 0, we have Gy = 2mexp (-2[,) and eq. @]) reduces
to the previous expression of eq. (.25).

4.4.3 Investigation with Brownian Dynamics

We have obtained the existence of a characteristic length for H-NS binding regions from a very simple
polymer model. In particular we have considered implicit interactions so far. To cross validate our result,
we now present a BD model with explicit proteins and compute the probabilities of the open and close
states.

4.4.3.1 Model for DNA and H-NS

Following the results of section [4.3] we model the chromosome at a resolution close to the naked DNA
fiber. In particular, we take monomers of size b ~ 10bp = 3.3nm. It is also close to the size of one
H-NS binding site. Thus we model a chunk of chromosome of size 4 kbp as a beads-on-string polymer
with N + 1 = 400 monomers and persistence length [, = 15b. As usual we use a FENE potential to
model the bonds elasticity, a Kratky-Porod potential to model the chain bending rigidity and a truncated
Lennard-Jones potential to model excluded volume. A summary of the potentials considered for BD
simulations is given in table {.2]

We also introduce the H-NS protein as a sphere with same dimensions as the DNA monomers. But
in reality, H-NS is a divalent protein, with two DNA binding sites roughly making a 180° angle with the
center of mass of the protein. In order to reproduce this anisotropy in the binding to DNA, we introduce
two tiny spheres of diameters d, tangent to the protein sphere of diameter b (fig. [4.13a). Note that such
spheres are fake atoms that we have introduced only to construct a numerical model for H-NS bivalency.
This design was inspired by previous work [46]. In the sequel, we have taken d = 0.2b.

Similarly, H-NS binding sites can only bind one H-NS protein at a time. Thus, for DNA monomers
able to bind H-NS, we also introduce a fake atom of diameter d (fig. 4.13b). Let us denote v; the unit
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vector giving the direction to the H-NS binding site from the DNA monomer center with coordinates r;.
Incidentally, the covalent bonds between H-NS and DNA are formed with bases making contacts through
the major groove. However, at the scale considered, b corresponds approximately to one helical turn of
the major groove, which is of 11 bp. Due to DNA torsional stiffness, H-NS binding sites on consecutive
monomers should point approximately in the same direction. In order to reproduce this property in our
simulations we had to introduce additional potentials. First, we introduce a bending rigidity potential to
favor configurations in which the H-NS binding site points in a direction orthogonal to the bond direction.
More explicitly we introduce the potential:

N
U=k Yy (I=siny),  sin(y) =u; v, (4.30)
i=0

in which it is seen that the penalty is a minimum when y; = n/2. This ensures that the H-NS binding
site remains on the surface of the tube of diameter b containing the DNA monomers (i.e. the DNA fiber).
Second, we need to ensure that consecutive H-NS binding sites tend to point in the same direction. This
is achieved by introducing a dihedral potential:

N-1
Uy=k) 2(1 — cos ¢p), 4.31)

i=1

where ¢; is the azimuthal angle between H-NS binding sites for the monomers i and i — 1 in the spherical
coordinate system whose zenith direction is u;. It is a dihedral potential because computing the angle ¢;
involves two DNA monomers with their respective H-NS binding sites, i.e. four atoms. Altogether, the
combination of these two potentials mimics the DNA torsional rigidity that tends to maintain consecutive
H-NS binding sites aligned. In our simulations, we chose k; = 50kgT and k; = 1 kgT. A snapshot of
BD simulation implementing this model is shown in fig. .14

Finally, the attractive interaction between H-NS and DNA must be a Coulombic screened interaction,
which can be well represented by a Yukawa potential:

-rlra

e
Ucour(r) = A r (4.32)

where A is a scale in kT measuring the strength of the interaction and r is the range of the interaction.
Since the Debye-Hiickel length is of the order of 1 nm in the cytosol [[137]], the range of the interaction is
small and essentially reduces to the dimensions of the objects interacting together. In our simulations, we
took a cutoff r4 = 0.3b ~ 1 nm (table [d.2).

We considered a polymer of N + 1 = 400 monomers and P = 100 spheres in a cubic volume of size
80b with periodic boundary conditions. A relaxation run was performed first for 107 iterations in order
to loose the memory of the initial configuration. We then performed a run of 10° iterations with a soft
pair potential to remove overlaps between atoms. Finally, we performed a run of 2 x 10® iterations with
all interactions in table with integration time step df = 7 x 1074, from which we extracted 200 evenly
sampled configurations.

4.4.3.2 Detection of DNA/H-NS bridges

The goal of our BD simulations is to assess the existence of DNA/H-NS bridges characterized in exper-
iments and check whether they are maintained at equilibrium. Therefore, we need a strategy to detect
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4
b ’ td m b
(a) (b)

Figure 4.13 — Numerical model for H-NS binding to DNA. Model for H-NS as a divalent protein. Model for monovalent
DNA monomers binding to H-NS.

Property Model Values
FENE potential:
U o 8y () ke = 30kgT
Bonds elasticity Jfene = 7 3p2 E‘l S 2 ¢ ?
0 ro = 15b
with: 0
W =r;—ri
Worm-Like chain potential:
Bending rigidit N-1] I, = 15b
cning neidy Unic = B0 %, L(1 - cosar) P
i=1 b
Truncated Lennard-Jones potential: b
. o =
Excluded volume Uev(r) = Vg (r) = Vos ™), if r < 1™ L kaT
interactions with: b ] Sth - 1/?
V() =42 |(2)" - (2)'] o= e
Yukawa potential:
Short-range coulombic exp (—r/rg) _
interaction Ucou(r) = A r ra = 03b

Table 4.2 — Numerical model to perform Brownian Dynamics simulation of H-NS/DNA bridges
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Figure 4.14 — Snapshot of Brownian dynamics simulation implementing the model of bivalency for H-NS (green with two red
binding sites) and monovalency for H-NS binding sites (cyan with one yellow binding site). Fake atoms are represented with an
exaggerated diameter in order to be seen.

such structures from BD trajectories. Following conventions from protein folding analysis, we define the
contact diagram associated with a configuration of the binding region as a sequence of L pairs (i, je)
with e = 1,..., L such that j, is the closest of the monomers in contact with i., and reciprocally i, is the
closest of the monomers in contact with j,. A contact is said to occur between monomers i, and j, when
| r;, —rj, |< &, where ¢ is a threshold to be defined. In practical applications, we have taken ¢ = 2.25,
and we have ignored contacts between nearest neighbors (up to third nearest neighbors). Such contact
diagrams can be represented by drawing an arc for each pair of monomers in contact (fig. @.15).

Starting from a contact diagram, we will say that a subset of pairs (i, j.) withe = 1,..., H form a
helix of length H when there is no crossing between the arcs joining the monomers in contact. There are
only two possibilities. First, when

i1 <ip<---<ig<jg<--<j2<]p, (4.33)

@ 99

we will say that it is an anti-parallel (or “-”) helix. Alternatively, when jy — iy is sufficiently small, we
may call such a helix a hairpin loop. Second, when

i1 <ip---<ig<j1<j<...jH, (4.34)

we will say that it is a parallel (or “+”) helix. Moreover, we impose that the contour distance between
consecutive monomers of a helix is not too large. In other words, | i, — i+ |< Ip and | jo — jes1 |< Ip
where [, can be seen as the length of the smallest bubble allowed in a helix. In practical applications,
we have taken /;, = 3. Examples of helices detected in configurations obtained from BD simulations are
shown in fig. 4.13]

For a given BD trajectory, we can compute N, (¢) (resp. N;lr (1)), which is the number of “-” helices
(resp. “+” helices) present in the configuration at time #. These quantities display dynamical variations,
as can be seen in fig.[#.16] We can compute the probability to have a “+” (or =) helix at equilibrium as:

T3]

Pr(x) = (Ir: (N;)), (4.35)

where the brackets stand for a thermodynamical average performed over several configurations sampled
from a BD trajectory. Finally, the probability for the existence of a helix at equilibrium is simply the sum
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of the probabilities of the two types of helices:

Pr (helix) = Pr(+) + Pr(-). (4.36)
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Figure 4.15 — Examples of helices detected from BD simulations. One anti-parallel helix. Several anti-parallel helices.
Parallel helices arising from a toroidal shape. We show in the first column a snapshot of the conformation used. In the second
column, we show the contact diagrams for the binding region in which monomers in contact are joined with an arc. In the third
column, we represent the helices present in the configuration of length H > 4. All three conformations were taken from a single
BD trajectory with N =400, L = 50 and A = 8.0kpT. H-NS spheres are not represented.
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Figure 4.16 — Time evolution of the number of helices. BD simulation performed with N =400, L = 50 and A = 8.0kpT.

4.4.3.3 Critical size of the binding region

On the basis of these definitions, we can investigate numerically the existence of the characteristic
length L* for the binding region. For several values of the binding region size L we performed 50
independent BD simulations as detailed above. Then we computed the helix and hairpin probabilities
according to eqs. [#.35) and (#.36)). Note that to detect hairpin loops, we actually detected "-" helices with
ja —ig <l =15.

In fig. 17| we represent these probabilities as a function of L for A = 7.0kgT and A = 8.0 kpT.
In both case L* is clearly visible. For L < L* we have Pr (hairpin) ~ 0, hence such structures are not
found at equilibrium. On the contrary for L > L*, we have Pr (hairpin) < 1, hence such structures can
be found at equilibrium. The fact that Pr (hairpin) is close but not equal to one means however that these
structures undergo dynamical fluctuations, as has already been seen in fig.[#.16] Finally, for A = 7.0 kgT
we have L* ~ 60 whereas for A = 8.0 kgT we have L* = 20 ~ [,,. Therefore, we qualitatively recover
that the critical binding region size decreases when the H-NS/DNA binding energy increases, as claimed

in eq. @.29).

4.4.4 Conclusion

In conclusion, we have investigated whether H-NS/DNA filaments characterized in AFM experiments
do correspond to equilibrium structures. Our analysis was also grounded on the observation that H-NS
binding regions follow a peculiar layout throughout the E. coli genome, characterized with ChIP-seq
assays. In particular, the fact that H-NS binding sites cluster in tracks means that binding regions can be
found in the genome with various size L. Such a layout suggests that H-NS binding regions can fold in
helices or even hairpins.

We have addressed this issue by first considering a simplified physical model in which only one binding
region of size L is present, and in which DNA monomers belonging to the binding region experience
attractive interactions between themselves. It is an implicit model for the effect of H-NS proteins. In this
framework, we have shown that a critical length for the binding region naturally emerges, separating an
open regime in which the binding regions remains unfolded, from a looped regime in which the binding
region folds into a hairpin conformation (possibly with a loop at the apex). We have then confirmed this
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Figure 4.17 — Characterization of the existence of the critical length L* for the H-NS binding region. The probability for each
points was obtained by performing an average as in eq. .33) over 50 BD trajectories computed independently. BD simulations
were performed with N = 400 and: @]A =7.0kgT and@]A =8.0kpT.

prediction using BD simulations. In the latter, we have considered the H-NS proteins explicitly, and we
have also designed a numerical model in order to reproduce the bivalency of the H-NS proteins and the
monovalency of the H-NS binding sites.

4.5 Discussion

In this chapter, we have sought to relate directly transcription to the chromosome architecture. Naturally,
we have started our investigation by reviewing the properties of NAPs, which are abundant proteins in the
bacterial cell and well known for their role in structuring the chromosome. The high degree of conservation
among bacteria species, combined with their prevalence over other transcription factors suggests that their
role is not only architectural, but that instead they are involved in biological processes and for that reason
have been selected during Evolution. In our review of the literature, we have seen that their effect on cell
physiology includes some elements of transcription regulation. Therefore, NAPs seem to illustrate the
connection that exists between chromosome architecture and transcription. We are convinced that this
connection is dynamical and may rely on a feedback mechanism between these two components.

Much uncertainty remains however on the precise link between structures entailed by NAPs and the
transcriptional response. In particular, the genomic scale of such regulatory mechanisms has remained
elusive. On the basis of an analogy between a stochastic point process and the insertion of NAPs binding
sites throughout Evolution, we have analyzed the presence of correlations in the NAPs binding sites
insertions. Using ChIP-seq data available for FIS and H-NS, we have concluded that it is very unlikely
that regulatory mechanisms selected by Evolution exist on genomic scales larger than 10kbp in E. coli
bacteria. In particular, the distribution of the distances between NAPs binding sites appeared to have an
exponential tail above this genomic scale.

Then we have studied in more details a typical structure induced by H-NS and well characterized in
AFM experiments: DNA hairpin loops. The effect of these hairpin loops on the transcription have been
thoroughly discussed in the existing literature, and appear to be at stake in the regulation of the important
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rrn operon in E. coli bacteria. In general, H-NS/DNA filaments lead to a repression of transcription by
preventing RNAP binding. Yet, the result obtained from ChIP-seq experiments, that short H-NS binding
regions are found preferentially near the promoters led us to conjecture that short hairpins may be used
as dynamical switches to modulate the transcription level of downstream genes. Using a very simple
polymer model of H-NS binding sites, we have found that a characteristic size for the binding region
naturally emerges, resulting from the competition between the chain entropy of the DNA polymer, the
bending rigidity (i.e. the persistence length of the DNA fiber) and the bridging effect of H-NS. Binding
regions with larger sizes lead to stable hairpins whereas smaller binding regions cannot form such hairpins
at equilibrium. We have confirmed this finding with BD simulation, using a model in better agreement
with the biological reality. Namely, we have considered divalent beads to model H-NS and monovalent
beads to model H-NS binding sites on the chromosome.

The existence of a characteristic length for H-NS binding regions suggests an ambivalent role. For
binding regions of large sizes, H-NS has a repressive role mediated by the formation of long DNA hairpin
loops, or helices. These helices are stable and can be maintained over biological time scales. Second
for regions with a size close to the characteristic length, the dynamical assembly and disassembly of
DNA hairpins may modulate the genetic repression or entail fast transcriptional response, such as the
so-called RNAP trapping mechanism. It also suggests that these hairpins, lying at the limit of the stability
condition, can be easily disrupted by external perturbations. For instance, it could be the binding of another
transcription factor with a larger affinity with DNA, such as FIS. In other words, FIS may introduce local
defects to the H-NS filament. Consequently, the two remaining binding regions flanking the FIS binding
site will have a size L < L*, resulting in the disassembly of the filament. This is a possible model for
transcription activation by FIS, that we call a transcriptional “switch”, and possibly at stake at the rrn
operon. Because it is based on the local structure of the DNA, which namely depends on the presence of
H-NS binding sites, it may explain why the effect of FIS on the transcription is so heterogeneous in E.
coli bacteria.

Of course, these speculations need to be refined and confirmed with further work. In particular, we
plan to model a chunk of the E. coli genome and include the real distribution of binding sites for H-NS and
FIS, based on ChIP-seq assays. We will investigate which among the H-NS binding regions form hairpin
structures. Furthermore, upon addition of FIS, we will see which ones are easily disrupted, and which
ones are not. It will be interesting to see if the dynamical re-organization observed in BD simulations
indeed correspond to known regulatory sites such as promoter regions. Nonetheless, we underscore that
a study based solely on BD simulations has many limitations. In particular, the biological values for the
binding energies are often unknown, and when experimental measures were performed, it is actually the
free energy which is measured and not the enthalpic binding energy alone. Therefore, such approaches
require some arbitrary choices. However, they also constitute a first step in relating more accurately
architectural changes and transcription regulation.
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Chapter 5

Reconstruction of chromosome
architecture from chromosome
conformation capture experiments

In this chapter, we address the problem of finding a model for the chromosome architecture from contact
probabilities measured in Chromosome Conformation Capture (CCC) experiments.

We start by introducing the reasons to find a better representation of the chromosome architecture.
We then present in more details what are CCC techniques and how contact probability matrices can be
generated. In particular we will present the methods used in this work to normalize CCC counts maps. We
conclude this introductory section by reviewing methods which have proposed models for the chromosome
architecture based on CCC contact matrices.

We then move on to present our model for reconstructing chromosome architecture. It consists
of a Gaussian chain polymer representation of the chromosome to which we add effective interactions
between DNA monomers under the form of harmonic springs. Such effective interactions do not have
any microscopic signification but instead represent a coarse-grained approach. Besides they are to be
determined from an input contact probability matrix. The resulting model defines a Gaussian effective
model (GEM). More formally, we may say that we address the problem of finding the connected object,
as a Gaussian chain, that produces a given contact matrix.

As an important result, we will obtain an analytical closed-form relating these effective couplings to
the contact probabilities at the Boltzmann equilibrium for the GEM. This method can be used to propose
a physical model of the chromosome under the form of a GEM which reproduces exactly the experimental
contacts. Yet it can result in a non-physical model when the correlation matrix of the GEM has negative
eigenvalues. Therefore we will present an alternative method, more demanding computationally, that
addresses this issue and yields a stable effective model of the chromosome.

Finally, we will apply our method to contact matrices from CCC experiments and comment on the
biological significance of the architecture obtained.

99
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5.1 Introduction

The primary function of the chromosome is to encode the genetic information of each cell individual. Yet,
chromosome folding (that we call architecture) has an impact on several biological processes including
replication, chromosomes segregation and transcription. On a local scale, divalent transcription factors
(TFs) can bind to DNA and locally alter the structure of the chromosome, namely by forming DNA loops.
In the case of the lac operon in Escherichia coli, the formation of a DNA loop leads to the repression
of the lac gene. On a global scale, chromosome architecture is constrained and shaped by structuring
proteins, which are nucleoid-associated proteins (NAPs) in bacteria and histones in eukaryotes. In
chapter [4] we have shown how structures of the chromosome entailed by NAPs can affect transcription
regulation. Therefore, a better understanding of chromosome folding seems like a keystone to unveil
complex regulatory mechanisms underlying the genetic expression.

A fundamental consequence of chromosome folding on transcription is to bring co-regulated genes
close in space. Chromosome folding is also assumed to induce the existence of transcription factories
[28.[70L/71}[74], or for instance the global silencing of genes in H-NS clusters [111]. At first, such co-
localization effects were called into question because the existence of molecular crowding together with
the confinement of the chromosome in the nucleus/cell result in strong topological constraints. However,
several Brownian dynamics (BD) and Monte-Carlo (MC) studies have demonstrated that co-localization
of a large number of genes can be achieved despite these constraints [45,40].

From a broader perspective, co-localization can be seen as a way to synchronize biological processes in
the nucleus/nucleoid. For the transcription, this would be achieved by sharing higher local concentrations
of RNA polymerase (RNAP) in transcription factories. In the context of epigenetics, regions on the chro-
mosome are tagged with marks (like methylations) which affects locally genes expression. In particular,
such marks can result in transcriptionnally active (euchromatin) and inactive (heterochromatin) regions.
Epigenetics marks held by a region of the chromosome can also propagate to neighboring regions, and
turn them for instance into actively transcribed euchromatin. Therefore chromosome architecture entails a
spatial network in which biological “signals” can propagate to nearest neighbors. We think this constitutes
a major determinant of cell physiology. Yet it is not clear whether chromosome architecture induces phys-
iological changes by selecting genes to be transcribed, or to the contrary whether physiological changes
lead to biological responses which alter chromosome architecture, or both.

Chromosome architecture can be investigated with physical models introducing binding proteins
[49,50L/138L[139]. However, it is a difficult problem for several reasons. First, the copy number of all
TFs without distinction is huge (up to 10% in E. coli [116]). Second, there are many different binding
proteins, with different binding energies and binding sites. A common approach to address this problem
is to consider a generic type of protein with average properties and representing several protein families
at the same time [46,(50]. Third, the values of the binding energies are in general not known, which leaves
the investigator with a free parameter to fit (or to guess) [49]]. Simulations and theoretical studies have
usually dealt with these limitations by considering simplifying assumptions which decrease the underlying
complexity. For example, taking a crude model for the protein-DNA interaction, reducing the number of
target types on the genome or considering several protein species as one. . . efc. Consequently, it is hard
to expect more than qualitative agreements between results of such studies and experimental data sets.
Therefore, models of chromosome architecture better rooted in biological data sets and which can be used
in BD studies are actively sought.
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5.2 Chromosome Conformation Capture experiments

5.2.1 Historical context

Chromosome Conformation Capture (CCC) techniques were developed during the years 2000s. At first,
they aimed at counting the number of contacts of a particular location on the chromosome (or locus)
with an other locus and were denoted by the acronym 3C. Later improvements have consisted in counting
the contacts of a single locus with several other loci on the chromosome (4C), and then of many loci
between themselves (5C). Finally, the combination of CCC techniques with high throughput sequencing
methods (Hi-C) brought these techniques to a larger scale by enabling the measurement of contacts
between thousands of loci on the chromosome. Hence these methods yield an enormous amount of data
to deal with.

During the last decade, Hi-C experiments have revolutionized experimental biology. Before them,
measures of the spatial distance between different loci or genes on the chromosome were essentially
performed with fluorescence techniques. Yet even with state-of-the-art techniques, like localization-based
super-resolution imaging (STORM or PALM) which can be used to survey the subcellular distributions
of DNA sequences tagged with a fluorophore, the resolution achieved and the amount of data generated is
very humble in comparison with Hi-C methods.

For historical reasons, Hi-C techniques were first used in eukaryotic cells, like in human [35] or
yeast [140], but they have also been used later in bacteria [[141}[142]]. They have also lead us to revise our
conception of chromosome architecture. In particular, contact matrices generated by these experiments
generally exhibit checkerboard patterns. In eukaryotes, such patterns have been conjectured to represent
a high level organization of the chromosome into Topologically Associated Domains (TADs) with a size
slightly below the megabase pair. Although the biological relevance of TADs is still controversial, it has
been shown in eukaryotes that TADs are highly conserved in a population of cells with the same type. Yet
significant changes are visible during cell differentiation [[143145]] and cell senescence [146]. In bacteria,
the existence of TADs is less clear given the smaller size of the bacterial chromosome. Yet changes in
the physiological conditions have been shown to induce significant re-organization in the contact matrices
measured [34]. In short, Hi-C techniques have provided a novel type of biological data. In particular, it
has led to studies fostering the idea that chromosome architecture and gene’s expression are intimately
connected.

5.2.2 Method

From a practical point of view, a restriction enzyme able to cut DNA at specific restriction sites (i.e.
a nuclease) must be chosen. The DNA segments in between two restriction sites (or cuts) are called
restriction fragments. A critical requirement is therefore to find an enzyme whose restriction sites are
sufficiently degenerate and common in the genome to yield a subdivision of the genome as regular as
possible. Typically, restriction enzymes recognize a specific DNA sequence of 6 base pairs. Hence, it cuts
DNA every 4% = 4096 bp in average. Ideally, all restriction fragments should have the same size, which of
course is never reached in experimental settings. The experimental procedure then relies on the following
steps [35]] (fig. [5.Ia). First, a population of cells is cross-linked with formaldehyde and lysed. This
results in the formation of covalent links between adjacent chromatin segments. Second, the restriction
enzyme is introduced in order to shear the chromosome, resulting in free pairs of cross-linked restriction
fragments with dangling ends. Third, a ligation step is performed in order to join the dangling ends in
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each restriction fragment pair, which leads to the formation of small DNA rings made of two restriction
fragments. This step also removes the restriction sites and adds biotin tags in place for use in the next
step. Fourth, the DNA solution is purified and all ligated fragments are obtained by immuno-precipitation
of the biotin tags. Finally, the collection of fragments are amplified by PCR and sequenced, yielding a
collection of “reads”. A complex bioinformatics treatment is then required to map the reads to the original
genome and identify the loci in contact. This last step has many caveats and is known to be prone to
error [33}[I47]. The genome is then divided into bins of equal size, longer than the restriction fragment
length. The collection of mapped sequences can then be assigned to each bin and used to produce a counts
map where each matrix element n;; is the number of contact events between bins i and j on the genome

(fig.[5.Ib). The typical size of the bins ranges from a few kbp to 1 Mbp [341[35][148].
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Figure 5.1 — Hi-C experiments (from ). Experimental procedure to generate pairs of sequence “reads” corresponding to
DNA segments in contacts. @counts maps obtained.

5.2.3 Caveats

The reliability and repeatability of Hi-C experiments has been frequently called into question. Besides,
processing Hi-C experiments raw measures involves a number of bioinformatics steps which are cum-
bersome and prone to error. Therefore, the counts maps which are a prerequisite for the computation of
contact probability matrices should be considered with caution. Without pretending to exhaustivity, we
review some of the experimental and methodological artifacts which should be kept in mind and that can
affect the quality of the experimental data.

First, the experimental protocol involves several steps in which inaccuracies can accumulate and lead
to inconsistencies. In particular, formaldehyde in aqueous solution is present in the form of methylene
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glycol HOCH,OH monomers, but it also exists in the form of oligomers HO(CH,O), H, where n is a
polymerization index. The equilibrium of the polymerization reaction depends on the formaldehyde
concentration. For instance, in an aqueous solution with 40 % mass fraction of formaldehyde at 35 °C, the
proportion of monomers in solution is only 26.80 %, the rest being oligomers with n > 1 [149]]. This is
very close to the conditions used in [35]], with 37 % mass fraction of formaldehyde, which clearly suggests
that cross-links between restriction fragments have varying size depending on the formaldehyde oligomer
that made the cross-link. Furthermore, the size of the cross-link itself between formaldehyde and DNA is
of varying length [[150]. For these reasons, it may be better to consider that the actual distance between a
pair of cross-linked restriction fragments is a Gaussian distribution centered around a most-likely distance
&, rather than always below a threshold distance &.

Another origin of inconsistency in the experimental protocol may come from the PCR amplification
of the purified reads. Indeed, an important requirement is to perform as few PCR cycles as possible
(~ 10). This ensures a linear amplification of the reads and preserves the counts distribution up to a
normalization [[148]]. Finally, several control experiments must be carried out to check the quality of the
produced Hi-C library (the collection of read pairs). For instance, the distribution of the size of restriction
fragments can be checked by gel electrophoresis. Ideally, they should all have the same size.

Another control carried out consists in re-digesting the obtained Hi-C library with the restriction
enzyme to check that a complete digestion of the chromosome occurred. Note also that in the original
Hi-C study [35]], counts map had been generated with two different restriction enzymes in order to cross-
validate the obtained results. This practice has somehow been lost since all subsequent Hi-C publications
have only used one restriction enzyme.

Once the Hi-C library has been obtained, it must still be processed with bioinformatics methods in
order to transform the raw data of read pairs into a counts map with elements »;; counting the number of
contacts (to a normalization) between genomic locations i and j [33,35,/147]]. In particular this implies
mapping each read to a location on the genome. At a low level, a primary source of concern is to actually
successfully map all reads. For instance, reads from regions with many DNA repeats (coming for instance
from transposon elements) or small reads can often not be mapped uniquely to a specific genomic location.
These ambiguous reads are therefore discarded. There are also cases in which a read cannot be mapped to
the genome. This can originate from DNA recombinations which occur during the experimental protocol,
PCR/sequencing errors, reads alignment issues... In this work, we used the results of these procedures
as it is available from the literature. In particular, we worked directly with the counts maps computed in
previous research works [34,/35].

5.2.4 From counts to contact probabilities
5.2.4.1 Normalization issue

The counts map can be used to assess the contact probability c;; between any pair (i, j) of loci on the
genome. However, this step is not straightforward because the normalization to transform counts into
contact probabilities is not known.

In [35] the contact probabilities are computed as ¢;; = n;;/{n;;), where (n;;) simply means the average
over genomic loci pair (p, g) separated by the same contour distance, | p — g |=| i — j |. However there
is no rigorous justification for this choice of normalization. Other studies have attempted to address
the normalization problem by designing a numerical procedure that ensures that the obtained contact
probabilities produce a stochastic matrix, i.e. the line sums i Cij = 1 [33]/147.|151]]. However, although
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this tends to smoothen the variations of the contact probabilities, we do not see clear reasons supporting
the idea that the contact probability matrix should be a stochastic matrix. For instance, in the case of a
Gaussian polymer, the probability that the distance between any pair (i, j) of monomers vanish, d;; = 0,
is:

32
cij = (_zan) li—j 72, .1)

where b is the size of a monomer. It obviously does not satisfy the stochastic matrix condition. Conse-
quently, we have chosen to consider an alternative approach (although less sophisticated than the methods
just mentioned) to normalize counts maps into contact probability matrices.

In principle, the normalization factor between counts and contact probabilities should be the total
number of cells in the experimental sample (possibly multiplied by the PCR amplification ratio). Then
n;j is simply the number of cells in which a contact between loci i and j is observed. Assuming that the
experimental sample contains N cells, the contact probability is then simply expressed as ¢;; = n;;/N.
In practice however, N is unknown. We now propose two simple approximations for this normalization.

5.2.4.2 Trace normalization

It is natural to expect that the closer restriction fragments are on the DNA sequence, the higher their
contact probability is. In particular, restriction fragments falling into the same bin should always be in
contact, i.e. ¢;; = 1, and indeed diagonal elements n;; usually take the largest values. Hence, we may be
tempted to assume that each diagonal element is equal to the number of cells in the sample. However, in
real data sets, all diagonal elements are not equal. Thus we consider instead that the number of cells in
the sample can be approximated by the average value of the diagonal elements. The contact probability is
then computed as:

N

nj 1

Cij = ﬁ, N = NZnﬁ. (52)
i=1

5.2.4.3 Maximum normalization

It is possible however that diagonal counts n;; are abnormally high. This might be due for instance to
self-ligations of isolated restriction fragments or cross-linking with sister DNA during replication. In
order to circumvent this issue, we assume that there exists at least one pair of off-diagonal loci (i, jo)
which are always in contact, i.e. ¢;,j, = 1. Note that this assumption is different from the stochastic matrix
condition, which assumes that every monomer is always in contact with at least one other monomer.
Therefore, the number of cells in the sample is estimated as the maximum of the off-diagonal counts.
Actually, counts are very high not only on the diagonal, but also near the diagonal. Therefore, we may
choose to discard counts such that | i — j |< [; where [; > 1 is a length to adjust. In the end, the contact
probability is computed as:

nl-j
cij = —, N = max (n;;). 53
TN \i—jlzld( ) 5-3)

This method with /; = 3 gives a contact probability matrix in qualitative agreement with [35] (see

figs.[5.1]and [5.2).
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Figure 5.2 — Normalization of Hi-C counts into contact probabilities. Counts map of human chromosome 14 with bin size
1 Mbp [35]. @“Trace” normalization. “Maximum” normalization with I; = 3.

5.3 Previous approaches to predict chromosome folding from Hi-C
data

We now review some of the models which have been investigated in the past to address the reconstruction
of chromosome architecture from CCC data.

5.3.1 Models based on an estimate of the distance matrix
5.3.1.1 Non-polymer models

Harmonic model. A numerical procedure relying on the introduction of harmonic potentials has been
proposed to reconstruct the equilibrium configurations of the chromosome from the experimental contact
probabilities [[142]. Harmonic interactions are introduced between each restriction fragment pair (i, j),
such that:
k 012
pUUrN) = )5 (ry =13)) (5.4)
i<j

in which r;; =| r; —r; | is the distance between loci i and j, k is an arbitrarily chosen elastic constant
and r?j is the length of the corresponding spring. A Monte-Carlo simulation is then performed to sample
equilibrium configurations of the system defined in eq. (5.4). These configurations are used to represent
the chromosome configurations (fig.[5.3a).

In this method, the elastic constant was assigned arbitrarily to k = 5 kpT. The fact that this elastic
constant is the same for all (i, j) is a first limitation in this approach. The spring lengths are taken such
that r?j = d;j, where d;; is the distance desired between beads i and j. The authors assumed that the
equilibrium distance between two restriction fragments is inversely proportional to the contact probability,
dij = 1/c;j. We will come back to this assumption at the end of this section. Importantly, in a network
of connected springs such as defined in eq. (5.4), the average distance at thermal equilibrium between a
locus (i, j) is in general not equal to the spring length, hence (r;;) # d;;. This is an example of frustrated
systems, and constitutes a fundamental limitation of this approach.

Constraint satisfaction. Another approach is to cast the problem of reconstituting chromosome archi-
tecture into a constraint satisfaction problem [[140]. The reformulated problem then consists in finding
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the coordinates {r;} such that the distances between any (i, j) restriction fragment pair is bounded from
below and from above:
lij <riy< 71']‘. 5.5

In eq. (5.5) the upper bound is taken inversely proportional to the experimental contact probability,
7;j o 1/c;;, and the proportionality coefficient is a parameter of the method. The lower bound r;is
introduced to take into account excluded volume between restriction fragments, and to penalize contacts
between adjacent fragments due to the chromosome bending rigidity. This is a constraint satisfaction
problem, which can be solved with the simplex method. The obtained solution is then used to represent a
chromosome configuration (fig. [5.3b).

The main limitation of this approach is clearly that the choice of the lower and upper bounds must be
adjusted by the user and adapted to each data set. Beside, this is not a physical model of the chromosome
architecture.

Singular value decomposition of the spatial correlation matrix. Let us consider the matrix R of size
d x N, where d is the space dimension and N is the number of bins in the Hi-C contact matrix. The matrix
element r,; is therefore the spatial coordinate of loci i along the a-axis (o = x, y, z). Next we consider
the Singular Value Decomposition (SVD) of R:

d
Fai = ) AyllaryViy, (5.6)
y=1

where U and V are two orthogonal matrices, and {/ly} are the singular values of R. Then C = RTR

y=1,...,d
and C = RR" have the same non-zero eigenvalues, which are A7, 13 and A3 (if d = 3). Finally we
introduce the matrix of distances, D, with elements:

(5.7)

It was pointed out that the correlation matrix C can be obtained from the distance matrix D [34}(152].
Therefore, from the knowledge of the distances, one can infer the singular values of the coordinates matrix,
and obtain an approximation for R.

Relation between contact probability and average distance. The methods that we have presented
have the inconvenient to rely on an estimate of the distances between loci on the chromosome, taken to
be inversely proportional to the contact probabilities, i.e. d;; o< 1/c;;. This assumption can be called into
question.

5.3.1.2 Polymer models

Models presented in section [5.3.1.1] lack a physical model of the chromosome. In clear, the Hi-C bins
define a gas of particles with coordinates {r;} and minimizing eq. (resp. solving eqgs. (5.5) and (5.7))
can result in configurations that violate topological constraints of the polymer chain representing the
chromosome. Therefore, subsequent improvements have consisted in incorporating a polymer model of
the chromosome when attempting to reconstruct chromosome architecture.
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Random walk backbone with tethered loops. Another way to look at Hi-C data is to consider that
when the contact probability between loci i and j is high enough, it defines a DNA loop. This is the
approach taken in [153]. In short, whenever

i > (5.8)

with an arbitrary lower bound ¢ on the contact probability, the authors considered that the DNA subchain
in the interval [i, j] constitutes a loop, with r; = r;. The chromosome is then represented by a backbone
polymer with Gaussian statistics on which are tethered polymer loops with varying sizes (fig. [5.3¢).
Numerical simulations are then performed on the basis of this polymer model of the chromosome.
Although this backbone-with-loops model takes into account some sort of connectedness of the
chromosome as a polymer, it is an ad hoc model and therefore can only give rather qualitative insights.

5.3.1.3 Discussion on the relation between distances and contact probabilities

The methods introduced in section[5.3.1.T]assume that the distance between any restriction fragment pair
(i, j) can be related to their contact probability in such a way that:

d,‘j o 1/C[J'. (59)

While eq. (5.9) may appear to be a reasonable assumption, there is no fundamental reason to support
it. For instance, if we model the chromosome as a polymer with scaling exponent v, we have [53]:

Pr (r,-j) ! fr (FL) , fp(x) o x8

S aand? P\

(rijy=bli=jl"

(5.10)

Let us consider that the contact probabilities are given by ¢;; = Pr (rij = b), and write d;; = (r;;).
Then, we obtain the relation:

M d)
dij ~ 1/c,/“ "9, (5.11)

For a Gaussian chain, we have g = 0, and for a self-avoiding chain, g = 1/3. Hence we obtain (d = 3),
dij~1/ c?}:33 andd;; ~ 1/ cg:3, in direct contradiction with eq. . Besides, we have seen that the contact
probabilities are already an approximation obtained from the counts maps. Hence, this assumption on
the relation between average distances and contact probabilities may add significant inaccuracies that one
may want to avoid.

Following this line of thoughts, we emphasize that all the methods reviewed previously have in
common to aim at a characterization of the 3D-folding of the chromosome. That is to say, the solution
consists in a collection of coordinates {r}} that represent an average conformation of the Hi-C restriction
fragments. Without rejecting the quality of the research carried out, let us emphasize that reducing
chromosome architecture to a mere conformation is probably unrealistic. Indeed, co-localization of loci
on the chromosome results from the effect of divalent (or multivalent) proteins. Such proteins have
preferred binding sites which are commonly represented with a Position Weight Matrix (PWM) [135].
We may estimate the strength of the binding by considering contributions of about one kg7 per significant
contact [[125]. For H-NS, which binds widely on the genome, we have approximately three significant
contacts. For CRP, which recognizes more specific sequences, we have approximately eight significant
contacts. For more specific transcription factors, we may have of the order of fifteen significant contacts.
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Therefore, we may consider that structuring proteins have a binding energy with DNA in the range
e =3—-15kpT. Consequently, as seen above, we may assess the probability to form a DNA loop between
locii and j as:

Pr(i & j) = WJ%, (5.12)
where v(d + g) = 2 for a self-avoiding polymer chain with scaling exponent v = 3/5. For example,
considering a relatively strong transcription factor, with S& = 10 kgT, the contact probability ¢;; ~ 1
when | i — j |= 150 monomers and falls quickly to zero for larger contour distances. Here a monomer
typically represents the scale at which a beads-on-string polymer representation of the chromosome is
valid, i.e. when the size of one monomer is of the order of the DNA fiber diameter. In bacteria for instance,
the chromosome can be seen as a fiber of diameter 2.5 nm =~ 7.5 bp. In eukaryotes, a monomer typically
represents 3000 bp. Yet, in Hi-C contact matrices a bin typically represent 10°-10%bp [34,35]. This
suggests that loops interactions between loci identified with Hi-C data are rather weak. In other words,
thermodynamic fluctuations may provide the chromosome folding with a non negligible conformational
entropy. In particular it seems a bit awkward to reduce the chromosome architecture to an average
conformation.

5.3.2 A polymer model reproducing experimental contact frequencies

Instead of finding a chromosome folding which satisfies constraints on the monomer pair distance d;;, an
alternative approach is to seek a physical model of the chromosome which reproduces the experimental
contact probabilities. This has been proposed and investigated with BD simulations [50,/154]. However,
as mentioned earlier, due to the complexity of chromosome interactions with proteins, this kind of studies
could only be made under strong simplifying assumptions. In particular, a unique generic type of protein
is included and the variety in the binding energies with different loci on the chromosome is replaced by
a single binding energy (or just a few). Consequently, comparisons with experimental contact matrices
have been rather qualitative.

If such simplifications are performed, we put forward the idea that chromosome architecture might
be well described with an effective model in which microscopical details, such as proteins and sequence
effects, are coarse-grained. In particular, the effect of structuring proteins can be taken into account
implicitly by introducing an effective potential V;;(r) between each (i, j) monomer pair. In other words,
each location on the genome experiences an effective interaction with the other loci on the genome, which
mimics the effect of multivalent proteins. An inspiring approach was carried out recently, in which such
potentials are considered to be short-range square potentials [[155]:

+00 ifr<o
Vij(ry=1-g; ifo<r<é¢ (5.13)

0 otherwise,

where o is the hard-core distance and ¢ is a threshold which defines at the same time the range of the
potential and the distance below which monomers i and j are said to be in contact. By performing
MC simulations on a polymer model with the pair potentials in eq. (5.13)), one can obtain equilibrium
configurations and use them to compute contact probabilities between monomer pairs.

Let us note c;.Xp the experimental contact probability between restriction fragments i and j obtained
from Hi-C experiments, and ¢;; the contact probability between monomers i and j obtained from MC
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simulations of a polymer model with potentials as in eq. (5.13). We define the least-square distance
between the experimental and the predicted contact matrices:

d(C,'j, Ct.erp) = %Z(Cij—cz.xﬂ)z, (514)
i<j
where N is the number of monomer pairs. Finding a good model for chromosome architecture now
consists in finding a collection of potentials V;;(r) that minimize d(c;j, chp ). The solution is achieved at
the optimal values for o, ¢ and the matrix of binding energy &;;.

In [155]], a MC simulation was performed at each step of the minimization procedure, in order to
re-sample equilibrium configurations of the chromosome and compute the ¢;; values. Therefore the
computational burden is high.

Following these tracks, we propose in the sequel a method giving a chromosome architecture under
the form of a physical model that predicts contact probabilities which match as closely as possible the
experimental ones. Our approach retains some of the features introduced here, namely the representation
of the chromosome with a coarse-grained polymer and effective interactions.

5.4 Gaussian Effective Model

54.1 Model

From now on, we model the chromosome as a polymer of length N, i.e. made of N + 1 monomers with
coordinates {r;}. Each monomer represents a Hi-C bin with size . We assume that the chromosome can
be well modeled by a Gaussian chain with energy:

3 N
PUC il = 55 3 (i = xiy)%, (5.15)
i=1

where as usual 8 = (kgpT)~'. For a more accurate theory, one may include an additional term to eq. (5.15)
in order to model the chain bending rigidity:

/ N-1
BU i}l = 5 > (Fiwy + 1 = 2677, (5.16)

i=1

where [, is the chain persistence length. In that case, the total chain energy is given by
BUy {ri}] = BU. {ri}] + BUp [{ri}]. (5.17)

However, we have seen earlier that Hi-C experiments have a resolution which typically gives b =~
103 — 10°bp. Therefore, as a first approximation, we choose to neglect the bending rigidity of the
chromosome and take BUy[{r;}] = BU.[{r;}]. We now introduce effective interactions between the
monomers under the form of harmonic potentials with unknown rigidity constants. The interaction
energy reads

BUITtEN = 55 3 iy (v - 17)° (5.18)
i<j
where a coupling matrix K with elements k;; has been introduced. Finally, the total energy (or Hamiltonian)
is defined by
BU [{ri}] = BUo [{r;}] + BUr [{r:}]. (5.19)
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The physical system with energy as in eq. (5.19) defines the Gaussian Effective Model (GEM). It simply
corresponds to a Gaussian chain model of the chromosome to which are added harmonic interactions
between monomer pairs (i, j), which are effective interactions representing the superimposition of many
microscopic interactions (fig. [5.4). Before writing down the partition function, let us point out that this
system is ill-defined at this stage. To break the translational invariance, we attach the first monomer to the
origin and consider ro = 0. After this preliminary remark, we can write the GEM partition function. The
energy in eq. (5.19) is quadratic, hence the partition function is computed as a Gaussian integral:

N
7 = fl_[ dr; exp (=BU [{r;}])
i=1

N
3 _
= f H d3rl- exp (_ﬂ Z r; - rjo-ijl) (5.20)
i=1 ij
2\ 3N/2
= (W’ ) detz3/?,
where we have introduced the inverse correlation matrix with elements o-;jl :
=T+ w, (5.21)
with:
2 ki —ki2 —kin-1 —kin
j=0
j#1
2 -1 ... 0 O —koi 'Zo kaj —kon-1 —kon
-1 2 0 0 i
T = : , W= : : : . (5.22)
0 0 2 -1 —kn-11 —kn-12 'Zo kn-1; —kn-in
0 0 -1 1 FAN-1
—kn1 —kn2 —knn-1 'Zo knj
j!;N

T is the tridiagonal matrix enforcing the chain structure from eq. (5.I5) and W is the matrix of
reduced couplings enforcing the interactions from eq. (5.18)). Being a Gaussian model, the system is fully
determined by its correlation matrix. In particular, we have:

(ri -xj) = oy, (5.23)

where the brackets stand for a thermodynamical average with a Boltzmann weight defined from the
partition function in eq. (5.20), i.e. for any function of the monomer coordinates, A({r;}):

1 N
Al = - f [ er: At exp (U ixihD. (5.24)
i=1

Note that when W = 0, we retrieve the standard Gaussian chain with (r; - r;) = min (i, j)bz. Let us
emphasize that the GEM is stable only when X has all its eigenvalues strictly positive. Therefore not every
choice of coupling matrix K leads to a physical model.
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Polymer models with Gaussian interaction Hamiltonian as defined in eq. (5.18) have received some
attention in the past. They were introduced in the context of cross-linked polymers, in order to predict
the size of a collapsed polymer of size N with M cross-links [[156158]]. However, an essential difference
with the GEM presented here is that in those studies, the effective interactions were uniform, i.e. k;; = k.
More recently, such model has been re-introduced to account for the particular scaling of the gyration
radius of the chromosome in the interphase nucleus [[159]. More accurately, the radius of gyration is
reaching a plateau for genomic distances larger than a few Mbp, (Ré) ~ O(1). This scaling was recovered
by considering the above GEM model, in which the k;; are Bernoulli random variables with probability
distribution function (p.d.f.) such that Pr (ki]- = k) = p6(k;j — k) + (1 — p)6(k;;). Under this assumption,
each non-zero value k;; defines a loop between monomer i and j with harmonic spring constant k. For
this reason, this model was named Random Loop Model. The theoretical results obtained on the radius
of gyration scaling were confirmed later with BD simulations [[160].

Figure 5.4 — Gaussian Effective Model. Harmonic interactions with elastic coefficient k; ; are added on top of the Gaussian polymer
model.

5.4.2 Naive approach
5.4.2.1 Rationale

As argued in section [5.3.2] a reasonable strategy seems at first to seek the coupling matrix K which
minimizes d(c;j, cfj.xp ), as defined in eq. , between the experimental contact probabilities and
the ones predicted by the GEM. The optimal coupling matrix, K°P' can then be used as a model for
chromosome architecture. Intuitively, one may expect the contact probabilities to be proportional to the
values of the couplings:

kij = Acij, (5.25)

where A is a scaling coefficient which needs to be adjusted. For each value of A, we can run BD
simulations in order to sample equilibrium configurations of the corresponding GEM. Then, for any (i, j)
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pair of monomers, we can compute the contact probabilities as:

Cij = <0 <§ - r,-j)>, (526)

where the brackets here mean that we perform an average over the system configurations, 6 is the theta
function (i.e. the indicator function of R, ), and £ is a threshold distance below which a contact is said to
occur. Therefore the computed contact probabilities depend on the coupling scale A and on the threshold
&. However, the threshold is clearly arbitrary and should be chosen in order to best fit the experimental
contacts. Therefore, we may define the optimal threshold £°P that minimizes the contacts least-square
distance:

£°P'(A) = argmin [d (ci c;.’"’)] PN = (AL €Y. (5.27)
&
and similarly, we may define the optimal scale, A°P! as:
opt _ . opt exp
A" = argmin d (", ecP)] - (5.28)

Since the method to compute the contact probabilities ¢;; relies on BD simulations, we may consider
other polymer models than the Gaussian chain defined in eq. (5.13). In particular, we can add excluded
volume interactions between monomers.

5.4.2.2 Application

We have applied this method to Hi-C data from the human chromosome 14 [35]]. The experimental contact
matrices were computed by applying either the “Trace” or “Maximum” method on the available counts
map, as described in section[5.2.4] In fig.[5.5a] we show the experimental contact matrix obtained by using
the “Maximum” normalization method with /; = 2. The p.d.f. of the corresponding contact probabilities,
c'P, is shown in fig.
iy o’

In order to have a reasonable amount of non-zero k

Gaussian distributions, i.e.

ij» we fitted the cfjx” distribution with a sum of M

u 1 1 (c - up)?
Pr(ci” =¢c)= > o exp|—= oK) (5.29)
J 5 2 52
k=1 27r0'k k
We then considered the sum of the M* dominant Gaussian distributions such that
Z ar > a, (5.30)
k<M*

with @ = 75%. This defines a distribution f},(c) for the bulk of the k;;, with mean and standard deviation
given by:

e
2 @k Mk
=
Hp = e
2 @k
e (5.31)
X ¥ a(ug + ) .
O-b = M* - /'tb’
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which we used to define the threshold:
c=plp +30p. (5.32)

Therefore, the coupling matrix K was set using eq. (5.23), but we discarded all values such that
C:I.XP < ¢. We applied this procedure for 0 < A < 1, using a discretization such that dA = 2 x 1072

For the BD simulations, we modeled the chromosome as a flexible polymer with FENE bonds. We
also introduced Lennard-Jones interactions to model excluded volume interactions between monomers.
In order to sample equilibrium configurations, we first performed a relaxation run of 10 iterations
with integration time step df = 1072 and without excluded volume interactions. The value of A was
progressively increased to reach its final value. This relaxation run is meant to loose the memory of the
initial condition and to sample many configurations without topological constraints. We then performed
an intermediate run of 10° iterations with integration time step df = 1073 in which overlaps between
monomers are removed. Finally, the main run consists of 10% iterations of Langevin dynamics with
integration time step dt = 1073, in which the excluded volume interactions are modeled with a Lennard-
Jones potential. From this final trajectory, we extracted 103 evenly sampled configurations that we used
to compute the model contact probability matrix.

After sampling a BD trajectory for each value of A, we computed the model contact matrix for
0 < ¢ <2 withdé = 2 x 1072, and selected the threshold minimizing the distance between experimental
and predicted contacts. In fig. we showed the distance d (c;.p i cg.xp ) as a function of the couplings
scale A. This distance reaches a minimum at A = A°P’, which corresponds to the optimal GEM given
the experimental contacts. The coupling matrix at the optimal scale, K = K°P?, is shown in fig. and
the corresponding predicted contacts obtained with the optimal threshold applied to the BD trajectory is

shown in fig.

5.4.2.3 Conclusion

We have presented here a simple method to model chromosome architecture. If we assume that a
proportionality relation holds between couplings and contact probabilities, the value obtained for A°P?
determines the closest GEM reproducing the experimental contacts. The proportionality hypothesis from
eq. (5.23) requires solely to adjust the scale A, and the numerical procedure is therefore computationally
less demanding than adjusting all k;; independently as in [[155|]. However, itis clear that this proportionality
assumption has no rigorous justification. A fortiori there is no better reason to choose this one rather than
the d;; ~ 1/c;; assumption made in the literature. Therefore, in the sequel we present another approach
rooted in an analytical expression of the contact probabilities ¢;; of a GEM.

5.4.3 One-to-one correspondence between couplings and contact probabilities

We now investigate a more rigorous choice for the couplings k;; of the GEM. Let us formally express the
contact probability between monomers i and j as:

cij = {u(rij))

(5.33)
= f &P u(r)(s(rij — 1)),

where u(r) = 6(¢ —r). As before, 0 stands for the theta function and ¢ is the threshold distance below
which a contact is said to occur. In order to make progress, we need to express the p.d.f. of the pair
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distance, (6(r;; — r)). This quantity can be evaluated by standard Gaussian calculus using the weight in

eq. (5.24). We obtain: "
(o(r r)) = : Y ex i (5.34)
Y 3 P 202 yij , .

where we have introduced the matrix I” of the average square distances whose matrix elements are:

1
Yij = 0Oiitojj—20 7 (rizj) for 0<i<j<N,
(5.35)

1 .
yoj = 0 = ﬁ<r}> for 0<j<N.

The pair distance is a Gaussian distribution, hence the integral in eq. (5.33) can be calculated and
yields:

Cij = Fr (71])

X 2 X2 (5.36)

=erf(—) —\/lexp (——), X = £ i,

V2 n 2 a\ vij

where we have introduced the standard error function:
2 X
erf(x) = — | dre™. 5.37
(x) N f (5.37)
0

The function Fr (y;;) is a bijection. Hence, to any contact probability c;;, eq. @ associates a unique
average square distance ;;. The correlation matrix X of the GEM can then be determined using eq. @,
and finally the coupling matrix K can be obtained by inverting X and using eqs. (5.21) and (5.22). Thus,
we have found a unique mapping between the couplings and the contact probabilities of a GEM. A strategy
to infer chromosome architecture then consists in using this mapping to obtain the GEM that reproduces
the experimental contact probabilities. Let us emphasize that this is an exact result.

5.4.4 Form factors

So far, we have considered that the measure in eq. @ was a theta function, i.e. u(r) = ur(r) with
pr(r) =6(& —r). (5.38)

In the context of Hi-C experiments, this is equivalent to considering that every restriction fragment
pair separated by a distance r < £ is cross-linked. Or in other words, the probability that restriction
fragments separated by a distance r cross-link is

Pr (cross-link betweeniandj | r;; = r) = (5.39)

0 otherwise .

{1 ifr<é&

However, there are many experimental artefacts that make this assumption quite unrealistic. In
particular as already pointed out in section [5.2.3] the chemical compound used to cross-link DNA,
which is formaldehyde, is known to polymerize in aqueous solution. Thus formaldehyde oligomers with
different polymerization indices are present in solution, resulting in cross-links with varying lengths. For
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that reason, the cross-linking probability may be more accurately represented by a measure which ensures
that most of the cross-links occur for distances r < &, but also allow for few cross-links to occur when
r > &. To serve this purpose, we introduce a Gaussian measure:

(r) =ex —éﬁ (5.40)
MG - p 252 s .
and an exponential measure:
’
Ug(r) = exp (—é—:) (5.41)

Let us emphasize that the form factor u(r) is not a p.d.f. so it does not need to be normalized. It
should rather be considered as a probability for a Bernoulli random variable. For a restriction fragment
pair separated by a distance r, the probability to cross-link is u(r) and the probability not to cross-link is
1 — u(r). Note that u(0) = 1.

The contact probability in eq. can be re-computed for each form factor to obtain a mapping
between contact probabilities and couplings, similarly to eq. (5.36). We obtain for the Gaussian form
factor:

cij = Fo(yij)

bz%,j =3/2 (5.42)
=1+ §2 s

and for the exponential form factor:

cij = Fe(yij)

-1
2 2 { 5.43

=(1+Y2)(1—erf(y—))exp (Y—)—Y z, y=x"! =(§ i) ) ( )
2 2 v/ a \ vij

In addition to representing more faithfully the experimental conditions, the Gaussian and exponential
form factors can be seen as regularization parameters for the contact probabilities. Namely, the saturation
of ¢;j — 1 as y;; — 0 is less pronounced than with the theta form factor (fig. . In that respect, the
Gaussian form factor appears to be the best because Fg(y;;) tends to have a greater slope for ¢;; in the
range 0.1-1.0. Thus it is less sensitive to inaccuracies in the measured contact probabilities.

5.4.5 Conclusion

In conclusion, we have introduced a physical model for chromosome architecture. We called this model
a Gaussian Effective Model because all interactions between loci on the chromosome have been replaced
by effective Gaussian potentials with rigidity coefficients k;;. Within this simplified framework, we have
been able to compute an analytical expression for the contact probability c¢;; between monomers i and j.
It turns out that the contact probability matrix is uniquely determined by the couplings, and reciprocally.
We will sometimes refer to this property as the “GEM mapping” in the sequel. Importantly, this mapping
relies on the choice of a threshold ¢ and on a form factor u. We have found that a Gaussian form factor
has the advantage of decreasing the mapping sensitivity to the inaccuracies in the c¢;; values, and account
for formaldehyde polymerization which results in Hi-C contacts to be detected for distances of varying
lengths.
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5.5 Reconstruction from artificial contact probability matrices

5.5.1 Artificial contact probability matrices

We plan to use the GEM mapping as a method to give a prediction of chromosome architecture from
Hi-C contact probabilities under the form of a GEM. In order to validate the method, we first apply it to
artificial contact matrices generated with BD simulations from GEM whose couplings kl’]h are known. We
have carried out this validation for various sizes ranging from N + 1 = 20 to N + 1 = 1000. However,
in this section, we present the results for N + 1 = 200 because it is a reasonable compromise between a
not-too-small contact matrix, and not-too-large computational time for BD simulations.
In order to construct arbitrary coupling matrices kl’Jh, we randomly choose N, elements and assign to
them a value such that:
k;J’? = AU, (5.44)

in which U is a uniform random variable between 0 and 1, and A is a scale parameter. We therefore obtain
a coupling matrix with N, non-zero elements, which represent the number of constraints of the GEM. An
example of such a matrix is shown in fig.[5.8]

Using the one-to-one mapping between the coupling matrix and the contact probability matrix of a
GEM, we can compute the theoretical contact probabilities, cfj’?, associated to the theoretical couplings
k; jh of the model. In order to check the validity of this mapping, we run BD simulations of a GEM with the
aforementioned couplings. The chain internal energy was Gaussian, as defined in eq. (5.15)). Simulations
were run for 108 iterations with integration time step d¢ = 1073, from which 1000 configurations evenly

sampled were extracted in order to compute the experimental contact matrix c;}‘p , with threshold £°*P
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Figure 5.8 — Theoretical coupling matrix klfjl.“ for N = 200. It is made of N. = 20 uniform random variable with scale A = 1.

and form factor u®*?. Note the distinction that we have introduced for the form factors. Indeed, we
need to use a theoretical form factors ' when computing the theoretical contact probabilities cfjh from
the theoretical couplings; and we also need to specify a form factor u“*P which is used to compute the
contact probabilities cl.ejx” = (u®*P (r;;)) from configurations sampled with BD simulations. In the sequel,
unless stated otherwise, we used a Gaussian form factor to compute both the theoretical and experimental
contacts, i.e. u'" = u®*P = . As shownin fig.[5.9] the theoretical and experimental contact probability
matrices are in very good agreement. The difference can be attributed to thermal fluctuations and the
finite number of configurations used to compute the experimental contacts.

In conclusion, the correspondence found in section[5.4]between couplings and contact probabilities of
a GEM has been checked with BD simulations. We now move on to use this relation in order to infer the
couplings from a given experimental contact probability matrix. In the rest of this section, we will call
experimental contact probabilities the probabilities computed from BD simulations.

5.5.2 Direct method for reconstructing a Gaussian effective model

Here we provide a first method to derive chromosome architecture from experimental contacts. We shall
use the GEM mapping to express the model average square distances from the experimental contacts:

Fij = Fg' () (5.45)

where we used hats to emphasize that this is a prediction of GEM matching the experimental contacts.
Actually, because the previous relation is exact, the predicted and experimental contacts are the same and
Cij = ch‘P. The predicted couplings, I%ij, can then be simply computed using eqgs. and (5.35). Thus
this method is quite straightforward.
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Figure 5.9 —|(a)| Theoretical contact probability matrix cfjh computed from the GEM with couplings kf jh (Ne =20and A = 1).
and Experimental contact probability matrix cieij obtained from BD simulations of the GEM using 10, 100 or 1000
sampled configurations. We used &% = £°XP =3.00 and u'"* = u®*P = ug.

However, what should be the threshold £ used in eq. (5.43)? In section [5.4.2] free parameters were
adjusted in order to minimize the distance between predicted and experimental contacts. But precisely
because ¢;; = c;.x” , we cannot hope to use this method to find the optimal threshold £°P. In the present
case, because we know the couplings of the underlying GEM model used to generate the experimental
contacts, it is pretty obvious that the optimal threshold should minimize d(k;;, kl’]h) In other words, the

predicted couplings should be as close as possible to the theoretical ones. Consequently, we define:

£ = arg;nin(d(kij, ki), (5.46)

which can be seen as a hidden optimal threshold.

In practical applications however, experimental contact matrices are not generated from an underlying
GEM, therefore we have to find another criterion to choose the threshold in the reconstruction procedure.
Intuitively, one may expect that a good GEM candidate should not alter the rigidity of the underlying
polymer chain. In other words, couplings near the diagonal should be close to zero, so that the sum in
eq. @ on pagelﬂ__ﬂ leaves the t;; elements unchanged. In order to do this, we monitored the norm of
the matrix A; obtained by taking only k;; values such that | i — j |< [, and assigning other values to zero.
Thus we define:

£°PT = argmin||A;||. (5.47)
3

In fig. 5.1?& we show that d(k;j, k;.x” ) and ||A;|| have approximately the same variations, and in most
cases, their minimum is achieved for the same threshold, i.e. & = £°P'. For the experimental contact
matrices computed from the same BD trajectory, we used either a Gaussian form factor (u**? = ug)
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or an exponential form factor (u**? = ug). We then applied eq. (5.45) with a Gaussian form factor in
both case to obtain a candidate GEM. Note that we did not show the result for an experimental contact
matrix using a theta form factor (u®*P = ur) because the inversion procedure gave an unstable GEM (the
correlation matrix is not positive definite). When applying the retrieval method to the Gaussian contact
matrix we retrieve that the optimal threshold is £°P = £*P, On the contrary, when we apply the retrieval
method to the exponential contact matrix, we have £°P" # £¢*P, This is due to the discrepancy between
the exponential form factor used to compute the experimental contacts and the Gaussian form factor of the
retrieval method (u # u®*?). Furthermore, we see that when there is such a discrepancy, the variations
of both criteria become jagged as the threshold & used in the retrieval method increases (fig. [5.10b).
This leads to the existence of several local minima that makes the definition of the optimal threshold in
eq. ambiguous. To solve this ambiguity, we took for £°P! the first local minimum found from the
left, i.e. when increasing progressively the threshold from small values.
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2.80e+00 - e—— ¢ —2.00 7.20e-01 4.80e-01 | £ —2.00 2.40e-01
2.10e+00 | € =2.00 {5.40e-01 < 3.60e-01 |- €% —1.40{ 1.80e-01 iA\
s < s <
< S < S
= <& = &
1.40e+00 [ €7 =2.00{ 3.60e-01 = 2.40e-01 | §=1404120e01 X
7.00e-01 | - 1.80e-01 1.20e-01 |- - 6.00e-02
0.00e+00 , - - - 0.00e+00 0.00e+00 L T — L L 0.00e+00
060 096 132 168 2.04 240 050 110 170 230 290 3.50
4 ¢
(a) (b)

Figure 5.10 — Comparison of d(k; s k,’f;") and ||As|| for different thresholds in the direct reconstruction procedure with y = ug.

Experimental contact matrix cf.xﬂ were computed from a BD trajectory using a threshold £¢*P = 2.00 and: a Gaussian form

factor u*P = ug ;an exponential form factor u¢*? = uf.

Nonetheless, we do not always find £°P' = £*. This is expected because the criterion used to define
£°P' | that is to say ||A;||, is rather phenomenological. Therefore, we investigated to which extent this
criterion can be trusted in order to find the best GEM matching the experimental contacts. In order
to do this, we computed the least-square distance between £°P' and &* obtained for a large number of
experimental contacts:

o * 1 opt *
Er ) =3 Z & -g, 1 (5.48)

where the index a runs over different experimental contact matrices. More accurately, we sampled BD
trajectories for a number of constraints N. = 5, 20, 50, 100 and scaling coefficient A = 1, 5, 10, from
which we computed experimental contact matrices using either a Gaussian (u“*? = ) or an exponential
form factor (u®*P = ug). We then applied the retrieval procedure and computed £°P' and £* as explained
above. The results obtained suggest that £°P' is a good approximation of &* (fig. . Actually, we
also carried out this analysis for other criteria. Namely we monitored: ||K||, the Froebenius norm of the
coupling matrix; |K| = }, | k;; |; max (K) = max (k;;) and entr(K), the entropy of the p.d.f. of the
couplings k;;. Yet, ||A;|| appeared to be the best criterion in the sense of eq. @) We also found that
important deviations of £°P* from &* occurred mostly for experimental contact matrices obtained from
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GEM with very few constraints or with a large couplings scale A. Indeed, the same analysis carried out by
discarding GEMs with N, = 5 and A > 1 significantly improved the performances of the ||A;|| criterion
(fig. . Finally, most deviations of £°P' from &* occurred when pu¢*P # u. In that case, £°P! has a
tendency to slightly overestimate £*. Altogether, the definition taken for £°P! gave consistent results.

In conclusion, the bijective relation that exists between the couplings and the contact probabilities
of a GEM can be used to propose a chromosome architecture under the form of a GEM with couplings
k; 7. The GEM obtained has the property to exactly reproduce the experimental contacts. However, the
computation of the GEM couplings from the contact probabilities requires to choose a threshold, which is
a parameter in the form factor (see eq. (5.40) on page[T18). In this section, we have shown that choosing
the threshold that minimizes the norm ||A;||, where A; is the matrix of couplings in which only the diagonal
band of length / has been retained, appeared to be a good estimate of the optimal threshold. In particular,
we used home-made GEMs together with their contact matrices computed from BD simulations to ensure
that the distance d(k; > kf}l) between predicted and theoretical couplings is minimum at ¢ = £°P’. From a
computational standpoint, this method is particularly efficient since it only requires to invert the correlation
matrix X in order to obtain the coupling matrix k; i3

Estimation of £ using || A;||
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Figure 5.11 — Least-square difference between £°P? and &*. The points correspond to the optimal threshold obtained using
the ||As|| criterion. We used the direct reconstruction procedure applied to experimental contact matrices computed from BD
simulations of a GEM with N = 200, N. = 5, 20, 50, 100 and A = 1, 5, 10, and using a Gaussian or an exponential form factor
p€*P . The form factor used in the retrieval procedure was Gaussian, 4 = G .

5.5.3 Stability analysis

In the last section, we have presented a method to compute the GEM reproducing a given experimental
contact probability matrix. However, nothing ensures that the GEM obtained is stable, i.e. that the
correlation matrix X has only positive eigenvalues. Incidentally, we found that applying the direct
reconstruction method to contact matrices generated using a theta form factor (which is maybe the
simplest definition of a contact matrix) resulted in unstable GEMs. This is a fundamental weakness of
the direct reconstruction method, and it is therefore desirable to better understand under which conditions
such instabilities occur. In particular, we may expect that Hi-C contact matrices contain some noise due
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Estimation of £°* using || A;||
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Figure 5.12 — Same as fig. but with N = 20, 50, 100 and A = 1 only.

to inaccuracies in the measures or biases inherent to the experimental procedure. Thus, before presenting
an alternative method in the next section, we analyze here the effect of corrupting contact probability
matrices with noise on the performance of the direct reconstruction method.

Let us start again from our artificial GEM with couplings kl’]h We compute the associated contact

matrix c; j.‘, using a threshold £ and a form factor x". When we perform BD simulations of this system,

we obtain configurations from which we compute the experimental contact matrix cl.ejx” , using a threshold

£¢%P and a form factor u®*P. We assume u'" = u®*P. Thermal fluctuations, together with the finite
number of such configurations results in cl.‘;.x” # cl’jh We may therefore write the experimental contact
probabilities as:

h
ijxlj = Cl{j + Nij» (549)

where 7;; can be considered as a noise with unknown distribution, corrupting the “true” contact matrix.
For N = 200, N. = 20 and A = 1, we computed the p.d.f. of the difference cl’Jh - c;x”. We used a
Gaussian form factor for both the experimental and the theoretical contact matrices, u'" = P = ug,
and we took £°*P = 2.50 and different values for &”* (fig.[5.13). We obtained that when £ = £e*p
the p.d.f. of n;; fits well a centered Gaussian distribution. Actually, we also obtained this result when
computing the noise with u®*? = '™ = ug or uP = " = ur.

Consequently, instead of running BD simulations in order to compute experimental contact matrices
c;)‘p , we may construct pseudo-experimental contact matrices by adding a Gaussian noise with mean and
variance given by

iy =0, ;) =¢, (5.50)

to the theoretical contact matrix c! Jh This trick allows us to investigate the stability of the direct recon-
struction method as a function of the noise amplitude €. Furthermore, it also allows us to explore more
values for N, than if we had to run systematically a BD simulation.

Following this observation, we explored the stability of the direct reconstruction method in the (g, N,)
plane. Note that for this study only, we used a larger size of polymer and considered N = 1000. For each
value of N., we generated a random coupling matrix kl’]h with scale A = 1, and the associated theoretical
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Figure 5.13 — Distribution of the noise 77;; = cf.x” - c,?’.’, fitted to a Gaussian distribution. We used a Gaussian form factor to

compute both contact matrices. N = 200, N. =20and A = 1.

contact probabilities c/”. We used &' =3.00 and u"" = p. Then we computed a pseudo-experimental
contact probability matrix c;.x” by adding to the theoretical contact probabilities a centered Gaussian noise
with standard deviation €. Following our previous observation, we assume that the contact probabilities
obtained are a good approximation of the experimental contact probabilities that would be obtained by
performing a BD simulation of the GEM and computing the contact probabilities with £*7 = ¢ and
p*P = p'". Then we applied the direct reconstruction procedure to ¢j;” using 1 = u*? and ¢ = £*7,
which is the optimal threshold. We therefore obtained a predicted GEM with couplings &; ; that we
compared to the theoretical couplings by computing d(k; 7> kfjh) The result of this analysis is shown in
fig. in which we shaded in grey the region where the predicted couplings ki 7 Tesult in an unstable
GEM with a correlation matrix £ having negative eigenvalues. We obtain that for each value of the
number of constraints, N, there is an upper bound € on the noise amplitude such that for € > €, the direct
reconstruction method fails, in the sense that the predicted GEM is unstable. It is remarkable that for
& < ¢ the direct reconstruction methods perform very well, with d (Igij, kl?j.‘) < 1072 in the worse cases.
Therefore, the reconstruction appears to be robust to noise until some critical value of the noise amplitude
is reached. Then the method suddenly starts to fail. We also note that the value of € seems to depend
on the number of constraints of the underlying GEM. In particular, it is clear that the performances of
the direct reconstruction method get worse when N, — 0. Specifically, for N. = 0, we observe that even
blurring the theoretical contacts with a noise of amplitude as small as &£ = 107 is sufficient to make the
retrieval fail. To the contrary, the value of € seems to be maximum in a range of constraints between
N¢ =10%N and N, = 100 %N.

In conclusion, we have shown that the primary reason causing the direct reconstruction method to fail
is when the predicted couplings produce an unstable GEM. By definition of the Gaussian effective model,
this means that the correlation matrix X of the Gaussian model has negative eigenvalues. This occurs
suddenly when the experimental contacts are corrupted with a noise whose amplitude is above a critical
value. However, when the noise’s amplitude (or experimental precision error) is below this threshold, the
predicted couplings appeared to be close to the theoretical ones. Hence whenever the direct reconstruction



126 CHAPTER 5. RECONSTRUCTION OF CHROMOSOME ARCHITECTURE

method gives a stable GEM, we may consider that this is the theoretical GEM from which the experimental
contact matrix was generated. Therefore, when applying this method to an experimental matrix from a
Hi-C experiment, we may consider similarly that whenever the reconstructed GEM is stable, it constitutes
a reliable model for the chromosome architecture.
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Figure 5.14 — Performance of the direct reconstruction method when the theoretical contact probabilities clf Jh are blurred with a

Gaussian noise such that (17;;) = 0 and (77i2j> = £2. Weused N = 1000. The region in which the predicted couplings &; j define an
unstable GEM was shaded in grey. @NC =0, ..., 1000. @Zoom for N. =0, ..., 100.

5.5.4 Reconstruction of a stable Gaussian effective model
5.5.4.1 How to ensure the stability of the reconstructed Gaussian effective model?

When the input experimental contacts are very noisy, we have seen that the direct reconstruction procedure
fails because the associated GEM is unstable. However, in the space of contact matrices, there may exist
a nearby contact matrix which can be mapped to a stable GEM. This remark motivates the design of
an alternative method which aims at reconstructing the closest stable GEM. In particular, the predicted
contact probabilities may not exactly reproduce the experimental ones. This suggests an approach in
which one seeks to minimize the distance d(c;j, cl.‘;‘p ) between the contact matrix predicted by a GEM
and the experimental contact matrix, under the constraint that the GEM is stable.

A rigorous enforcement of this principle would be to ensure that the correlation matrix of the candidate
GEM has strictly positive eigenvalues. Yet, this constraint seems difficult to implement in practice. Instead
we turn our attention to the more restrictive condition:

kij > 0, (5.51)
which ensures the positivity of the couplings. Itis clear that eq. (5.51) is a sufficient although not necessary

condition for X to be a positive definite matrix. Indeed, if it is so, then the sum in eq. (5.I8) on page[T10|
is always positive.
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5.5.4.2 Minimization procedure

Finding the best stable GEM matching an input experimental contact matrix can therefore be recast in a
minimization problem on the k;; variables, with Lagrangian:

L=A+8. (5.52)

The two functionals in the right-hand side (r.h.s.) of eq. (5.52) have the expressions:

1
A= 5||2“P i utasy 13 (5.53)
where [ is the identity matrix, and:
| kij [\"
B = ; 0(~k;j) ( ) (5.54)

For A, we have preferred the expression in eq. (@]) to d(c;j, ¢**P) because it is quadratic in the
k;j, which is desirable for a function to minimize. In particular, in the absence of 8 the minimization
would reduce to the minimization of a quadratic function whose regularity and convexity ensure straight
convergence to the global minimum with standard minimization techniques. We can hope that the addition
of the B functional will not alter too much this property. From a computational standpoint, computing
A and its derivatives is very straightforward while computing d(c;;, c£ ;’) requires first to to invert £~! in
order to compute the average square distances v;; from which can be computed the contact probability
matrix ¢;;. The latter option involves therefore an additional computational burden that we want to avoid.
However, due to the GEM mapping between the inverse correlation matrix with elements 0';,.1 and the ¢;;,
both criteria are equivalent. We give the derivatives of A:

A if0=i<j
A _ ] 0wy (5.55)
ok | 0A OA A . '
J - if0<i<j,
aW,'[ 8wjj 6Wij
with:
_gjl- = [s"s -z -],
oA i 1 L (5.56)
el [s"s = =]+ s =D)L

where we have used § = X¢*P to alleviate notations, and w;; is a matrix element of the reduced coupling
matrix. Note the particular shape for the derivative of the off-diagonal elements in the second line of
eq. @ which appears when we enforce that the coupling matrix k;; is symmetric.

The B functional has been chosen arbitrarily to enforce the positivity of the couplings, as required
from eq. (5.51). The theta function ensures that the penalty is applied only when some couplings become
negative. Besides, k can be seen as the modulus of the smallest negative coupling allowed. Indeed, due
to the power law in eq. @ the penalty increases abruptly when k;; < —k. The values of p and k have
been adjusted from our particular experience. Actually, decreasing k results in a more stringent constraint
and tends to increase the number of iterations required for the minimization to converge. To a lesser extent
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increasing p also resulted in a more stringent constraint, but the consequences on the convergence speed
were less visible. In practice, we typically used k = 0.1 and p = 8.

Last but not least, we enforced k;;,; = 0 and removed these variables from the minimization. We have
made this choice to ensure that the bonds rigidity of the Gaussian chain in eq. (5.13)) is not modified.

For the practical implementation of the minimization, we used a standard steepest descent method. In
other terms, k;; values were updated according to the equation of motion:

Okij oL
— @) = ——{k;; (D)), 5.57
I ak,-j({ (O (5.57)
or more precisely its discretized version:
aL™
(n+1l) _ 5 (n) _
kl.j = kij h_ﬁk,-j , (5.58)

where n is the time (or iteration) and % represents the time step. Actually, we have also tried more
sophisticated methods such as the conjugate-gradient method. However, although the number of iterations
required to converge is significantly decreased, each step then requires to perform a line minimization,
with several evaluations of A per iteration. Yet, evaluating A requires of the order of O(N?) operations.
Therefore we have found that using a simple steepest descent method resulted in a faster convergence to the
minimum. Following ideas developed in section we chose to initialize the couplings to kg.)) = cfjx P

5.5.4.3 Speeding up convergence

While the computation of A has a complexity in O(N?), the computation of the gradient of A requires
of the order of O(N?) operations. This scaling seems at first particularly unadapted to deal with contact
matrices with size N ~ 10% or 10° like in Hi-C experimental data sets. However this issue can be
circumvented.

The key is to reduce the complexity of the gradient evaluation. It turns out that during the minimization,
only a few k;; tend to non-zero values and represent significant constraints. The bulk of the k;; actually
decreases quickly to near zero values, which then fluctuate in the vicinity of zero, with a magnitude well
below the relevant couplings scale chosen for the procedure: | k;; |< k. Computational time spent to
perform the dynamics on these couplings may be regarded as wasted because they do not correspond in the
end to significant constraints and it is of little interest to know whether these couplings have a magnitude
near zero or exactly equal to zero.

Therefore, every n; iterations, we performed a “trim” operation. We set all couplings such that
| kij |< kto k;; = 0 and removed them from the minimization. As a consequence, computing the gradient
of A becomes of complexity O(M N?) where M is the number of k; ;i # 0. In general, M quickly decreases
to M ~ N. < N. Hence this trick enables us to save a significant amount of time in the minimization. For
practical implementations, we typically used n, = 100.

5.5.4.4 Results

In order to validate the minimization method, we applied it to experimental contact matrices obtained
from BD simulations performed on our artificial GEMs. We used a form factor 4**? and a threshold &7
but as before, we assumed that this information is hidden in the reconstruction procedure.

Starting from the experimental contact probabilities cfjx” , we perform a minimization on the k;; as

described above. The couplings 12,,- where £ is minimum define the best stable GEM matching the
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experimental contacts. Nonetheless, to compute Z°*P we had to choose a form factor u and a threshold &.
The goal is to find the GEM whose associated contact probability matrix ¢;; is as close as possible to the
experimental one. Therefore we define the optimal threshold as the one minimizing the distance to the
experimental contacts:

é;opt — argmin(d(f‘,:,-, CfiXP))_ (559)
- .

We considered BD trajectories of GEMs with N = 200, A = 1 and N, constraints. We then applied
the minimization procedure to the experimental contact matrices computed using a Gaussian form factor
P = pg and a threshold £*P = 3.0. In fig.[5.13] we report the results for N, = 20, 50, 100. In the first
column we represented d(¢;;, c;.x” ) as a function of the threshold &. Since we know the true couplings of
the GEM used to produce the experimental contacts, we also represented the distance between the retrieved
couplings k;; and the theoretical ones, i.e. d(k;j, kl?]’.’). We observe that d(¢;;, cf].xp ) display one narrow
local minimum and another “fat” local minimum for smaller values of &, which is rather unexpected.
However, d (l%i 7> kf j’?) diverges near the “fat” minimum so we conclude that this is an unphysical minimum.
We do not have clear explanation for the existence of this secondary minimum, but we suspect that it is due
to the positivity constraint on the k;;. That being said, if we admit that the first minimum encountered from
the right (i.e. when decreasing progressively & from large values) corresponds to the optimal threshold
£OPT as defined in eq. , then the performances of the method are very good. In particular we recover
that £°P" = £*P In the second and third columns, we show the optimal coupling matrix k[.‘;.p " and contact
matrix cg.p " when & = £°P'. Note that kfjp " reproduces kl’jh to a very good precision. We also carried
out the same procedure on contact maps such that u*? = pup # pand €7 = 1.5 (fig.[5.16). Due to
the discrepancy between the form factors, we now have £°P! # £¢*P . Although a little bit less accurate
than with u**? = ug, we still obtain satisfactory results and the optimal couplings are very close to the
theoretical ones. Interestingly, when u*? # u, the “fat” minimum of d(¢;;, cf].xp ) almost vanishes and we
are left with a pronounced and dominant global minimum at & = £°P7.

Let us emphasize that despite its apparent computational burden, this method is still more efficient than
the method proposed in [155]|. Indeed, the latter one also uses a minimization scheme such as eq. (5.57)), yet
at each step n, evaluating L requires to perform a full Monte-Carlo simulation to sample configurations of
the system in the canonical ensemble and use them to compute the contact matrix associated to the values
of the couplings at time n + 1. Besides, the free parameters in this same approach (o and ¢ in eq. (5.13))
are adjusted by hand while here we adjust the free parameter ¢ in order to find the optimal GEM matching
the experimental contacts. That being said, when the system size is not too large (say N < 100), their
approach allows to virtually consider any polymer model, and any type of monomer-monomer interaction,
while our approach is valid only when the system’s Hamiltonian is Gaussian.

In conclusion, we have presented here a method to reconstruct the true couplings of an underlying GEM
from an input experimental contact matrix. In contrast to the direct reconstruction method, it ensures that
the obtained GEM is stable. It is therefore safer to apply to noisy experimental contact matrices, coming
for instance from Hi-C experiments. As a drawback, the minimization involves a heavier computational
burden that we somehow attenuated by trimming small couplings values during the minimization. The
method has ¢ as a free parameter, which is chosen a posteriori to minimize the distance between the
experimental and the reconstructed contact probabilities. Applying this method to BD trajectories of our
artificial GEMs has proven quite successful. Hence we now attempt to apply it to real contact matrices
coming from Hi-C experiments.
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Figure 5.15 — Application of the minimization method to experimental contact matrices generated from a BD trajectory of a GEM

(N =200and A = 1). We used £¢*P =3.00 and u®*P = ug (Gaussian form factor). We show in the first column d(¢&;;, cff"’)
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Figure 5.16 — Same as fig. but the experimental contact matrices were generated from the BD trajectories with a theta form
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5.6 Reconstruction from Hi-C contact probability matrices

In this section, we shall use Hi-C data from the human chromosome 14 [35]. Because we did not have
clear arguments to prefer one normalization over the others, we have normalized the counts map in a
contact probability matrix according to each of the methods presented in section [5.2.4] and applied the
reconstruction procedure to obtain a Gaussian effective model of the chromosome.

First, we have tried to use the direct reconstruction method. However, the method has failed because
the GEMs obtained were unstable. Therefore we have implemented the minimization method. We show
the results for contact matrices normalized with the “Maximum” method and [; =2 orl; = 3. Forl; =2
(fig. [5.17), the optimal GEM has a contact probability matrix very close to the experimental one, with
d (c?jp ! cz.x” ) < 0.1. Yet, with this choice of normalization, only short-range interactions emerge from the
optimal coupling matrix. For /; = 3 (fig.[5.18), we obtain a more complex architecture, with the presence
of long-range interactions in the optimal coupling matrix. Besides, there are compartments visible in
the contact probability matrix associated to the reconstructed GEM, in good global agreement with the
experimental contact probability matrix. However, we now have d (cl.ojp’, ¢;; ") > 0.1. The configurations
obtained with BD simulations of this GEM are typical of a collapsed polymer and may model “rosette”
structures conjectured for chromosome architecture [22]. Noting that the experimental contact probability
matrix generated with /; = 3 has globally entries with larger values and less smooth variations, we may
interpret this increased distance, d (ci‘;.p ‘ cieij ), by saying that it is harder to fit the experimental contacts
with a GEM than when [; = 2.

5.7 Discussion

Representation of the chromosome architecture with a Gaussian effective model

On the basis of an inspiring study [[I155]], in this chapter we have sought to propose a polymer model
of the chromosome that reproduces the contact probabilities measured in Hi-C experiments. In order to
address this issue, we have investigated a physical model that we called Gaussian effective model (GEM).
Specifically, we started from a Gaussian chain model of the chromosome, and added effective interactions
between monomers under the form of harmonic springs with rigidity coefficients k;;. The problem of
reconstructing the chromosome architecture is then equivalent to find the ;; values such that the GEM
reproduces, at Boltzmann equilibrium, the experimental contact probabilities, cfjx” . As a central result of
our investigation, we found that within this theoretical framework, the contact probabilities of the GEM,
¢ij, are uniquely related to the matrix of couplings, ¢;; & k;;. In particular, an analytical closed-form has
been obtained. This mapping depends on two parameters which are: a threshold ¢ and a form factor g,
which specify the probability that two monomers separated by a distance r are found in contact. These
parameters depend on the particular experimental setup and need to be adjusted a posteriori. Besides,
in our investigation we have chosen to use a Gaussian form factor, ug(r) = (1 + bzyij /52)_3/2, in order
to account for the dispersion in the cross-linking distances due to formaldehyde polymerization in Hi-C
experiments.

Validation of the analytical relation between couplings and contact probabilities

In order to validate the analytical closed-form obtained, we have generated Brownian dynamics (BD)
trajectories of artificial GEM with known couplings, k! j’.’, from which we extracted M configurations to
compute virtual contact matrices. We compared these matrices to the matrix of contacts predicted by
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matrix of the optimal GEM. @Result of the minimization method.
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the GEM mapping, cl?]’.’. We found that the distance between the two was very small. For example, with
M = 1000 configurations, we had d(cf}’, c;xp ) ~ 5% 1073, where the distance actually represents the
average difference between matrix elements. Hence we concluded that the analytical relation obtained
was reliable.

Direct reconstruction method

This led us to propose a first method to reconstruct chromosome architecture. Starting from an
experimental contact matrix, cfj.xp , this method uses the aforementioned mapping to give the couplings
which define a GEM with the same contact probability matrix, ¢;; = cz.x” . This method performed very
well on virtual contact matrices generated from BD simulations. Namely, the original couplings k! jh were
retrieved within a very good accuracy. Yet, we were faced with an unexpected problem when applying
this method to experimental contact matrices from Hi-C experiments. It turns out that the GEM mapping
does not ensure that the model obtained is physical. That is to say, the reconstructed couplings may
result in a Gaussian correlation matrix with negative eigenvalues, corresponding to an unstable GEM. We
characterized this phenomenon by showing that the method is sensitive to the presence of noise in the
experimental contact probabilities. More accurately, when the noise amplitude increases above a certain
value, which depends on the number of non-zero couplings in the GEM (i.e. the number of constraints N.),
the reconstruction can fail even though the underlying contact matrix was generated from a stable GEM.
The effect can be particularly devastating on the input data. For instance, for contact matrices generated
from a free polymer (N, = 0), a noise of amplitude of 107 was sufficient to result in an unstable GEM.

Finding a stable Gaussian effective model

To address the stability issue, we had to consider an alternative approach. Instead of considering that
an input contact probability matrix should be directly associated to a GEM, we rather decided to find the
closest element, in the space of contact matrices, which is associated to a stable GEM. To implement this
approach, we considered the minimization of a function of the k;; variables, and consisting of two terms.
The first term was the distance between the experimental contacts and the contact matrix associated to the
current k;; vector through the GEM mapping. The second term corresponded to a constraint on the ;; to
ensure that the GEM is stable. This minimization is carried out for several values of the threshold used in
the mapping, and the GEM having the closest contact matrix, ¢;;, to the experimental one is retained.

We demonstrated that this method gave consistent results by applying it as before to contact probability
matrices generated from BD trajectories. We found that the minimum of the distance d(¢;;, cfjx” ) indeed
corresponded to a satisfactory retrieval of the hidden couplings. The method however is less accurate
than the direct reconstruction discussed above. First, by construction the reconstructed contact matrix is
no longer equal to the experimental one, ¢;; # ciejx” . In particular, at the optimum, the distance between
the two matrices was of the order d(¢;j, cl.e].x” ) ~5x% 1072 — 10~!. Furthermore, the distance as a function
of the threshold displayed a secondary and unexpected minimum for small values of the threshold. We
suspect that it is due to the stringent constraint imposed on the k;; to enforce the GEM stability. Indeed,
the condition that we impose is k;; > 0. Although having positive couplings is sufficient to obtain a
positive definite Gaussian correlation matrix, it is not a necessary condition. Therefore, this condition
may be too strong and prevent proper relaxation of the couplings to a GEM with an associated contact
matrix closer to the experimental one.
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Application to matrices from Hi-C experiments

Finally, we applied the reconstruction by minimization method to Hi-C experimental data sets [|35]. Itis
not clear in our view how to properly normalize the experimental counts in contact probabilities. Therefore
we used the “Maximum” normalization method presented in section [3;2] with l; = 2 or l; = 3. In the
first case, we obtained a predicted GEM where all the non-zero couplings correspond to short contour
distances between monomer pairs. The distance between predicted and experimental contacts was quite
small, with d(¢é;, c;.x” ) ~ 5x 1072, In contrast, with [; = 3 the predicted GEM presented several
long-range interactions. The distance between predicted and experimental contacts was less satisfactory,
namely d(¢;;, c?p ) > 0.1. An interpretation is that the GEM obtained is overfitting the variations of the
bulk of the ¢;;, namely the checkerboard patterns in the Hi-C experimental contact probability matrix.
Hence a future improvement may consist in filtering first the experimental contacts c;x" in order to
smoothen the background variations. Incidentally, methods that normalize the Hi-C counts to produce
stochastic contact matrices precisely achieve this effect. Therefore it may be interesting to resort to these
methods [|33}/147].

Furthermore, we performed BD simulations of the reconstructed GEM. For [; = 2 the polymer
configurations sampled corresponded to an open coil whereas for /; = 3 they were rather those of a globule.
Although at first, open coil configurations may seem a more reasonable model of the chromosome, the
globule configurations have the advantage to reproduce the effect of cell wall confinement. Hence, maybe
an appropriate normalization of the Hi-C counts should precisely correspond to a transition from an open
coil to a globule for the associated GEM. Incidentally, studies on cross-linked polymers have shown that
for ideal Gaussian chain as it is the case here, this transition should occur when the number of non-zero k;;
is of the order of the number of monomers, N, ~ N [157]. This gives a criterion to assess the relevance
of the predicted GEMs.

Computational efficiency
Our investigation has led us to use three reconstruction methods to obtain a GEM of the chromosome.
Let us now briefly review their computational advantages and drawbacks.

Our first attempt has been to try a naive approach relying on BD simulations. In this approach, we
did not use the GEM mapping to relate the couplings to the contact probabilities. Instead, we postulated
that they are proportionally related with a scaling coefficient A, namely k;; = Ac;;. We then performed
BD simulations for several values of A and chose the value that minimizes the distance between the Hi-C
and the virtual contact probability matrices from BD simulations. This approach is obviously subject to
the same criticism that we made for studies using Monte-Carlo (MC) simulations [[155]. Yet an important
difference is that in our approach the minimization is performed as a function of just one variable, A, and
it is therefore sufficient to run BD simulations for several values of this scaling coefficient. In contrast,
in [155]] the minimization runs over all the k;;, which is much more complex. Hence the naive approach
presented in this chapter is more scalable and can be used on contact matrices of larger size.

Our second attempt has been to perform the GEM mapping directly on the experimental contacts.
From a computational standpoint, this approach only requires to invert a N X N matrix where N + 1 is the
size of the probability contact matrix. Hence it is a particularly appealing method, in which we placed
much hope at first. However we have seen that it can result in an unstable GEM. Altogether, it may be a
good practice to systematically try this method before one of the other two methods.

Our third and last attempt has consisted in the minimization of the distance between an experimental
contact matrix and another one corresponding to a stable GEM. Similarly to [155], this method assumes
a minimization as a function of all the k;;. Yet, in our case each iteration only requires to evaluate a cost
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function £ together with its gradient, in comparison with a full BD or MC simulation. At first we though
that this would provide us with a significant advantage. Yet evaluating the gradient of £ is an O(N?)
operation, therefore involving a significant computational burden. Presently, with a non-optimized code
it takes more than two days on a multi-threaded CPU with twelve cores to minimize £ for N = 1000 (and
a few minutes for N = 100). It is not clear at the moment whether this procedure can be significantly
improved to yield more reasonable time. Besides, within our current setup, this method must be repeated
for each values of the threshold ¢ in the GEM mapping. Unfortunately, most Hi-C contact matrices have
a size such that N ~ 1000.

Conclusion

Despite some caveats just discussed, we find that the methods presented in this chapter to reconstruct
chromosome architecture are rather novel and pave the way for interesting applications. It is clear that a
Gaussian effective model cannot help us to better describe the biological processes at the molecular level.
However it can be used to propose a mesoscopic model for the chromosome. Namely the GEM obtained
can be used as a basis to perform BD simulations. In comparison with BD models where interactions
between DNA and proteins are chosen arbitrarily it has the advantage to be by construction better rooted
in biological experiments.

Last but not least, from a theoretical standpoint, the correspondence found between the couplings of a
GEM and the Boltzmann contact probabilities constitute a (humble) contribution to the problem of finding
if a contact matrix can be produced by a connected physical object such as a polymer. As far as we know,
advances on this subject in the literature are rather rare.
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Chapter 6

Concluding remarks

Achievements

The binding of many divalent proteins to the chromosome entails the formation of DNA loops or
compact structures, which result in a chromosome architecture (or folding) that we do not fully understand.
Biological assays have demonstrated that this organization is intimately related to the transcription.
Namely, the observation that co-regulated genes tend to be close in space and the characterization of
transcription factories have been milestones in this new thinking. In this thesis, I have investigated the
physical origin of such structures and proposed models that underlie their existence. To serve this purpose,
I have combined analytical approaches from statistical physics with Brownian dynamics simulations. A
major challenge in this endeavor has been two reconcile the microscopic scale of the molecular biology
with the mesoscopic scale of chromosome folding.

In chapters [2| and |4} T have considered first principles models to identify the physical mechanisms
responsible for features characterized in experiments. Namely, the approaches undertaken explicitly
considered the effect of proteins on the chromosome. In chapter 2] I have proposed a model for the
existence of transcription factories. I concluded that such clusters can indeed occur at equilibrium under
the effect of a generic type of binding protein. I also proposed that at small scales, binding proteins can
induce the collapse of the chromosome in a crystalline phase. Incidentally, such aggregates do form in
the bacterial cell, and have often the role to protect DNA from detrimentals factors. In chapter 4] I have
investigated the formation of DNA hairpin loops by the H-NS protein. In the looped state, RNA polymerase
cannot bind, resulting in the silencing of genes whose promoters are sequestered in these DNA loops.
My findings suggest that that such hairpins are stable only when the length of the H-NS binding region
is above a characteristic length. This gives credit to a conjecture proposing that genes silencing mediated
by H-NS/DNA loops constitutes a mechanism for transcription regulation. Namely H-NS binding regions
of intermediate lengths can lead to fragile DNA hairpins which can be easily perturbed, for instance by
the binding of more dedicated transcription factors. In short, the formation of DNA hairpin loops by the
H-NS protein may be seen as a mechanical switch for regulating the transcription.

In chapter 5] I have investigated the inverse problem which is to reconstruct the chromosome folding
from chromosomal contacts measured in Chromosome Conformation Capture (CCC) experiments. Using
analytical results and Brownian dynamics simulations, I have proposed reconstruction methods relying
on a representation of the chromosome with an effective polymer model. The main achievement of these
methods was to reproduce the experimental contacts. Although perfectible, these methods represent in my
view an original departure from what have been proposed in the literature during the last decade. Namely,
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the effective model obtained may be used to perform Brownian dynamics simulations of the chromosome
better rooted in biological data.

Value of the predictions

A common denominator of our approaches has been to base our investigation on experimental evi-
dences. However, accurate in vivo measurements are not always available. For example, measuring the
transcription level of a pair of genes as a function of their spatial distance is an experimental challenge, and
most often biologists must resort to indirect measures. Besides, even though high-throughput techniques
relying of DNA sequencing and Polymerase Chain Reaction have produced a mine of experimental data,
the relevant biological information can be hard to extract or it can be corrupted by noise. For these rea-
sons, we are not yet in an era where established models can be confirmed by experiments to a quantifiable
accuracy. This may explain partly at least why in this thesis I have remained at a rather qualitative level of
comparison with experimental data. Maybe a fundamental limitation is the lack of a minimal biological
system on which can be tested competing models. Indeed, bacteria are often considered as the simplest
living system that can be investigated experimentally. Yet many biological processes in bacteria, like
transcription regulation, replication or the cell-cycle control are very complex and not fully understood.

Link between architecture and transcription

The work presented in this thesis is a humble contribution to the broader scientific effort that has been
undertaken to unveil the relation between chromosome architecture and genetic expression. Specifically,
it has become clear that the interplay between chromosome folding and transcription regulation is highly
dynamical and should be more generally considered as two related components of the cell physiology.
Understanding the link between these two components is critical to decipher complex regulatory mech-
anisms of the genetic expression. For instance, chromosome folding seems to play an important role in
still unresolved biological processes such as cell differentiation and cell senescence. More generally, it is
widely assumed that a better understanding of chromosome architecture is a prerequisite for addressing
modern challenges in biology such as conditional gene expression and epigenetics.

During my investigation, I have acquired the conviction that the chromosome should be envisioned as
a cellular organ rather than as a mere carrier of the genetic information. In particular, the chromosome
might provide a physical medium, or scaffold, for propagating genetic signals. Such signals can be for
instance the transcriptional state (a gene is transcribed or not), or the existence of methylations in the
context of epigenetics. Assuming that a genetic signal can propagate to nearest neighbors in space, the
outcome of chromosome folding should determine the distribution of genetic signals on the chromosome.
This schematic view illustrates the problem of context sensitivity. Transcription levels display uneven
variations when considered as a function of the genomic coordinate. Yet this can be seen as the result
of an unlucky projection from a three-dimensional to a one-dimensional space. Indeed, one can expect
that the three-dimensional folding of the chromosome results in the genomic coordinates with the same
transcription levels to be close in space. In short, I put forward the idea that the chromosome should
be compared to a “brain” in which every locus is a “neuron” carrying a genetic signal. The particular
folding of the chromosome results in contacts between loci that can be seen as synapses enabling the
propagation of the genetic signal between neurons. If one associates a particular layout of synapses to a
given physiological state, then adjusting chromosome folding can lead to the dynamical re-allocation of
these synapses and may be interpreted as the transition to another physiological state.
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Toward the design of synthetic gene networks?

In the classical view of the operon system, it is the affinity of a protein to a promoter that determines
the efficiency of a transcription factor to repress or activate the transcription of a gene. Thus, chemical
engineering might be used to produce a protein with a strong binding affinity to a promoter. An important
message that I have tried to convey all along this manuscript is that the regulation of transcription can also
be achieved by means of structural changes applied to the chromosome. For instance, DNA loops can
be envisioned as mechanical switches, and similarly to protein folding, chromosome folding can result
in active or inactive domains with a dedicated function. Therefore, designing a regulatory mechanism to
obtain a folding of the chromosome with mechanical switches and/or functional domains involves rather
a structural and mechanical engineering approach. In short, there has been a shift in our conception of
what constitutes a handle for regulating the transcription.

In terms of real applications, the design of a synthetic gene network would require for instance
knowing how to position genes on the DNA sequence in order to achieve their co-expression. In particular
this would require to have a deterministic knowledge of the functional structures formed. Despite the
increasing number of physical models available, we are not able to achieve such a design yet.

Future research

My motivation for future research will be to obtain a better understanding of the connection between
chromosome architecture and gene expression. Fundamentally, I would like to understand whether changes
in the chromosome folding can be the driver of cell differentiation or cell senescence. In the short term,
I would like to construct an empirical map that associates chromosome architecture to the physiological
state of a cell. To serve that purpose, results obtained in the prediction of chromosome architecture
from CCC data may be of precious help. Interesting outcomes of this mapping may be to provide novel
diagnosis tools to detect cell deficiencies based on CCC assays.
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ABSTRACT To characterize the thermodynamical equilibrium of DNA chains interacting with a solution of nonspecific binding
proteins, we implemented a Flory-Huggins free energy model. We explored the dependence on DNA and protein concentrations
of the DNA collapse. For physiologically relevant values of the DNA-protein affinity, this collapse gives rise to a biphasic regime
with a dense and a dilute phase; the corresponding phase diagram was computed. Using an approach based on Hamiltonian
paths, we show that the dense phase has either a molten globule or a crystalline structure, depending on the DNA bending ri-
gidity, which is influenced by the ionic strength. These results are valid at the thermodynamical equilibrium and therefore should
be consistent with many biological processes, whose characteristic timescales range typically from 1 ms to 10 s. Our model may
thus be applied to biological phenomena that involve DNA-binding proteins, such as DNA condensation with crystalline order,
which occurs in some bacteria to protect their chromosome from detrimental factors; or transcription initiation, which occurs in

clusters called transcription factories that are reminiscent of the dense phase characterized in this study.

INTRODUCTION

Predicting the three-dimensional (3D) structure of chromo-
somes from the primary DNA sequence has become an
important goal, as genomic and transcriptomic data are be-
ing generated at an elevated pace. In eukaryotes and pro-
karyotes, transcription of highly active genes has been
shown through morphological evidence to occur within
discrete foci containing RNA polymerases (RNAPs). It
has later been demonstrated that one given focal point was
enriched in one type of dedicated transcription factor (TF)
(1,2) and one type of gene promoter (3), as well as nascent
transcripts (4), thus justifying the naming of such foci as
transcription factories. A thermodynamic model has shown
that the stiff DNA polymer and properly located attractive
sites mimicking TF bridges were necessary and sufficient
ingredients to produce a transcription factory through
DNA looping (5). Indeed, there is now convincing evidence
that chromosomes are organized into loops (Hi-C, 3C, etc.)
(2), and that looping brings distant genes together so that
they can bind to elevated local concentrations of RNAPs
(FISH, 3C, etc.) (6). DNA-binding proteins such as TFs
are generally positively charged, thus providing a nonspe-
cific interaction with the negatively charged DNA polymer.
DNA sequence-dependent binding offers specific interac-
tions. Together, nonspecific and specific associations allow
proteins to search their target DNA sequences more effi-
ciently via facilitated diffusion (7,8), which combines 3D
diffusion in the bulk volume and monodimensional diffu-
sion along the DNA. These considerations motivated studies
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to characterize the timescale of the dynamics or anomalous
diffusion. Molecular dynamics simulations are used to
model proteins that diffuse to DNA, bind, and dissociate.
The timescales reached in numerical simulations are usually
several orders of magnitude smaller than the biological
ones, and thus the phenomena observed during such simula-
tions might be transient and irrelevant biologically.

In this article, we present a study of the properties and
phase diagram of a DNA-protein solution, at thermody-
namic equilibrium, which entails DNA condensation into
compact structures induced by nonspecific DNA-binding
proteins. The calculated phase diagram is thus expected
to be relevant at biological timescales. To do so, we
consider a simplified model in which the nucleus (or bac-
terial nucleoid) is represented by a closed volume V
(Fig. 1). The double-stranded DNA chains are modeled
as M semiflexible polymer chains (polymerization index N)
that interact with P spheres, which represent either tran-
scription factors or structural proteins. We consider the nu-
cleus (or bacterial nucleoid) to be a good solvent for DNA
chains, so that monomers experience a repulsive interaction
between themselves. Conversely, we assume that there is
an attractive interaction between proteins and DNA that al-
lows the proteins to bind to DNA. As for the protein-pro-
tein interaction, we consider a repulsive (hard-core)
interaction, but the case of an attractive (e.g., complexa-
tion, dimerization, etc.) interaction could be treated in the
same way. Finally, we assume that all interactions are
nonspecific. In the sequel, subscripts D and P stand for
DNA and protein, respectively. We first describe the phase
diagram of such a system in the mean-field approximation
and show that there is a phase transition from a dilute phase

http://dx.doi.org/10.1016/j.bpj.2015.10.027
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FIGURE 1 (A) Model of DNA represented as beads-on-string polymers
(blue) interacting with proteins (red). Dotted circles stand for clusters
with high concentrations of DNA monomers and proteins. (B) Monomer-
monomer interaction is repulsive. (C) Protein-protein interaction is repul-
sive. (D) DNA-protein interaction is attractive. To see this figure in color,
go online.

at high temperature to a concentrated phase of the DNA
and proteins at lower temperature, which can be identified
as the transcription factory phase. In a second step, we
characterize the structure of the dense phase and show
that it can adopt a crystalline order, suggesting an inter-
esting parallel with the existence of some DNA biocrystals
in vivo. This general method can be applied to many
genome architecture problems.

Flory-Huggins theory
Free energy and thermodynamic functions

In the following, we study the phase diagram of the bulk of
the bacterial cell (or nucleus) in the mean-field approxima-
tion. In the context of polymer theory, this approximation is
also called the Flory-Huggins theory (9). A similar kind of
approach has been used to study the demixion of a mixture
of polymers and colloids, in which the interaction is repul-
sive (10). By contrast, in our study, the polymer-colloid
interaction is taken as attractive. We denote the concentra-
tions of DNA monomers and proteins as ¢p and cp, respec-
tively, and the molecular volume of a DNA monomer and of
a protein as op and op, respectively. The (Flory-Huggins)
free energy per unit volume is as follows:

1 1 1
Bf (cp,cp) = —aDcé + —ozpcf, + vepep + EW(CD + cp)3

2 2
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1 —1
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where «p, ap, and v are second-order virial coefficients
denoting the DNA-DNA, protein-protein, and DNA-protein
interactions, respectively; and w is the third virial coeffi-
cient, necessary to avoid the collapse of the system. Note
that this last term comes mostly from the entropy of the
solvent. Indeed, if solvent molecules were present with
concentration ¢s and molecular volume og, the solvent
translational entropy would be cslogcsas/e. If we assume
incompressibility of the DNA-protein-solvent mixture
(i.e., cp + cp + cs = ¢p), the solvent entropy can be written
as a mean-field solution as (co —cp — cp)log(co — cp—
cp)ag/e, which, when expanded to the third order in
(cp + cp), yields the cubic term in Eq. 1.

The Gibb’s free energy per unit volume is the following
Legendre transform of Eq. 1:

58(CD7CP) = 18]"(507@) — lpcp — ppcp = —PIL,  (2)

where II is the osmotic pressure and up and up are the
chemical potentials of DNA monomers and proteins, respec-
tively. The total number of particles of the system is fixed,
but as we show below, these chemical potentials play a use-
ful role when the system separates into two phases at equi-
librium. At thermal equilibrium, the Gibb’s energy is an
extremum: d8g/0cp =0 and dBg/dcp =0, from which
we deduce the following chemical potentials:

d 1
tip(cp,cp) = aﬁ = apcp +vep +=wicp + cp)’
Cp 2
1 Cp0Op
—1
N n( N ) 3)
d 1
tp(cp,cp) = a—éf = apep +vep +zwlep +cp)’
Cp 2

+1n(Cp0p).

By inserting the last expressions in Eq. 2, we see that ap, ap,
and v are indeed identified to the coefficients of a virial
expansion.

The free energy in Eq. 1 is quite general and holds for
arbitrary interactions between the constituents. It is possible
to relate ap, ap, and v to any pair potential, say u(r), used to
model the corresponding interaction. Indeed, these virial co-
efficients can be computed to lowest order (in the density)
using the following well-known Mayer relation:

a=— / d’r(e ™ — 1), )

and the same for v.

In physiological conditions, salt (e.g., NaCl and KCI) and
ions (e.g., Ca’* and Mg?*) are present in solution, giving
rise to screened electrostatic interactions. The interactions
are therefore short-ranged with a range given by the De-
bye-Hiickel length. Yet, at the mean-field level, the specific
shapes of the interaction potentials is irrelevant, and the
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effect of ions in solution only arises through an adjustment
of the Mayer coefficients ap, ap, and v. The DNA excluded
volume coefficient «p, which accounts also for the electro-
static repulsion between negatively charged monomers, is
positive. The protein-protein coefficient ap in general is
positive (repulsive), because of electrostatic repulsion be-
tween identically charged proteins; but it can be attractive
(negative) for specific molecules, which may undergo
dimerization or hybridization. For hard spheres, for
instance, « = 230, o is the volume of one sphere. We here-
after restrict our focus to the case where DNA-DNA and
protein-protein interactions are purely repulsive (steric).

Conversely, we assume v<0, i.e., the DNA-protein
interaction has an attractive tail, which is temperature-inde-
pendent (in first approximation). As we show below, the
Flory-Huggins theory predicts the existence of a critical tem-
perature T¢. We assume that v(T') is analytic in |T — T¢ | and
can be written to the leading order as in the following:

0—-T

WT) = ()

®

where 60 is the Flory-Huggins temperature for which
v(#) = 0, i.e., the interaction vanishes.

The regime of phase separation

As mentioned previously, there is a phase transition when
the homogeneous solutions ¢p = MN/V and cp =P/V
become unstable. It is well known that generically, when
the temperature decreases, the system separates into two
phases. At the phase separation point, the homogeneous
high-temperature phase may stay metastable down to a
point, called the spinodal point, where the homogeneous
phase becomes totally unstable. The so-called spinodal con-
dition is given by the following equation:

0*(6f) 0°6f /dc;,  8°Bf /dcpice
d(cp,cp) &°Bf [dcpdcy  6°Bf /I

where the array denotes the determinant of the matrix.

<0,

©)
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In general for v(T) fixed, Eq. 6 with the equality deter-
mines a line of spinodal points, delimiting the region where
the homogeneous mean-field solution is stable from the re-
gion where it is not. In the unstable regions, the system un-
dergoes a phase separation. If T is increased, v(T) becomes
less negative. At some point, the spinodal lines merge into a
point when T reaches a critical value 7¢ (Fig. 2). This is a
tricritical point. For T > T¢, the homogeneous solution is sta-
ble for any value of ¢}, and ¢y, where we use the * super-
script to emphasize that these concentrations are the
mean-field solutions in the absence of phase separation.
There are critical lines emerging from the tricritical point
when the temperature is decreased, as we show below.

In a biphasic regime, the concentrations are different but
uniform in each of the two phases, separated by an interface
whose energy is not extensive (the interfacial free energy is
proportional to the surface of the interface). We label the
dilute phase by I, and the dense phase by II. The total sys-
tem free energy then reads as follows:

ﬁ tot

= e+ oeran), ™

where f(I) is a shorthand for f(c}, c,) and ¢’ and ¢" denote
the volume fraction of the dilute and dense phase.

A straightforward minimization of Eq. 7, with the con-
straints of conservation of volume and particles number of
D and P, yields the following usual equations of coexistence
between phase I and phase II:

,UD(I) = ,U«D(”)
up(l) = up(ll), ®)
g = II()

where IT denote the osmotic pressures of each phase. The
above equations are simply the equalities of the chemical
potentials and the osmotic pressures. It trivially implies
¢ =1 — ¢ with ¢ = ¢'. Note that Eq. 8 is a system of three
equations with five variables (ck, cl), ¢, ¢l T); thus it deter-
mines a surface of coexistence.

np =0.0015
- — np =0.015

FIGURE 2 Three-dimensional representation of
the coexistence surface in a (1, 7p, ) coordinate
system. Coexistence lines are shown for
np = 0.0015 and 0.015, with 7} =0.01 (red
lines). Critical lines (black lines) emerge from
the tricritical point (black dot). To see this figure
in color, go online.
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MATERIALS AND METHODS
Molecular dynamics simulations

To sample configurations of our system we used the LAMMPS (large-scale
atomic/molecular massively parallel simulator) software package. The sys-
tem is coarse-grained so that DNA is modeled as a beads-on-string polymer
and proteins as spheres. The simulations are run in the Brownian dynamics
(BD) mode. The resulting dynamics consists in the integration of the
following Langevin equation:

dzl‘,-

dr[
m,-ﬁ =F - ’Y,'EJF 2kgTym;(1), ®

where i is the index of one bead, r; is the position of the bead, v; is the fric-
tion coefficient, F; is the resulting force exerted on the bead from the rest of
the system, kp is the Boltzmann constant, and 7 is the temperature. The last
term is a stochastic force in which n;(#) is a Gaussian white noise such that
(n;(t)n;(¢')) = 0;0(r — ). Simulations were run with m; = 1, v; = 1, and
kgT =1, in a cubic volume of size L = 100 with periodic boundary condi-
tions, and we took a polymer with N = 400 beads. The diameter a of the
beads was taken as the unit length.

As for the polymer chain model, beads i and i + 1 are connected with a
finitely extensible nonlinear potential (FENE) that results in the following:

K. u?
Ua(w;) = —%réln(l —r—;>, (10)
0

where u; =r; —r;,_;. Simulations were run with K, = 30 kBT/a2 and
ro=15a.
The bending rigidity of the polymer chain is introduced through the

following Kratky-Porod potential:
Up(0;) = Ky(1 — cosb;), 1n

where 6; is the angle between vectors u; and u; ;. The bending coefficient is
related to the persistence length by K, = I, x kpT.

We restricted our analysis to the case of DNA monomers and protein
spheres of same dimension (with diameter a). This assumption does not
alter the main qualitative features of the physics but makes the discussion
simpler. Steric as well as attractive interactions between beads are intro-
duced using a truncated Lennard-Jones potential such as the following:

U (ry) =

Unless stated otherwise, we took the values indicated in Table 1. The DNA-
DNA interaction being purely repulsive, we retrieve ap =23, where ap
is the volume of one monomer. The same argument holds for the proteins.
Conversely, the monomer-sphere coefficient v(T) is largely negative (Ta-
ble 1 and Fig. 3).

We systematically performed equilibration runs of 10° time units to reach
thermal equilibrium. We then performed sampling runs of 10° time units that
we used to measure physical quantities. Our simulation time units can be un-
derstood as follows. The diffusion coefficient can be expressed as
D = a*/7p, where 73 is the Brownian time corresponding to one simulation
time unit. Therefore, we can do a mapping to physical units. Assuming a
diffusion coefficient of D =10 um?s~! for a protein in the bacterial nucleoid
(11), we find 73 = 600 ns fora = 6 nm, and 75 = 2.0 us fora = 20 nm.
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TABLE 1 Parameters for the truncated Lennard-Jones
potential modeling the DNA-DNA, protein-protein, and DNA-
protein interactions

1 2 e a d" Mayer Coefficient «
DNA DNA 1.00 1.00 1.12 4.40

Protein Protein 1.00 1.00 1.12 4.40

DNA Protein 3.00 1.00 2.00 —62.6

The mean-field pair coefficients are computed using Mayer formula.

Mean-field concentrations

To assess physiological concentrations, we assimilate an Escherichia coli
(E. coli) bacteria to a cylinder of radius 0.5 um and length 1 um. We
took a genome length of 4.6 10° base pairs (bp). We consider that the diam-
eter of one monomer is 1 a = 6 nm=17 bp, so that one such chromosome
is modeled as a polymer of N = 2.6 10° monomers with diameter 1 a. This
leads to a density of DNA 7, ~ 1072. As for the proteins, there are several
DNA-binding proteins, called nucleoid-associated proteins, which act on
the structure of the DNA. In E. coli, for instance, HU, H-NS, Fis, RecA,
Dps, and other proteins have this structuring function. We choose to use
Fis as a reference because it is a well-known structural protein with a large
number of target sites (12) and binds to DNA sequences of 17 nucleotides
(13). In E. coli, there are ~75,000 Fis proteins per genome copy (14) in the
early exponential growth phase, yielding a ratio np/n,=0.3. This is also
consistent with previous numerical studies for which 0.1 <np/np <0.5
(15). Eventually we suggest that this ratio might be quite general and can
also be mapped to eukaryotes. Indeed, we could either consider a human
cell (genome length of ~ 3.3 10° bp and nucleus diameter of 10 um) and
take 1 @ =20 nm as a unit length (size of protein complex). Considering
that the DNA would be packed as euchromatin with a linear packing frac-
tion ¥ = 100 bp/nm (16), the unit length is 1 a=1.710° bp and we get
1p ~ 1072 In the former case, the proteins are assumed to be ~6 nm in
diameter, whereas the latter case better describes the interaction of DNA
with large protein complexes.

Computation of the phase diagram

The coexistence surface is computed by solving Eq. 8. Because of numer-
ical accuracy limitations, we computed the phase diagrams for chains with a

a\"” a\’® a\ 12 a\o . "
48[(;,) ‘<F> (@) (@) | s (12)

otherwise

polymerization index of N = 5000. Because the critical values scale like
1/v/N (Fig. 4), this arbitrary choice captures the essential features of the
N — o limit. Finally, the model relies on a free parameter w, which can
be used to fit the model. In Flory-Huggins theory, w is extracted from the
development of the entropy of mixing and would be wg = 1/ c%, where ¢
is the close packing concentration. However, cells are crowded environ-
ments, containing other species, metabolites, or organelles. Furthermore,
biological compartments can also restrict the accessible volume. Eventu-
ally, this value is underestimated and we arbitrarily choose w = 10 X wp.
Although it could be much larger, the variations of ¢}, above this value
are quite slow and do not alter dramatically the previous phase diagrams
(Fig. 4). With all these parameters, we find for the tricritical point coordi-
nates: ¢ =22 1072a73, ¢§, =7.7107* a3, and BV(T¢) = —25.67 &*.
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FIGURE 3 Truncated Lennard-Jones potential modeling an attractive
interaction between DNA and proteins with parameters indicated in Table 1:
(A) potential shape and (B) Mayer function. To see this figure in color, go
online.

RESULTS

We present in this section the results of the mean-field
theory and defer the discussion of the actual values of
the parameters (see Materials and Methods). We assume
that DNA and protein spheres have the same size
(diameter a) that we use as the new unit length. The tem-
perature T and the coefficient v(T) are related through
Eq. 5, and we therefore introduce the order parameter ¢
in the following:

W(T) = v(T)(1 +1). (13)

We choose to discuss the phase separation in terms of ¢ and
of the densities np = cpop and np = cpop. The coexis-
tence surface is then computed numerically by solving
Eq. 8 and is shown in Fig. 2. At the critical point, Eq. 8
has a unique solution, namely the triplet (15, n%,T¢). As
previously reported for such systems (10), we find the
following:
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FIGURE 4 (A) The DNA critical concentration ¢, ~ 1/ V/N. (B) For
w > 10wp the variations of c¢p and of the other critical parameters are
very slow. To see this figure in color, go online.

(14)

This is the same scaling as the overlap density for polymer
chains of size N, which is the density at which polymer coils
begin to interpenetrate (see, for instance, (9)). Given that
DNA is present in the nucleoid at concentrations close to
the overlap density, this suggests that biological systems
may function at the vicinity of this tricritical point.

For T < T¢ we have v(T) <v(T) <0, which corresponds
to a DNA-protein interaction more attractive than at the crit-
ical point and the solutions of Eq. 8 are distributed on a
closed curve. This closed curve is in fact the collection of
all pairs of coexisting dilute (cl,,ch) and dense (cf,cll)
phases. They are represented in Fig. 5, where the pairs of co-
existing phases are connected by tie lines. Although there is
an infinite set of possible states of coexistence, the total
number of DNA and protein spheres selects a unique
solution pair. The resulting coexistence state is uniquely
determined by the following relation, whose graphical inter-
pretation is shown in Fig. 5:

1 v/ £ _
() re-o(d) - (5250) o

An important point to note is that in general, the concentra-
tion of DNA in the dilute phase is very small. Indeed, the
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Np

—— dilute phase
—— concentrated phase

FIGURE 5 Coexistence lines for = 0.05,0.5, 1.0. The coexistence line
shrinks toward the tricritical point (red dot) when t— 0. For each curve, the
dilute phase is shown in green and the concentrated phase is shown in blue.
Coexisting states are connected by tie lines (dotted segments). The volume
fraction of each phase is determined (black arrows) according to Eq. 15. To
see this figure in color, go online.

translational entropy of DNA is small, because of the factor
1/N, and thus there is no entropic gain for the DNA to be in
the dilute phase, whereas it has an important enthalpic
advantage to be in the concentrated phase. To illustrate
how one can determine the composition of the system, we
now explain how phase separation takes place when cooling
the system from high to low temperature. We consider the
following case of DNA and protein densities:

Le Treut et al.

1, = 0.01, (16)

1, = 0.0015. W)
Again, we defer the justification for this choice of the pa-
rameters. The system splits into two phases at a temperature
T*. For T >T~, the system is homogeneous with values of
the concentration given by Eq. 16, whereas for T < T*, the
system splits into two phases whose composition is deter-
mined by Eqs. 8 and 15. The line of coexistence obtained
is shown on Fig. 2. Note that at T = T*, the phase transition
is first order, except when T is on a critical line, in which
case it is second order. Let us now assume that the concen-
tration of proteins is increased by a factor of 10 to
np = 1.5 1072, When the system is cooled from high tem-
peratures, it splits into two phases, and as before, the coex-
isting states are distributed on the surface of coexistence.
However, the mass conservation requirement (Eq. 15) yields
a different line of coexistence. The new line of coexistence
is shown with dashed lines in Figs. 2 and 6. As might have
been expected, an augmentation of the protein concentration
results in an increased protein concentration in both the
dilute and concentrated phases (Fig. 6 A). The DNA concen-
tration, however, shows a two-step pattern. When additional
proteins are added to the solution, the free DNA monomers
of the dilute phase are transferred to the concentrated one,
and consequently, the DNA concentration in the dense phase
first increases. But at some point, the DNA concentration in
the dense phase reaches a maximum and starts to decrease
(Fig. 6, B and C). Indeed, a fraction of the newly added pro-
teins populate the concentrated phase and make it swell,
while the amount of DNA remains the same. Therefore,
varying the total quantity of proteins can induce

np =0.0015 |
np =0.015

FIGURE 6 Coexistence lines for n; = 0.0015
and 0.015, with 77, = 0.01. These are the projec-

L N

tions of the coexistence lines of Fig. 2 as a function
of the density of (A) proteins or (B) DNA. (C) Sec-
tion of the phase diagram at t = 1.5 (corresponding
to the parameters given in Table 1). A path corre-
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nonmonotonous variations of the DNA concentration in the
phases of the system.

Structure of the dense phase
Example of structures

We showed above how the Flory-Huggins theory predicts
the existence of a phase separation between two homoge-
neous phases. It is well known that within the Flory-Hug-
gins approximation, the chain structure is not taken into
account, except through the suppression of the transla-
tional entropy of the chains. In particular, the fact that
chains may have a strong bending rigidity (long persis-
tence length) does not play any role at this level. There-
fore, the predicted structure of the dense phase is that of
a melt of collapsed polymer with spheres. However,
several studies have highlighted that the bending rigidity
of the polymer has an influence on the microstructure of
the dense phase (15-17). This is well characterized
(Fig. 7). A standard way to characterize the effect of the
chain structure is to use the random phase approximation
(RPA) (see (9)). We have performed such RPA calcula-
tions, but we do not report them in this article, because
they did not show any interesting instability in the dense
phase. The reason for the failure of RPA is that the phase

FIGURE 7 Two equilibrium configurations of a single polymer chain
(blue) displaying the coexistence of a dense and a dilute phase, with persis-
tence length [, =1 (A) and /, = 20 (B) interacting with proteins (red).
For small bending rigidity, the structure of the dense phase is globular
whereas it is cylindrical in the other case. We performed simulations with
P = 10 spheres (see Materials and Methods). To see this figure in color,
go online.

57

transition from the homogeneous to the separated phases is
first order and thus is not driven by critical fluctuations.
This is a typical case when RPA fails to give insights about
the dense phase structure.

Theory of Hamiltonian paths

Because RPA is not appropriate to describe the system in
the dense phase, we adopt another approach. Because of
their attractive interactions with the DNA, the spheres in
which the polymer is immersed play the role of colloid
particles that bridge various parts of the polymers. Conse-
quently, these spheres induce an effective attraction be-
tween the monomers. We thus turn to a model of a
semiflexible polymer chain on a lattice that has been pro-
posed initially to explain the folding of a protein in
compact structures (17-19) (see Fig. 8). An attraction en-
ergy €, between nonbonded nearest neighbors is included,
which favors compact configurations. A bending energy of
the chain is introduced as a corner penalty. It penalizes
corners by an energy ¢, and thus plays the role of a
bending rigidity. As we show below, this term induces an
ordering transition between a random (molten) globule
where corners are mobile in the bulk, and a crystalline
phase, where corners are expelled to the surface of the
globule. Using mean-field theory, it was shown that de-
pending on the temperature and chain stiffness, three
phases can exist, namely a dilute phase where the polymer
is swollen; a condensed phase, which we call a molten
globule, where the polymer is collapsed and disordered;
and finally a second condensed phase where the polymer
is collapsed but with a local crystalline ordering. The
phase diagram is described simply by the two parameters
&, and ¢;,. For fixed small ¢, there is a second-order phase
transition at a temperature 7 = Ty between a dilute and a
disordered condensed phase, followed by a first-order
freezing transition at Tr between the disordered condensed
phase and a locally ordered condensed phase of the

corners
T
[00 ¥
olof
[ ]
globular crystalline

FIGURE 8 Two realization of Hamiltonian paths on a cubic lattice. The
globular state contains an extensive number of corners whereas the crystal-
line state contains a nonextensive number of corners (proportional to the
surface). To see this figure in color, go online.
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polymer. Upon increasing the chain stiffness ¢;, the molten
globule region shrinks until it eventually vanishes. For
larger stiffness, the polymer goes abruptly from a swollen
to a frozen configuration (Tr > Ty) through a direct first-or-
der transition (Fig. 9). These theoretical results were
readily confirmed and improved by Monte-Carlo simula-
tions (17,20,21).

In its simplest form, this model considers a completely
collapsed polymer on a lattice. It is represented as a
Hamiltonian path (HP) on a lattice, that is a path that
visits each site once and only once. Thus the density of
monomer is 7 =1. A good approximation to the total
number A" of HP on a lattice was shown to be (22) the
following:

N= ()" (18)

e

where N is the total number of points of the lattice and ¢ is
the coordination number of the lattice, e.g., ¢ =2d on a
d-dimensional cubic lattice.

In the case of semiflexible polymers (HP with corner
penalty), the partition function is the following (17):

Z = Zeiﬁg”NC(HP), (19)

{nP}

where Nc(HP) counts the number of corners of a HP
realization.

L | adl |

| | |
10 15 20 25 30 35 40

[

p

FIGURE 9 Phase diagram obtained for a polymer chain interacting with
spheres. The phase diagram is plotted as a function of kgT'/¢ and I, where &
is the strength of the Lennard-Jones DNA-protein interation and /, is the
persistence length. We performed simulations with P = 100 spheres (see
Materials and Methods). To see this figure in color, go online.

0
0 5

Biophysical Journal 110(1) 51-62

Le Treut et al.

A saddle-point approximation gives the following corre-
sponding free energy per monomer:

g = -t 20)

where
q(8) = 2+2(d — 1)e P, (1)

is an effective coordination number, ¢ = 2.718 28..., and
d is the dimensionality of the lattice. Note that if the corner
penalty vanishes, we recover the result of Eq. 18.

As the temperature decreases, the effective coordination
number ¢(8) decreases, and the free energy increases. There
is a temperature T for which ¢(8) = e, giving a free energy
per monomer f(Tr) = 0. For T <Tr, f(T) would become
positive in Eq. 20 if the saddle-point approximation were
still valid. However, f(T) is a negative quantity (18) and,
therefore, remains zero the freezing temperature Tr. Conse-
quently for temperatures T > Tr, the corners are mobile in
the bulk, leading to a liquid-like structure for the corners;
whereas for T < T, the polymer is frozen in stretched con-
figurations with f(T) = 0, in which corners are expelled to
the surface and polymer segments tend to be aligned inside
(Fig. 8). These configurations have been studied previously:
they are elongated neck structures or toroids (23), whose
typical size is given by the following:

LY
ue) "

where U(B) = d(8f)/d8 is the internal energy.

This simple model can be extended to the case where the
volume fraction 1 < 1. It requires the introduction of the
parameter €, = —Y, where ¥ is the Flory-Huggins parameter
of a polymer chain in a solvent and denotes the effective
attraction between monomers induced by the proteins.
This leads to the computation of the above mentioned phase
diagram in terms of the two parameters ¢, and ¢;,.

(22)

Results

To make the HP approach more quantitative, it is interesting
to relate its parameters to our simplified picture of DNA in-
teracting with proteins. Namely, we would like to relate ¢,
and g, to the parameters of the Flory-Huggins free energy
in Eq. 1. But in the last one, the monomer-monomer attrac-
tion is mediated by spheres. In the dense phase, the total
concentration of monomers and spheres: ¢ = cp + cp is
essentially fixed to the close packing concentration cy. By
inserting this in Eq. 1, we obtain the following:
—¢p

1
Bf = (%Tw+v(T)>c§+gc3+(c—cD)lnc —

(23)

where we neglect the translational entropy of the polymer in
the dense phase and drop the linear terms in cp as this results
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in an adjustment of the chemical potentials. We then have
the following correspondence:
ap + ap

e=—v(T) - > 24)

For low temperature, v(T) can reach large negative values.

This is mapped to a large ¢, in the HP model. Depending

on the rigidity of the chain, the dense phase might be glob-

ular (low /,) or crystalline (large /,). The effective monomer

density in the dense phase is given by the following:
Cp

cp +c¢ p'

n 25)

One important result obtained using a HP model is the phase
diagram of a polymer on a lattice (implicit solvent) with
bending rigidity, obtained in an earlier mean-field study
(17) and then supplemented by Monte Carlo studies (20).
We show in our study that the phase diagram of a semiflex-
ible polymer interacting explicitly with spheres in an off-lat-
tice volume is very similar. We performed BD simulations
with a polymer chain of N = 400 beads and P = 100 protein
spheres in a cubic volume of size L = 100 with periodic
boundary conditions (see Materials and Methods). Polymer
beads and protein spheres interact through a Lennard-Jones
potential with a well depth given by the energy scale ¢
(in kgT). We used a Kratky-Porod model of polymer, with
bending rigidity characterized by the persistence length /,.
By varying [, and ¢ independently, we were able to explore
the phase behavior of this system. We monitored the coil-
globule transition by looking at the quantity in the
following:

logR,
=7 )
ogN

(26)

where R, is the radius of gyration of the polymer. For a
self-avoiding polymer with scaling law Ry ~ bN’,
q = v+ cst/logN. In a good solvent, the polymer is swollen
with » = 0.588, whereas in a bad solvent it collapses with
v =1/3 . It is clear that g varies like ».

Following the same authors (20), we define the quantity
nyg =Y |u;*ey| for @ = x,y,z in which i runs over all the
bonds of the polymer, u; is the unit vector having
the same direction as the bond i and e, is the unit vector
of the corresponding «-axis. We then define n,,;, =
ming (g ), Mmexy = Max,(ny), and the following:

Pomin 7

nmax

p=1-

For an isotropic configuration, n, = n, = n. resulting in
p = 0. Conversely, for a configuration stretched in one di-
rection, for example, along the x axis, n, =1 and
ny = n, = 0, resulting in p = 1. Thus p measures the direc-
tional order of the polymer.
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We plotted the phase diagram obtained as a function of
kgT /e and [, (Fig. 9). There is a clear similarity with the
case of a polymer on a lattice without explicit proteins.
However, we observe that the coil-globule and globule-crys-
tal transitions occur at a higher interaction energy e. This
might be a consequence of going from a lattice model to a
continuous model. It might also be because of the fact that
in the high-temperature regime, the concentration of spheres
in solution is smaller than the close packing, therefore mak-
ing it hardly comparable with an actual solvent. There is a
specific persistence length /) =10 such that

e for [, <[, the polymer collapses through a second-order
coil-globule transition, followed by a first-order
globule-crystal transition when € increases; and

e for [, > [, the coil-globule transition no longer exists and
the polymer collapses directly from a coil to a crystalline
phase through a first-order phase transition.

DISCUSSION
DNA condensation in vitro

The condensation of DNA induced by DNA-binding pro-
teins or ions has been thoroughly studied. It is well known
that DNA collapses from disperse structures corresponding
to swollen coil configurations into ordered, highly
condensed states. This has been the focus of several
in vitro experimental studies (24-28). One important conclu-
sion from these studies is that during its collapse, DNA un-
dergoes phase transitions through the following three
phases: isotropic fluid, cholesteric, and crystalline (hexago-
nal), in agreement with our results. As stated above, within
the Flory-Huggins theory, the phase transition induced by
ions or DNA-binding proteins appears to be first order,
except at the tricritical point and on the critical lines. There-
fore, the transition from the swollen to the condensed state
should be discontinuous and present hysteresis effects,
which was indeed observed (27,29). Interestingly, the
Flory-Huggins theory predicts another effect. At fixed tem-
perature, there is a line of possible coexisting states. Given a
certain amount of DNA, we are able to discuss the conse-
quences of adding proteins to the system. The protein con-
centration would increase from zero until it reaches a
value for which the system splits into two phases. If we
keep adding proteins, the system will at some point exit
the biphasic regime (Fig. 6, C and D). This phenomenon
called reentrance has been observed in some experimental
work (26).

DNA condensation in vivo

Although it is premature to draw any clear biological
conclusion, it is tempting to discuss at least qualitatively
the effect of DNA condensation on biological functions.
In eukaryotes, nucleosomal organization provides an
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effective protection against detrimental factors. This organi-
zation is absent in prokaryotes, which have a significantly
lower ratio of DNA-binding proteins (30). However, in
harsh environmental conditions (radiations, temperature,
oxidating agents, and radicals), several bacteria resort to
DNA condensation mechanisms to protect their genome.
Maybe the most spectacular case is the appearance of mac-
roscopical DNA aggregates with crystal-like order in
starved E. coli cells. In stressful conditions, the alternative
0% factor is expressed, in response to low temperature, cell
surface stress, or oxidative shock. This in turn induces the
expression of the DNA-binding protein Dps (31,32). In
starved cells, Dps is the most abundant DNA-binding pro-
tein, with ~20,000 Dps protein per cell. Consequently,
DNA is condensed into crystal-like aggregates, which
make it less accessible to damaging factors. This process
is reversible and wild-type E. coli cells starved for three
days remain unaffected by a high dose of oxidating agents
whereas mutants lacking Dps lose viability (31). Interest-
ingly, Dps binds nonspecifically to DNA. In regard to
what has been discussed in this article, we may infer that
when Dps concentration increases, a dense phase appears.
But at a scale of Dps size (~ 10 nm), the apparent rigidity
of DNA is large (~ 50 nm). Therefore, as Fig. 9 shows,
this might be a case where the coil-globule transition is pre-
cluded by the freezing transition. Other examples of DNA
compaction by nonspecific proteins seem to exist (33,34).

Local concentration effects and transcription

Increasing evidence suggests that transcription proceeds
from nucleation points called transcription factories, which
are formed from the interaction of DNA with general and
dedicated transcription factors. Although the nonspecific
hypothesis is not guaranteed, it is true that RNAP can
bind widely onto DNA thanks to its o-unit. The Flory-Hug-
gins results from this article suggest that a biphasic regime
can exist, with a dense phase spanning a volume of size
(1 —¢)V and with local concentrations of DNA and
RNAP increased by a factor of 4-to-8 with respect to the
mean-field ones (Fig. 6 D). This would result in shifting
the equilibrium of complexation reactions such as the
following:

DNA + protein @RNAP bound to DNA

toward the formation of complexes and may favor transcrip-
tion initiation. This is consistent with some experimental
work showing that RNAP clusters are formed during preini-
tiation and initiation of transcription (35). The same authors
also proposed that crowding of enzymes, i.e., higher local
concentrations, may aid in rate-limiting steps of gene regu-
lation. From a dynamical standpoint, the confinement of un-
bound RNAP in a restricted volume of size (1 — ¢)V can
reduce the search time for a promoter. To this extent, it is
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worthwhile to point out a recent study claiming that the pro-
moter search mechanism is indeed dominated by 3D diffu-
sion of RNAP over the one-dimensional diffusion along
DNA (36).

Structure of the dense phase

Earlier studies have demonstrated that the frozen phase can
present various metastable states (21). In the N— o limit
(N 1is the length of one chain), the transition timescale
from one to another could be very large, and the system
might well never equilibrate within biological timescales.
Finally, the parallel drawn between the HP theory and the
Flory-Huggins theory does not pretend to mathematical
rigor. One essential difference is that in our case the attrac-
tive interaction between monomers is mediated by spheres.
A way to compute more precisely the structure of the dense
phase would be to go beyond the homogeneous saddle-point
approximation, for instance, by using the so-called self-
consistent field theory method (37,38), which is a very com-
plex method in the case of semiflexible polymers.

CONCLUSIONS

We presented in this study two complementary frameworks
to describe the phase diagram of polymeric fluids induced
by colloids, and we applied it to a DNA chain interacting
with DNA-binding proteins. Starting from a Flory-Huggins
free energy, we first computed the mean-field phase diagram
and found that at low temperature (i.e., high DNA-protein
affinity) a biphasic regime exists, consisting of the coexis-
tence of a dilute phase and a concentrated phase. The dilute
phase may correspond to swollen configurations of the DNA
whereas the concentrated phase is a model for condensed
states of DNA. This theory may also apply to DNA conden-
sation by multivalent ions or proteins in general. Second, we
addressed the characterization of the dense phase structure
and showed that the chain bending rigidity can have dra-
matic effects. Without bending rigidity, the dense phase
has no directional order and is a molten globule. However,
when the chain bending rigidity is large enough, there is a
freezing transition from the globular to crystalline phase.
Eventually for very rigid chains, the coil-globule transition
is precluded by the freezing transition and the phase transi-
tion predicted in the Flory-Huggins framework does not
occur.

In the cell, the existence of a dense phase could be a good
approximation for the transcription factories observed
experimentally. It is conjectured that this may increase the
rate of success in transcription initiation by means of protein
crowding and by enhancing the promoter search mecha-
nism. Note that at a scale that is coarse-grained to several
thousand base-pairs (gene scale), the chromosome is flex-
ible and the dense phase has the structure of a molten
globule. Conversely, at a scale of a few base-pairs, the
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apparent rigidity of DNA is much higher. Thus, the Dps pro-
tein, which binds nonspecifically to DNA, can induce the
collapse of the E. coli chromosome into crystal-like aggre-
gates; the dense phase is then frozen. This is not an efficient
state for a searching mechanism. But on the contrary, it is
very adequate to protect DNA.

The two frameworks are quite general and can be used to
describe biological phenomena where DNA compaction oc-
curs under the cooperative effect of binding proteins. In the
future, we plan to apply it to other biological cases when
more quantitative experiments become available.

AUTHOR CONTRIBUTIONS

FK. and H.O. designed the research. G.L.T. and H.O. performed the
research; and G.L.T. wrote the software and analyzed the data. All authors
contributed to the writing of the article.

ACKNOWLEDGMENTS

The authors thank the MEGA team members at iSSB for excellent discus-
sions. This work was supported by the IDEX Paris-Saclay grant, CNRS
Genopole, and the ANR project Synpathic.

REFERENCES

1. Montero Llopis, P., A. F. Jackson, ..., C. Jacobs-Wagner. 2010. Spatial
organization of the flow of genetic information in bacteria. Nature.
466:77-81.

2. Schoenfelder, S., T. Sexton, ..., P. Fraser. 2010. Preferential associa-
tions between co-regulated genes reveal a transcriptional interactome
in erythroid cells. Nat. Genet. 42:53-61.

3. Xu, M., and P. R. Cook. 2008. Similar active genes cluster in special-
ized transcription factories. J. Cell Biol. 181:615-623.

4. Caudron-Herger, M., P. R. Cook, ..., A. Papantonis. 2015. Dissecting
the nascent human transcriptome by analysing the RNA content of tran-
scription factories. Nucleic Acids Res. 43:e95.

5. Junier, L., O. Martin, and F. Képes. 2010. Spatial and topological orga-
nization of DNA chains induced by gene co-localization. PLOS Com-
put. Biol. 6:e1000678.

6. Spilianakis, C. G., M. D. Lalioti, ..., R. A. Flavell. 2005. Interchromo-
somal associations between alternatively expressed loci. Nature.
435:637-645.

7. Sheinman, M., O. Bénichou, ..., R. Voituriez. 2012. Classes of fast and
specific search mechanisms for proteins on DNA. Rep. Prog. Phys.
75:026601.

8. Berg, O. G., and P. H. von Hippel. 1981. Diffusion-driven mechanisms
of protein translocation on nucleic acids 2. American Chemical Society.
20:6948-6960.

9. de Gennes, P. 1979. Scaling Concepts in Polymer Physics.. Cornell
University Press, Cornell, NY.

10. Sear, R. P. 2002. Flory-Huggins theory for athermal mixtures of hard
spheres and larger flexible polymers. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 66:051401.

11. Elowitz, M. B., M. G. Surette, ..., S. Leibler. 1999. Protein mobility in
the cytoplasm of Escherichia coli. J. Bacteriol. 181:197-203.

12. Kahramanoglou, C., A. S. N. Seshasayee, ..., N. M. Luscombe. 2011.
Direct and indirect effects of H-NS and Fis on global gene expression
control in Escherichia coli. Nucleic Acids Res. 39:2073-2091.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

61

Nowak-Lovato, K., L. B. Alexandrov, ..., B. S. Alexandrov. 2013.
Binding of nucleoid-associated protein fis to DNA is regulated by
DNA breathing dynamics. PLOS Comput. Biol. 9:e1002881.

Ishihama, A., A. Kori, ..., N. Fujita. 2014. Intracellular concentrations
of 65 species of transcription factors with known regulatory functions
in Escherichia coli. J. Bacteriol. 196:2718-2727.

Johnson, J., C. A. Brackley, ..., D. Marenduzzo. 2015. A simple model
for DNA bridging proteins and bacterial or human genomes: bridging-
induced attraction and genome compaction. J. Phys. Condens. Matter.
27:064119.

Brackley, C. A., S. Taylor, ..., D. Marenduzzo. 2013. Nonspecific
bridging-induced attraction drives clustering of DNA-binding proteins
and genome organization. Proc. Natl. Acad. Sci. USA. 110:E3605-
E3611.

Doniach, S., T. Garel, and H. Orland. 1996. Phase diagram of a semi-
flexible polymer chain in a theta solvent: application to protein folding.
J. Chem. Phys. 105:1601-1608.

Bascle, J., T. Garel, and H. Orland. 1992. Mean-field theory of polymer
melting. J. Phys. Math. Gen. 25:1323.

Bascle, J., T. Garel, and H. Orland. 1993. Formation and stability of
secondary structures in globular proteins. J. Phys. II France.
3:245-253.

Bastolla, U., and P. Grassberger. 1997. Phase transitions of single semi-
stiff polymer chains. J. Stat. Phys. 89:1061-1078.

Doye, J. P. K., R. P. Sear, and D. Frenkel. 1998. The effect of chain
stiffness on the phase behaviour of isolated homopolymers. J. Chem.
Phys. 108:2134-2142.

Orland, H., C. Itzykson, and C. de Dominicis. 1985. An evaluation of
the number of Hamiltonian paths. J. Physique Lett. 46:353-357.

Montesi, A., M. Pasquali, and F. C. MacKintosh. 2004. Collapse of a
semiflexible polymer in poor solvent. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 69:021916.

Bloomfield, V. A. 1996. DNA condensation. Curr. Opin. Struct. Biol.
6:334-341.

Livolant, F., and A. Leforestier. 1996. Condensed phases of DNA:
structures and phase transitions. Prog. Polym. Sci. 21:1115-1164.

Vasilevskaya, V. V., A. R. Khokhlov, ..., K. Yoshikawa. 1995. Collapse
of single DNA molecule in poly(ethylene glycol) solutions. J. Chem.
Phys. 102:6595-6602.

Yoshikawa, K., and Y. Matsuzawa. 1995. Discrete phase transition of
giant DNA dynamics of globule formation from a single molecular
chain. Physica D. 84:220-227.

Durand, D., J. Doucet, and F. Livolant. 1992. A study of the structure of
highly concentrated phases of DNA by X-ray diffraction. J. Phys. II
France. 2:1769-1783.

Widom, J., and R. L. Baldwin. 1980. Cation-induced toroidal conden-
sation of DNA studies with Co3+(NH3)6. J. Mol. Biol. 144:431-453.

Kellenberger, E., and B. Arnold-Schulz-Gahmen. 1992. Chromatins of
low-protein content: special features of their compaction and conden-
sation. FEMS Microbiol. Lett. 100:361-370.

Almirén, M., A. J. Link, ..., R. Kolter. 1992. A novel DNA-binding
protein with regulatory and protective roles in starved Escherichia
coli. Genes Dev. 6 (12B):2646-2654.

Altuvia, S., M. Almirén, ..., G. Storz. 1994. The dps promoter is acti-
vated by OxyR during growth and by IHF and sigma S in stationary
phase. Mol. Microbiol. 13:265-272.

Frenkiel-Krispin, D., and A. Minsky. 2006. Nucleoid organization and
the maintenance of DNA integrity in E. coli, B. subtilis and
D. radiodurans. J. Struct. Biol. 156:311-319.

Newton, G. L., J. A. Aguilera, ..., R. C. Fahey. 1996. Polyamine-
induced compaction and aggregation of DNA—a major factor in radio-
protection of chromatin under physiological conditions. Radiat. Res.
145:776-780.

Biophysical Journal 110(1) 51-62



62

35.

36.

Cisse, I. I, I. Izeddin, ..., X. Darzacq. 2013. Real-time dynamics of
RNA polymerase II clustering in live human cells. Science.
341:664-667.

Wang, F., S. Redding, ..., E. C. Greene. 2013. The promoter-search
mechanism of Escherichia coli RNA polymerase is dominated by
three-dimensional diffusion. Nat. Struct. Mol. Biol. 20:174-181.

Biophysical Journal 110(1) 51-62

37.

38.

Le Treut et al.

Edwards, S. F., and M. Doi. 1988. The Theory of Polymer Dynamics.
International Series of Monographs on Physics. Oxford University
Press, Oxford, UK.

Fredrickson, G. 2005. The Equilibrium Theory of Inhomogeneous Poly-
mers. International Series of Monographs on Physics. Oxford Univer-
sity Press, Oxford, UK.



156 CHAPTER 6. CONCLUDING REMARKS



Glossary

base pair Two nucleotides in a DNA (or RNA) molecule that are paired by hydrogen bonds.

binding energy Energy determining the strength of the chemical linkage (or affinity) between two con-
stituents. For instance the binding energy of a protein with DNA.

central dogma The fundamental principle that genetic information flows from DNA to RNA to protein.

ChIP-sequencing ChIP-seq assays combine chromatin immunoprecipitation (ChIP) with massively paral-
le] DNA sequencing to identify the binding sites of DNA-associated proteins. After post-processing
experimental data, it gives access to the density of binding of a protein as a function of the genomic
coordinate.

chromosome (or chromatin) Term regrouping the DNA molecule with the structuring proteins that are
bound to it.

chromosome conformation capture experiment Set of experimental techniques that have been devel-
oped in order to identify interactions between genomic location (loci) in vivo. Namely, these
techniques count the number of contacts between different loci on the genome, resulting from the
particular folding of the chromosome.

chromosome folding The chromosome is a long object, and as such can adopt many three-dimensional
configurations. One such configuration defines its folding, or architecture.

co-regulated genes Genes whose expressions are regulated by the same regulators.

cytosol Intra-cellular space, excluding the organelles.
divalent protein Protein with two functional domains enabling the binding to two DNA sites.

epigenetics Ensemble of biological processes resulting in genetic effects which are not encoded in the
DNA sequence. Such effects may result from external factors that affect how cells express genes.
For example, DNA methylation can alter how a gene is expressed, yet it does not involve a change
in the nucleotide sequence.

Fluorescence in situ hybridization Technique that uses fluorescent probes that bind specific DNA (or
RNA) sequences by base pair complementarity. Fluorescence microscopy can then be used to detect
and localize these specific sequences. In particular, regions of the chromosome can be localized in
the cellular compartment, which helps in defining the spatial-temporal patterns of gene expression.
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genome It is the unique sequence of nucleotides which embeds the genetic information of one individual.

Hi-C Experimental technique combining [chromosome conformation capture|and high-throughput DNA
sequencing in order to obtain a high-resolution map of the contacts between chromosomal locations.

horizontal gene transfer Process through which DNA is passed from one organism to another. This
contrasts with vertical gene transfer which refers to the inheritance of genes from parent to progeny.

hydrogen bond A weak chemical bond between an electronegative atom such as nitrogen or oxygen and
a hydrogen atom bound to another electronegative atom.

monomer Fundamental unit of a polymer.

nucleoid In prokaryotes which do not have a nucleus, the chromosome is confined to an area near the
center of the cell called the nucleoid.

nucleus In eukaryotes, the nucleus contains the chromosomes, and is separated of the rest of the cell by
a membrane.

polymer Large molecule made of the repetitive assembly of monomers held by chemical bonds. The
number of monomers in the polymer is called the polymerization index.

polymerase General term for a protein that can assemble monomers together to form a polymer. It
catalizes the process of polymerisation. For instance RNA polymerase is the enzyme responsible
for transcribing coding sequences of genes into RNA.

polymerase chain reaction Technique used to amplify a target DNA sequence. It relies on denaturation-
hybridization-elongation cycles and the usage of a polymerase resistant to high temperatures. This
technique enables the production of millions of copies of an initial DNA sequence in just a few
hours.

promoter DNA region where RNA polymerase binds in order to initiate transcription.

random phase approximation In the context of polymer field theories, it is a stability analysis of the
saddle-point solution for the polymer density. Namely, the Hamiltonian is expanded to second
order around the saddle-point solution in order to obtain the quadratic fluctuations. A Fourier
mode analysis can reveal if modulations in the polymer density can trigger instabilities, which are
associated to a microphase separation. It is also called the Gaussian fluctuations analysis.

restriction enzyme Enzyme that can cleave the DNA molecule at specific sites (restriction sites) corre-
sponding to a specific short sequence of nucleotides.

super-resolution microscopy Fluorescence microscopy imaging methods that allow to obtain a resolu-
tion beyond the diffraction limit. They rely on the stochastic activation of each fluorophore in the
sample from a non-emissive state (or off-state) to an emissive state (or on-state). This ensures that
for each image, only a small fraction of the fluorophores (those in the on-state) is emitting photons.
This results in very few overlaps between the fluorophore sources and leads to an increased reso-
lution. Transitions from the on-state to the off-state occur through reversible switching in
whereas in the phenomenon of photobleaching is exploited.
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transcription factor Term loosely applied to any protein that can bind to DNA in order to alter (or
regulate) the expression of a gene.

transcription level The transcription level of one gene can be measured in at least two ways. A direct
measure of the transcription level consists in measuring the number of RNA transcripts of a given
gene in the cell. This is usually achieved by extracting all messengers RNA from a cell and
sequencing them in order to count the transcripts of the gene of interest. An indirect measure
of the transcription level is to insert downstream of the gene of interest a reporter gene which
encodes a fluorescent protein (such as GFP). The intensity of the fluorescence can be related to the
transcription level of the gene of interest.

transcripton factor binding site DNA sequence to which a transcription factor binds to in order to
regulate the transcription of a gene.

worme-like chain Model used to describe a polymer with bending rigidity. A key parameter of the model
is the persistence length, that characterizes the contour distance above which the polymer loses the
memory of its orientation. Also known as the Kratky-Porod model.

xeno-silencing Repression of the transcription of genes in foreign DNA sequences acquired by horizontal
transfer.
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Acronyms

3C [chromosome conformation capture experiment}

AFM Atomic-force microscopy.

BD Brownian dynamics.

bp [base pai

CCC [chromosome conformation capture experiment}

chIP-seq [ChIP-sequencing experiment]

EM electron microscopy.

FENE finitely-extensible non-linear elastic potential.

FISH [Fluorescence in situ hybridization|

GEM Gaussian effective model.

Hi-C [CCC with high-throughput DNA sequencing}

i.i.d. independently and identically distributed (random variables).
LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator.
MD molecular dynamics.

NAP nucleoid-associated protein.

p.d.f. probability distribution function.

PALM [photo-activated localization microscopyl|

PCR [polymerase chain reaction}

PWM position weight matrix.
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RNAP
RPA [random-phase approximation|

SAW self-avoiding walk.

STORM |stochastic optical reconstruction microscopyl

TF [transcription factor}

TFBS [transcription factor binding site|

WLC |worm-like chain polymer]

Acronyms
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