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Abstract

Cellular behaviour depends ultimately on the transcription of genes. If
we know how transcription is controlled we have a better chance of under-
standing cellular processes. This thesis presents six studies, all concerning
cellular regulatory mechanisms. One study is purely experimental and five
are computational studies.

A large part of the research concerns the Epstein-Barr virus (EBV). We
investigate the latency programme switching of EBV, with an equilibrium
statistical mechanics model that describes the transcription activities of two
central viral promoters. We demonstrate that this system is bistable and pre-
dict promoter activities that correlate well with experimental data. Further
we study the switching efficiency of one of the promoters, highlighting how
competitive binding of transcription factors generates a more efficient genetic
switch.

The EBV protein EBNA1 is known to affect cellular gene expression. With
a dinucleotide position weight matrix we search the complete human genome
for regions with multiple EBNA1 binding sites. 40 potential binding regions
are identified, with several of particular interest in relation to EBV infections.
The final study on EBV is purely experimental, in which we demonstrate an
interaction between the Syk kinase and integrin β4. Moreover, we show how
reduced levels of these proteins affect migration of epithelial LMP2a positive
cells, and hypothesise that these effects are due to the Syk-β4 interaction.

The two remaining studies presented in this thesis concern other cellular
systems. Dynamic properties of two different regulatory feedback mechanisms
for transport and metabolism of small molecules are investigated. The syner-
getic effect of adding a regulatory loop is exemplified with the iron metabolism
in bacteria. The final project concerns the λ phage. With the equilibrium sta-
tistical mechanics method for describing promoter activities we characterise
the equilibrium properties of λ mutants and compare with experimental find-
ings. We argue that the observed differences between model and experiment
are due to a larger perturbation of the genetic circuit than presumed.

The research presented in this thesis shed light on the properties of several
regulatory mechanisms. As computational studies they add perspective to
the experimental research in this field and provide new hypothesis for further
research.

Keywords: genetic switch, gene regulation, statistical mechanics, Epstein-
Barr virus, λ phage, regulatory motifs, equilibrium
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Chapter 1

Introduction

Biological physics is a broad interdisciplinary research field, encompassing theoreti-
cal, computational and experimental research of various types of biological systems.
In this thesis I present my research, mainly focused on models of genetic circuits
and mechanisms of gene regulation. A computational model is an excellent tool for
investigating properties such as robustness and response times in a genetic system.
Ideally, a model should be constructed from available experimental data such as
promoter structure and expression patterns. Hence, the field of biological physics
is highly dependent on experimental research in genetics, microbiology and cell
biology.

The history of the field today known as genetics, began with the Augustian
scientist Gregor Mendel, who studied the inheritance of traits in pea plants. In
1866 he published his results regarding the laws of inheritance he had established.
Although his results were not acknowledged at the time his work is now considered
revolutionary and is the foundation of genetics. The Mendelian laws of heredity
were ’rediscovered’ in the early 20th century, when professor Thomas Hunt Mor-
gan and his student conducted a series of experiments on mutations in Drosophila
melanogaster, the fruitfly. In 1911 he published a paper in Science, concluding a
relationship between heredity and chromosomes (1), a discovery for which he was
later rewarded the Nobel prize.

The DNA molecule had in fact been isolated already in 1869 by Friedrich Mi-
escher, but neither its function nor structure were understood at that time. Mi-
escher named his precipitate ’nuclein’ and showed that it was present in the nuclei of
all cells, but he was hesitant regarding its function (2). This question was however
resolved, together with many other queries on DNA and heredity, when research in
genetics literally exploded during the first half of the 20th century. After Thomas
Morgan’s contribution in showing chromosomes as carrier of heredity information,
the biochemist Pheobus Levene managed to identify the chemical components of
the DNA molecule in 1919, proposing the tetranucleotide hypothesis; that DNA was
made up of equal amount of each nucleotide and that they were repeated in a fixed
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2 CHAPTER 1. INTRODUCTION

order (3). In the 1940’s, bacteriologist Oswald Avery continued Morgan’s research
and conducted transformation experiments with bacteria. He showed that when
removing the DNA molecule, the bacteria lost its transformation ability, showing
that DNA indeed was the carrier of genes (4). The structure of the DNA was
however still not determined. William Astbury published a paper on X-ray studies
on DNA in 1947, although his conclusions regarding the structure were incorrect
(5). Instead it was Francis Crick and James Watson who in 1953 proposed the
double helical structure of DNA, based on the X-ray data by Rosalind Franklin (6).
Crick is also known for formulating the ’central dogma’: the description of how the
genetic information in a cell is processed from DNA to RNA to protein.

The fields of virology and microbiology also made their appearance in the 19th
century. Bacteria had first been observed by Antony van Leeuwenhoek in the late
17th century. But as a field, microbiology is generally considered to emerge with
the classification of different species of bacteria by Ferdinand Cohn in 1872 (7),
and with the research of his contemporaries Louis Pasteur and Robert Koch in
the correlation between bacteria and diseases (8; 9). The Russian botanist Dmitri
Ivanovski is credited for the first discovery of the virus. He studied the mosiac to-
bacco disease spreading by filtering crushed leaves of infected plants through a filter
impermeable to bacteria, to then re-infect plants. Although he is acknowledged for
the virus’ discovery, he himself seemed to believe that the causative agent was a
still unidentified bacteria (for a historical review see (10)). Similar experiments
were conducted by Marinus Beĳerinck, who presented his results in 1889 naming
the causative agents ’viruses’ but believed they were of liquid nature (11). The
liquid hypothesis was disproven in 1917, and in 1939 the first electron microscopic
image of a viral particle was presented (12; 13). But even before these milestones,
as early as 1908, infectious properties of cell-free filtrates had been identified as
causing lymphomas (14).

Focusing so far on the pure biological discoveries, we now turn to the rise of
the interdisciplinary field of biological physics, also named theoretical biology. One
seminal work in this interdisciplinary field is the book ’What is life’ by the physicist
Erwin Schrödinger, published in 1944 (15). Schrödinger is mainly known for his
contributions to wave mechanics and quantum theory, but towards the end of his
career he took an interest in how the laws of physics could apply to cell biology.
In his famous book, he addresses the question of how the laws of physics apply
to living organisms and proposes that our hereditary information is packed into
a ’code-script’. Around the same time, the brittish mathematician and computer
scientist Alan Turing presented his model of a reaction-diffusion systems and the
onset of instability (16). Turing elegantly analysed the biological equivalence of the
solutions to his mathematical model, and also discussed the possible usefulness of
digital computers in this field.

During the beginning of the century, the field of kinetics had developed with
important contributions from Archibal Hill, Leonor Michaelis and Maud Menten
(17; 18). Much focus at this time was on protein-ligand interactions and kinetics,
but in 1961 Jacob & Monod published a seminal paper on protein-DNA interactions
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in gene regulation. They presented evidence for a regulatory control of protein
production by specific ’repressor genes’ and discussed the possibility of an ’operator’
site in proximity to the genes (19). Their inhibitory regulatory mechanism was
exemplified by the phage λ and the lac operon. The bacteriophage λ had been
discovered in the early 50’s and quite quickly turned into a model system in genetics
(20). With its small genome, but still highly interesting regulatory mechanisms,
it became the first system to be described with a theoretical model for promoter
activities (21; 22). This thermodynamical model, constructed by Shea & Ackers for
the lysogeny switch in phage λ, is still today applied for analysing genetic regulatory
systems, including phage λ itself (23; 24; 25).

During the 60’s and 70’s, the field of genetics and molecular biology flourished.
The genetic code was deciphered and the restriction enzymes were discovered, al-
lowing the cloning and sequencing of genomes (26; 27). But with these new ad-
vancements came some concerns. In 1974, there was a request for a suspension in
recombinatory genetic experiments. The plea came from a group of american scien-
tists who wanted to bring up the potential hazards with the new DNA techniques
(28). The scientific community actually halted experiments for several months, un-
til after a conference was held in 1975, forming the national guidelines for research
involving recombinant DNA. Although still discussed as potentially hazardous, the
recombinant DNA techniques have allowed us to sequence many whole genomes
during the last decades, including our own. Moreover, the creation of synthetic
DNA constructs have widened our understanding of the regulatory design princi-
ples and played a central role in the field of biological physics (29; 30).

As Turing so wisely predicted, the computer came to play a very central role in
biology. With the high throughput techniques available today, an almost endless
amount of gene expression data is produced and without the computational tools
available it would be impossible to handle all the information generated. The former
more separated fields of genetics, molecular biology, physics and computer science
have now merged and developed into the new disciplines of computational biology,
biological physics and systems biology. Depending on their background, scientists
in these new fields take different approaches to understanding biological systems.
Theoretical physicists naturally tend to address theoretical issues like describing
facilitated diffusion along DNA, TF target recognition models and motor protein
control (31; 32; 33). Recent areas of interest for theoreticians are network properties
and stability behaviour (34; 35; 36) while robustness problems are addressed from
control theory departments (37; 38). Experimentalists develop better cell imaging
methods and computer scientists develop algorithms that allow high-dimensional
biological networks to be analysed (39; 40; 41). All these valuable approaches are
what makes the field of biological physics so prosperous.



4 CHAPTER 1. INTRODUCTION

1.1 Research Presented in this Thesis

A large part of my research concerns the Epstein-Barr virus (EBV). The first project
started with an invitation from professor Ingemar Ernberg at the Karolinska Insti-
tute. Professor Ernberg had interesting data concerning the regulation of promoters
in EBV, and was interested in if his genetic system could be modelled. This collab-
oration resulted in paper I, where we test a regulatory hypothesis on how the EBV
infected cell switches between two different phenotypes. We demonstrate how the
system is bistable and that theoretical promoter activities correlate well with exper-
imental data. As a follow up, Aurell and I, together with LiZhe Zhu, investigated
the cooperative functions of the major enhancer regulatory elements in this genetic
system, the Family of Repeat enhancer (FR) (paper II). Our study highlights how
competitive binding of transcription factors generates an efficient genetic switch.

Given the involvement of a human transcription factor in the regulation of FR,
my colleagues Aymeric Fouquier d’Hérouël and Anna Birgersdotter and I decided
to investigate the possibility of EBNA1 regulation of human genes. This study
is presented in paper V in this thesis. We identify several interesting binding
site regions located close to genes of potential EBV-related interest. Later on,
the collaboration with professor Ernberg engaged me in an experimental project
on epithelial cell motility described in paper VI. In this work, we present the
hypothesis that integrin β4 and Syk interaction affects cell migration.

Besides the EBV studies, there are two projects presented in this thesis that
concern other biological systems. The first is an investigation of the bistability of
mutant variants of the λ phage (paper IV). This is carried out with the same
model approach used in the theoretical papers on EBV (paper I and II). I identify
the equilibrium patterns and dynamics for the λ-lac mutants and discuss the dis-
crepancies between model and experiment. The second study was a collaboration
with professor Kim Sneppen and his group at Center for Models of Life, at NBI,
presented in paper III. In this study we describe the dynamics of feedback mo-
tifs using small molecules as key regulator, and exemplify the synergetic effects of
adding regulatory loops.

1.2 Thesis Outline

My thesis is organised as follows. In chapter II, I give an introduction to gene
regulation in general. I present gene regulatory mechanisms together with the
promoter architecture, transcription factors and their binding properties. Chapter

III presents the modelling approach used in my theoretical papers. It describes the
background of kinetics, thermodynamics and statistical mechanics and how it can
be used to describe gene transcription. In chapter IV I introduce the Epstein-
Barr virus and present the results from my studies on EBV. This chapter hence
encompasses paper I, II, V and VI. Chapter V describes the results from the study
on regulation by small molecules in feedback systems, paper III. In Chapter VI
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I present the λ phage and our computational analysis of the λ-lac mutants, paper
V. In the last chapter, chapter VII, I present some concluding remarks about my
research and possible questions to address in the future.

1.3 Included Papers

Four peer-reviewed papers and two manuscripts are included in this thesis.

• Paper I. Maria Werner, Ingemar Ernberg, JieZhi Zou, Jenny Almqvist and
Erik Aurell. Epstein-Barr virus latency switch in human B-cells: a physico-
chemical model. BMC Systems Biology, 2007, 1(1) : 40. IE and EA developed
the project outline. I built and implemented the model. I, IE and EA analysed
the results and wrote the paper. JZ and JA performed the experiments.

• Paper II. Maria Werner, LiZhe Zhu and Erik Aurell. Cooperative action in
eukaryotic gene regulation: Physical properties of a viral example. Physical
Review E, 2007, 76 : 061909. I developed the project idea together with EA.
LZ built and implemented the model. I and EA analysed the results and
wrote the paper.

• Paper III Maria Werner, Szabolcs Semsey, Kim Sneppen and Sandeep Kr-
ishna. Dynamics of Uptake and Metabolism of Small Molecules in Cellular
Response Systems. PLoS ONE, 2009, 4(3) : e4923. SS, KS and SK developed
the project idea. I and SK performed the simulations. I, SK and KS analysed
the results. I, SS, KS and SK wrote the paper.

• Paper IV. Maria Werner and Erik Aurell. A computational study of the
λ-lac mutants. Physical Biology, 2009, 6(4) : 046007. EA came up with the
project idea. I built and implemented the model. I and EA analysed the data
and wrote the paper.

• Paper V Aymeric Fouquier d’Hérouël, Anna Birgersdotter and Maria Werner.
FR-like EBNA1 binding repeats on the human genome. Submitted to Virol-
ogy. I and AFD developed the project idea. AFD performed the simulations.
I, AFD and AB analysed the data and wrote the paper.

• Paper VI Fu Chen, Maria Werner, Gerald Gish and Ingemar Ernberg. Inte-
grin β4 Interacts with Syk: Effects on Migration of Epithelial Cells. Manuscript
in preparation. IE and FC developed the project idea. I, FC and GG per-
formed the experiments. I, IE and FC wrote the paper.





Chapter 2

Gene Regulation

All processes taking place in our cells, from general metabolic processes to cell
specific actions, originate from information encoded in our DNA. Each cell in our
body has one copy of our DNA, the long double stranded nucleotide molecule that
forms the chromosomes. The DNA is a four letter code script, using the letters A,
C, G and T . Some parts of the DNA are ’non-sense’ code with no use of deciphering.
Other parts can be translated, then giving instructions on how to build proteins,
the ’machines’ of the cells. These coding regions are called genes. It takes a quite
complex regulatory machinery in order to control all the information and translate
it into a coordinated cell with specific properties. This chapter aims to give a brief
insight into one part of this machinery, the gene transcription process. First the
fundamentals of this process are described (section 2.1). Thereafter I present the
promoter architecture and introduce transcription factors (TFs) and their binding
properties (section 2.2) before discussing different regulatory mechanisms (section
2.3).

2.1 The Transcription Process

Transcription is the process where a gene in the DNA is copied by the RNA poly-
merase enzyme into a single stranded nucleotide molecule, the messenger RNA
(mRNA). The mRNA is used as a template for the ribosome that translates the
nucleotide code into an amino acid sequence, that in turn is assembled into a func-
tional protein. In eukaryotes, various post-transcriptional alterations of the mRNA
are also carried out before it can be correctly translated by the ribosome. Although
all steps in the chain from DNA to the complete functional protein can be modified,
the most fundamental control lies at the transcriptional level. The transcriptional
process can be very tightly regulated, to what degree depending on the gene and
the complexity of the organism.

The transcriptional control mechanisms differ somewhat between prokaryotic
and eukaryotic cells, where in the latter they are more complex. The fundamentals

7



8 CHAPTER 2. GENE REGULATION

however, are the same. First, the RNA polymerase enzyme has to attach close
to the transcription start site of the gene. This site, called core promoter site, is
located upstream of the transcription start site. In prokaryotes, the polymerase
can attach directly to the core promoter, while in eukaryotes it is first identified by
general TFs that help the RNA polymerase to bind (42). Thereafter, transcription
is initiated through unwinding of the two DNA strands into a bubble, allowing the
polymerase to access the template strand. The next step is the elongation, where
the RNA polymerase travels along the template strand, reading each nucleotide
and copying into the mRNA. The elongation terminates after the whole gene has
been transcribed. In prokaryotes there is a specific termination sequence located
after each gene, while in eukaryotes the termination signals are not completely
understood and transcription often continues past the protein coding region (43).

The annotation of genes and proteins differs slightly between prokaryotes and
eukaryotes. For prokaryotes, and for the λ phage presented in chapter 6, genes are
written with lower case, italic letters while their corresponding protein is annotated
with first letter capitalised, normal letters. For humans, as given examples of in
chapter 4, the gene symbols are written in capital, italic letters while the protein
name is written with capital, normal letters.

2.2 Promoter Structure and Transcription Factors

The core promoter is the sequence on the DNA that is recognised by the general
TFs in eukaryotes, or directly by the RNA polymerase complex in prokaryotes. In
prokaryotes this part usually constitutes the total promoter, while in eukaryotes
the promoter is often referred to as a longer region of the DNA that includes many
other regulatory motifs as well. See figure 2.1 for a schematic view of a eukaryotic
promoter. The sequence of the core promoter differs, but a common motif in
eukaryotes is the TATA sequence, located 25-30 bp upstream of the transcription
start site (42). Also prokaryotes have conserved sequences -10 and - 35 bp upstream
of the initiation site (44).

For prokaryotes, transcription activity is largely determined by the rate of elon-
gation by the polymerase, and does not necessarily depend on activating TFs (45).
Binding of the polymerase itself can be enough to yield strong transcription. In
eukaryotes, the core promoter is sometimes referred to as the basal promoter, since
it only enables a basal level of gene expression, i.e. it initiates transcription at
a low rate. In order to induce a higher transcriptional efficiency and specificity,
eukaryotic regulation also includes various types of binding sites for gene specific
TFs. Unlike the general TFs that always are present in the cell, the level of these
gene specific TFs vary between cell types, environmental conditions and with the
cell cycle. This permits gene transcription to be regulated much more precisely in
time and quantity.
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Figure 2.1: Illustration of a eukaryotic promoter. The promoter has a core part,
where the RNA polymerase can bind. Moreover, it can encompass many differ-
ent regulatory regions such as binding sites for TFs that repress transcription (red
boxes) or sites where TFs bind and activate transcription (green boxes). Regions
with multiple binding sites are commonly referred to as enhancers, with an activat-
ing function, and silencers, with a repressing function. Regions with the property
of blocking enhancer function are called insulators (grey box).

Transcription Factors

Transcription factors are proteins that bind DNA promoter regions and regulate
the transcriptional process. They all have a DNA binding domain, although the
structure and function of this domain vary (46). Different subfamilies share the
same DNA binding domain that can be strictly repressing or activating, or have
both functions. There are also cases in which a TF has two DNA binding domains,
one repressing and the other activating, and hence can function in two ways (46).
To enable transcriptional control, most TFs also have a protein binding domain.
This domain may directly interact with the basal transcriptional machinery at
the core promoter, or with co-factors, other proteins that mediate the regulatory
interactions. The number of TFs in an organism scales with the size of the genome
as a power law (47). At the same time there seem to be an upper bound of the
number of TFs in each family; a bound set by the length of its recognised binding
site (48).

Binding Sites and Affinity

The DNA sequence recognised by the TF can vary in length but usually spans
5-20 bp (46). Interestingly, the binding sites for eukaryotic factors appear to be
shorter than their analogues in prokaryotes (49). Often the TF binds strongest
to one specific sequence, determined by to the number of possible interactions
between the DNA binding domain and the nucleotides. Although the TFs’ affinity
is strongest for this ’perfect’ sequence, minor nucleotide variations in the binding
site are usually tolerated, at the cost of lower affinity but without loss of function.
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Figure 2.2: Illustration of construction of a PWM. This example shows how half
sites of FR (whole sequence can be seen in table 4.2) are used to construct a
PWM. For each nucleotide position, the weight if each nucleotide is found from the
frequence of occurrence. The highest score at each position is indicated with red
markers. The higher score, the higher frequency of the nucleotide at that position.

In fact, it is rare that in vivo binding sites are perfect sites.
A common representation of the binding sites identified by a particular TF is the

consensus sequence, using descriptive letters assigned for each nucleotide and the
possible nucleotide variations at each position. The consensus sequence is however
not very informative. A more detailed way to portray the binding site sequences
is by counting the occurrence, nlB, of the nucleotides B at each position l. The
nucleotide frequency is then

flB =
nlB + 1
N + 4

, (2.1)

where the addition of pseudocounts is to avoid problems due to finite-sample ef-
fects and to ensure a nonzero frequency (50). Weighting the nucleotide occurrence
flB with the nucleotide frequency over the whole genome, pB, the binding site
information can be translated into a position weight matrix (PWM):

wlB = log
flB
pB

(2.2)
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From the nucleotide frequency it is also possible to estimate the relative binding
energy of a binding site (50). The example given here is for the simplest PMW,
where only single site nucleotide positions are taken into account. An example of
what such a PMW looks like is given in figure 2.2. For a more sensitive representa-
tion one can construct the PMW by including nearest neighbouring information,i.e.
counting pairwise occurrence of nucleotides in the binding sites.

The PMW can be used to scan a sequence for potential binding sites. Numer-
ous other tools for site identification have been developed recently, often using a
PMW in combination with algorithms for optimising information content and the
statistical significance (51). However, many of these computational methods rely
to some extent on available experimental data, and measurements of TF binding
affinities are scarce although recent high throughput techniques are available (52) .

Regulatory Regions

Activating regions with multiple binding sites for one or more TFs are often referred
to as enhancers. These can activate transcription independent of position and ori-
entation with regard to the transcription start site (53). Enhancers with the same
structure as in eukaryotes have been identified in several viruses (44). Just like en-
hancers, position- and orientation independent regions exist that acts as repressors
on transcription. These are commonly referred to as silencers (43). Recently, a
third type of regulatory sequence has been identified: insulators, segments able to
block enhancer action (54). For an illustration of the architecture of the euykarotic
promoter see figure 2.1.

In a eukaryotic transcriptional control region, regulatory elements such as en-
hancers can be found over 100 kb up- or downstream of the start site (55; 46).
Hence, one enhancer may be present in the vicinity of several genes, nonetheless
enhancers usually act preferentially on one specific promoter. The presence of a
TATA box in the core promoter most likely gives a competitive advantage for activa-
tion and insulators also aid in blocking incorrect activation (55; 56). The enhancer’s
ability to activate is often explained by DNA looping, bringing the enhancer in di-
rect contact with the transcription machinery. This phenomena has been observed
both in eukaryotes, prokaryotes and viruses (57; 58). The enhancer-core promoter
loop may be established through a mixture of looping and tracking along the DNA,
where the looping is dependent on the chromatin flexibility and may be altered by
histone modifications (59).

One gene can have multiple enhancers, silencers and other TF binding sites
in various combinations, regulating its transcription. In addition, one specific TF
may both repress or activate, depending on the position of the binding site and if it
binds alone or with modifying cofactors. This complexity in promoter architecture
leads to difficulties in predicting promoter regulation from only the DNA sequence,
although attempts of this kind have been made (60; 61). The best way to fully
identify the regulatory mechanisms of a specific promoter is to conduct experiments
with genetically altered promoter variants and analyse the transcription patterns.
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2.3 Regulatory Mechanisms

Actions by Transcription Factors

There are different ways in which TFs influence promoter transcription. The most
straightforward method for repression is to place binding sites overlapping the poly-
merase attachment sequence (44). This ensures a steric hinder for the polymerase
when attempting to attach, but the method’s efficiency is dependent on the TF’s
affinity to the binding sites, see figure 2.3b. The reversed mechanism can take place
if sites for activators are placed close to the core promoter. The TFs can then di-
rectly interact with the polymerase to increase its binding affinity for a weak core
promoter, see figure 2.3a. However, if the interaction between the TF and the poly-
merase is too strong, the polymerase may never be able to start the elongation and
the effect is instead a transcriptional repression. More complex regulation can be
obtained by utilising many different TFs, having enhancers and insulators and re-
quiring cooperative actions for example, see figure 2.3d and e. These later described
scenarios are mostly seen in eukaryotes. One important regulatory mechanism that
should be mentioned is the alteration of the TFs by allosteric regulation. Allosteric
regulation refers to when the function of an enzyme, or a TF, is in turn affected
by the binding of another compound. This compound can be organic or inorganic;
an amino acid, a peptide or a metal, essentially anything that can bind to the pro-
tein and affect its properties (62). A TF might for example be unable to activate
transcription without binding of a specific compound, see figure 2.3c. There is a
particular family of TFs that have a small-molecule-binding domain (SMBDs), and
these are found in various types of regulations (63). In Escherichia coli, E. coli,
it has been estimated that three quarters of all TFs are two-domain proteins, and
that half of them bind small molecules (64). A network study over protein-small-
molecule interactions estimated the number of interactions in the network of E. coli
to be 1847, compared to 1435 for Homo Sapiens (65). The differences in number of
interactions is likely to be due to the different requirements for the cells to respond
to environmental conditions.

Additional Regulatory Control

Besides the TF regulation, there are additional higher order control processes in
the eukaryotic genome. The eukaryotic genome is organised in structures with the
DNA wrapped around histone proteins, forming a more condensed structure called
chromatin. Nucleosome organisation studies have shown significantly reduced nu-
cleosome occupancy around transcription start sites, interpreted as a mean of di-
recting TFs to their functional binding sites (66). The histones can undergo methy-
lation or acetylation, thereby influencing how condensed the chromatin structure
is. Histone methylation is generally associated with a more condensed chromatin
structure, hence repressing transcription by blocking the binding of TFs and poly-
merases (67; 45). Acetylation of histones is instead correlated with a more relaxed
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Figure 2.3: Examples of how TFs regulate transcription. a) Transcription can only
occur if an activating TF is bound. b) Transcription can only occur if there is
no repressing TF bound. c) The TF’s function is dependent on the binding of
some small molecule. Transcription occurs if the TF is activated by this small
molecule. d) The promoter has a region of sites for both repressors and activators,
and transcription can only occur if the correct activating TF is bound. e) The
transcription is activated by TFs bound to an upstream enhancer. If there is an
insulator present, the transcription is blocked.
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(a) Simple regulatory motifs (b) Potential landscape

Figure 2.4: Regulatory motifs and bistability. a) Illustration of some simple regu-
latory motifs. The most common regulatory motifs are when a TF either activates
or represses itself, or both. Another example of a regulatory motif is the feed for-
ward mechanism where a TF activates both gene x and y, with gene y also getting
activated by x. b) Schematic view of the potential landscape of a one dimensional
system of molecule X. This system is bistable, i.e.the system has two equilibria. To
move from one equilibrium to the other, some kind of perturbation is needed to
’push’ the system over the potential barrier.

chromatin structure. Methylation can also occur at the cytosine residues of CpG
islands, i.e. regions on the DNA with cytosine and guanine nucleotides in repeat.
CpG islands are present in around 60 % of the human promoters and methylation
is correlated with transcriptional repression (68). It has been seen that genome
methylation patterns are altered in tumour cells, with global loss of DNA methyla-
tion in combination with hypermethylation of tumour-suppressor genes (69). Given
that it is possible to reverse methylation patterns, these discoveries may provide a
way to suppress tumour initiation (70).

Feedback Circuits and Bistability

In transcriptional regulation there are a few regulatory motifs, or circuits, that
occur more frequently than others. This phenomenon was first discovered in E. coli
but the same regulatory circuits are seen in all organisms (71). The most common
motifs are the negative and positive autoregulations. Negative autoregulation refers
to when a TF represses its own transcription, and the positive autoregulation when
it instead enhances its own production. Other common motifs are feed-forward
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loops. In these circuits one TF regulates two genes, X and Y , where X in turn
also regulates the production of Y . These motifs are illustrated in figure 2.4a.
Different circuits have different properties regarding response times and the ability
to induce bistability or oscillations. The understanding of these properties has
greatly improved by the ability of constructing synthetic circuits (29; 30). The
regulatory circuit used depends on the demand of the regulated gene in question,
but also on environmental fluctuation and mutation rates (72).

Many biological systems exhibit bistable, or multistable, behaviour. This means
that the system can rest in two or more equilibria (described further in section 3.1),
and switch between them. Bistability can arise when there is a positive feedback
loop in the system, or when there is a double negative feedback mechanism. The
number of equilibria, as well as their stability, can vary with the conditions in the
system. One example of this is presented in section 4.2. One way of illustrating
bistability is through the potential of the system, see figure 2.4b. The potential
describes the free energy of the system for molecular reactions or at the atomic
level. For larger biological system the potential denotes the changes occurring in a
system, where the potential well is a state without observable changes. Another way
of displaying multistability in systems with higher dimensions, is with phase space
plots. Each dimension of the system is represented as an axis, and the trajectories
enables visualisation of the equilibria and to some extend their stability.

Genetic Switch

In biology and biological physics, the term ’genetic switch’ usually refers to a specific
change in promoter activity. It can be one promoter switching its transcriptional
activity from ’off’ to ’on’, or vice versa, or a switch between two different promoters
being active. In general, one talks about a genetic switch when there is a significant
change in promoter activity over a short period of time, or due to a small change
in the cellular environment. A cell may for example switch between two impor-
tant phenotypes depending on the environmental conditions, or a virus switches
between entering the latent or lytic pathway. Since all cellular activities depend
ultimately on gene expression, an observed phenotypic change might be caused by
a specific genetic switch. Identification of genetic switches is hence of great value
for understanding phenotypic alterations.





Chapter 3

Statistical Mechanics Model of

Gene Regulation

This chapter presents one way of modelling gene regulation using statistical me-
chanics (section 3.3). In order to understand the model, some background in ki-
netics, thermodynamics and statistical mechanics is necessary. This is presented in
sections 3.1 and 3.2

3.1 Molecular Reactions and Kinetics

Molecular reactions take place constantly in our surrounding. One of the most
fundamental reactions is when two molecules, A and B, encounter each other and
form a complex, AB. Assume this reaction is reversible:

A+B � AB (3.1)

According to the law of mass action, the formation rate of AB is then propor-
tional to the concentrations of the two reactants, [A] and [B]: AB = k1[A][B],
where k1 is the forward reaction rate. The same relation holds for the dissociation
of the complex: [A] + [B] = k

−1[AB], with k
−1 as the backwards reaction rate.

When the two reactions, forward and backward, are equally fast the system is said
to be in equilibrium, or more specifically chemical equilibirum, and hence no change
in concentration of the involved reactants is detectable. The more general term
steady state also describes an equilibrium, as well as static states where reactions
take place at non-equilibrium.

In equilibrium, the dissociation constant, Kd, is defined as the quotient of reac-
tion rates:

Kd =
k
−1

k1
=

[A][B]
[AB]

17
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The equilibrium dissociation constant can also be expressed in terms of the
fractional occupation, Y : the amount of bound B, [AB], out of the total available
molecules [Btotal]= [B] + [AB]:

Y =
[AB]

[Btotal]
=

[AB]
[AB] + [B]

=
[A]

Kd + [A]

Kd is then the concentration at which the complex is half saturated.
Biochemical systems are often described according to the traditional kinetic

rates described above. One then assumes a continuous number of molecules that are
homogeneously distributed and that reactions occur instantly and in a deterministic
manner. The macroscopic rate equations for the changes in A and B as described
in (3.1) then reads:

d[A]
dt

= k
−1[AB]− k1[A][B]

d[B]
dt

= k
−1[AB]− k1[A][B]

with [A], [B] and [AB] as continuous variables. Being deterministic equations, the
solution is fixed by the starting conditions. Rate equations describing changes in
concentrations of A and B can only display the average level of these reactants
in the system, in contrast to stochastic models which also take fluctuations into
account (see section 3.4).

Cooperativity

One important mechanism in kinetics is cooperativity. Cooperativity is commonly
associated with the binding of a ligand to a protein affecting further bindings of
the same kind. However, the term cooperativity can be used for any process where
one complex formation enhances some other reaction or process. In this thesis,
cooperativity is often mentioned in the context of protein multimers affecting pro-
moter activity. In order for a genetic circuit to function efficiently, a certain degree
of cooperativity is generally necessary; whether it is cooperative binding of TFs or
whether it is cooperative stability (73). An illustration of typical activation curves
for a promoter, with various degrees of cooperativity, is shown in figure 3.1.

A quantitative measure of cooperativity is the Hill coefficient, where a coefficient
of 1 indicates independent binding while a higher positive integer indicates positive
cooperativity. The higher the coefficient, the higher the degree of cooperativity.
Suppose a complex with AxB is formed, i.e. x molecules of A and one B molecule
bind together. If each A molecule bind individually to B with dissociation constant
K, the fractional occupation reads:
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Figure 3.1: Schematic drawing of how cooperativity of TFs affect the switching of
activity for a promoter. The higher cooperativity, the steeper slope and a more
’on’-’off’ like behaviour of the promoter regulation

[AxB]
[Btotal]

=
1

1 +
(
K
[A]

)x (3.2)

Plotting log Y
1−Y versus log[A] generates a curve with slope x, defined as the

Hill coefficient:

log
Y

1− Y
= log

[AxB]
[B]

= log
(

[A]
K

)x

= x log[A]− logKx (3.3)

One commonly refers to the effective Hill coefficient, taken at half saturation,
Y

1−Y = 1. Although the Hill coefficient x in the example above is identical to the
number of bound molecules A, this is not true in general. Experimentally measured
Hill coefficients are rarely integers corresponding to the exact number of interacting
molecules, but can rather be seen as an upper limit of number of reactants.

3.2 Thermodynamics and Statistical Mechanics

Thermodynamics is a discipline concerned with transformations of energies: heat,
mechanical work or chemical work, and the macroscopic properties of a system,
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such as pressure, volume and temperature. In thermodynamics a system is defined
as any well defined region. One can define the system as completely isolated from
the surroundings, with no possible energy transformation, or allow energy flow and
particle flow in and out of the system. In other terms, the system boundary may
be real or imaginary. Statistical mechanics enables macroscopic predictions from
the microscopic properties of molecules in a system. In order to use the statistical
tools of ensembles it is required that the system of interest contains a large number
of particles.

Two central quantities in thermodynamics are internal energy and entropy. The
internal energy of a system is the sum of the kinetic and potential energies of all
particles in the system. According to the first law of thermodynamics, the internal
energy of a closed system cannot change. The entropy is commonly referred to as
a measure of disorder in a system. In thermodynamics, entropy is defined in terms
of the heat change of the system:

dS =
δQ

T
, (3.4)

where δQ is the transferred heat and T is the temperature of the system. Formu-
lated differently, the entropy, when multiplied with the temperature of the system,
is a measure of the energy that cannot perform any work, i.e. the thermal energy.
Since the property temperature T is only defined at thermal equilibrium, equation
(3.4) only holds then. In statistical mechanics, the definition of entropy is a function
of the number of available micro states, i, of the system:

S = −kB
∑
i

pi ln(pi) , (3.5)

where pi is the probability of being in state i and kB is the Boltzmann constant.
For a microcanonical ensemble (see section 3.2), all states are equally likely, and
equation (3.5) reduces to S = kB ln(g), where g is the total number of accessible
configurations in the system. Equation (3.5) holds even for systems outside equilib-
rium, and at equilibrium one can derive the thermodynamic definition of entropy
from this definition.

Thermodynamic potentials

The mathematical representation of the internal energy uses the extensive variables
entropy (S), volume (V ) and number of particles (N), as natural variables. These
variables are proportional to the number of particles in the system. However,
they are not always easily controlled for all processes, and alternative functions
to describe the energy changes in a system are helpful. The intensive variables:
temperature (T ), pressure (P ) and chemical potential (μ), are not dependent on
the number of particles in the system, and determine the energy change of the
system in relation to the change in its extensive counterpart. They are often more
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intuitively understood and transforming the internal energy representation into
functions of the intensive variables results in more convenient representations.

The alternative representations are referred to as thermodynamic potentials.
There are three standard thermodynamic potentials: the Helmholtz energy (F ),
the enthalpy (H) and the Gibbs free energy (G). The Helmholtz energy is, through
a Legendre transformation of U with respect to T , a function of V and T as natural
variables. Further transformations yield enthalpy as a function of S and P and the
Gibbs free energy as a function of T and P .

U(S, V,N) dU = TdS − PdV + μdN

F (T, V,N) dF = −SdT − PdV + μdN

H(S, P,N) dH = TdS + V dP + μdN

G(T, P,N) dG = −SdT + V dP + μdN

What thermodynamical potential to use in describing a system depends on what
variables are kept constant. In most chemical and biological systems both temper-
ature and pressure are constant. The Gibbs potential is therefore a convenient
representation of energy for these systems.

Statistical Ensembles

An ensemble can be seen as an imaginary collection of multiple systems, all replicas
of the actual system of interest. Each copy represents the system in one config-
uration, such that the ensemble consists of at least the same number of replica
as there are possible configurations of the system. Studying the statistics of an
ensemble is the theoretical equivalent of repeating a physical experiment with the
same macroscopic conditions several times and looking at the statistics.

There are three standard ensembles used for different types of systems; the
micro-canonical, the canonical and the grand canonical ensemble. In the micro-
canonical ensemble the systems are thermally isolated, thereby having the same
internal energy. The systems in a canonical ensemble are assumed to be in contact
with a large heat reservoir, enabling heat exchanges at a fixed temperature. The
canonical ensemble can be divided into different micro canonical ensembles. In the
grand canonical ensemble, the systems are in thermal contact with a reservoir and
can, in addition to heat, also exchange particles. Which ensemble to use depends
on how one defines the system of interest.

Canonical Ensemble

A closed system with total energy Ei can exist in g(Ei) number of configurations.
Each configuration is characterised by the position and momentum of the particles
in the system, their separate energies adding up to the total energy Ei. The funda-
mental postulate in statistical mechanics is that the closed system in equilibrium is
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found equally likely in any one of its configurations of energy Ei. If the system is in
thermal contact with a reservoir, the total energy of the reservoir and the system,
Etot, will be held constant. However, the system’s energy Ei can vary. Since all
configurations are equally probable, the likelihood of the system to have energy Ei
is related to the number of configurations with the energy Ei for the system and
Etot − Ei for the reservoir. The probability of being in a state with energy E1

relative to the probability of being in another state with energy E2 is then given
by

p(E1)
p(E2)

=
g(Etot − E1)g(E1)
g(Etot − E2)g(E2)

=
eS(Etot−E1)/kB+S(E1)/kB

eS(Etot−E2)/kB+S(E2)/kB

(3.6)

Expanding the entropy around Etot, gives;

p(E1)
p(E2)

=
eS(Etot)/kB−E1( δS

δEtot
)/kB+S(E1)/kB

eS(Etot)/kB−E2( δS

δEtot
)/kB+S(E2)/kB

=
g(E1)e−E1/kBT

g(E2)e−E2/kBT
(3.7)

The probability to find a state with a specific energy is hence proportional
to the number of configurations of this state, g(Ei), and the exponential of the
energy in that state, Ei. By normalising the weight of state s(Ei) with the sum
of all statistical weights, the partition function Z =

∑
i g(Ei)e

Ei/kBT one finds the
probability of the system to be in state s(Ei)

p(Ei) =
1
Z
g(Ei)e−Ei/kBT (3.8)

It should be noted that the partition function Z is more than a normalisation
constant. From the partition function one can find the free energy of the system
through the definition of entropy. Rewriting equation (3.5) with the probability
p(Ei) yields

S = −kB
∑
i

pi ln(pi) (3.9)

= kB
∑
i

pi(Ei/kBT + lnZ) (3.10)

The first term is a summation over the energies in all states
∑
i piEi/kBT , i.e. the

average energy of the system which is equal to the internal energy, U . With the
sum of all probabilities being one, equation (3.10) can be rewritten:
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S =
U

T
+ lnZ (3.11)

U − TS = −kBT ln(Z) , (3.12)

where U −TS = F . Hence, from the partition function one can find the Helmholtz
free energy:

F = kBT ln(Z) (3.13)

Grand Canonical Ensemble

For a system with both energy and particle flow, the probability of being in a certain
state s(Ei, Ni) can be found in a similar manner as in the canonical ensemble.
The difference is that the particle number, N , needs to be taken into account
when looking at the individual states of the system. As described in the canonical
ensemble, P (Ei, Ni) can be derived from the number of configurations g(Ei, Ni),
normalised with the sum of all configurations.

p (Ei, Ni) =
g (Ei, Ni) eNiμi/kBT−Ei/kBT∑
i g (Ei, Ni) eNiμi/kBT−Ei/kBT

(3.14)

As particle flow is allowed, the probability now includes a term accounting for
the number of molecules and their chemical potential. The chemical potential is
defined as the Gibbs free energy per particle and is a measure of the tendency of
a system to change. In spontaneous reactions, particles flow from higher poten-
tial states to lower potential states. The chemical potential of a particle can be
calculated from the degeneracy of its quantum states (74). This is however not a
practical method for molecular systems and the model presented here concerns a
large number of reacting molecules. Hence one adopts the relation given for ideal
solutions: μ ∝ kBT lnx, x being the relative amount of particles. Essentially this
means that μTFi = kBT ln[TFi].

The equations presented so far use the notation Ei for the energy of the sys-
tem since these descriptions are of general nature, applicable to any system. As
mentioned earlier, most biological systems are studied at constant pressure and
temperature. Therefore, the experimentally measured energies are often given as
Gibbs free energies. The entropy in the grand canonical ensemble, at constant pres-
sure and temperature, is a function of E, V and N ; S(E, V,N). Like in equation
(3.6), the probability of the state being in si is

p (Ei, Ni) =
1
Z
eS(Etot−Ei,Vtot−Vi,Ntot−Ni)/kB+S(Ei,Vi,Ni)/kB (3.15)
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Assuming the reservoir is much bigger than the small system, Ntot � Ni, and
that the total energy is much larger than the system’s energy, Etot � Ei, an
expansion of the entropy at constant pressure and temperature gives:

S (Etot − Ei, Vtot − Vi, Ntot −Ni) /kB

=
(
S (Etot)− Ei

(
δS

δEtot

)
− Vi

(
δS

δVtot

)
−Ni

(
δS

δNtot

))
/kB

= S (Etot) /kB − (Ei + ViP −Niμi) /kBT + S (Ei, Vi, Ni) /kB
= S (Etot) /kB − (Ei + ViP −Niμi − S (Ei, Vi, Ni)T ) /kBT

= S (Etot) /kB −Gi/kBT +Niμi/kBT ,

where the entropy term will cancel out with the partition function. The probability
of finding the system in state si is hence

p(si) =
1
Z
ξ(Ni)e−Gsi/kBT+μiNi/kBT , (3.16)

including the combinatorial factor ξ that counts the number of possible configura-
tions of state si.

3.3 Statistical Mechanics in Gene Regulation Models

The basic idea behind statistical mechanics models of gene regulation is that the
expression level of a gene can be derived from the equilibrium probabilities that
TFs are bound to the promoter region. This is of course a simplification of the
complex regulatory machinery that exists in vivo. It reduces the whole process of
transcription into a question of probability of initiation. In vivo there are multiple
regulatory steps between the onset of transcription and the completion of a tran-
scribed functional RNA. Nonetheless, these models give a straightforward relation
between TF levels and gene expression, and have been shown to be valuable in
predicting and understanding promoter activities (22; 25; 75; 76).

Model Assumptions and Framework

The most fundamental assumption of the statistical mechanics model is that the
system is in equilibrium. This can only be justified by looking at the time-scales for
the different events in the transcription process. Equilibrium binding can only be
assumed if any significant changes in molecular concentrations are slower than the
on and off rates for TF binding to DNA (77). For a single molecule, the association
rate can be estimated from diffusion-limited association, yielding a rate in the order
of 10ths of seconds for most operator sites (23). Therefore, it has generally been
accepted that the occupational state of the promoter sites can be given by the
equilibrium constants. However, one needs to be aware that for formation of larger
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Figure 3.2: Illustration of how the grand canonical ensemble is applied to describe
a genetic system. The promoter with bound and unbound binding sites is defined
as one system. This system is in contact with a heat and particle bath, i.e. the
rest of the nucleus/cell, and there is an exchange of energy and particles between
the systems

complexes, the association and dissociation time-scales might be on the limit of this
equilibrium approximation (40).

To construct a transcriptional model, the architecture of the promoter and the
involved TFs have to be known. The promoter binding sites, with or without bound
factors, is considered the small system, exchanging particles and energy with the
larger reservoir, the nucleus, see figure 3.2. This then allows for a statistical me-
chanical description with the grand canonical ensemble. A state si is characterised
by the X different types of TFs bound to the promoter: the number, NXi as well
as the position, given by the ξ(N1i , N2i , . . . , NXi). The Gibbs free energy is not
given as absolute values, but as a difference, ΔGi, between the energy of the state
si and the reference state, often set as the unoccupied promoter state:

p(si) =
1
Z
ξ(N1i , N2i , . . . , NXi)[TF1]N1i [TF2]N2i . . . [TFX ]NXi e−ΔGi/kBT (3.17)

As described in chapter 2, some promoters require DNA looping for activation.
This type of interaction comes into the model both as added configurations and
with an extra energy term. The additional energy then includes both the entropy
cost in looping the DNA, as well as an eventual gain in interaction energy from
cooperative actions.

Many models also include the actual transcription, not only the probability of
transcription. The net transcription rate, �, is given by summing over the proba-
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G0 = 0

p(on) =
[A]e−ΔGA/kBT

1 + [A]e−ΔGA/kBT
p(off) =

1

1 + [A]e−ΔGA/kBT

Figure 3.3: Illustration of the simplest example of how a TF can affect promoter
activity. Transcription is only active if A is bound at the promoter. The probability
of transcription to be ’on’ or ’off’ is hence dependent on the concentration of the
activator, [A], and the binding free energy of the system. The unoccupied state is
set to have a energy of zero, so that only the difference in energy, ΔGA, is relevant.

bility of transcription, times the assumed transcription rate, where some states do
not contribute to the transcription, with �i = 0.

� =
∑
i

pi�i (3.18)

Example of a Simple Activator

One simple example of how to apply the model described above, is when a promoter
has one single binding site for a TF A. Suppose the promoter is active when A
is bound, silent otherwise. Then there are two possible states of the promoter:
either with no bound A and hence no transcription or with one bound A and gene
transcription active, see figure 3.3.

To find the probability of the promoter being active, p(on), one then computes
the probability of A being in the bound state out of the two possible states:

p(on) =
[A]e−GA/kBT

e−G0/kBT + [A]e−GA/kBT

The energy for the unbound state, G0, can be set to zero for using only relative
energies, ΔG. In this example, the expression is relatively simple since there are
only two states, and only one possible configuration for both states. As discussed
in chapter 2, promoter architecture is often more complex with both inhibitors and
activators binding to multiple sites, thus generating more configurations ξ(ni, Gi).
Note that this simple example described here is not an efficient genetic switch,
since the transcription is a linear function of the TF concentration. To create a
functional switch, turning on gene transcription with only a small change in TF
concentration, some form of cooperative action is necessary.
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Extensions of the Model

To enable transcription, binding of RNA polymerase at the core promoter is re-
quired. In the model presented above, the polymerase binding is not explicitly
described. It can however be included in the same way as if adding an extra TF
into the state description. Whether to include the binding of the polymerase in
the model or not depends to some extent on the aim of the study. Assuming that
the polymerase concentration is constant, and that binding rates do not vary with
other variables in the model, there is no obvious reason to include it as an ex-
tra parameter. Of course the concentration in itself, even if constant, will affect
the model. Both approaches, with and without the explicit description of RNA
polymerase, have been used in acknowledged gene regulation studies (75; 24; 22).
Another possible extension is to include nucleosome binding, or to use this model in
combination with information about nucleosome positioning in the promoter region
(66). Nucleosomes are the chromatin units consisting of DNA wrapped around a
histone octamer structure. Since the TFs cannot bind to sites where nucleosomes
are formed, this adds a layer of cooperativity to the model.

3.4 Alternative Models of Genetic Circuits

Stochasticity

In the recent decades, analysis of genetic transcription has provided evidence that
the transcription process is highly stochastic, with bursts of transcription rather
than production at a continuos rate (30; 78; 79; 80). Although the genetic noise
has mostly been characterised in prokaryotic systems, and in yeast, higher order
eukaryotes are expected to inhibit remarkably large fluctuations in gene transcrip-
tion (81). Noise in one gene expression transmits through a genetic system and this
naturally affects the stability of a system (82). Hence, the stochastic effect might be
central when designing a model that should capture transitions between equilibria
in a system. A number of seminal papers explore properties of fluctuations and
transitions in genetic systems with stochastic models (25; 83; 76; 24).

A stochastic description of a system can be achieved through different means.
One quite intuitive approach is to add a noise term to the deterministic rate equa-
tion, yielding a chemical Langevin equation. Another common approach is to work
with the Master equation. The Master equation describes a Markov process where
transitions between different states, either through a chemical reaction or a transi-
tion in space, are described by transition probabilities per unit time (84). It hence
describes the probability distribution for the system over a discrete state space.
The Master equation is difficult to solve analytically for most systems, but can
be numerically solved with the Fokker-Planck approximation or with the Gillespie
algorithm (85; 86). The chemical Langevin equation is mathematically equivalent
to the Fokker-Planck approximation. For details on the Master equation, Fokker-
Planck approximation and the Gillespie algorithm see (84; 85).
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Contemporary Models and Research

This chapter presents one way of applying statistical mechanics to describe pro-
moter activity and transcription in a genetic system. Although this is, to date, the
most common approach for state descriptions of promoter occupation patterns, the
number of systems available for this kind of analysis is limited. Therefore, much
research on genetic circuits today is concerned with more abstract systems, with
focus on understanding general mechanisms. Bistability as a phenomenon has been
observed in a wide range of biological systems: from cell cycle regulation (reviewed
in (87)) and phage infections (25), to mitochondrial respiration (88). As mentioned
in the introduction, many research groups work on analysis of stability behaviour
and requirements for multistability (34; 89).

Important research on mechanisms such as dynamics and timescales of tran-
scription have been performed by Mitarai et al. (90; 91). For example they present
two hypotheses that permit the standard model of transcriptional initiation to also
explain transcriptional burst (90). Models to describe how the nucleosome distri-
bution over the genome affects transcription and TF binding are also developing
(92; 66) together with both experimental and computational studies of regulation
by small RNAs (93; 94; 95).

Progress is also made in the field of parameter estimations and modelling tools
for large scale networks (96; 97; 98). Parametrisation of a system is often problem-
atic since obtained kinetic reaction rates may vary with experimental conditions.
Hence, these issues are highly relevant in order to progress from small constructed
genetic circuits to analysis of actual cellular networks.



Chapter 4

The Epstein-Barr Virus - Genetic

Regulation and Virus-Host

Interactions

4.1 Introduction to the Epstein-Barr Virus

The Epstein-Barr virus (EBV) was discovered in 1964 by Sir Anthony Epstein and
his colleagues, Yvonne Barr and Bert Achong. Culturing cells from Burkitts lym-
phoma (BL) tumours, they discovered herpesvirus like particles, different from the
already identified herpesviruses (99). The new virus was given the name Epstein-
Barr after its finders and it is classified as a γ herpes family. EBV infects over 90 %
of the human population and persists as a lifelong infection. Primary infection
often occurs during infancy in less developed countries, and will then most likely be
asymptomatic. In developed areas, infection is more often delayed until adolescence
and may then result in infectious mononucleosis (IM), also known as the ’kissing
disease’.

One distinct feature of EBV is its ability to transform resting B-cells in vitro
into permanent latently infected lymphoblastoid cell lines (LCL), i.e. immortalised
cells (100). This was discovered already in 1967 but the mechanisms behind the
immortalisation process are still being investigated (101). Like all herpes viruses,
EBV can persist latently in infected host cells. One remarkable property of EBV
is that it can enter, at least, four different latency programmes, characterised by
different gene expressions. These programmes are presented in more detail in later
sections.

EBV is spread through saliva and primary infection occurs in the orypahrynx
before spreading to circulating naive B-cells (102). It is still debated whether the
primary target cells are epithelial cells or if in fact the virus directly infects lympho-
cytes (103; 104). Virus shedding into the saliva occurs continuously and thereby
allows the spreading of the virus to other hosts as well as a constant infection of new

29
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Figure 4.1: Illustration of the EBV life cycle. The virus is believed to enter the
body through epithelial cells and infect circulating naive B-cells. These cells are
then transformed into proliferating cells, expressing viral genes according to the
latency III programme. Latency III cells can from there undergo a change into
resting B-cells with a more restricted expression pattern, latency I. When the lytic
phase is triggered, new viruses are produced and released into the saliva.

B cells within the present host (103). When B-cells are infected, the viral proteins
induce cell proliferation, causing the immune system to react. But in order to be
preserved in the host, the virus has to escape the immune system. The mechanism
to achieve this is still unidentified, but the virus somehow manages to lay latent in
the memory B-cells (103). In this pool of B-cells, the viral gene expression is very
restricted to ensure that the cells remain unnoticed by the immune system. The
virus can however shift between different latency programmes and thereby regulate
the cellular phenotype, including transforming a resting cell to a proliferating cell,
or vice versa. Figure 4.1 gives an overview of the EBV life cycle. For more details
regarding the EBV life cycle see (102; 105).

EBV was first identified in BL cells. Since then it has been linked to various
other types of lymphomas and carcinomas. BL exists in two forms, the endemic
form and the sporadic form. The endemic BL is located to the Equatorial Africa
and Papua New Guinea and only 15 % of the tumour cells are EBV positive, while
sporadic BL occur worldwide and are virtually all EBV positive. EBV is also
associated with Hodgkin’s lymphoma (HL), characterised by the presence of giant
multi-nuclei tumour cells derived from B cells, accompanied by inflammatory symp-
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Table 4.1: Table of the EBV latency programmes, their corresponding gene expres-
sion patterns and in which types of lymphomas, carcinomas or other cell types they
have been identified.

Latency Genes expressed Malignancies/Cell types

Latency 0 LMP2a, (EBERs, BARTs) Memory B-cells
Latency I EBNA1 Burkitt’s lymphoma,

EBERs and BARTS Nasopharyngeal carcinoma
Latency II EBNA1, LMP1,2a,2b Hodgin lymphoma,

EBERs, BARTs Nasopharyngeal carcinoma
Latency III EBNA1-6, LMP1,2a, 2b AIDS-related lymphomas,

BARTs, EBERs Lymphoblastic cell lines,
Infectious mononucleosis

toms. HL can be classified into different subgroups that have varying EBV status
(103). Another malignancy strongly associated with EBV infection is Nasopharyn-
geal carcinoma (NPC), a tumour affecting the epithelial cells in the nasopharynx;
the upper part of the throat behind the nose. NPC is common in China and
south-east Asia, with 20–30 cases a year per 100,000 people (106). Moreover, cen-
tral nervous system lymphomas in AIDS patients almost always contain EBV, and
nearly all post-transplant lymphomas are associated with EBV (107). Attention
has also been brought to the possibility of the involvement of EBV in different
types of breast cancer. However, the virus’ presence in breast cancer tumours is
still under dispute (107; 108; 109). In summary, EBV is involved in several serious
malignancies although the exact effect of the viral infection is still disputed.

EBV Genes and Latencies

The Epstein-Barr virus was the first human virus to have its genome completely
sequenced in 1984 (110; 102). There exist two types of EBV strains, type 1 and 2,
with almost identical genomes except for the coding sequence for EBNA2, 3, 4 and 6
(111; 112). The genome is around 170 kbp long, double stranded and is maintained
in the cells as circular episomes (113). It contains 84 open reading frames and up
to date 12 latent genes are known to be expressed during the different types of
latencies. Nine of these are translated into proteins: six nuclear antigens, EBNA
1-6, and three membrane proteins LMP1, LMP2a and LMP2b. The remaining
genes express RNAs named EBER1, EBER2 and BART/BARF0. The expression
pattern varies between the four different latency programmes, latency 0, I, II and
III (for review of latencies and viral proteins see (114; 103)).

Latency 0 has the most restricted expression pattern, with LMP2a and possibly
the EBERs and BARTS being expressed. This restricted latency form is found in
circulating memory B-cells in healthy individuals (103). The latency I programme
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expresses the nuclear antigen EBNA1 together with the EBERs, BARTS; an ex-
pression pattern found in BL cell lines as well as around 35 % of the NPC tumours.
In latency II, found in both HL and 65 % of NPC tumours as well as gastric cancers,
EBNA1 is produced together with the membrane proteins and the RNAs. The most
extensive gene expression is within latency III cells, where all 12 latent genes are
transcribed. This latency programme is also referred to as the growth programme,
and is present in AIDS-related lymphomas and in LCL. It has to be noted however
that these latency expression patterns are still today being challenged with new
expression data (105).

The EBNA1 and LMP2a proteins will be presented in more detail in later sec-
tions, but the other EBV transcripts should at least be briefly mentioned here. The
six different nuclear antigens result from splacing variants of transcription from the
same promoter. EBNA2 and 5 are involved in transcriptional activation, sometimes
co-operating, and are both necessary for B cell transformation (103). EBNA6 has
been suggested to play a role both in chromatin remodelling and transcriptional
regulation, and it is involved in cell cycle control (115). EBNA3, 4 and 6 are genet-
ically more alike than the other nuclear antigens. They can counteract the impact
of EBNA2 regulation in transcriptional activation, hence fine tuning the actions
of EBNA2. EBNA3 has also been shown to interact with several cellular proteins
(116). The LMP proteins are the most direct candidates for the oncogenic features
of the virus. LMP1 can up-regulate anti-apoptotic genes, and provide growth and
differentiation signals to the cell (106). The role of LMP2b is not clear, but it has
been shown to modulate the LMP2a activity by preventing phosphorylation (117).
Besides the proteins described above, three different RNAs are transcribed. The
EBERs are abundant in EBV infected cells and EBER2 is shown to be important
for efficient B cell transformation (118). The BART transcript encompasses a num-
ber of micro RNAs (miRMA). The total reporter number of EBV mature miRNAs
is currently 44 and their function is still poorly understood (119).

EBV Promoters

The Epstein-Barr viral genome contains three latent promoters that govern EBNA
production; the W, C and Q promoters (Wp, Cp and Qp). Initially after infection,
the viral genes are transcribed under control of the W promoter, driving production
of EBNA2 and EBNA5 (120). Within 36 hours, gene expression control is switched
to the C promoter, a switch induced by EBNA2 (121). Cp activity results in bi-
cistronic transcripts encoding all six EBNA proteins, and Cp is the promoter active
during the latency III programme (122). In the more restricted latencies, Cp and
Wp are down-regulated by TF and become hyper-methylated and thereby silenced
(123). Production of EBNA, which is necessary for the EBV plasmid partitioning
and replication, is then governed by the Q promoter (Qp) (124). Transcripts for
the latent membrane proteins and the lytic proteins are controlled through separate
promoters. Our research on EBV focuses to a large extent on the switch between
the C and Q promoters, which will therefore be described in more detail.
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Figure 4.2: Illustration of the binding sites in Cp and Qp. a) The C promoter
has three EBNA1 binding regions: FR, DS and Rep* (green boxes). Besides these
regions, the figure illustrates the position of the binding sites for GRE and E2RF
(grey boxes). b) The Q promoter has two binding sites for EBNA1 downstream
of the transcription start site (green boxes), overlapping with sites for E2F (grey
boxes). Upstream of the start site is displayed the position of the IRF binding sites
(grey boxes).

The C promoter region has been thoroughly studied experimentally, and many
transcriptional elements have successfully been identified. The most prominent
regulatory sequence of Cp is the Family of Repeats (FR), located approximately
3000 bp upstream of the transcription start site. FR has long been known to
consist of 20 repeated binding sites for EBNA1, and EBNA1 binding is essential
for Cp activity (125). For full promoter activity, at least 7-8 bound EBNA1 are
required (126; 127). Recently, binding sites for the human TF Oct-2 were found
in FR, interspersed between the EBNA1 sites (128). In FR there are five different
EBNA1 binding site sequences and six different octamer sites, of which the best
Oct-2 binding sites are preferably located next to the worst EBNA1 binding sites
(129).

Other regulating elements found in the C promoter include a glucocorticoid-
responsive element (GRE), an EBNA2 responsive element, E2RF, and binding sites
for Egr, Sp1 and NF-Y TFs (130; 131; 132; 120). Deletion analysis has however
revealed that the GRE is not necessary for promoter activity, and likewise that the
EBNA2 enhancer is not sufficient for activation (133). Moreover, NF-Y binding
sites can be found in 30 % of all eukaryotic promoters, and together with the fact
that NF-Y and Sp1 are ubiquitously expressed proteins, these elements seem to
have a more general function in transcriptional control. This leaves EBNA1 as the
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main activating factor of Cp, together with the possibility of Oct-2 acting as an
inhibitor. For an overview of Cp, see figure 4.2 a. Besides the TF control, CpG
methylation of the Cp is central in preventing transcriptional activity during the
restricted latency programmes (134).

The Q promoter is believed to be a housekeeping, hypo-methylated TATA-free
promoter (135; 123). Three types of binding sites have been located in the Qp
region; sites for E2F, EBNA1 and IRF factors. IRF2 is believed to be a general
activator of transcription, while the role of E2F is more ambiguous, acting both as
activator and inhibitor depending of cell type (136; 137; 138; 139). EBNA1 binding
to the sites in Qp inhibits transcription (140; 135). The binding affinity of EBNA1
to its Qp sites is 14 times lower than for the sites in FR (141). EBNA1 is thereby
a negative auto-regulator and to block transcription it is sufficient with one bound
EBNA1 (134). For an overview of Qp, see figure 4.2b.

EBNA1

The nuclear protein EBNA1 is a DNA binding protein with vital functions for
the virus. Besides its role as transcriptional regulator it initiates viral replication
and ensures viral episome partitioning during cell division. EBNA1 consists of
641 amino acids and its DNA-binding domain and dimerisation region has been
crystallised (142). The protein forms very stable dimers, its degradation hampered
by a Gly-Ala repeat domain that inhibits proteosomal degradation in the cell (143).
The half-time is estimated to be at least 36–48 hours (144).

EBNA1 binds DNA as a dimer to a 16 base-pair long palindromic sequence
’G(A/G)TATCAT-ATGCTA(C/T)C’ (145). Four loci on the viral genome have
been identified as binding EBNA: three in the origin of replication, upstream of the
C promoter, and one downstream of the Q promoter. In the origin of replication,
the first EBNA1 binding locus is called family of repeats (FR) and consists of 20
consecutive binding sites, see table 4.2. The second locus is the Dyad Symmetry
(DS), which binds four EBNA1 dimers, and downstream of DS lies two additional
binding sites referred to as Rep* (146; 147). In the Q promoter region there are two
identified binding sites. The binding affinity of EBNA1 to these four loci differs,
due to sequence variations (148). EBNA1 binds strongest to sites in FR, with
intermediate strength to the DS and the weakest to the Qp and Rep* sites. EBNA1
binding to DS results in assembly of the replication machinery, while binding to the
FR and Qp sites is known to regulate promoter activities (for review on EBNA1
see (149)). The Rep* sites seem to be involved in the replication process since
they can support plasmid synthesis in cohort with FR (147). It is known that
EBNA1 mediates looping between the FR region and DS, supposedly mediating
the replication process (58; 150). Recently, it has also been shown that EBNA1
interacts with nucleosome assembly proteins when bound to FR, and that this
affects the transcriptional activity (151).

Recent research has to a large extent focused on the role of EBNA1 as potential
regulator of cellular genes. EBNA1 has been shown to destabilise histones and
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Table 4.2: Table of the FR sequences found to bind EBNA1 and Oct-2. Sequence
according to NCBI, EBV type 1.

EBNA1 Oct-2

FR 1 gggtatcatatgctgact gt atatgcat

FR 2 ggatagcatatgctaccc gg atacagat

FR 3 ggatagcatatactaccc ag atatagat

FR 4 ggatagcatatgctaccc ag atatagat

FR 5 ggatagcctatgctaccc ag atataaat

FR 6 ggatagcatatactaccc ag atatagat

FR 7 ggatagcatatgctaccc ag atatagat

FR 8 ggatagcctatgctaccc ag atatagat

FR 9 ggatagcatatgctaccc ag atatagat

FR 10 ggatagcatatgctatcc ag atat t

FR 11 gggtagtatatgctaccc ag atataaat

FR 12 ggatagcatatactaccc ta atctctat

FR 13 ggatagcatatgctaccc gg atacagat

FR 14 ggatagcatatactaccc ag atatagat

FR 15 ggatagcatatgctaccc ag atatagat

FR 16 ggatagcctatgctaccc ag atataaat

FR 17 ggatagcatatactaccc ag atatagat

FR 18 ggatagcatatgctaccc ag atatagat

FR 19 ggatagcctatgctaccc ag atatagat

FR 20 ggatagcatatgctatcc ag atat t

FR 21 gggtagtatatgctaccc

activate transcription from promoters integrated in the cellular genome (152; 153).
Moreover, EBNA1 can induce chromosomal abberations and an increase in DNA
double strand breaks (154). This seems to be the result of an activation of NAPHD
oxidase, increasing the production of reactive oxygen species, free radicals involved
in the process referred to as oxidative stress. Several studies have now also shown
that EBNA1 affects cellular gene expression (155; 156; 157; 158; 159). There are
however many uncertainties as to how exactly EBNA1 alters the expression levels.
O’Neil et al. have been able to show EBNA1 binding directly to a promoter and
thereby activating transcription, but for the most part the transcriptional regulation
seems to take place via indirect regulation.

LMP2a and Syk

LMP2a is one of the viral membrane proteins, and is expressed in all different la-
tency programmes. LMP2a is expressed from the same promoter as LMP2b, with
only the first exon differing between the two proteins. Both membrane proteins
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have 12 membrane-spanning domain; however the differences in this first exon re-
sult in LMP2a having an 119 amino acid long cytoplasmic domain (160). The
cytoplasmic domain contains eight tyrosine residues, of which two belong to a pro-
tein binding motif called immunoreceptor tyrosin-based activation (ITAM) motif
(160). The ITAM-motif selectively binds the Syk or ZAP-70 tyrosine kinases; a
binding dependent on tyrosine phosphorylation (161).

LMP2a is known to play a critical role in maintaining EBV latency, by blocking
B-cell receptor signalling that would cause an activation of the lytic cycle (162).
This is achieved by Syk kinase binding to the LMP2a ITAM motif (163). An ad-
ditional function of LMP2a is that it can provide a constitutive survival signal in
B-cells, albeit the natural B-cell receptor signalling is disrupted (164). LMP2a is
however not only present in B cells, but is also expressed in EBV-derived epithelial
tumours and has been shown to transform epithelial cells and affect migration and
invasion (165; 166; 167). The biological effects of LMP2a’s presence in epithelial
cells are less understood, but differ from what is seen in B-cells. LMP2a is consti-
tutively phosphorylated in B-cells, while in epithelial cells the phosphorylation of
its tyrosine residues is dependent on adhesion to extracellular matrix (168).

An introduction of LMP2a into epithelial cells leads to increased invasive proper-
ties (167; 169). Preliminary results also indicate that down-regulation of Syk leads
to even more migratory cells (167). LMP2a increased cell spreading has earlier
been shown to be integrin dependent (166).
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4.2 Switching Between Latency I and Latency III - Paper I

The Epstein-Barr virus’ association with various lymphoma types is well estab-
lished. The gene expression patterns for different latency programmes are more or
less identified, with restricted gene expression in the resting cells and a more exten-
sive protein production in the growing cells. But the virus’ oncogenic capabilities,
and how it manages to control the cells growth programme, is still not understood.
Infected cells have been shown to drift from latent state to proliferating state; a
process that most likely can be explained by the methylation status of Cp and the
function of EBNA1 as a very potent activator of Cp. It is however more difficult
to explain the reverse shifting in latency programmes. How can the strong C pro-
moter be turned off? One hypothesis on how the Cp/Qp switch in EBV-infected
cells is governed, is presented in fig 4.3. The switching between different promoters
would then depend on both the EBNA1 and Oct-2 levels in the cell, with the TFs
competing for FR occupancy.

This hypothesis was the basis for constructing a deterministic model of the Cp
and Qp promoters in EBV. The model is one-dimensional, describing the level of
EBNA1 and its binding to sites in Cp and Qp. Oct-2 is an external parameter,
adjusted to investigate the conditions for transition. The aim was to test if this
hypothesis could describe experimentally observed promoter activities, and to test
the conditions for stability and transitions between latency states.

Looking at various levels of Oct-2 in the system, the model displays regions of
monostability, with either latency I or latency III as the stable state, or bistability.
For low Oct-2 levels, only latency III is stable since the EBNA1 produced from Qp
will bind to FR and stimulate Cp transcription. For intermediate levels of Oct-2,
both latency states can exist, while elevated Oct-2 levels pushes the cell to latency I
monostability. In figure 4.4 the potential landscape of the system is shown for three
different levels of Oct-2. For relatively low levels of Oct-2, there is essentially one
potential minimum, with a high EBNA1 level (latency III). For increasing Oct-2
levels (dashed and dotted lines), the latency III minimum is shifted towards lower
a EBNA1 level, and a minimum at around a few hundred EBNA1 appears (latency
I).

The stability of both states was tested for three different cell volumes and
EBNA1 dimerisation constants. For most levels of Oct-2 in the cell, latency III
is markedly more stable. This property remains for the tested parameter alter-
ations, although the boundaries are shifted. For a smaller cellular volume, the
effect of a changed dimerisation of EBNA1 naturally affects the system more. Less
dimerisation requires higher EBNA1 levels to shut down Qp and switch on Cp,
raising the latency I level and thereby shrinking the bistable region. Of central
importance is whether the model can reproduce the experimental available data
concerning promoter activities in the two latency types. Shaefer et al. present a
Qp/Cp activity ratio of 5/100 in latency I cells, and 0.05/0.1 in latency III cells
(134). Another study by Zetterberg et al. show that in latency I cells, 76–83%
of all EBNA1 transcripts are produced from Qp, while less than 1 % in latency III
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Figure 4.3: Illustration of the Cp/Qp switch. EBNA1 proteins are produced from
transcripts originating either from Qp or Cp. Oct-2 proteins are human TFs, regu-
lated by an external signal. Oct-2 and EBNA1 competes for binding to the 20 sites
in FR, where bound Oct-2, in complex with Groucho/TLE, inhibits transcription
from Cp while EBNA1 activates transcription. EBNA1 present in high levels will
repress transcription from Qp.
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Figure 4.4: The potential landscape of the EBV system as function of EBNA1,
for three different levels of Oct-2. For low levels of Oct-2, the landscape has two
minima, one for a high EBNA1 level (latency III) and one for a very low level
(latency I). With increasing Oct-2 levels, the latency I minimum diminishes and
eventually disappears completely.
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Table 4.3: Probability of transcription for Cp and Qp.

Lat III Lat I

bi mono bi mono

Qp - - ≈ 1 % ≈ 1 %

Cp 40-90 % ≥ 90 % ≤ 1 % -

cells (124). Our model predictions of Qp/Cp activities correspond well to this data
where we see a dramatic difference in the two promoter activities, see table 4.3.

We also wanted to establish the requirements for the system to switch between
the two different latency states. If the system starts in the resting state, latency
I, with a low level of EBNA1 and relatively low Oct-2 level, the cell can relatively
easy be switched into latency III with a small decrease in the Oct-2 level. Within
a few days, a stable latency III level of EBNA1 is reached. In order to switch the
cell back to latency I, a rather dramatic increase in Oct-2 levels is however needed.
There is yet no experimental setup that allows testing this exact scenario of Oct-2
inhibition of Cp. However, the experimental results available are by EBNA1 RNA
interference and CD40 ligand exposure, where it has been shown that proliferating
cells can be switched back to resting states within 5 days (170; 171). Since EBNA1
degradation is very slow, our model requires rather extreme levels of Oct-2, to
switch back to latency I in five days.

The main conclusion to draw from this study is that EBNA1 and Oct-2 as sole
regulating TFs, may account for the observed promoter activities of Cp and Qp.
We see a dramatic difference between the two latency states, with latency III being
much more stable. A small decrease in Oct-2 levels, as could be produced from
an externally imposed signal, rapidly induces a drift to latency III due to the high
affinity of EBNA1 to FR. Experimental observations show that resting cells do drift
into proliferating cells, and not in the opposite direction (170).

4.3 Cooperativity of EBNA1 and Oct-2 at FR - Paper II

As a follow up to the first study, we wanted to investigate the properties of reg-
ulation by EBNA1 at FR. In paper I, as simplification, effectively the number of
binding sites was reduced from the total 40 to 20 sites, were each could be bound by
either EBNA1 or Oct-2. This corresponds to each protein blocking only its closest
neighbouring site for the opposite TF. Since the binding sites are relatively closely
spaced, it might however be that one bound TF blocks neighbouring binding on
both sides, see figure 4.5. The aim was to investigate how a double sided blocking
event would influence the effective cooperativity of the C promoter. As the measure
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Figure 4.5: Illustration of the two possible blocking scenarios. a) One bound TF
only blocks binding of the neighbouring site on one side. b) One bound TF blocks
binding of both neighbouring sites.

of effective cooperativity we looked at the Hill coefficient at half saturation.
To visualise the cooperative effects of blocking and/or cooperative interactions,

we plot the ratio P
1−P for different EBNA1 concentrations, versus the local Hill

coefficient. For very low concentrations, low P , the Hill coefficient approaches the
limit, 8, since P ≈ [Efree]8. For high concentration of EBNA1, 1− P ≈ [Efree]13,
and the local Hill coefficient therefore tends to N − 7 in the high concentration
limit, where N is the number of binding sites.

In figure 4.6, the Hill coefficient curves for the single and double blocking mod-
els, at various concentrations of Oct-2 are shown. In the single blocking, there is
no change in the cooperativity, since the fractional activity scales with the Oct-2
concentration in the same way as the Hill coefficient function. On the other hand,
for the double blocking model there is no simple scaling, and the effective cooper-
ativity is markedly increased with the Oct-2 level. For saturating levels of Oct-2,
all sites not occupied by EBNA1 are filled with Oct-2, allowing a very sharp switch
from ’off’ to ’on’ as soon as 8 EBNA1 bind in.

Looking at the single blocking model without Oct-2 in the system, but with
added cooperative binding, the effective Hill coefficient naturally increases. Es-
sentially, adding a cooperative binding simply sharpens the ’on’ response. The
stronger the binding, the sharper the response, until the FR is either free, or bound
by EBNA1 at all 20 sites, yielding an effective Hill coefficient of 20.

In the cell, Oct-2 is likely to be present, which is why it is of interest to look at the
Hill coefficient curves for high levels of Oct-2. For the cooperative binding strengths
ranging between 0 and 40 % of the EBNA1 binding energy, figure 4.7 displays the
Hill coefficient curves for the single blocking model (a) and double blocking model
(b). For single blocking, the addition of cooperative binding does not have the same
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Figure 4.7: Hill coefficient curves for the two models of blocking. The response
of increased cooperative EBNA1 binding in the single blocking model (a) and the
double blocking model (b). The cooperative strengths are varied from 0 kcal/mol
(0 %) to -6.18 kcal/mol (40 %).
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impact when there are high levels of Oct-2 in the system. Instead of a 4-fold change,
from 3.5 to 16, the effective Hill coefficient is merely doubled. The double blocking
model has a high effective Hill coefficient even without cooperative bindings, as
already seen in figure 4.6. Hence, the added cooperative strength further establishes
the all-or-nothing scenario, much like in the single blocking model without Oct-2,
with the effective Hill coefficient approaching 20.

The main conclusion from this study is the importance of steric hindrance in
the effective cooperativity of the promoter. Essentially, in order to make the switch
sharp, there is no need for cooperative interactions between EBNA1 molecules, if
the competition with Oct-2 is supported by enough steric hindrance. This is of
importance when considering models of promoters where the architecture includes
many interspersed binding sites. One hypothesis for this viral example might be
based on EBNA1 as a necessary regulator of Cp and at the same time essential
for a complex formation with DS during replication initiation. More closely spaced
sites at FR could result in strong cooperative interactions of EBNA1, but might
then hinder the replication complex to form correctly. However, with the steric
hindrance from bound Oct-2, the Cp switch can still be highly effective.

4.4 The Interactions of EBNA1 with the Human

Chromosomes - Paper V

With EBNA1 being able to destabilise nucleosomes and activate chromatin-embedded
templates, the role of EBNA1 as a potential cellular gene regulator is emerging
(152; 153). Many studies have in fact shown altered gene expression as an effect of
EBNA1’s presences in the cell, but the mechanisms behind the observed changes
are still in most cases not established. Identification of EBNA1 binding sites on
the human genome is hence of great interest. In 2009, Dresang et al. published a
study where 27,000 human promoters were screened for EBNA1 binding sites (172).
They identified 73 predicted single binding sites, although the functionality of these
sites in vivo remains uncertain. It is well established that EBNA1 binds to DS, and
most likely to FR, in a cooperative manner, and that destabilisation of nucleosomes
requires at least four DS-similar sites (126; 127; 152). Therefore, we believe that
screening for regions with multiple binding sites, similar to the FR enhancer, is
valuable in the search for functional EBNA1 sites. Hence, we constructed a PWM
from the EBNA1 sites in FR, using nearest neighbour statistics. This PMW was
then applied to the complete human genome (NCBI build 36.2) and the results
were filtered to identify FR-like regions.

As a first step the matrix was evaluated on the EBV genome to ensure correct
identification of the known EBNA1 binding sites. The scores obtained at these sites
enabled us to set cut-offs for the later screening of the human genome. Each posi-
tion on the genome is assigned a score, reflecting the binding affinity for EBNA1.
The lower the score, the better similarity to the original set of binding sites. The
FR sites scores obtained range from −14.3 to −19 and the DS scores range from
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Figure 4.8: Plot showing the positions of the predicted EBNA1 binding sites on
the EBV genome, using the nearest neighbour PMW. The inlay highlights the FR
region with its binding sites.

−10.8 to −15.1. The sites in Qp and Rep* are weaker and the scores lie between
−7 and −12.7. In a primary selection we discarded all scores worse than −8. But
given that we are interested in FR-like regions, i.e. relatively strong binding sites,
we chose to set a second cutoff at −10 for the selection of interesting FR-like regions.
In figure 4.8 is shown the exact mapping of the scores for our nearest neighbour
nucleotide PWM on the EBV genome.

With a primary cutoff of −8 the screening of the complete human genome
yielded 2, 3 · 106 sites for EBNA1. Given that the predicted binding strenght of
EBNA1 sites in Qp and Rep* is on the order of −8, this large number of sites
is an indication of the predicaments in computationally identifying single binding
sites. To identify FR-like regions these 2, 3 ·106 sites were stepwise filtered (criteria
described in paper V). After the refined filtering, a total of 50 FR-like regions
remained. For these regions the closest protein-coding gene was identified. 40 of
these regions had a known, annotated protein-coding gene as its closes gene. These
40 genes are from various protein families; ranging from proteins involved in protein
degradation processes, to TFs and proteins involved in the cytoskeleton.

Among the 40 FR-like regions, several are particularly interesting from an EBV
perspective. The two regions with the best scores are surprisingly both associated
with photoreceptors: IQCB1 and IMPG1. IQCB is expressed in both photoreceptor
cells and renal epithelial cells and is regulated by p53 (173). Interestingly, its
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expression is elevated in BL cells compared to other tissues and also up-regulated
in colorectal and gastric tumours (174; 173). The IMPG1 protein is not so well
characterised, but it is also expressed in EBV positive BL cell lines (174).

Also present in the list of potential EBNA1 regulated proteins is IRF2BP.
IRF2BP is a co-repressor of the IRF2 protein, involved in regulation of interferon
genes in response to viral infections (175). Moreover, IRF2 is involved in the reg-
ulation of EBNA1 production from the Q promoter of EBV (137; 176). Hence, it
will be highly interesting to see if there is indeed a feedback mechanism in vivo,
where EBNA1 indirectly regulates IRF2 activity.

When predicting eventual binding sites for a TF in vicinity of a gene, it is
impossible to predict what effect an eventual binding might have. From our results
we can only hypothesise and discuss whether or not the genes that are found as
potential targets for EBNA1, have any known relation to EBNA1 or EBV infections.
The main purpose of the study was to identify regions with potential multiple
binding sites for EBNA1, since we believe that the cooperative actions of EBNA1
are highly important when searching for functional EBNA1 sites. It turned out
that in fact 40 FR-like regions could be identified, of which several of the potential
target genes have some correlation with EBV infections. We hope to experimentally
investigate these regions, to establish if in fact they bind EBNA1 and what eventual
effect a binding would have on the gene expression.

4.5 Interplay Between Syk, Integrin α6β4 and LMP2a

Affects Migration in Epithelial Cells - Paper VI

Chen et al., and others, have shown that LMP2a induces migration in human ep-
ithelial cell lines, and that it recruits tyrosine kinase Syk to its phosphorylated
ITAM motif (167; 169). Preliminary data also suggested that Syk knock down lead
to increased migration of these cells (167). Loss of Syk has been reported in different
tumour types and is associated with a poor prognosis in breast cancer (177; 178).
Hence, Syk is a central protein in the controlling of migration and invasion. Migra-
tory cells have to detach from the matrix and at the same time extract lamellipodia
to pull themselves in a direction. The attachment and detachment of cells to the
extra cellular matrix is controlled by integrins. Integrin α6β4 is of particular in-
terest for epithelial cell migration since it is involved in the anchoring of the cell.
Integrin α6β4 expression has been correlated with various carcinoma types, and in
invasive carcinoma cells it is relocalised from its normal hemidsesmosome structure
to the lamellipodia (179; 180; 181; 182). Moreover, the β4 cytoplasmic domain
encompasses an ITAM-like motif, possibly allowing an interaction with Syk. We
hence investigated the function of integrin β4 in epithelial cells further, with focus
on the possible interplay with Syk.

To study the role of integrin α6β4 in migration we looked at silencing of the
integrin β4 with siRNA in two LMP2a expressing epithelial cell lines; CNE1 and
5637. Transient transfection of siRNA against integrin β4 into both these cells lines
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Figure 4.9: Plot displaying the effect on migration by silencing of integrin β4 in two
LMP2a positive cell lines, 5637 and CNE1. The relative distance is plotted versus
time. Silencing of β4 integrin in LMP2a positive cells (dashed lines) results in a
slightly decreased migratory rate, as compared to the LMP2a control (solid lines).
The effect on migration from LMP2a expression can be seen when comparing with
the migration of the parental cell lines (thin double lines).

was followed by a wound-healing assay and the migration rate of the cells were
monitored. For both cell lines, the down-regulation of β4 decreased the migratory
rate, see figure 4.9. Thus the migratory LMP2a positive phenotype is to a certain
degree dependent on the integrin β4 expression. Silencing of integrin β4 in the
parental, LMP2a negative, cells were inconclusive. The effect seen was subtle and
with opposing results for the two cell lines.

Since Syk interaction with the LMP2a ITAM affects migration, it is interesting
to investigate whether or not Syk, in fac,t also can bind to the ITAM-like motif in
integrin β4. Co-immunoprecipitation experiments on both CNE1 and 5637 verify
that Syk is pulled down by integrin β4. With only endogenous Syk, the signal
is not strong, but with transfected exogenous Syk, the binding is more distinct.
Beads, with and without antibody, were used as controls. Syk was also shown
to interact with phosphorylated peptide containing the integrin β4 motif. This
strongly suggest that Syk and integrin β4 can interact in vitro.

Given the many signalling pathways controlling migration, it can be difficult
to elucidate the actions of one single protein. Integrin β4 is involved in both
attachment of cells and regulation of migration. Hence, the effect of silencing β4 is
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Figure 4.10: Schematic figure of how migration is affected by LMP2a, Syk and
integrin β4. The upper row displays cells with no LMP2a expression, while the lower
row displays LMP2a positive cells. The relative change in migration of epithelial
cells is indicated with arrows up or down, with the parental cell as reference (upper
left). Introducing LMP2a expression enhances migration (lower left) markedly.
Silencing of Syk in LMP2a positive cells enhances migration further (lower right)
while silencing of β4 reduces migration somewhat (lower middle). In the LMP2a
negative cells, a silencing of Syk also enhances migration (upper right) while the
effect of β4 silencing is ambiguous (upper middle).

most likely complex and our migratory model measures the combined effect of loss
of adhesion and the interference with migratory signalling pathways. It appears
as if the effect of down-regulating the integrin depends on the presence of LMP2a,
and we believe that the key player behind this behaviour is Syk, given that Syk
interacts with both LMP2a and integrin β4. Exactly which signal pathways that is
affected, and how, remains to be established. A summary of the effects of LMP2a,
Syk and integrin β4 on epithelial cell migration is shown in figure 4.10.



Chapter 5

Regulatory Motifs in Metabolic

Response Systems

5.1 Iron in Cell Metabolism

Iron is a highly important metal for most organisms, due to its role as a ligand
for enzymes like haemoglobin and cytochromes, proteins necessary for ’breathing’.
Although iron is abundant on earth, it is poorly soluble in aerobic conditions at
neutral pH (183), meaning that most organisms have a hard time accessing the
necessary metal. Besides the trouble for organisms to aqcuire the metal, it can,
under aerobic conditions, generate highly reactive radicals meaning that the metal
is toxic at high levels. Hence, the iron level has to be quite tightly controlled in
most oganisms.

For E. coli, the regulation of uptake and metabolism of iron is fairly well estab-
lished. At high iron levels the Ferric uptake regulator, Fur, represses transcription
of genes involved in the iron uptake (184; 185). But Fur is also involved in the
metabolism of iron, by repressing production of a small RNA (sRNA) called RyhB.
RyhB facilitates the degradation of mRNA coding for iron-using proteins. In addi-
tion Fur regulates the iron uptake into FeS clusters (186). Hence Fur is considered
a key regulator of iron homeostasis in E. coli.

5.2 Small Molecule Dynamics in Cellular Response

Systems - paper III

Given the importance of small molecules in the regulatory control system of TFs
(64), Krishna et al. performed a study of the structure and function of different
regulatory motifs, all controlled by a small molecule (187). In their study they
examined the steady state behaviour of four different combinations of transport
and metabolic feedback loops. The regulatory motifs: (--), named socialist, (+-),
named consumer, (-+), named fashion and (++), named collector, are designed such

47
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Figure 5.1: Motif dynamics and response times. This figure illustrates the wiring of
the two motifs (left column), with the regulator R affecting the transport T and the
enzyme E. The middle column shows the dynamics of intracellular s as a function
of time, in up-shifts of Δσ = 10, 102, 103 and 104. The response time as function
of the Δσ is shown in the right column. For the socialist, there are two response
times, t1 and t2.

that a small molecule, s, binds and activates a regulatory protein R. R in turn
controls both the uptake, the transport loop T , and the metabolism, the enzymatic
loop E.

Krishna et al. established the strikingly different characteristics of the motifs.
Two of them, the socialist and the consumer, are motifs that can be found in
biological systems, whereas the other most likely would be pathological. As a follow
up to their initial study, we decided to look closer at the two biological relevant
motifs. The aim was to characterise the dynamic behaviour of the intracellular
small molecule s, and the response times of these two regulatory motifs for changes
in the extracellular level of s, noted σ. The response time we defined as the time
it takes for the motif to regulate its s level to within 95 % of its steady state value.
Moreover, we looked at the synergistic effect of adding a regulatory feedback loop
to the original socialist motif.

The socialist motif consists of two negative feedback loops, causing the uptake to
shut down and the metabolism to speed up when the small molecule concentration
s increases. The steady-state level of the small molecule is in that way kept within
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Figure 5.2: The iron motif. The base of this motif is the socialist motif, with
negative T loop (red) and a negative E loop (blue) through Fe-FuR regulating
RyhB. The additional positive E loop (blue) corresponds to the Fe-S clustering
regulation, through suf.

a narrow range, hence the motif name socialist. Looking at the dynamics, this
motif is good for homeostatic purposes, but it has a rather large overshoot in
the intracellular level of s, see figure 5.1, upper row. This might be fatal if the
small molecule in any way is toxic in large quantities. The socialist motif shows a
fast initial response to changes in the extracellular small molecule concentration σ,
especially for up-shifts. This is due to the transport loop being fully active when
the change is induced, while the metabolism takes around one cell generation to
kick in, hence the increase in s is quick at the beginning before levelling off. The
response times for up-shifts in σ can be seen in figure 5.1, upper right plot.

The consumer motif’s dynamics differ qualitatively from the socialist motif’s,
due to the transport loop giving positive feedback on the s level. Larger increase
in σ results in higher intracellular level of s, see figure 5.1 lower left plot. When
inducing an increase in σ, both the transport and metabolism loops are ’off’ to begin
with, meaning that the response time is relatively slow, around one cell generation,
see figure 5.1, lower right plot. The response time, however, decreases with larger
perturbations in σ, since the positive transport loop then gets activated faster. The
opposite is true for shifts down-ward, since the system then is activated from the
start, resulting in almost 100-fold faster response than for up-shifts.

In vivo cellular regulation mechanisms are in general quite complicated and
utilise more than two feedback loops. This is for example the case in the regulation
of the intracellular level of iron in bacteria. The iron level has to be restricted due to
its toxic effects in large quantities. However, simply using the socialist motif would
result in a large overshoot in the intracellular iron level, something that cannot be
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Figure 5.3: The dynamics of the iron motif. The socialist motif (black solid line)
and a motif with negative T feedback and positive E feedback (black dashed line)
are displayed together with the combined iron motif (red solid line). The synergic
effects are clear as the combined motif maintains homeostasis while reduces the
overshoot.

tolerated by the cell. By adding a positive metabolic feedback loop to the socialist
motif, we show how this problem can be overcome. The overshoot is significantly
lowered while the fast response time is kept intact, see figure 5.3.

Cells need to constantly adapt to changing environmental conditions, and in
general they have to adjust both their uptake and metabolism if the abundance of
any metabolite is changed. In this study we demonstrate how the dynamics of two
simple two-feedback loop motifs differ. Moreover, we demonstrate how the addition
of one regulatory loop to the socialist motif manages to reduce the large overshoot
while maintaining the response time; a requirement in case of the iron metabolism.
Cellular regulatory networks are generally built up by multiple interactions and
regulatory feedback systems. Our example illustrates the role of synergy in these
kind of networks.



Chapter 6

Module Replacements in the

Bacteriophage λ

6.1 The λ Phage as a Model System

The study of bacteriophage λ has played a central role in the development of molec-
ular biology (188; 189), and particularly in the understanding of gene regulation
(190; 191). The λ phage was discovered in the early 50’s, when E. Coli strains
were subjected to UV-radiation (20; 192). From this accidental discovery, the λ
phage infection became a model system for many researcher that studied phage
infected bacteria (189). Phage λ is a temperate phage that after infection of its
host cell either enters a lytic pathway, leading to production of new viral particles,
or remains in a lysogenic, resting, state. The lysogenic state is extremely stable
but a switch to the lytic state can occur through the SOS response system in the
cell. The phage life cycle is illustrated in figure 6.1. When the first theoretical
gene regulation models appeared, they were constructed to describe the promoter
regulation of the λ phage, illustrating how the decision between the two pathways
is taken on a genetic level (21; 22). This first model, presented by Shea & Ackers
in 1985, uses the statistical mechanics approach described in chapter 2. Still today
the λ phage is an important model system for genetic logic control, with its rela-
tive small genome and yet interesting and complex regulatory functions. Although
it has been extensively characterised, regulatory details remain uncertain. Espe-
cially the role of the lytic protein Cro in the induction of lysis from lysogeny is still
debated (193; 194; 75).

Genome and Regulation

There are two central operator regions in the phage genome; the left operator (OL)
and the right operator (OR). These operators control the left promoter, PL, the
right promoter, PR, and the promoter for repressor maintenance, PRM . PR and PL

51
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Figure 6.1: Illustration of the two possible pathways for the λ phage when infecting
a bacteria. If the lysogenic programme is entered, a switch of the system into the
lytic programme can occur.

control production of lytic proteins, whilst PRM controls the production of the λ
repressor, CI.

After infection, PR and PL are both active, producing the lytic repressor Cro
and the anti-termination protein N. N binds to termination sites downstream of
PR and PL and allows transcription to continue past them, transcribing a number
of different genes necessary for both the lysogenic (CII and CIII) and the lytic
pathway (O and P) (195). Depending on the environmental conditions, affecting
the CII levels, either CI production is activated and the phage enters the lysogenic
pathway, or Cro and its downstream genes accumulate in the cell, and the lytic
path is chosen.

The essential switch between the two pathways lies at the right operator, where
there are three binding sites for both Cro and CI. These sites have different affinities
for the two proteins, where CI binds strongest to OR1, then OR2 and finally OR3.
CI dimers bound to two adjacent sites can bind cooperatively. CI bound to OR1
and/or OR2 represses transcription from PR, hence inhibits production of the lytic
proteins. At the same time CI can stimulate transcription from PRM by facilitating
the RNA polymerase to bind in (196). At high concentrations, CI also binds to
OR3, and thereby down-regulates its own production. The relative affinities for Cro
to OR are exactly the opposite, where Cro binds strongest to OR3. Cro thereby
blocks PRM transcription while allowing PR to continue transcribing. At high Cro
concentrations also OR2 and OR1 will be bound and PR silenced. The control
scheme and promoter architecture of the wild-type λ phage are shown in figure 6.2
and 6.3.

The left operator also has three binding sites for CI and Cro, with a similar
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CI LacCI Cro CI Lac

AWT B

Figure 6.2: Illustration of the three different control circuits: the wild-type (WT)
phage, circuit A with no feedback from Lac on CI expression, and circuit B with
no positive autoregulation by CI.

affinity grading, where both Cro and CI can inhibit transcription. What has been
discovered in the recent decade is that OL and OR can loop together, and CI
bound at the two operator regions form octamer and tetramer structures (57).
The looped structure still allows for transcription from PRM , as long as OR3 is
free. This looped structure increases repression of the lytic PR and stabilises the
lysogenic state (197; 57).

λ-lac mutants

In a series of experimental studies, Atsumi & Little (198; 194) set out to test the
modularity of the λ circuit. More precisely, the aim was to determine how the
lysogenic properties and prophage induction abilities were affected by a change in
the lytic repressor protein. In the study published in PNAS 2006, λ mutants were
constructed in which the cro gene was replaced by the E. coli lacI gene, coding for a
dimeric version of the lac repressor, LacR. A Shine-Dalgarno (SD) sequence was also
introduced downstream of the transcription start site of PR(194). The exchange
of the lytic protein required regulatory alterations in the promoter regions of PR,
PL and PRM to properly test the functionality of the new phages. Alleles of lacO
were therefore introduced downstream of the PR and PL transcription initiation
sites, to enable repression by LacR. Some of the new mutants carried an intact
OR3 site, binding the λ repressor, CI, hence disrupting the regulation of PRM by
LacR. Others had the OR3 site replaced by a lacO allele, instead disrupting the CI
negative feedback of PRM . Figure 6.2 and 6.3 illustrate the genetic architecture and
the control schemes of the wild-type λ phage and the two new types of mutants,
named type A and type B. Type A has an intact OR3 site and type B has a lacO
instead of the OR3. The mutants are named according to the combination of lacO
and the SD. The lacO sites are symbolised by A–E, in order of decreasing binding
affinity. Likewise the SD variants are symbolised by A–F in order of decreasing
strength. The letter W refers to the wild-type OR3 site.



54 CHAPTER 6. MODULE REPLACEMENTS IN THE BACTERIOPHAGE λ

Lac

���
���
���
���

���
���
���
���

���
���
���
���

���
���
���
���

���
���
���
���

PRM PRPL

WT)

CI
Cro

PRM PRPL

A)

CI

PRM PRPL

B)

CI

OL1 OL2 OL3

OL1 OL2 OL3

OR3 OR2 OR1

OR3 OR2 OR1

OL1 OL2 OL3 OR2 OR1lacO

SD

SD

1 3 42

lacO lacO

lacO lacO

Lac

Figure 6.3: Illustration of the three different λ constructs. WT) The wild-type
λ phage circuit, with auto-repression of cro and cI as well as mutual repression.
CI can additionally activate its own production. A) The circuit for mutants with
an intact OR3 site, binding only CI. CI then has an intact regulatory circuit for
controlling PR and PRM , compared with wild-type, while the original negative feed-
back from PR has been cut. B) The circuit for mutants with a lacO site instead of
the original OR3 site. The negative feed-back from cI on PRM is then cut, while
the original negative control from PR is kept. Each mutant is symbolised by a four
letter code, according to the positions and version of alleles used. The coding is
displayed below circuit B. Each lacO site is coded with A-E, where A represents
the best site and E the worst. The SD site is coded with A- F ; A representing the
most effective SD sequence. W codes for an intact OR3 site.
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Figure 6.4: The equilibria promoter activities for the 180 mutants with the best
PL lacO. The mutants are coded with three parameters; colour, marker type and
marker size. The lacO at PRM is indicated with marker type, ranging from the
highest affinity ◦ (A) through � (B),	 (C),∗ (D) and finally 	 (E). The PR lacO
is indicated by the marker size, with smallest markers for the best operator (A),
then increasing marker size with decreasing affinity. The Shine-Dalgarno sequence
is indicated by colour, with the best sequence (A) coded with red, then decreasing
strength with orange (B), yellow (C), green (D), blue (E) and finally purple (F).
The mutants within circuit B fall into all three possible groups. The mutants with
two equilibria are plotted separately in the right column.

6.2 Bistability in the λ-lac Mutants - Paper IV

With the new λ-lac mutants, Atsumi & Little’s experimental setup yielded a library
of 900 mutants. However, only 19 could be isolated in vivo, and only four of
these were studied in more detail. From their tests, Atsumi & Little saw that in
particular one mutant, AWCF, behaved very similar to the wild-type λ, except for a
higher set-point for induction. Moreover, they concluded that Cro binding to O3R
is not required for prophage induction, but that it might modulate the process,
and that LacR itself plays little or no role in determining the set-point. Building
a huge library of mutants is a beautiful approach to investigate the effects of a
genetic construction with altered binding properties at promoter sites. However,
the experimental study only identified four mutants to be fully functional. To
investigate why, we created a model describing all 900 possible mutants. The aim
was to look at the bistability properties, as well as the dynamics of the promoter
actvites, and find an explanation to why only such a small subset of mutants could
be isolated.
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Figure 6.5: Phase plots for wild-type λ and the AWCF mutant. a) The wild-type
λ phage exhibits two equilibria. The ’lytic’ equilibrium state has a high Cro-level
but a very low CI level, while the protein levels are the opposite in the lysogenic
equilibrium. b) The AWCF mutant has only the lysogenic equilibrium and no
transient rise in Lac level that could indicate an possibility for induction.

Circuit A mutants lack the feedback mechanism from the lytic protein, LacR
in this case, on the PRM promoter, see figure 6.2. Hence, theoretically these mu-
tants display only one equilibrium: the lysogenic, with an active PRM . Our model
confirms that all mutants have one stable lysogenic equilibrium with the PRM pro-
moter active at 40 %. The CI level is independent of the three parameters (the two
lacO and the SD sequence). There is a small variation in LacR levels depending on
the SD sequence, but this effect can be neglected since the variation lies between
one and seven molecules.

The mutants with circuit B have an intact negative feedback between CI and
LacR, but lack the negative autoregulation from CI, see figure 6.2. This means that
theoretically, they could all be bistable. The equilibria are dependent on the ratio
of inhibition of PR and PRM . Our predictions are that the majority of the mutants
with circuit B have only a stable lysogenic equilibrium with a very high activity
of the PRM promoter, see figure 6.4, left plot. This high activity of PRM may
be one explanation to as why these mutants are not functional in vivo. However,
some mutants exhibit a promoter activity more in the range of wild-type and the
mutants in circuit A. One subset of mutants have only a ’lytic’ equilibrium and
should hence not be able to form stable lysogens in vivo. Lastly, a small number
of mutants exhibit two stable equilibria: the ones with the worst SD sequence but
best lacO at PRM , or the next best lacO at PRM but better SD sequences, see
figure 6.4, right plot.

To better be able to explain the experimental results, the promoter activities of
the 19 experimentally isolated mutants were also investigated. However, the calcu-
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lated promoter activities and the obtained equilibria patterns, cannot provide an
explanation as to why only four of them forms stable lysogens. It is also puzzling
that two mutants, said to form both stable and unstable lysogens in vivo, theoret-
ically are so different. One has almost a fully active PRM promoter and the other
has only a state with extremely low activity for both promoters. The functionality
of the new mutants hence has to depend on a phenomena not captured by look-
ing at promoter activities. When examining the dynamics of the AWCF mutant
we observe that this mutant does not have any transient increase in PR activity
that could eventually explain a transition to a ’lytic’ state. The phase plots of the
wild-type phage and the AWCF mutant are shown in figure 6.5.

Our model aimed to clarify why only four out of the 900 λ-lac mutants appeared
functional. With the model we predict that all mutants within circuit A should
behave identically. There is no dependence on any of the three parameters on
the outcome of equilibria. Moreover, some mutants in circuit B have equilibria
similar to mutants in circuit A and a few even show bistability, as in the wild-type
phage. We present two possible explanations for the discrepencies between the
model prediction and the experimental restults. Either, the generally accepted view
of the λ phage as a bistable system, describable by theoretical models like this, needs
to be reviewed. Or, the new λ-lac mutants have undergone more than just a simple
module replacement, with the genetic rewiring resulting in more comprehensive
perturbations than believed. In the later scenario, it would be difficult to directly
compare the role of the lytic protein in these mutants with the wild-type phage.





Chapter 7

Final Remarks and Outlook

The field of biological physics and computational biology continues to grow. This
is a result of the rapid experimental developments and the collaboration between
scientists from different backgrounds. The single cell techniques now allow exact
measurements of RNA production and binding of TFs to DNA, providing necessary
information for gene regulatory models (40; 80; 199). And the high throughput
techniques give better insight into the overall transcriptional patterns in a cell or
an organism (200). With these advancements follow the wish to design models that
correctly capture all the observed cellular phenomena. For many scientists, the
dream of a complete model of the cell, or even the human brain, is very much alive
(201; 202). However, along with the techniques come also the awareness of how
complex the cellular machinery is.

In this thesis I present studies all related to cellular regulatory processes, but
carried out in different model system and with different research approaches. Paper

I, II, V and VI concern the Epstein-Barr virus: genetic regulation, binding sites
identification and effects on the migratory control system. In paper III we look
at dynamics of regulatory motifs in prokaryotic metabolism. Finally, in paper IV

I present a model of the λ-lac mutants, characterising their bistability in relation
to the experimental observations.

Our studies of the binding of EBNA1 and Oct-2 at FR provide insights in the
control of latency switching. Although a reductionistic description of the genetic
circuit, our model in paper I captures the essential elements of the promoter
activities. This model should be seen as a first step in the important analysis of
this complex viral-host control system. One way of refining the model would be
to establish more precise measurements on the expression levels of EBNA1 and
Oct-2 over time. Especially, understanding how the Oct-2 expression is regulated
is essential for correctly describing the stability of the latency states. Effects of
non-specific binding could also be tested since bioinformatic screening indicates
that EBNA1 is a quite promiscuous binder (172). Moreover, EBNA1 is associated
with chromatin during cell division (203). These associations might affect the
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probability of switching to latency I, if reduction of free EBNA1 is large enough.
With the model of double or single blocking of EBNA1 and Oct-2, paper II, we
highlight the importance of steric hindrance in creating an efficient genetic switch.
Threshold behaviour from competition between activators and repressors have been
seen in genetic constructs, while not characterised in detail for a specific genetic
system (204). We propose the competitive binding as an explanation to the virus
ability to use FR to control both gene expression and induce replication. It would
therefore be highly interesting to see the occupation patterns of Oct-2 at FR during
various stages of the cell cycle.

The virus-host interactions in EBV infected cells are far from completely under-
stood. However, increasing information about the effects of EBNA1 on cellular gene
expression is emerging (205). Our research on FR-like regions in the human genome,
paper VI, provides a complementary approach to the single site studies presented
to date. EBNA1 is highly dependent on cooperative binding to FR and previously
identified single sites have not been shown to function in vitro (172). Hence we
believe that our results add perspective to the challenging search for EBNA1 reg-
ulatory sites. In fact, in a very recent study, multiple EBNA1 binding sites were
found in human promoters (206). Our hope is to follow up our findings with anal-
ysis of gene expression data. Another important virus-host phenomena presented
in this thesis is the observed increased migration in LMP2a positive epithelial cells.
Cell migration control involves many different signalling cascades, which makes it
difficult to study one isolated pathway. However, with the combined results from
migration assay and co-IP, we propose that the Syk and integrin interplay is rele-
vant in the control of LMP2a-induced migration. In ongoing experiments we aim
to visualise the localisation of Syk, LMP2a and integrin β4 with fluorescence mi-
croscopy to establish the prerequisites for interactions. The migration through a
matrix and on different coated plates should also be tested in order to understand
if our observed effect of β4 on migration varies with the environmental conditions.

In paper III we present work on the dynamics of regulatory motifs in bacterial
metabolism. Our study highlights how combinations of motifs can be utilised to
optimise a regulatory system, exemplified by the iron metabolism in bacteria. The
synergy effect obtained with only three feedback loops indicates the complexity of
deciphering individual regulatory actions in a genetic network. Genetic rewiring
might have larger impacts on a system than posited from looking at individual
regulatory loops. We believe this is the case for the system of the λ-lac mutants,
presented in paper IV. The combinatoric approach taken by Atsumi & Little, to
resolve the role of the lytic protein in lysis induction, was assumed to be a simple
module replacement. We however argue that the genetic modifications had most
likely, additional effects on the system. Although a model should not be seen as a
replacement of an experimental study, it can, as in this case, provide an additional
way of characterising a system. For the λ phage the experimental exploration of
the complete mutant library would be overwhelming, while our model could easily
capture their equilibria properties and allow a comparison.

My research spans over three different model systems and includes both com-
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putational and experimental methods. The common theme is cellular regulatory
mechanisms, a theme that is central in biological physics. I believe the primary goal
for this research discipline is to develop in the direction of describing actual genetic
or regulatory systems rather than focusing on abstract models. Virus infections
and tumour biology are two examples of challenging areas in which more specific
models could speed up the development of treatments (207).
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