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Abstract 

The genome is the primary information storage system of the cell. However, it is 

not fully established how eukaryotic and prokaryotic genomes are organized and function 

within cells. To fill this gap I used experimentally informed polymer models to 

reconstruct the 3D structures of the Schizosaccharomyces pombe and Escherichia coli 

genomes. I generated 3D models of the E. coli chromosome that were non-specifically 

compressed within cells. These models have shown that at the scales of several kb the E. 

coli chromosome organization cannot be described as random chromosome packing, 

while at scales starting from several tens of kb the E. coli chromosome is highly mixed 

and entangled. The polymer models of the S. pombe genome provided evidence that 

chromosomal interactions, detected by conformation capture experiments, play a 

structural role in S. pombe genome organization. I used ensembles of the S. pombe 

genome structures to construct 3D maps of genes, epigenetic marks, and replication 

origins. The 3D maps demonstrated that the S. pombe genome is highly 

compartmentalized. I found that highly transcribed genes and active epigenetic marks 

(H3K4me) are preferentially located toward the S. pombe nuclear interior, and inactive 

epigenetic mark (H3K9me) towards the nuclear periphery. The 3D maps of genetic 

elements that I generated represent a significant step towards the development of unified 

models for spatial gene regulation, DNA repair and replication. 
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Chapter 1. Introduction 

The genome is the primary information storage system of the cell. This information 

is encoded in DNA as a long linear sequence of nucleotides. However, it is not fully 

established how these long DNA chains are packed and organized inside cells (reviewed 

Grigoryev and Woodcock 2012; Woodcock and Ghosh 2010). Experimental observations 

confirm that the spatial organization of genomes is highly structured, and far from random 

(Berger et al., 2008; T. Cremer & Cremer, 2010). Therefore, nuclear processes occur in 

the context of a highly structured nuclear space. Structural alterations of the genome have 

been correlated with changes in gene expression, DNA repair, recombination, and 

replication in organisms ranging from yeast to human (Bickmore & Van Steensel, 2013; 

Misteli & Soutoglou, 2009; Misteli, 2010; Papantonis & Cook, 2013; Taddei, Schober, 

& Gasser, 2010). However, our current understanding of the interconnection between 

genome structures and phenotypes is limited.  

Genomes of prokaryotes and eukaryotes are significantly different. The prokaryotic 

genome is generally smaller (1-10 Mb), and is not separated from the cell cytoplasm. By 

contrast, eukaryotic genomes are larger (>10 Mb) and are generally enclosed in the 

special cell compartment – the nucleus. In the review that follows I will describe the 

relevant features of prokaryotic and eukaryotic genomes separately. 

Genomes store information within several layers of organization. These layers 

pertain to: 1) the linear positions of genes relative to regulatory elements within the 

chromosome sequences; 2) the fact that chromosomes are packaged with proteins to fit 

within the nucleus (eukaryotes) or cell volume (prokaryotes); 3) the spatial positioning of 

chromosomes within the nucleus (eukaryotes) or cell (prokaryotes) space. 

1.1 Chromosome organization: a linear perspective  

Most genomes contain non-random patterns of bases, genes and other features. For 

example, the E. coli 4.6 Mp genome sequence contains 4,288 genes which tend to be 

oriented in the direction of replication (Blattner et al., 1997; Casjens, 1998). Moreover, 

many key E. coli genes are co-localized in the ori-proximal region (Reyes-Lamothe, 

Wang, & Sherratt, 2008) and there is very little intergenic sequence. The linear 

arrangement and lack of intergenic non-coding gene regions within the E. coli genome is 

attributed to the compactness of the  genome (Casjens, 1998).  
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The eukaryotic fission yeast Schizosaccharomyces pombe (S. pombe) has a similar 

number of genes (4,970) to E. coli. However, these genes are encoded within a genome 

that is 13.5Mp in size. Eukaryotic genome enlargement is attributed to the addition of 

non-coding and repetitive regions (Wood et al., 2002). The S. pombe genome sequence 

displays a non-uniform gene distribution among its three chromosomes: chromosome 3 

has a lower gene density than either chromosome 1 or 2 (Wood et al., 2002). Moreover, 

chromosome 3 has twice the density of transposable element remnants of chromosome 1 

or 2 (Wood et al., 2002). S. pombe protein coding genes are absent from centromeres, 

although tRNA genes are present in these regions. The S. pombe ribosomal RNA genes 

are arranged as a tandem array of 100-120 repeats, each 10.5 kb long, at both ends of 

chromosome 3 (Wood et al., 2002).  

Collectively, these examples of eukaryotic and a prokaryotic genome clearly 

demonstrate that linear chromosome sequences display non-random organization 

patterns. 

1.2 Genome packing 

 Packaging of bacterial genome 

Although, the mechanisms of bacterial chromosome packaging are unknown, it is 

generally considered to reflect an interplay between macromolecular crowding within the 

bacterial cytoplasm, negative DNA supercoiling and the action of specific DNA binding 

proteins (Dame, Espeli, Grainger, & Wiggins, 2012; De Vries, 2010; Le Chat & Espeli, 

2012; Zimmerman & Murphy, 1996). 

The “macromolecular crowding” term describes the non-specific effects that are 

caused by background macromolecules within the cytoplasm (De Vries, 2010). In vitro 

experiments have shown that DNA can be condensed as a result of crowding agents (De 

Vries, 2010). For example, the addition of polyethylene glycol (crowding agent) to 

nucleoids, which are initially expanded after lysis, induced nucleoid compaction to in vivo 

dimensions (Pelletier et al., 2012). Although, the bacterial cytoplasm has a high protein 

concentration (300–400 mg/ml), the impact of “macromolecular crowding” on the in vivo 

nucleoid structure is unknown (Zimmerman & Murphy, 1996) 

Circular chromosomes and plasmids are generally negatively supercoiled within 

bacterial cells (Stavans & Oppenheim, 2006). Negative supercoiling is a form of torsional 
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stress that results from the DNA helix being under wound in comparison to the relaxed 

state. This negative supercoiling originates from an interplay between the unwinding of 

the double helix by polymerases and the activity of gyrases and topoisomerases (Espeli 

& Marians, 2004). Supercoiling affects transcription (Ma, Bai, & Wang, 2013), 

replication (Pang, Chen, Manna, & Higgins, 2005) and chromosome segregation 

(Champion & Higgins, 2007). Electron microscopy and electrophoresis of isolated E. coli 

nucleoids confirm that the average degree of supercoiling correlates with changes in the 

E. coli nucleoid compaction levels (Laundon & Griffith, 1988; Rybenkov, Cozzarelli, & 

Vologodskii, 1993; Wasserman & Cozzarelli, 1986).  

The nucleoid-associated proteins (NAPs) are a group of proteins which can directly 

bind to the bacterial DNA and modulate the structure of bacterial chromosome (Dame et 

al., 2005). In vitro NAPs exhibit properties of DNA bending, looping and bridging (Dame 

et al., 2005; Luijsterburg, Noom, Wuite, & Dame, 2006) and, therefore, may participate 

in nucleoid compaction. The most abundant nucleoid-binding proteins for E. coli are: HU 

(heat unstable protein); H-NS (histone-like nucleoid structuring protein); Fis (factor for 

inversion stimulation) (Saier, 2008). For E. coli it has been shown that the expression 

level of all NAPs depends on the bacterial growth phase (Saier, 2008; Stavans & 

Oppenheim, 2006). However, the direct architectural role of NAPs on nucleoid 

compaction is still not clear. 

 Packaging of the eukaryotic genome 

DNA packing within the eukaryotic genome occurs at different scales. On the 

smallest scale the DNA is coiled around histone octamer complexes. These histone 

complexes allow DNA to be condensed about 10,000-fold. The resulting DNA-histone 

complex is known as a nucleosome. Each nucleosome consists of 147 bp of DNA 

wrapped approximately 1.7 times around the histone protein octamer (Oudet, Gross-

Bellard, & Chambon, 1975). Nucleosomes are joined by short stretches of DNA referred 

to as linker DNA, which is generally flanked by nucleosomes (Oudet et al., 1975). The 

early electron microscopy studies of the histone octamer (Oudet et al., 1975) showed that 

nucleosomes are arranged as a series of “beads on a string” along the length of the DNA 

polymer. In this model the string is formed by linker DNA and the beads are represented 

by the nucleosomes. The beads on a string organization of eukaryotic DNA is generally 

considered as the primary packing level of the chromatin fibre. 
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Studies of the S. cerevisiae genome revealed that nucleosome positions are highly 

conserved. About 80% of nucleosome locations are the same or almost the same among 

cell populations (Lee et al., 2007). Therefore, the correct positioning of nucleosomes may 

be critical for proper genome functioning and may be linked to the formation of 

chromosome fibres. 

The structural arrangements of the nucleosome arrays in 3D nuclear space is still 

controversial (Woodcock & Ghosh, 2010). Electron microscopy of isolated chromatin 

fragments has shown that at low salt concentrations nucleosome arrays can adopt the 

structure of 10 nm fibres; with increasing salt concentrations nucleosome array structures 

change to the 30 nm fibre (Finch & Klug, 1976; Thoma Koller,T., Klug,A., 1979). 

However, it is not established how nucleosomes and linker DNA are positioned within 

the 30 nm fibre (Grigoryev & Woodcock, 2012; van Holde & Zlatanova, 2007; Woodcock 

& Ghosh, 2010). In contrast to electron microscopy measurements, the chromatin 

observed in situ, generally does not show any fibre-like properties and nuclear chromatin 

presents as a “molten” mass (Eltsov, Maclellan, Maeshima, Frangakis, & Dubochet, 

2008; Grigoryev & Woodcock, 2012; Woodcock & Ghosh, 2010). However, some 

exceptions exist, nucleated erythrocytes and echinoderm sperm nuclei observed by 

transmission electron microscopy (TEM) display ~30 nm diameter chromatin fibres 

(Grigoryev & Woodcock, 2012). The “molten” mass appearance of chromatin may be 

explained by the hypothesis that nucleosome chains intermix as a result of the inter-

chromosomal and intra-chromosomal interactions that are detected by proximity ligation 

experiment (Dixon et al., 2012; Grand, Pichugina, et al., 2014; Sexton et al., 2012).  

1.3 Spatial organization of genomes 

 Spatial organization of the bacterial nucleoid 

The E. coli nucleoid is a highly compacted (~1000 times) circular chromosome that 

is packed within a rod-shaped cell (Reyes-Lamothe et al., 2008). In early electron 

microscopy studies, the isolated E. coli chromosome was observed as forming into a 

central core rosette with plectonemic loops radiating out (Delius & Worcel, 1974; Worcel, 

Burgi, & Jacob, 1972). Importantly, the plectonemic loops were topologically isolated 

such that one single-stranded break in a particular loop eliminates superhelicity only in 

that loop while the other loops remain unaffected (Worcel et al., 1972). These loops were 

named “topological domains” and their existence has been confirmed by in vivo studies 
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(Postow, Hardy, Arsuaga, & Cozzarelli, 2004). However, the topological domain barriers 

do not show sequence-specificity (Postow et al., 2004), and the sizes of the supercoiled 

domains follow an exponential distribution with a mean value of approximately 10 kb 

and 500 domains per chromosome (Postow et al., 2004).  

In addition to the topological domain organization, recombination based studies 

performed on the E. coli chromosome have identified the existence of macrodomains 

(MD) (Espeli, Mercier, & Boccard, 2008; Niki, Yamaichi, & Hiraga, 2000; Thiel, Valens, 

Vallet-Gely, Espeli, & Boccard, 2012; Valens, Penaud, Rossignol, Cornet, & Boccard, 

2004). The MD are ~ 0.5 to 1 Mb in size and  show preferential recombination between 

lambda intra-domain att sites in comparison with inter-domain recombination (Niki et al., 

2000). In total four macrodomains have been identified: Origin (Ori), Terminus (Ter), 

Right (R) and Left (L). Two non-structured (NS) domains, flanking the Ori MD, were 

also described (Espeli et al., 2008). Although, the existence of MDs provides evidence 

that the bacterial nucleoid is a highly organized structure, the mechanisms involved in 

macrodomain formation remain unknown. 

Specific orientations of chromosomes within bacterial cells have been observed by 

direct visualization of chromosomal loci positions (Teleman, Graumann, Lin, Grossman, 

& Losick, 1998; Viollier et al., 2004; X. Wang, Liu, Possoz, & Sherratt, 2006) For 

example, B. subtilus and C. crescentus chromosomes display polarized structures with 

the origin (Ori) of replication positioned at one pole and the terminus (Ter) positioned at 

the other pole when the bacteria is in-between replication cycles (Toro & Shapiro, 2010; 

Viollier et al., 2004). Chromosome conformation capture experiments performed on the 

C. crescentus chromosome have captured prominent long-range chromosomal 

interactions that bring loci on opposite arms together (Umbarger et al., 2011). However, 

chromosome organization in E. coli differs from that in B. subtilus and C. crescentus 

cells: at the beginning of the cell cycle the E. coli Ori is placed at midcell and each 

chromosome arm localizes to a separate cell half (X. Wang et al., 2006). The 

conformation capture experiment performed on E. coli nucleoids in rapidly growing and 

starved cell populations have identified an increased number of interactions within the 

origin domain (Cagliero, Grand, Jones, Jin, & O’Sullivan, 2013). Additionally, recent 

high resolution fluorescence imaging studies of living E. coli cells have shown that 

nucleoids are organized in discrete helical ellipsoid structures (Kleckner et al., 2014). 

Altogether these results provide evidence that the bacterial nucleoid is spatially 

structured.  
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 Spatial organization of the eukaryotic genome 

For eukaryotes the positions of chromosomes within the interphase nucleus 

generally display non-random spatial distribution (Berger et al., 2008; Bickmore, 2013; 

M. Cremer et al., 2001; Zimmer & Fabre, 2011). Polarized chromosome configurations 

(Rabl conformation), have been observed by imaging techniques in Drosophila 

melanogaster, plants, budding and fission yeast and have been confirmed by chromosome 

conformation capture experiments in budding and fission yeast nuclei (Berger et al., 2008; 

Duan et al., 2010; Funabiki, Hagan, Uzawa, & Yanagida, 1993; Iwasaki, Tanaka, 

Tanizawa, Grewal, & Noma, 2010; Parada & Misteli, 2002; Rodley, Bertels, Jones, & 

O’Sullivan, 2009; Tanizawa et al., 2010). In yeast these polarized chromosome 

configurations are the result of centromere colocalization with the spindle pole body 

(SPB) and telomeres positioning at the nuclear periphery (Funabiki et al., 1993; Grand, 

Pichugina, et al., 2014; Jin, Fuchs, & Loidl, 2000; Taddei et al., 2009; Tanizawa et al., 

2010). However, the Rabl configuration of chromosomes is generally not observed in 

most mammalian cells (M. Cremer et al., 2001; Spector, 2003). 

Chromosomes occupy individual compartments within the nucleus which are 

named chromosome territories and have been observed by fluorescence in-situ 

hybridization (FISH) studies performed on mammalian cell nuclei (M. Cremer et al., 

2001; Lieberman-Aiden et al., 2009; Tanizawa et al., 2010). The formation of 

chromosome territories implies that chromosome are segregated from each other, 

although intermingling occurs (Branco & Pombo, 2007). Furthermore, FISH with 

chromosome paints has shown that human chromosomes territories show preferential 

positioning relative to the nuclear periphery or interior (Bickmore, 2013; T. Cremer & 

Cremer, 2010). Specifically, the gene dense chromosomes tend to be positioned at the 

nuclear interior while gene poor chromosomes tend to locate towards the periphery (T. 

Cremer & Cremer, 2010). However, there is no evidence that a particular chromosome 

territory has a specific neighbour in the nucleus (T. Cremer & Cremer, 2010; Lieberman-

Aiden et al., 2009). Therefore, how the chromosome territories are organized and 

positioned within the nucleus has not been well established.  

 Great variety in the composition and frequency of formation of long distance 

chromatin loops have been observed by proximity ligation (Lieberman-Aiden et al., 2009; 

Naumova et al., 2013; Rodley et al., 2009; Sanyal, Lajoie, Jain, & Dekker, 2012; 

Tanizawa et al., 2010). As a consequence, it is clear that genes that form loops interact 
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with various distant elements. Loops play important roles in transcription regulation by 

promoting the spatial juxtaposition of enhancer sequences and distant promoters (Göndör 

& Ohlsson, 2009). For example, the locus-control region (LCR) at the murine β-globin 

cluster is located ~60 kb upstream of the adult β-major globin gene (Hbb1) (Dean, 2006). 

Although, the mechanism of loop formation remains unclear, it was suggested that 

chromatin is formed by complex of loops, which may reflect the transcriptional state of 

cell (Ferrai, de Castro, Lavitas, Chotalia, & Pombo, 2010). 

Recent high-resolution 5C and Hi-C studies for human, mouse, and Drosophila 

genomes (Dixon et al., 2012; Nora et al., 2012; Sexton et al., 2012) have identified 

topologically associating domains (TADs). TADs are determined by high frequency 

interactions between loci located within the same domain, but less frequency interactions 

with loci outside the domain. TADs have a median size of 880 kb in mice, with a range 

from tens of kb to several Mb (Dixon et al., 2012). Beside that TADs may be considered 

as a unit of genome organization it has not been established how TADs are formed and 

preserved and, more importantly, positioned within nucleus space.  

1.4 Genome structure function relationships 

Nuclear processes occur in the context of a highly structured nuclear space. 

Specifically, genome spatial organization and its modification have been linked with gene 

expression, DNA repair, recombination, and replication in organisms ranging from yeast 

to humans (Bickmore & Van Steensel, 2013; Misteli & Soutoglou, 2009; Misteli, 2010; 

Papantonis & Cook, 2013; Taddei et al., 2010). Importantly, a growing body of evidence 

argues that most nuclear events occur in specific and spatially defined sites that are not 

uniformly distributed within the nucleus (Bickmore & Van Steensel, 2013; Ferrai et al., 

2010; Misteli & Soutoglou, 2009; Misteli, 2010; Papantonis & Cook, 2013; Taddei et al., 

2010).  

The visualization of transcriptional activity using tagged nucleotides revealed that 

actively transcribed genes and active RNA-polymerase II (pol II) are concentrated in 

distinct subnuclear foci termed transcription factories (Papantonis & Cook, 2013; 

Rickman & Bickmore, 2013). The limited number of transcription factories in 

comparison to the number of actively transcribed genes suggests that active genes maybe 

simultaneously colocalized within transcription factories (Ferrai et al., 2010; Papantonis 

& Cook, 2013). In agreement, with this, highly transcribed genes have been found to 

cluster together in fission yeast (Tanizawa et al., 2010). Moreover, detergent extraction 
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experiments suggest that genes move to factories, while RNA polymerase movement is 

constrained within the factories (Rickman & Bickmore, 2013). The formation and 

function of transcription factories implies constraint in the genome organization. 

However, it is not clear how the transcription factories are assembled and how genes are 

recruited into a transcription factory. 

DNA repair occurs in the context of highly structured chromatin (Misteli & 

Soutoglou, 2009). For example, in S. cereviciae, the repair of double-strand breaks by 

homologous recombination uses genomic sequences that are spatially proximal to the 

damage site more efficiently than sequences that are located in spatially distant regions 

(Agmon, Liefshitz, Zimmer, Fabre, & Kupiec, 2013). Moreover, it has been shown that 

the tethering of telomeres and centromeres reduces the efficiency of recombination 

between distant genomic loci (Agmon et al., 2013). These results suggest that spatial 

genome organization plays an important role in repair efficiency and the maintenance of 

genome stability.  

DNA replication in eukaryotic cells starts at specific regions of genomes called 

origins of replications (Chagin, Stear, & Cardoso, 2010). Origins of replication are 

scattered throughout eukaryotic genomes. During replication, a subset of origins are used 

at the S phase (Chagin et al., 2010). The genome-wide examination of replication timing 

in mammalian cells revealed that genomes are structured in broad domains (ranged from 

100 kb to 1 Mb) that are correlated with DNA replication timing (Hiratani et al., 2008; 

Pope et al., 2012). Moreover, transcriptionally active genes generally belong to the early-

replicating domains, while transcriptionally silent genes generally belong to the late-

replicating domains (Bickmore, 2013; Hiratani et al., 2008; Pope et al., 2014). The 

structural rearrangement of human chromosomes altered the replication timing profile 

(Breger, Smith, & Thayer, 2005). Collectively, these data are consistent with replication 

and genome organization being functionally linked.  

Chromatin within nuclei are generally presented in two easily distinguishable 

forms: heterochromatin and euchromatin. In the early 1930s, heterochromatin was 

described as a heavily staining, compact region which persisted throughout the cell cycle, 

while, euchromatin stained lightly and disappeared during telophase (Bühler & Gasser, 

2009; Gelato & Fischle, 2008; Jost, Bertulat, & Cardoso, 2012). Whole genome mapping 

allowed the determination of which chromatin marks correlate with eu- and 

heterochromatin (Gelato & Fischle, 2008). For instance, histone H3 methylated at Lys9 
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(H3K9me) defines heterochromatin (Gelato and Fischle, 2008) while H3 methylated at 

Lys4 (H3K4me) defines euchromatin (e.g. Histone H3 Lysine 4 methylation H3K4me). 

1.5 Methods for the study of genome spatial organization 

 Microscopy based techniques 

Microscopic in vivo measurements have been able to characterize genome 

architecture in a scales up to (~200-500 nm), and provide information about the 

positioning genome elements at low resolution. Microscopy techniques are able to 

measure the physical distance between marked loci (Fluorescence in situ hybridization 

(FISH)) or targeted proteins (Immunofluorescence (IF)); the physical distance can be 

measured relative to nuclear landmarks such as the nuclear centre, or as a relative distance 

between two marked loci (Berger et al., 2008; Bystricky, Heun, Gehlen, Langowski, & 

Gasser, 2004; T. Cremer & Cremer, 2010; Gasser, 2002). Microscopic methods are based 

on the detection of a fluorescent marker attached to the specific DNA-sequence or 

targeted protein. This makes it possible to identify correlations between positions of loci 

of interest in a single cell (Bystricky et al., 2004). 

However microscopic techniques like FISH and IF have their own disadvantages. 

Firstly, FISH and IF are limited to observations on a small number of preselected loci in 

a small number of cells and these observations may not represent what is happening in 

the wider population of cells. Microscopic techniques have a diffraction-limited 

resolution (~200-500 nm), thus microscopy images exhibit significant blurring on scales 

less than the diffraction limit (Berger et al., 2008). For instance, it is complicated to 

observe sub compartments inside yeast nuclei (~  1 𝜇𝑚 radius) because they are blurred 

in the images (Berger et al., 2008). Moreover, the numbers of spectrally distinguishable 

dyes available for live-cell labelling are limited, therefore, simultaneous localization of 

many genes inside the same cell is difficult. 

The recently developed super-resolution fluorescent techniques has shown a large 

improvement in resolution in the 20–40 nm range (Gahlmann & Moerner, 2014). The 

diffraction limit in these techniques has been bypassed by using photoswitching, 

photoactivation or photoconversion of fluorophores, which can be attached to the 

structure of interest, in combination with single-molecule localization and image 

reconstruction (Sauer, 2013). These techniques include spatially modulated illumination 

(SMI), photo-activated localization microscopy (PALM) and stochastic optical 
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reconstruction microscopy (STORM) (Sauer, 2013). However, super-resolution 

microscopy requires specific labelling with fluorophores and the structural resolution of 

these techniques depends on the density of fluorophores (Sauer, 2013). The labelling of 

structures of interest by fluorophores may perturb the native structure and be harmful to 

cellular processes (Gahlmann & Moerner, 2014).  

 Proximity ligation based techniques 

In contrast to microscopic methods for genome structure analysis, indirect methods 

(3C based) do not measure the physical distances between genome loci (Dekker, Rippe, 

Dekker, & Kleckner, 2002; Dixon et al., 2012; Lieberman-Aiden et al., 2009; Naumova 

et al., 2013; Rodley et al., 2009; Tanizawa et al., 2010). Instead, indirect methods are able 

to detect with high resolution (less than 1 kb) colocalization of pairs of loci within nuclear 

space. Colocalization means that a pair of loci are in close proximity to each other, but in 

these methods physical distances between a pair of loci remain undetermined. However, 

if sufficient numbers of pairs of interactions are determined for a whole genome, they are 

able to reveal the patterns of preferred loci localization and to infer the genomes 3D 

structure (Duan et al., 2010; Gehlen et al., 2012; Kalhor, Tjong, Jayathilaka, Alber, & 

Chen, 2012; Tanizawa et al., 2010).   

Briefly, in 3C-based methods, the pairs of loci that are in close proximity are 

covalently linked by the formaldehyde. Next, chromatin is fragmented by restriction 

digestion, diluted and then subjected to ligation at a very dilute concentration to promote 

intra-molecular ligation. The ligation products that contain restriction enzyme sites are 

sequenced (the restrictions sites merged two interacting loci sequences). Finally, the 

interacting loci are positioned onto the genome. Ultimately, these methods determine the 

frequency of genome loci interactions that are captured within a population of cells. 

The various 3C-based methods  differ in their objectives and, as a result, in a way 

that individual ligation products are detected (Dekker et al., 2002; Fullwood et al., 2010; 

Lieberman-Aiden et al., 2009; Rodley et al., 2009). The classical 3C method was designed 

to measure the interactions between pairs of selected loci; the single ligation product of 

interest is detected by PCR, using a locus specific primer (Dekker et al., 2002). The 4C 

method was developed to measure interactions between an a priori selected locus and the 

rest of genome; 4C uses inverse PCR to generate the single locus – whole genome 

interaction profile (Simonis et al., 2006). The Genome Conformation Capture (GCC) 

method was designed to detect genome wide interaction profiles; in GCC the ligation 
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products are directly sequenced (Rodley et al., 2009). Similarly to GCC, the HI-C method 

was designed to capture genome-wide interaction patterns (Lieberman-Aiden et al., 

2009). In contrast to GCC, to increase the signal-noise ratio, Hi-C includes an additional 

step - after restriction digestion, the DNA-ends are marked by biotinylated nucleotides, 

to enable further selective purification (Lieberman-Aiden et al., 2009). ChiA-PET 

incorporates chromatin immunoprecipitation (ChIP) and map the chromatin interaction 

network for a protein of interest (Fullwood et al., 2010). Besides different objectives and 

implementations, the 3C-based methods represent the frequency of pairs of loci that could 

be captured by cross-linking and ligation within a population of cells. 

 The 3C-based methods are generally population based. The single cell 

conformation capture experiments are still under development (Nagano et al., 2013) and 

have experimental drawbacks (O’Sullivan, et al., 2013). In population based 3C methods 

the number and identity of interactions in any one cell remain undetermined. According 

to the microscopic measurements, the cells in populations are highly varied in terms of 

their chromosome conformations (Gasser, 2002; O’Sullivan et al., 2013). The high 

variability of conformations between the cells leads to variation in the set of contacting 

loci that can be cross-linked in each cell. As such, the population average does not provide 

information about transient states or events in the cell. 

Proximity ligation methods are probabilistic in nature relying on multiple 

probabilistic steps. For example, not all restriction enzyme sites will be cut or ligated 

(O’Sullivan et al., 2013).  

Proximity ligation methods do not reveal the mechanism(s) that act to bring pairs 

of loci together. The chromosome contacts may be mediated by proteins or RNA and may 

represent biological functions (Cahyani, Cridge, Engelke, Ganley, & O’Sullivan, 2015). 

Otherwise, the chromosome contacts may happen as a result of chromosome packing or 

random chromosome collisions within the crowded nuclear space (Tjong, Gong, Chen, & 

Alber, 2012; Wong et al., 2012). Additionally, some loci contacts may be brought 

together as a result of indirect co-localization of pairs of loci at the SPB, the nuclear 

membrane, nucleolus or transcriptional factory (Dekker, Marti-Renom, & Mirny, 2013). 

1.6 3D models of chromatin 

Several computational approaches have been developed to reconstruct and explain 

spatial genome organization patterns (reviewed Dekker, Marti-Renom, and Mirny 2013). 
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These approaches have led to the identification of high-order genome organization 

patterns; have been used to correlate the linear positions of loci along the chromosome 

with their spatial positions and, as a result, reveal the relationship between genome 

structure and function. 

The 3D chromatin modelling approaches can be roughly divided into two classes: 

restraints-based models and conceptual polymer models (reviewed Dekker, Marti-

Renom, and Mirny 2013). The restraints-based models are used to reconstruct 3D 

chromatin structure based on available experimental data, represented in the models as a 

set of spatial restraints imposed on the chromosome positions. By contrast, conceptual 

polymer models are used to explain chromatin organization from the polymer nature of 

the chromosome.  

 Restraints-based models 

The restraints-based models are used to reconstruct the 3D conformation of 

genomic regions, or the genome based on experimentally derived data i.e. captured loci 

interactions, or loci preferred locations detected by FISH. The empirical data are 

translated into spatial restraints. Then the 3D structure generation essentially becomes an 

optimization problem, where the structural conformation space is searched for the 

structure that best fits the set of restraints. 

Restraints-based model designs require three key considerations: 1) how 

chromosomes are represented in the model; 2) how experimental data are incorporated 

into the models as restraints; and 3) how 3D chromatin structures are generated to be 

consistent with experimental data. 

1.6.1.1 Chromosome are modelled as coarse-grained polymers 

Chromosomes are represented in most restraints-based models as a coarse-grained 

polymer, where each granule (or “superatom”) represents a segment of the DNA 

containing several base pairs. By eliminating the fine-scale details, the chromosome 

coarse-grained representation allows us to unravel the model systems structure on greater 

scales than the size of the individual granules. The scale of coarse-graining is determined 

as a balance between model accuracy, experimental data resolution, and computational 

costs (Noid, 2013; Riniker, Allison, & van Gunsteren, 2012).  
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1.6.1.2 Experimental data are represented in the models as a set of restraints 

Experimental data are incorporated into coarse-grained models as a set of spatial 

restraints imposed on the granule positions. Two types of restraints are widely used: 1) 

chromosome tethering to the nuclear landmarks (i.e. SPB, nucleus periphery); 2) granule-

granule interaction restraints (Gehlen et al., 2012; Tjong et al., 2012; Tokuda, Terada, & 

Sasai, 2012; Zimmer & Fabre, 2011). The restraints are represented as harmonic forces 

applied to chromosome loci to position them within the nuclear space. 

For instance, tethering restraints have been used to model S. cerevisiae and S. 

pombe genomes (Duan et al., 2010; Tanizawa et al., 2010; Gehlen et al., 2012;Tjong et 

al., 2012; Tokuda et al., 2012; Wong et al., 2012). It has been shown by FISH, and 

confirmed by proximity ligation, that centromeres cluster with the spindle pole body 

(SPB) and S. cerevisiae telomeres display preferred locations at the nuclear periphery (Jin 

et al., 2000; C. D. M. Rodley et al., 2009; Taddei et al., 2009;Duan et al., 2010; Q. W. 

Therizols, Duong, Dujon, Zimmer, & Fabre, 2010). Therefore, in the S. cerevisiae 

genome models, centromeric granules are restrained to the SPB region and telomeric 

granules are restrained to the nuclear membrane (Gehlen et al., 2012; Tjong et al., 2012; 

Wong et al., 2012) 

 The granule-granule interaction restraints incorporate chromosomes interactions 

data, captured by proximity ligation experiments, into the models. The output of 

proximity ligation methods presents the frequency of genomic loci colocalization within 

a population of cells. However the physical distances between such pairs of loci remains 

undetermined (Dekker et al., 2002; Duan et al., 2010; Lieberman-Aiden et al., 2009; 

Rodley et al., 2009). To be included in the model, the proximity ligation data need to be 

converted into inter-granule distance restraints. Although, the exact form of any such 

relationship is unknown different approaches have been applied. 

The “frequency to distance” approach is used to represent conformation capture 

data as model restraints (Baù et al., 2011; Dekker et al., 2002; Duan et al., 2010; Fraser 

et al., 2009; Tanizawa et al., 2010). This approach assumes that in the experiment spatially 

closer fragments interact more frequently than distant fragments, in other words, the 

frequency of pair-loci colocalization, detected in the experiment, is inversely related to 

average loci spatial distance. However, the exact functional form of such an inverse 

relationship remains undetermined and several approximations have been used (Baù et 

al., 2011; Dekker et al., 2002; Duan et al., 2010; Fraser et al., 2009; Tanizawa et al., 
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2010). Initially, functional form was approximated by the statistical model of polymer 

folding inferred from polymer physics (Dekker et al., 2002; Duan et al., 2010). Lately, 

the functional form was approximated using FISH measurements of the inter loci distance 

(Tanizawa et al., 2010). However, the “frequency to distance” approach has several 

limitations. The low spatial resolution of FISH and limited number of preselected loci 

may result in errors in functional form determinations. Moreover, this approach results in 

a static snapshot of the averaged structure that does not account for genome variability 

and the probabilistic nature of the conformation capture experiment (O’Sullivan et al., 

2013). 

By contrast, the “subset of interactions” approach does not correlate contact 

frequencies with averaged distances; it accounts for only the presence or absence of 

chromatin contacts within the proximity ligation data (Gehlen et al., 2012; Grand, 

Pichugina, et al., 2014; Kalhor et al., 2012). The “subset of interactions” data approach is 

based on the assumption that only a subset of captured interactions can be realized at one 

moment of time within a single cell’s nucleus (Gehlen et al., 2012; Grand, Pichugina, et 

al., 2014; Kalhor et al., 2012). Since the conformation capture experiment detected 

interactions within a population of cells, the exact identities and numbers of interactions 

that occurred within a single cell are unknown (O’Sullivan et al., 2013). It remains 

possible that some detected interactions may not be simultaneously present in all cells 

even in synchronized cells populations. Therefore, the subset of interactions is typically 

included in the models in a probabilistic manner, where each model structure is calculated 

using an independently selected subset of captured interactions.  

 Structure optimization  

The modelling of 3D chromatin structures is an optimization problem, where 

structures are generated to be consistent with experimental data. So, the scoring function 

is defined to measure the variation of the model structure from the experimentally 

determined restraints. Therefore, the generation of the model genome structures results 

from the computational minimization of the scoring function.  

1.6.2.1 Restraints-based modelling of genomic regions 

A pioneering implementation of restraint based modelling was performed to 

investigate the spatial structure of the human immunoglobin H (IGH) locus, spanning 3 

Mb (Jhunjhunwala et al., 2008). The locus spatial structure was reconstructed using light 

microscopy measurements between a set of 12 markers scattered across the locus. As a 
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result, it was shown that the IGH locus is organized into compartments containing clusters 

of loops separated by linkers.  

The structure of the HoxA cluster was reconstructed using 5C interaction-frequency 

data (Fraser et al., 2009). The inter loci distances within the HoxA cluster were derived 

using the “frequency to distance” approach. The functional form of the frequency-

distance relationship was approximated by inverse proportionality and used to calculate 

inter loci distances. Structure optimization resulted in a static snapshot of the HoxA 

cluster conformation. Modelling the HoxA cluster conformations, using 5C data obtained 

in different conditions, indicated that conformations of HoxA cluster changes during cell 

differentiation (Fraser et al., 2009). 

5C interactions were used to reconstruct the 3D structure of the human α-globin 

locus, which spans 500 kb of a gene-dense domain located near the left telomere of human 

chromosome 16 (Baù et al., 2011). In this work the “frequency to distance” approach was 

applied with some minor modifications. 5C counts were recalculated as Z-scores, which 

indicated how many standard deviations a measure is above or below the mean value. 

The mean and standard deviations were calculated from the log10 values of the contact 

matrix. To ensure that restraints between pairs of points with extreme Z-score values were 

stronger than those between pairs of points with average Z-score, the restraint forces were 

selected according to the proportional of the absolute value of the Z-score (Baù et al., 

2011). The population of locus structures were generated using the Integrative modelling 

platform (IMP) (Russel et al., 2012). Further analysis revealed that structures in the 

population were clustered by similarity. The model also demonstrated that long-range 

interactions are sufficient to drive the folding of the α-globin locus into a compact 

globular state (Baù et al., 2011).  

Recently, 5C and HI-C interaction maps were used to reconstruct the 3D structure 

of a topologically associated domain (TAD) that contains the mouse X-inactivation centre 

(Xic) region (Giorgetti et al., 2014). This model was based on the assumption that 5C 

counts are proportional to the probability of two loci physically contacting each other 

within a cell population. Each 5C interaction was represented by a simple two-parametric 

interactions potential. The iterative Monte-Carlo algorithm fit the interaction potential 

parameters to generate a population of structures that reproduced the 5C contact data. The 

reconstructed 3D structure demonstrated that the TAD conformation is highly variable, 

but not random. The ability to switch the interactions in the model off and on allowed the 
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identification of specific interactions that stabilize boundaries between TADs and validate 

key structural elements of the locus that had been previously obtained genetically 

(Giorgetti et al., 2014).  

1.6.2.2 Restraint based modelling of genomes 

The restraint based modelling approach has been applied to generate 3D models for 

several prokaryotic and eukaryotic genomes, including budding and fission yeast 

genomes and the human genome, albeit at much lower resolution (Duan et al., 2010; 

Gehlen et al., 2012; Kalhor et al., 2012; Tanizawa et al., 2010; Tjong et al., 2012; 

Umbarger et al., 2011; Wong et al., 2012). 

a. 3D models of eukaryotic genomes 

The first published 3D genome model of the budding yeast was based on HI-C data 

and was a static snapshot of an averaged genome conformation (Duan et al., 2010). The 

model optimization was performed under the following restraints: 1) the chromosomes 

were enclosed within nucleus; 2) rDNA was enclosed within nucleolus; 3) centromeres 

were positioned opposite the nucleolus; 4) the distances between loci were inferred from 

HI-C data. The “frequency to distance” translation was performed based on an estimated 

yeast genome compaction value (Bystricky et al., 2004). It was assumed that an 

interaction observed with contact frequency f has the same distance between its loci as an 

intra-chromosomal interaction that has similar contact frequency f. Within the models a 

distance of 1nm was set to represent a constant 130bp of packed chromatin. The static 

snapshot of 3D budding yeast configuration recapitulated the known Rabl chromosome 

conformation and identified clusters of origins of replications and tRNA genes (Duan et 

al., 2010). The static snapshot of the S. cerevisiase genome organization obtained in this 

study did not account for the high variability present within yeast nuclear organization 

(Berger et al., 2008; Gasser, 2002). 

The fission yeast genome was modelled using HI-C data sets (Tanizawa et al., 

2010). The model optimization was performed under the following restraints: 1) the 

chromosomes were enclosed within nucleus; 2) centromeres were positioned; 3) the 

telomeres were restrained to the nuclear periphery; 4) distances between loci were 

inferred from HI-C data. The “frequency to distance” approach was applied to derive the 

distances for interactions between loci. The relationship between the frequency of loci 

contacts and distance was calculated based on FISH measurements between eighteen 

pairs of loci. The FISH data was fitted by a non-linear regression curve, and this equation 
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was applied to convert the top 60% of contact frequencies into 3D distances. As a result 

of optimization the fission yeast genome structure was obtained with a resolution of 20 

kb, and represented a static snapshot of the population averaged genome conformation. 

The model revealed statistically significant interactions among highly expressed genes 

(Tanizawa et al., 2010) that may be associated with the formation of transcriptions 

factories (Papantonis & Cook, 2013). 

The 3D budding yeast genome model presented by Tokuda et al. (2012) is based on 

interactions that were captured by Duan et al. (2010) work and used a similar to Duan et 

al. (2010) model set of restraints. To overcome the limitations of the static structure, the 

estimated distances (by Duan et al. (2010) loci) were subjected to Gaussian variation. By 

changing incorporating variation into the models, the authors were able to investigate the 

dynamic nature of the telomere-telomere distances. Despite this, it remains undetermined 

how valid the distance estimations are that were suggested by Duan et al. (2010).  

3D models of the budding yeast genome were also developed where experimentally 

captured loci contacts data were not included as model restraints (Tjong et al., 2012; 

Wong et al., 2012). Despite using different optimization procedures, the structure 

optimizations were performed under a similar set of chromosome tethering restraints: 1) 

the chromosomes were enclosed within nucleus; 2) centromeres were positioned proximal 

to SPB; 4) the telomeres were restrained at the nuclear periphery. Importantly, apart from 

the tethering restraints, the chromosomes in these models were randomly configured 

within the nuclear confinement. As a result of the optimization, populations of structures 

were generated. Both, Tjong et al. (2012) and Wong et al. (2012) demonstrated that 

random configurations of tethered chromosomes reproduced chromosomal contacts 

determined by genome wide conformation capture experiments (Duan et al., 2010). 

However, the populations of model structures were limited by comparison with only one 

HI-C data set (Duan et al., 2010).  

The 3D models of budding yeast genome, developed by Gehlen et al. 2012, 

incorporated contact data, obtained by genome conformation capture (GCC) (Rodley et 

al., 2009). Specifically, the tethering restraints model (similar restraints to those used by 

(Tjong et al. 2012; Wong et al. 2012)) was compared with the model that, additionally, 

incorporated the captured interactions. The subset of interactions incorporated in the 

model was independently selected in a probabilistic manner for each structure that was 

generated. The probability for including each interaction was set to 0.25 for inter-
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chromosomal and to 0.5 for intra-chromosomal pairs of loci (Gehlen et al., 2012). The 

distances value between the interacting loci within the chosen subset was in the range of 

5 nm. Comparisons between the populations of conformations, generated by this 

particular model, demonstrated that the addition of experimentally determined 

chromosome contacts to the tethering restraints leads to significant structural 

reorganization: the structure became more compact, and there was a prominent effect 

upon functional element clustering.  

The human genome was modelled using data obtained from Tethered Conformation 

Capture (TCC), a method for genome-wide mapping of chromatin interactions (Kalhor et 

al., 2012). The model that Kalhor et al. produced does not correlate contact frequencies 

with averaged distances; instead it accounts only for presence or absence of chromatin 

contacts in the TCC data set. Importantly, in this model, any given contact was included 

in the fraction of models in the simulated population that corresponded to its detection 

frequency within the TCC dataset (Kalhor et al., 2012). Furthermore, the chromosome 

was partitioned into regions which shared similar contact profiles and were referred as 

“blocks”. There were a total of 448 blocks in the haploid genome model and 856 blocks 

in the diploid genome model. The resulting population of structures identified preferred 

radial positions for chromosomes that strongly agreed with independent FISH studies in 

lymphoblasts (M. Cremer et al., 2001). By contrast, the control population generated 

without the inclusion of contacts defined by the TCC experiment did not agree with the 

experiment radial positions. This indicated that the inclusion of the contact data from the 

TCC experiment was responsible for helping to define the chromosome positions within 

models of the human genome.  

b. 3D models of prokaryotic genomes 

The 3D genome structure of Caulobacter crescentus (swarmer cells) was modelled 

using 5C genome-wide interactions data (Umbarger et al., 2011). The model was 

constructed in a manner that was similar to the model of the α-globin locus (Baù et al., 

2011). These models used a “frequency to distance” approach to derive the distance 

between interacting loci that were captured by 5C (Dostie et al., 2006). The relationship 

between frequency of loci contacts and distance was calculated based on fluorescence 

data of the average distance (along the long axis of the cell) between 107 different loci 

and the flagellated pole of swarmer cells (Viollier et al., 2004). The structure population 

were generated with a resolution of 13 kb. The ensemble of C. crescentus structures that 

were produced demonstrate that the bacterial genome is ellipsoidal with periodically 
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arranged arms (Umbarger et al., 2011). However, even at 13 kb resolution this model is 

unable to inform on the effects of genome supercoiling or to identify topological domains 

within the Caulobacter genome. Instead, the C. crescentus model infers a dominant 

folding pattern across the population without revealing variations in the detailed 

conformation.  

 Conceptual polymer models 

In contrast to the restraint based models, conceptual polymer models have been 

developed to focus on general principles of chromatin folding as a polymer, rather than 

to reconstruct the chromatin organization for a specific experimental system. In other 

words, the restraint based models were designed to answer the question: “how chromatin 

is spatially organized?” While conceptual polymer models are focused on the question: 

“why chromatin is spatially organized?” 

The pioneering study of Jun and Mulder suggested that entropic repulsion is a 

possible mechanism for bacterial sister chromosome segregation (Jun & Mulder, 2006). 

In this work, sister chromosome segregation was interpreted as the result of repulsion 

between polymer coils, which resist overlapping and entanglement (entropic repulsion). 

Further compression of the polymer coils by confinement increased entropic repulsion 

(Jun & Mulder, 2006). During replication, newly synthesized chromosomes remain 

highly packed and entangled within the models. The combined effect of the entanglement 

and confinement is to produce a strong entropic repulsion, which results in DNA 

segregation within the models (Jun & Mulder, 2006). However, the contribution that 

entropy makes to bacterial DNA replication remains debatable (Pelletier et al., 2012; 

Wiggins, Cheveralls, Martin, Lintner, & Kondev, 2010). 

Cook and Marenduzzo also investigated the impact of non-specific (entropic) forces 

on chromosome structure (Cook & Marenduzzo, 2009). They performed a series of 

polymer simulations to investigate how the location of chromosomes can be influenced 

by properties of the chromatin fibre (i.e. flexibility, compactions, length, looping) (Cook 

& Marenduzzo, 2009). In this work Monte-Carlo simulations were used to model self-

avoiding polymer chains enclosed within a spherical volume. The simulations revealed 

that the positions of the chains within the sphere depends on the polymer properties of 

the chain and the fraction of occupied sphere volume. Sets of different simulations that 

include different polymer packing densities were performed. These models included two 

different types of chains enclosed within the spherical confinement: stiff vs flexible; open 
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vs swollen, thick vs thin; long vs short. The simulations showed that long flexible 

polymers, which represent euchromatin, tend to be located towards the nuclear interior 

while compact/thick polymers (which represent heterochromatin), tend to be located at 

the periphery. Moreover, the introduction of looping within polymer chains promoted the 

formation of discrete territories. These results were consistent with the hypothesis that 

nonspecific (entropic) forces may act in positioning and shaping chromosomes within the 

crowded nucleus space. 

Rosa and Everaers (2008) used models to investigate chromosome organization, 

focusing on the question of whether the observed interphase territories are the 

consequence of metaphase chromosomes decondensation. Their simulation was initiated 

as condensed “metaphase” like linear and circular polymer structures, and followed the 

decondensation of these molecules. The results of their simulations were to confirm that 

chromosomes do not intermix during decondensation and, therefore, tend to form 

territories. Rosa and Everaers (2008) suggested that chromosomes do not mix due to the 

preservation of the local topological state as chromosomes decondensation leads to 

uniform expansion of the chromosome without changing the global topological state. 

Therefore, the metaphase and interphase chromosome structures may be similar from a 

topological point of view. This organization would accelerate chromosome condensation 

and decondensation during the course of the cell cycle (Rosa & Everaers, 2008). 

The formation of chromosomes territories was also investigated using a Dynamic 

Loop (DL) model (Bohn & Heermann, 2010, 2011). The DL model assumes that the 

chromosome, which was represented as a polymer chain, is organized into loops. The DL 

model does not consider active mechanisms for loop formation. Rather, the loops are 

formed as a result of diffusional motion of the polymer chain, where two spatially close 

chromosomal fragments stick together for a certain time with some probability. Monte-

Carlo simulations of the DL model showed an increase in repulsion between looped 

polymer chains compared to linear chains (Bohn & Heermann, 2011). Therefore, loop 

formation contributes to chromosome segregation into structures which resembled 

experimentally observed chromosome territories. However, experimental data indicates 

that loop formation is strongly dependent on the organism, cell cycle stage, and growth 

conditions (Grand, Pichugina, et al., 2014; Rodley et al., 2012, 2009; Sanyal et al., 2012; 

Tanizawa et al., 2010). Thus it remains possible that the assumption of diffusional loop 

formation that underlies the DL model may be incorrect.  
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Polymer simulation has been used to investigate how the formation of a 

transcription factory may affect chromosome locations within the nucleus (Dorier & 

Stasiak, 2010). Dorier & Stasiak created models where the transcription factory was 

represented by links between polymer chains that represented transcriptionally active 

chromosomes. The chromosomes were modelled as freely jointed circular chains placed 

within a small sphere. Simulations have shown that this simple model was sufficient to 

reproduce experimentally observed patterns of chromosome locations: transcriptionally 

active chromosome territories were preferentially located closer to the centre of the 

nucleus while less transcriptionally active territories tended to be positioned at the nuclear 

periphery (Bickmore, 2013; Papantonis & Cook, 2013). However, this model is limited 

to the investigation of only one transcription factory, and does not describe chromosome 

positions in the more physiologically relevant case where multiple transcriptional 

factories are detected (Ferrai et al., 2010; Papantonis & Cook, 2013). 

The “strings and binders switch” (SBS) model investigates how the chromosome 

architecture is shaped and regulated by chromatin interactions that are mediated by 

binders molecules (Barbieri et al., 2012; Nicodemi & Prisco, 2009; Nicodemi, Panning, 

& Prisco, 2008). In the SBS model, the chromosome is represented as a self-avoiding-

walk polymer. The attachment points for diffusing binding molecules are distributed 

along the polymer. The binding molecules can simultaneously link several sites of 

polymer. The SBS model has demonstrated that polymers can undergo conformation 

reorganization by changes in binding site distribution, binder concentration, or binding 

affinity (Barbieri et al., 2012; Barbieri et al., 2013; Nicodemi & Pombo, 2014). 

Furthermore, the segregation or mixing of chromatin domains was observed under 

specific binding site distributions and binder properties (Barbieri et al., 2012). The model 

was used to model specific chromosomal loci including the Xist locus (Scialdone et al., 

2011). Beyond the investigation of chromosome conformation, the SBS model identifies 

possible mechanisms of passive DNA-shuttling that can be responsible for pairing of X 

chromosome at X inactivation (Bianco, Scialdone, & Nicodemi, 2012; Scialdone & 

Nicodemi, 2010). Importantly, the SBS model provides a single framework for 

investigation of a variety of stable chromatin architectures that have been captured by 

FISH, Hi-C and 3C methods (Barbieri et al., 2012; Barbieri et al., 2013; Nicodemi & 

Pombo, 2014).  
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1.6.3.1 Interpretation of empirically defined chromosome interaction data using polymer 

physics 

Genome-wide chromosome interaction data can be characterized by the contact 

probability 𝑃(𝑑)  function that measures the average frequency of chromosome 

interactions between pairs of loci separated by a given genomic distance along the 

chromosome (reviewed Dekker, Marti-Renom, and Mirny 2013). The contact probability 

function in conformation capture experiments decrease with increases of genomic 

separation distance, and can be approximated by a power law decay 𝑃(𝑑)~1/𝑑𝑣 within 

a particular genome’s separation distance range. Importantly, the probability of contacts 

in many polymer systems follows power-law dependencies and the exact value of the 

power is indicative of the polymer state which represents specific ensemble of 

conformations (Fudenberg & Mirny, 2012; Mirny, 2011). 

Measurements of contact probability function 𝑃(𝑑) for HI-C intra-chromosomal 

interactions data for non-synchronized human lymphoblastoid cells have identified a 

power-law behaviour, 𝑃(𝑑)~1/𝑑𝑣 , with an average exponent 𝑣  ∼ 1.08, at genomic 

separation distances 0.5–7 Mb (Lieberman-Aiden et al., 2009). This exponent differs 

from value obtained for confined polymers at equilibrium which display exponent 𝑣 ∼ 

3/2 (Fudenberg & Mirny, 2012; Mirny, 2011) . The exponent 𝑣 ∼ 1.08 is better described 

by the “fractal globule” model (Mirny, 2011). The “fractal globule” model assumes that 

DNA exists in an out-of-equilibrium, long-lived, and unknotted state due to the 

topological constraints and as such it displays a power exponent 𝑣 ∼ 1 (Mirny, 2011). 

The unknotted conformation of the fractal globule is thought to promote easy 

condensation de-condensation (Rosa & Everaers, 2008).  

However, recent experimental studies have shown that the exponent 𝑣  is not 

universal. Instead, the power law exponent ν varies for different organisms (reviewed 

Barbieri et al. 2012; Nicodemi and Pombo 2014). For instance, human embryonic stem 

cells (ESCs) display 𝑣 ∼ 1.6 (Barbieri et al., 2012) and metaphase HeLa cells have a 𝑣 ∼ 

0.5 (Naumova et al., 2013). The exponent that has been reported for different species also 

varies widely: in D. melanogaster a 𝑣 ∼ 0.7–0.8 (Sexton et al., 2012), in yeast a 𝑣 ∼ 1.5 

(Duan et al., 2010). The variety in the reported exponent values argues that chromosome 

folding varies between the cell types and organisms (Barbieri et al., 2012; Duan et al., 

2010; Naumova & Dekker, 2010; Sexton et al., 2012). 
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1.7 Summary 

Eukaryotic and prokaryotic genomes are highly organized and compacted 

structures. Extensive experimental observations have identified specific patterns at all 

levels of genome organization from genome sequence composition to higher-order spatial 

organization. These observations provide evidence that biological processes occur in the 

context of a highly structured nuclear space. Moreover, the identified clusters of 

functionally-related elements argue that genome structure is interconnected with genome 

function. However, this interconnection is still not fully understood. The reason for this 

ongoing ambiguity is that the available experimental methods can not directly 

characterize the 3D structure of a whole genome at high resolution. Computational 

models can potentially fill these gaps by reconstructing genome structures based on 

experimental data. Therefore, computational models are a key component for the better 

understanding of genome spatial organization. 
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1.8 Aim and objectives 

My thesis will attempt to unravel the organization of the E. coli, S. pombe genomes 

using whole genome polymer models. My main objective is understand how the 

chromosomes are organized in three dimensions and: 

 To test the hypothesize that non-specific packing of a confined circular 

polymer can reproduce chromosome contacts captured within nucleoids in 

synchronized, slow growing E. coli cells  

 

 To developed experimentally informed polymer models of the S. pombe 

genome in G1 and G2 phases of cell cycle  

 

 To explore the structural role of experimentally captured interactions in 

determining the in silico S. pombe genome organization. 

 

 To investigate the spatial positioning of sets of genes, epigenetic marks, and 

replication origins using polymer models of the S. pombe genome 
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Chapter 2. Coarse-grained models of non-specific E. coli 

chromosome nucleoid packing 

2.1 Introduction 

The E. coli nucleoid is a highly compacted circular chromosome that is compressed 

about 1000 times relative to its linear length and at the same time remains accessible for 

genome processes i.e. transcription and replication.  

To understand how the bacterial genome is organized, various molecular and 

recombination based methodologies have been applied (Espeli et al., 2008; Mercier et al., 

2008; Thiel et al., 2012; Valens et al., 2004). Early light microscopy studies showed that 

bacterial chromosomes have a central core with plectonemic supercoiled loops that 

radiate out (Delius & Worcel, 1974). Most of these loops were topologically isolated such 

that one single-stranded break in a particular loop eliminates superhelicity only in that 

loop while the other loops remain unaffected (Worcel et al., 1972). As a result of these 

observations, the loops that independently relax by a break in one-strand of DNA were 

named “topological domains”. The length of supercoiled domains follows an exponential 

distribution with a mean value of about 10 kb and approximately 500 domains per 

chromosome (Postow et al., 2004).  

On the Mb level, four structured macrodomains (~ 0.5 to 1 Mb) have been 

identified. Intra-domain recombination between lambda att sites are preferential while 

inter-domain recombination is reduced (Espeli et al., 2008; Mercier et al., 2008; Thiel et 

al., 2012; Valens et al., 2004). Collectively, topological domains and macrodomains have 

been hypothesized as the structural blocks of E. coli genome organization that promote 

bacterial chromosome packing.  

Proximity ligation methods are able to capture the chromosome contact profiles 

with high resolution (Cagliero et al., 2013; Dixon et al., 2012; Grand, Pichugina, et al., 

2014; Naumova et al., 2013; Umbarger et al., 2011). Initially applied to eukaryotic 

genomes, the methods are able to detect colocalization between the pairs of loci within 

nuclei across a population of cells (Dekker et al., 2002; Duan et al., 2010; Lieberman-

Aiden et al., 2009; Rodley et al., 2009). Recently, proximity ligation methods (i.e. 5C, 

GCC) were applied to study bacterial genome organization (Cagliero et al., 2013; 
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Umbarger et al., 2011). A genome wide DNA-DNA contact map was obtained for C. 

crescentus synchronized swarmer cells (Umbarger et al., 2011), and a high resolution 

genome wide DNA-DNA contact map was obtained for E. coli nucleoids in rapidly 

growing and starved cell populations (Cagliero et al., 2013).  

Despite progress in experimental techniques, the mechanisms that structure the 

bacterial nucleoid remain unclear. Two possibilities have long been hypothesized: 1) the 

bacterial nucleoid may be formed as a result of non-specific chromosome packing within 

the nucleoid volume (Jun & Mulder, 2006; Rosa & Everaers, 2008; Tjong et al., 2012); 

or 2) specific chromosome contacts may form the nucleoid structure (Cagliero et al., 

2013; Umbarger et al., 2011).  

The physical properties of chromosomes, which can be treated as a polymer, 

influence chromosome folding and promote sister-chromosome segregation (Fritsche & 

Heermann, 2011; Jun & Mulder, 2006; Jung et al., 2012). For example, sister 

chromosome segregation may be interpreted as repulsions of polymer coils (Jun & 

Mulder, 2006). Briefly, due to the excluded-volume interactions and the chain 

connectivity, the polymer coils resist overlap (entropic repulsion). Further compression 

of polymer coils due to confinement increases the entropic repulsion. So, entropic 

repulsion may be a major driving force underlying chromosome segregation (Jun & 

Mulder, 2006).  

In addition to segregation, the geometry of confinement can have an impact on 

polymer folding. Computer simulations of ring polymers confined within rod-shaped and 

spherical geometries show that confinement may promote polymer loops of certain length 

(Fritsche & Heermann, 2011). Therefore, non-specific polymer folding of the bacterial 

chromosome within a confined volume may influence bacterial chromosome structure. 

Specific chromosome contacts may shape nucleoid organization. For instance, the 

C. crescentus chromosome contact map displays prominent long-range chromosome 

interactions that bring loci on opposite arms together (Umbarger et al., 2011). Three-

dimensional modelling of the C. crescentus chromosome structure shows that genome 

structures can be grouped into four structurally similar clusters (Umbarger et al., 2011). 

Furthermore, computer simulation of the E. coli chromosome indicates that distant gene 

colocalizations within transcription factors genes lead to self-organization of chromsome 

domains (10-700 kb) (Fritsche, Li, Heermann, & Wiggins, 2012). Recently, computer 

simulations of the E. coli genome structure shows that the constrained positions of loci 
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promote the formation of macro domains (MD) (Junier, Boccard, & Espeli, 2014). Thus, 

specific chromosome contacts may shape nucleoid organization. 

Genome-wide chromosome interaction data can be characterized by the contact 

probability 𝑃(𝑑)  function that measures the average frequency of chromosome 

interactions between pairs of loci separated by a given genomic distance along the 

chromosome (reviewed in Dekker, Marti-Renom, and Mirny 2013). The contact 

probability function decreases with increase of genomic separation distance, and can be 

approximated by a power law decay 𝑃(𝑑)~𝑑−𝑣 within a particular separation range. The 

power law exponent ν is a valuable characteristic of genome contacts and varies for 

different organisms (Barbieri et al., 2012; Nicodemi & Pombo, 2014). As a result the 

contact probability is an averaged characteristic of chromosome contacts and a useful tool 

for comparisons between experiment and models (Fudenberg, Getz, Meyerson, & Mirny, 

2011; Lieberman-Aiden et al., 2009; Mirny, 2011). 

The contact probability functions derived from the genome-wide chromosome 

interaction data are often compared with two well-known polymer models (Barbieri et 

al., 2012; Lieberman-Aiden et al., 2009; Naumova et al., 2013): the “equilibrium globule” 

(EG) and the “fractal globule” (FG). The “equilibrium globule” model assumes that DNA 

exist as confined polymers at equilibrium which display exponent 𝑣 ∼ 3/2 (Fudenberg & 

Mirny, 2012; Mirny, 2011). The equilibrium globule models represent polymers as a 

series of random walks that drop across the boundary of confinement. Computer 

simulation and theoretical calculation confirmed that long polymers that adopt 

equilibrium globule state are highly knotted (Fudenberg & Mirny, 2012; Mirny, 2011). 

By contrast, the “fractal globule” model assumes that DNA exists in an out-of-

equilibrium, long-lived, and unknotted state due to the topological constraints and as such 

it displays a power exponent 𝑣 ∼ 1 (Mirny, 2011). The comparison of genome-wide 

chromosome interactions data with “equilibrium globule” and “fractal globule” models 

are useful tool for understanding chromosome organization.  

E. coli has a circular chromosome that may adopt various topological states (Figure 

2.1). For instance, a knot is a topological state of a circular polymer that cannot be 

deformed to a ring by continuous deformation (without cutting and ligating the ends). The 

simplest knots are the trefoil and figure-of-eight (Figure 2.1). 
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Figure 2.1 Examples of topological states adopted by circular polymers 

 

Knots appear and disappear in bacterial DNA as a result of the action of 

topoisomerases that enable chromatin fibres to pass through each other (Witz & Stasiak, 

2010). Knotted chromosomes may prevent bacteria chromosome unpacking and as a 

result may be harmful for genome processes such as replications and transcriptions 

(Reyes-Lamothe et al., 2008). 

The origin of chromosome contacts captured within bacterial nucleoids in 

synchronized, slow growing E. coli cells is intriguing question, which may reveal 3D 

structure of nucleoid. I hypothesize that non-specific packing of a confined circular 

polymer could reproduce chromosome captured contacts (Bowden, 2014). To test this 

hypothesis I built coarse-grained models of the E. coli chromosome. By contrast to other 

suggested E. coli models (Fritsche et al., 2012; Jun & Mulder, 2006; Junier et al., 2014), 

my models do not restrained positions of chromosomal loci within cell, and provide 

opportunity to estimate the impact of non-specific polymer compaction on the E. coli 

chromosome structure. The E. coli chromosome was modelled as a circular polymer 

packed within a cylindrical confinement representing the bacterial cell. Two models for 

generating circular polymer structures were tested: 1) knots avoided; and 2) knots 

permitted. In both models the bacterial chromosome was randomly configured within the 

cell. However, the knots avoided model conserves the ring topology of circular polymer. 

As a result, the knots avoided model structures can be deformed to the ring state without 

the need to cut and ligate the ends of the circular polymers. In contrast, in the knots 

permitted model the structures are not limited to unbroken ring topology. Populations of 

chromosomes structures generated using each model were analysed and pairwise 

distances between parts of the chromosome were compared to E. coli chromosome 

contacts captured using GCC. 

 The high frequency of contacts between neighbouring genetic elements captured 

in the experiment is reproduced by E. coli models presented here. However, genome 

elements separated by less than several kb in the experiment interact less frequently than 

predicted by the models. So, the experimentally captured interactions within this range 
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cannot be explained by non-specific chromosome packing. At distances larger than 

approximately 30kb the probability of interactions captured by GCC experiments are 

similarly to the knot-permitted model, providing evidence that the high-order E. coli 

genome structure is not suppressed by ring topological state. Commonly, these results 

argue that E. coli chromosome are highly structured at the scales of several kb, while 

mixed at the scales starting approximately from 30 kb. Interestingly, the 30 kb range is 

consistent with the size of topological domains identified in the context of DNA 

supercoiling (Postow et al., 2004; Worcel et al., 1972). 

2.2 Coarse-grained model of E. coli chromosome 

 Modelling E. coli chromosome as a coarse-grained freely-jointed polymer 

The E. coli chromosome was modelled as a circular polymer chain enclosed in a 

cylindrical volume corresponding to the bacterial cell dimensions: 1.7 μm length and 

800 nm diameter (Gahlmann & Moerner, 2014; Junier et al., 2014) . 

The chain was simulated as a freely-jointed polymer, where segments are connected 

by freely rotating junctions. So, each segment can randomly orient in any direction 

independent of the directions taken by the other segments. I set the length of the segments 

within my models as 100 nm, equal to the DNA Kuhn length (reviewed Peters and Maher 

2014; Smith et al. 1992; Tinland et al. 1997).  

The DNA fibre has an effective diameter of 5  nm  (Rybenkov et al., 1993; 

Rybenkov, Vologodskii, & Cozzarelli, 1997). The length of a segment is ~20 times bigger 

than the DNA diameter. Therefore the DNA fibre was treated as a phantom chain with 

zero diameter.  

The E. coli nucleoid is a highly compacted structure that is compressed up to ~1000-

fold to fit inside the cell yet it remains accessible for genome processing. However, the 

chromosomes linear DNA density within the nucleoid remains experimentally 

undetermined. To test for the best model compaction values, I built three models with 

different linear densities: 3 bp/nm (naked DNA), 10 bp/nm and 30 bp/nm (Table 2.1). 
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Table 2.1 Parameters for coarse-grained models of the E. coli chromosome with different linear 

densities.  
Linear density 𝑏𝑝/𝑛𝑚 Segment length 𝑏𝑝  Total number of segments 

3 300 15466 

10 1000 4640 

30 3000 1547 

 

 Monte-Carlo approach for structure optimization 

Optimization of chromosome model structure was based on the Metropolis-Monte 

Carlo (MC) algorithm (Frenkel & Smit, 2002; Metropolis, Rosenbluth, Rosenbluth, 

Teller, & Teller, 1953). The optimization consists of a sequence of random displacements 

of sections of the chromosome chain that contain several segments. Following each 

random displacement, the trial conformation is accepted or rejected according to the 

following criteria: if the number of segments outside the confinement volume, counted at 

each step, decreases or is unchanged then the new conformation is accepted, otherwise 

the structure is rejected and the system returns to the previous conformation. 

2.2.2.1 Chain displacement algorithm 

A part of the polymer chain is subjected to displacement in each step of the MC 

simulation. The displacement is a rotation through a randomly selected angle about a 

randomly positioned axis (Alexander Vologodskii & Rybenkov, 2009). The axis passes 

through the ends of two randomly selected segments, and divides the circular polymer 

into two arcs: one arc is subjected to rotation about the axis (moved arc), while the other 

arc remains fixed (fixed arc) (Figure 2.2.). The rotation angle is randomly chosen within 

a selected interval of angles. The interval of angles values is determined depending on 

the type of model.  

 

Figure 2.2 Cartoon illustrating polymer segment displacements 
The axis of rotation passes through two randomly selected segments ends, and divides a circular polymer into two 
arcs: one arc is subjected to rotation about the selected axis, while the remaining arc remains fixed in place. 

The main difference between the knots-avoided and knots-permitted models 

pertains to the allowed angles of rotation. In the knots-permitted model, the rotating arc 
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can freely rotate through an angle randomly selected from the range (0, 2𝜋); as such the 

segments can pass through each other and the structure may become knotted. By contrast, 

the range of allowed rotation angle values in the knots-avoided model is chosen using a 

Knot-Preventing Algorithm (KPA) that ensures the rotation will not result in segments 

intersecting each other and the subsequent formation of knots. 

 Knot-preventing algorithm (KPA) 

The KPA was designed to prevent arcs of the chain intersecting due to rotation 

about the randomly selected axis. As a result of rotation, segments from the moved arc 

may have passed through segments from the fixed arc and such intersections may lead to 

the formation of knots. Therefore, the KPA calculates a range of allowed rotation angles 

for the moved arc, such that rotation within this range will not lead to chain intersections.  

The KPA algorithm consists of separate modules: 1) the system coordinates 

recalculation module orients the rotation axis to lie in the (0, Z) direction to simplify 

further calculations; 2) the filter module creates a list of pairs of segments in the moved 

and fixed arcs that potentially may intersect due to the chain displacement; 3) the angle 

range calculation module computes the angle values at which rotation of the moved arc 

would result in chain intersection for the list of potentially intersecting segment pairs and 

finds a maximum rotation angle value that will not lead to chain intersections. 

2.2.3.1 Filter module 

In the course of rotation, segments from the moved arc may intersect segments from 

the fixed arc and such intersections may lead to the knots formation. The filter module 

identifies the pairs of moved and fixed segments that could result in intersections. 

The quantity of segments pairs could be a large number and varies in the range (𝑁 −

1,
𝑁2

4
), where 𝑁 is total number of segments in the polymer chain. For instance, for the 

3bp/nm model, the range of possible number of segment pairs covers 5 orders of 

magnitude (105, 1010). So, for each random displacement step, at least 105 pairs should 

be separately analysed to detect possible chain intersection, making this step of the 

procedure extremely time consuming and computationally prohibitive.  

However, for any given rotation axis, some pairs of segments will not intersect after 

rotation through any angle. Therefore, such segment pairs were excluded from the 
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analysis to reduce the calculation time. The filter module, developed in collaboration with 

Dr Ivan Dynnikov (Moscow State University), detects such intersect-free segment pairs. 

The filter module is based on the fact that any rotation of a segment about the 

rotation axis conserves its cylindrical projection around this axis. Segment Cartesian 

coordinates  (𝑥𝑖, 𝑦𝑖 , 𝑧𝑖)  were recalculated to the (𝑅𝑖, 𝑍𝑖)  cylindrical coordinates, 

where 𝑅𝑖 = √𝑥𝑖2 + 𝑦𝑖2; Z𝑖 = z𝑖  . If a pair of segments can intersect, then their cylindrical 

projections will intersect as well. Therefore, the relative positions of the cylindrical 

projections of segments are a robust indicator of the possibility of an intersection. Thus, 

only pairs of segments whose cylindrical projections intersect were selected for further 

analysis.  

To speed up the calculations the projection plane (𝑅, 𝑍) was divided into a square 

grid with the spacing between the grid lines equal to the polymer segment length. The 

intersection tests were performed only with segments pairs, whose projections were, at 

least partially, located within the same cell of the grid. This significantly reduces the 

number of pairs that need to be tested for potential intersections. 

2.2.3.2 Angle range calculation module 

For each pair an angle of rotation that causes segment intersection was calculated. 

In so doing, the list of segments pairs was recalculated to a list of rotation angles. The 

intersection free angle range was determined from the angles list as a maximum angle 

range that will not lead to intersections of the moved and fixed arcs. As such, the chain 

displacement can proceed without chain segments intersecting and knots cannot form. 

The calculation of the rotation angle that causes segment intersection for one pair 

of segments is illustrated below. The calculation procedure consists of the following 

steps: a) calculation of the moved segment rotation surface; b) calculation of the point of 

intersection between the fixed arc and the rotation surface; and c) calculation of the 

rotation angle at which the intersection occurs (maximum rotation angle). 

a. Rotation surface calculation 

If the moved segment is rotated around the rotation axis, the segment generates a 

surface of rotation. Depending on the position of the moved segment relative to the 

rotation axis, this surface could be hyperboloid, cone shaped, cylindrical or planar (Figure 

2.3). 
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Figure 2.3 Types of rotation surface generated by rotation of a segment (plane not shown)  

 

 The revolution surface can be described analytically as a parameterized equation: 

 (𝑥2 + 𝑦2) cos2 𝛼 − (𝑧 − 𝑧0)
2 sin2 𝛼 = 𝑟2 , (1) 

where 𝛼 is the angle between the moved segment and the rotation axis; 𝑧0 is the z-

coordinate of the point on the segment line that is the closest to the rotation axis; 𝑟 is the 

minimum distance between the segment line and the rotation axis. 

The point within the given segment (𝑥, 𝑦, 𝑧) belongs to the surface of the revolution 

if its Cartesian coordinates satisfy equation (1). This parameterization describes all 

possible surface types: (Table 2.2, Figure 2.3) 

Table 2.2 Parameters for different types of rotation surface 
Surface type Parameters  [𝛼, 𝑟, 𝑧0] Equation 

Hyperboloid [𝛼, 𝑟, 𝑧0] (𝑥2 + 𝑦2) cos2 𝛼 − (𝑧 − 𝑧0)
2 sin2 𝛼 = 𝑟2 

Cone  [𝛼, 𝑟 = 0, 𝑧0] (𝑥2 + 𝑦2) cos2 𝛼 − (𝑧 − 𝑧0)
2 sin2 𝛼 = 0 

Cylinder  [𝛼 =0, r, 𝑧0] (𝑥2 + 𝑦2) = 𝑟2  

Plane  [𝛼 = 𝜋/2, r = 0, 𝑧0] (𝑧 − 𝑧0)
2 = 0 

 

To calculate the parameters of the surface for a particular moved segment, the 

parametric equation of the line, which the segment lies on, is calculated 

 {

𝑥 = (𝑥2 − 𝑥1)𝑡 + 𝑥1
𝑦 = (𝑦2 − 𝑦1)𝑡 + 𝑦1
𝑧 = (𝑧2 − 𝑧1)𝑡 + 𝑧1

 (2) 

where 𝑥𝑖 , 𝑦𝑖, 𝑧𝑖 are the Cartesian coordinates of the segment ends. 
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The revolution surface is formed by rotation of the line about the selected axis, 

therefore the line belongs to the surface. In other words, the system of equations (3) 

should be correct for any value of parameter ∀𝑡.  

 

{
 

 
(𝑥2 + 𝑦2) cos2 𝛼 − (𝑧 − 𝑧0)

2 sin2 𝛼 = 𝑟2

𝑥 = (𝑥2 − 𝑥1)𝑡 + 𝑥1
𝑦 = (𝑦2 − 𝑦1)𝑡 + 𝑦1
𝑧 = (𝑧2 − 𝑧1)𝑡 + 𝑧1

 (3) 

As a result the parameters of the surface can be calculated as the solution of the 

above series of equations (3): 

 

cos2 𝛼 =
(𝑧2 − 𝑧1)

2

(𝑥2 − 𝑥1)
2 + (𝑦2 − 𝑦1)

2 + (𝑧2 − 𝑧1)
2
, 

sin2 𝛼 = 1 −cos2 𝛼, 

𝑧0 = 𝑧1 −
𝑥1(𝑥2−𝑥1)+𝑦1(𝑦2−𝑦1) 

(𝑧2−𝑧1)2 tan2 𝛼
, 

𝑟2 = (𝑥1
2 + 𝑦1

2) cos2 𝛼 − (𝑧1 − 𝑧0)
2 sin2 𝛼, 

(4) 

where 𝑥𝑖, 𝑦𝑖 , 𝑧𝑖 are the Cartesian coordinates of the segment’s ends.  

b. Fixed segment intersection with the rotation surface  

After the rotation surface parameters are calculated, the next step is to calculate the 

intersection point between each segment in the fixed arc and the rotation surface formed 

by particular moved segment. The parametric equation for the coordinates of the fixed 

segment is calculated. 

 {

𝑥 = (𝑥2̃ − 𝑥1̃)𝑡 + 𝑥1̃
𝑦 = (𝑦2̃ − 𝑦1̃)𝑡 + 𝑦1̃
𝑧 = (𝑧2̃ − 𝑧1̃)𝑡 + 𝑧1,̃

 (5) 

where 𝑥�̃�, 𝑦�̃�, 𝑧�̃�  are the Cartesian coordinates of the two ends of the fixed segment, 

and 𝑡 is a parameter 𝑡𝜖(0,1). To find the intersection point between the fixed segment and 

the rotation surface the following system of equations were solved:  

 

{
 

 
(𝑥2 + 𝑦2) cos2 𝛼 − (𝑧 − 𝑧0)

2 sin2 𝛼 = 𝑟2

𝑥 = (𝑥2̃ − 𝑥1̃)𝑡 + 𝑥1̃
𝑦 = (𝑦2̃ − 𝑦1̃)𝑡 + 𝑦1̃
𝑧 = (𝑧2̃ − 𝑧1̃)𝑡 + 𝑧1 ,̃

 (6) 

where 𝑥�̃�, 𝑦�̃�, 𝑧�̃� are the start and end coordinates of the fixed segment. This system 

of equations can be reduced to the quadratic equation on 𝑡: 

 𝐴𝑡2 + 𝐵𝑡 + 𝐶 = 0, (7) 
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where 𝐴, 𝐵, 𝐶, are: 

 

𝐴 = ((𝑥2̃ − 𝑥1̃)
2 + (𝑦2̃ − 𝑦1̃)

2) cos𝟐 𝛼 − (𝑧2̃ − 𝑧1̃)
2 sin2 𝛼, 

𝐵 = 2((𝑥2̃ − 𝑥1̃)𝑥1̃ + (𝑦2̃ − 𝑦1̃)𝑦1̃) cos
𝟐 𝛼 − 2(𝑧1̃ − 𝑧0)(𝑧2̃ −

𝑧1̃) sin
2 𝛼, 

𝐶 = (𝑥1
2̃ + 𝑦1

2̃) cos2 𝛼 − (𝑧1̃ − 𝑧0)
2 sin2 𝛼 − 𝑟2, 

(8) 

This equation has two solutions: 

 
𝑡∗1,2 =

−𝐵 ± √𝐵2 − 4𝐴𝐶

2𝐴
  .    

(9) 

These solutions represent intersections of the line containing fixed segment with 

the rotation surface. However, only intersections with the fixed segment itself are relevant, 

so only 𝑡∗1,2𝜖(0,1) are taken into account as intersection points. 

Thus, the intersection point is  

 

𝑥𝑓 = (𝑥2̃ − 𝑥1̃)𝑡
∗ + 𝑥1̃ 

𝑦𝑓 = (𝑦2̃ − 𝑦1̃)𝑡
∗ + 𝑦1̃ 

𝑧𝑓 = (𝑧2̃ − 𝑧1̃)𝑡
∗ + 𝑧1.̃ 

 

(10) 

c. Rotation angle calculation 

The next step is to convert the known intersection point between a given segment 

in the fixed arc into the angle of rotation of the moved segment that causes the two 

segments (moved and fixed segments) to intersect. I can calculate this angle from the 

coordinates of the intersecting point on the moved segment before and after rotation. I 

already know the final location of the intersecting point. Therefore, I need to obtain the 

initial location of that point on the moved segment. 

The rotation axis is the Z-axis, as a result of the coordinates system recalculation 

step. Therefore, the z-coordinate of any point on the moved segment does not change 

during rotation. So, the initial z-coordinate of the point on the moved segment that will 

intersect with the fixed segment is the same as that of the intersection point 𝑧ℎ = 𝑧𝑓. This 

information allows us to calculate the 𝑥ℎ , 𝑦ℎ coordinates of the initial location of that 

point on the moved segment. At first the 𝑡ℎ-parameter is found: 

 𝑡ℎ =
𝑧𝑓−𝑧1

𝑧2−𝑧1
. (11) 
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This value is used to find two other coordinates: 𝑥ℎ, 𝑦ℎ  (see Eq. 10). The 

intersection of segments is only possible if 𝑡ℎ𝜖(0,1), otherwise the moved segment does 

not intersect with the fixed segment. 

The angle of rotation 𝜃 that causes the intersection of the two segments is then 

derived from the coordinates of the initial and final coordinates of the point on the rotating 

segment: 

 

cos 𝜃 =
𝑥𝑓𝑥ℎ + 𝑦𝑓𝑦ℎ

√𝑥𝑓
2 + 𝑦𝑓

2 √𝑥ℎ
2 + 𝑦ℎ

2

 

𝑆𝑖𝑔𝑛 = 𝑥ℎ𝑦𝑓 − 𝑥𝑓𝑦ℎ 

{
𝑖𝑓 𝑆𝑖𝑔𝑛 > 0 ∶ 𝜃 = arccos(𝜃)

𝑖𝑓 𝑆𝑖𝑔𝑛 < 0 ∶ 𝜃 = 2𝜋 − arccos(𝜃) ,
 

(12) 

This procedure returns the intersection rotation angles. 

 The full algorithm processes all pairs found in the filter subroutine and collects all 

intersection angles from them. This set of intersection angles limits the available rotation 

space. The minimal clockwise and counter clockwise intersection angles set the bounds 

of the available rotation range. 

 Structure generation procedure 

2.2.4.1 Stage 1: Chain coordinates initialization 

Since the E. coli genome is a circular polymer, the positions of the segments were 

initialized to lie on a circle. The radius of the circle was determined by the total number 

of chain segments 𝑁 and the segment length 𝐿: 

  𝑅 =
𝐿

2 sin (
𝜋

𝑁
)
. (13) 

The initial radius of the chain was much larger than the length of the E. coli cell. 

For instance, the radius of the initial chain circle in the 3 bp/nm model is equal 

to 𝑅 = 1.2 ∙ 105 𝑛𝑚, which is 700 times larger than the cell length. To fit the circular 

polymer chain within the cell volume a compression procedure was applied.  

2.2.4.2 Stage 2: Compression into a sphere 

The chain was first compressed to lie within a sphere with a diameter equal to the 

cell length by four consecutive steps. At each step the chain was condensed to lie within 

a spherical confinement of a fixed size. The diameter of the spherical confinement was 
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slowly reduced in each step from 6000 𝑛𝑚 to 4000 𝑛𝑚, 3400 𝑛𝑚, and finally 1700 𝑛𝑚 

such that the diameter of the confinement at the last step was equal to the bacterial cell 

length.  

The compression was performed by a series of MC steps. Trial conformations were 

obtained by chain displacement (section 2.2.2.1). The trial conformation was accepted if 

the number of segments outside the confinement area decreased or was unchanged, 

otherwise the structure was rejected. As soon as the whole chain was enclosed within the 

confinement sphere, the diameter of the confinement sphere was reduced to next value 

and the compression procedure continued.  

The gradual compression procedure promoted mixing of the circular polymer. 

Mixing is essential to prevent formation of long-living metastable states that may block 

further compression. 

2.2.4.3 Stage 3: Compression into a cylinder 

As soon as a structure fitted within a sphere with a diameter equivalent to the cell 

length, the compression process was switched to a sequence of cylindrical compressions 

such that the shape of confinement became a cylinder. The length of the cylinder was 

fixed to the cell length, while the diameter of cylinder decreased from: 1700  𝑛𝑚 to, 

1500 𝑛𝑚, 1000 𝑛𝑚, and finally 800 𝑛𝑚. The diameter of the confinement at the last step 

was equal to the measured diameter of the bacterial cells.  

The cylindrical compression was performed by a series of MC chain displacements 

steps as outlined for the sphere compression. As soon as the whole chain was enclosed 

within the confinement, the diameter of the confinement cylinder was reduced to the next 

value and compression process continued. This stage finished, when all segments became 

enclosed in a cylindrical confinement volume equal to the nucleoid size. 

2.2.4.4 Stage 4: Final chain mixing 

The aim of the final stage was to provide additional mixing of the chromosome 

structure to dissolve any structural heterogeneities that may appear during the 

compression stages. The structure mixing comprised 107 MC steps (section 2.2.2). The 

trial conformation was accepted if the resulting structure, remained within confinement, 

otherwise the structure was rejected.  
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2.3 Analysis of chromosome structures  

 Calculation of contact matrices 

To derive the pairwise segment contact matrix from the ensemble of chromosome 

structures generated using the polymer model, it was assumed that two segments within 

a given structure interact if the centres of the segment were separated by a distance less 

than 100nm. This distance was chosen as four times the diameters of the bacterial RNA 

polymerase enzyme (Polyakov, Severinova, & Darst, 1995; Vassylyev et al., 2002). The 

number of times each segment-segment contact was detected within the ensemble of 

structures was calculated. Interactions between segments separated by less than one 

segment i.e. those that were right next to each other were removed from the consideration, 

because due to their linear proximity, such segments interact in each structure. 

The experimental chromosome interaction data was obtained from the chromosome 

contacts captured within nucleoids in synchronized, slow growing E. coli cells (Bowden, 

2014). To filter random ligation events, interactions between adjacent restriction 

fragments were removed from consideration (Bowden, 2014). 

The contact matrices derived from the experiments and models were divided into 

60 kb unit blocks. Within each block a total number of interactions between segments or 

restriction fragments has been counted. The resulting values were transformed to lie in 

the interval [0, 1] according to:  

 𝑎𝑖,𝑗 =
𝑎𝑖,𝑗 −min (𝑎)

max(𝑎) − min (𝑎)
, (14) 

where 𝑎𝑖,𝑗  is the matrix element defined above; max(𝑎) is the maximum value 

found in the contact matrix 𝑎;  min(𝑎) is the minimum value found in the contact matrix 

𝑎. 

 Calculation of contact probability function 

The contact probability function for the ensembles of chromosome structures 

generated using the polymer model was calculated as: 

 𝑃𝑚𝑜𝑑𝑒𝑙(𝑑) =
𝑁𝑖𝑛𝑡(𝑑)

𝑁𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒
, (15) 
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where 𝑑 is the number of segments separating two interacting segments, which was 

calculated as an ark of minimal length (Figure 2.4); 𝑁𝑖𝑛𝑡(𝑑) is the number of detected 

interactions on this distance; 𝑁𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 is the number of structures in ensemble. 

 

Figure 2.4 Separation distance between two segments was calculated as an arc of minimal length.  

 

The experimental data is a list of E. coli chromosome contacts that were captured 

by GCC between the pair of chromosome fragments; their positions within the E. coli 

genome and lengths are known (measured in bp). The interactions distance along the 

circular chromosome was calculated as the length of the smallest arc between the 

fragment centres on the circular genome (measured in bp). 

The models resolution is equal to the segment length (Table 2.1). So, to facilitate 

the comparison of the experiment and model structures calculated using 3 bp/nm linear 

chromosome density I converted the separation distance between the centres of the 

experimentally defined interacting fragments from bp to segments of 300 bp length:  

 𝑑𝑠 = 𝑐𝑒𝑖𝑙 (
𝐹1𝑐𝑒𝑛𝑡𝑒𝑟 − 𝐹2𝑐𝑒𝑛𝑡𝑒𝑟

𝑠
) (16) 

Here F1 and F2 are the coordinates of the centres of the interacting fragment in bp, 

𝑠 is the length of the model segment in bp, ceil(x) is rounding up to the integer value, and 

𝑑𝑠 is a contour distance between interacting fragments in segment lengths. 

The contact probability of interactions on a distance 𝑑𝑠 was calculated as: 

 𝑃𝑒𝑥𝑝(𝑑𝑠) =
𝑁𝑖𝑛𝑡(𝑑𝑠)

∑ 𝑁𝑖𝑛𝑡(𝑑𝑠)𝑑
. (17) 

Here 𝑑𝑠 is the contour distance; 𝑁𝑖𝑛𝑡(𝑑𝑠) is the number of detected interactions on 

the separation distance 𝑑𝑠. 

To plot the contact probabilities in the same scale P(d) was normalized by dividing 

by the maximum value of P(d) for each data set 
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2.4 Results  

 Population modelling of three-dimensional organization of E. coli genome  

To assess the 3D genome organization of the bacterial nucleoid I developed a 

coarse-grained computational model of the E. coli chromosome packed within the 

experimentally determined cell shape and volume. Several variations on the model were 

tested. In common to all models, the circular E. coli chromosome was modelled as a free-

joined polymer chain. The segments that made up the polymer were 100 nm in length. 

Since the linear density (bp per nm) of the E. coli chromosome remains unknown, I tested 

three linear density values: 3 bp/nm (naked DNA), 10 bp/nm and 30 bp/nm (Table 2.1, 

Figure 2.5 B). To address the role that the topology of the circular chromosome plays on 

the genome structure, I constructed a further two different types of model: 1) knots 

avoided; 2) knots permitted (Figure 2.5 A). In both models the bacterial chromosome was 

randomly configured within the cell volume (see above). To represent the spectrum of 

possible E. coli genome configurations a population of 200 independently optimized 

genome structures was calculated for each type of model for each of the three different 

linear density values 
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Figure 2.5 Illustration of the 3D coarse-grained polymer models of the E. coli genome 
(A) Schematic diagrams of coarse-grained polymer models of the E. coli chromosome. The chromosome is enclosed 

within the cylindrical cell volume. Two types of models were developed: (1) knots permitted - the chromosome is 

randomly configured within the nucleus; (2) knots avoided - the chromosome remains randomly configured within 

the nucleus, but can be deformed to the ring state by continuous deformations (without cutting and ligating the 

ends). (B) Representative genome structures obtained using the knots permitted (left) and knots avoided (right) 
models for different linear density values: (1) 3 bp/nm (naked DNA), (2) 10 bp/nm and (3) 30 bp/nm; 

 Neighbouring elements have high frequencies of interactions in both the 

experimental and model genome configurations 

The populations of genome structures determined using each variant of the coarse-

grained polymer model were analysed in terms inter-segment contacts (section 2.3.1) 

allow comparison with the chromosome fragment interactions experimentally captured 

for slow growing, synchronized E. coli cells (Bowden, 2014).  

Normalized contact matrices show that neighbouring elements along the 

chromosome chain have high frequencies of interactions in both the experimental data 

and the modelled chromosome structures (Figure 2.6). Contacts between chromosome 

neighbours represent as a prominent diagonal on the contact matrix (Figure 2.6). 

However, the diagonal region differs between the contact matrices (Figure 2.6). In the 
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knots avoided model matrix, segments separated by several matrix blocks maintain high 

frequencies of interactions indicating that the conservation of the ring topology state 

reduces polymer mixing. By contrast, contact matrices derived from the experiment and 

knot-permitted models show that the diagonal contacts have a high frequency only for 

elements that are separated by less than one matrix block (60 kb size). This is consistent 

with the knot-permitted model and experiment showing higher levels of polymer mixing.  

 

Figure 2.6 Chromosome contact matrices derived from the E. coli experimental GCC data and the 

computationally modelled ensembles of structures. 
Normalized chromosome contact maps were calculated for (A) the experimental GCC data (B) the ensemble of 

knots permitted model structures, and (C) the ensemble of knots avoided model structures. The knots permitted and 

knots avoided models were run using three different linear density values: (1) 3 bp/nm (naked DNA), (2) 10 bp/nm 
and (3) 30 bp/nm.  

 Interaction of neighbouring genome elements is detected experimentally less 

frequently than expected as a result of non-specific packaging 

To investigate how neighboring genomic elements interact I calculated the contact 

probability functions for the model structures and the experimental data as described in 

(section 2.3.2). The contact probability 𝑃(𝑑)  measures the average frequency of 
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chromosome interactions between pairs of loci separated by a given genomic distance 

(Barbieri et al., 2012; Nicodemi & Pombo, 2014). 

The contact probability functions 𝑃(𝑑) were calculated as described in section 

2.3.2 from the experimental data and ensembles of genome structures calculated for two 

types of models. For each model type three values of linear chromosome density were 

tested: 3 bp/nm, 10 bp/nm, and 30 bp/nm. The shift in the contact probabilities function 

relates to the different size of segments in bp (300 bp for 3 bp/nm; 1000 for 10 bp/nm; 

3000 for 30 bp/nm models). Contact probability functions for knots permitted models 

follows similar patterns (Figure 2.8 B): such that the decay approaches the plateau with 

increasing segments separation distances (Figure 2.8). Despite, the rate of decay being 

similar for all three linear density values, the distances, where decay transits to plateau 

are different. The plateau observed in the knot-permitted model is consistent with plateau 

that is reached in the well-known polymer model - equilibrium globule. By contrast to 

the knots permitted models, the contact probability functions in the knots avoided models 

decay over entire range of distances (Figure 2.8).  
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Figure 2.7. Contact probability functions P(d) for the for the E. coli experimental data and knots 

avoided and knots permitted polymer models. 
Contact probability functions were calculated as described in (section 2.3.2) (A) the experimental GCC data (B) the 

ensemble of knots permitted model structures, and (C) the ensemble of knots avoided model structures. The knots 

permitted and knots avoided models were produced using three different linear density values: 3 bp/nm (naked 
DNA), 10 bp/nm and 30 bp/nm. 
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To compare with contact probability functions 𝑃(𝑑) derived from the experimental 

data I used the model with the linear density equal to 3 bp/nm (Figure 2.8). The 

experimental probability function decays faster than those calculated for the ensembles 

of model structures (Figure 2.8). Thus, I am led to conclude that the neighbouring genome 

elements interact less frequently in the experiment than expected as a result of non-

specific packaging of a circular polymer within confinement.  

The contact probability functions calculated for two well-known polymer models 

(discussed in section 2.1), the equilibrium globule (EG) (𝑣 = 3/2 ) and fractal globule 

(FG) (𝑣 = 1) do not explain the fast decay observed for the E. coli experimental contact 

probability function. The EG model represent polymer state that is highly knotted 

(Fudenberg & Mirny, 2012; Mirny, 2011), while the “fractal globule” model assumes that 

DNA exists in unknotted state. However, EG and FG polymer models do not account for 

the experimentally informed confinement and, therefore, differs with knots permitted and 

knots avoided models.  

 

Figure 2.8 Contact probability functions P(d) for the two different polymer models and for the E. 

coli experimental data. 
Contact probability functions were calculated as described in (section 2.3.2).The axes are in log scale. The 

predicted decay in the contact probability as a function of contour distance for the “equilibrium globule” (EG) and 
“fractal globule” (FG) polymer models are shown in grey 
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2.5 Discussion 

The most prominent feature of the experimentally captured E. coli contacts is the 

high frequency of interactions between neighbouring elements along the chromosome 

(Figure 2.6). In agreement with the experimentally captured contacts, the ensembles of 

structures generated using all variants of the polymer model show a high frequency of 

contact between neighbouring elements. However, the contact probability function 

calculated from the experimental data decays faster than that calculated from the 

ensembles of chromosome structures generated using the two types of polymer model 

and a linear chromosome density of 3 bp/nm, 10 bp/nm, and 30 bp/nm in the 0-30 kb 

distance range (Figure 2.6, Figure 2.7). Two well-known polymer models (section 2.1), 

the equilibrium globule (EG) and fractal globule (FG) do not explain the fast decay 

observed for the E. coli experimental contact probability function. Thus, neighbouring 

genomic elements interact less frequently in the experiment than expected as a result of 

non-specific packaging of circular polymer within a confinement shape and volume 

equivalent to the bacterial cell. 

The formation of specific chromosome interactions may be a reason why the 

experimental and model data differ in the 30 kb range. Effectively, neighbouring genomic 

elements may be involved in specific interactions that repel other elements within the 

nucleoid space. For example, specific chromosome interactions cause clustering of SeqA- 

binding sites in the exponentially growing E. coli cell (Cagliero et al., 2013). Moreover, 

strong intranucleoid interactions were identified by analysis of individual loci labelled by 

fluorescent tags (Wiggins et al., 2010). Interestingly, the 30 kb range I have identified is 

consistent with the size of topological domains identified in the context of DNA 

supercoiling (Postow et al., 2004; Worcel et al., 1972).  

Chromosome supercoiling may influence experimentally captured chromosome 

contacts in the 30 kb range. DNA supercoiling is a form of torsion stress that results from 

DNA helix under winding or over winding in comparison with the relaxed state. As a 

result supercoiling generates plectonemic loops and branches that affects the frequency 

of interactions between chromosome elements (A Vologodskii & Cozzarelli, 1996; X. 

Wang, Montero Llopis, & Rudner, 2013). This conclusion is supported by the fact that 

the bacterial chromosome is generally negatively supercoiled within bacterial cells 

(Stavans & Oppenheim, 2006). Bacterial cells have specific mechanisms to preserve and 

modulate supercoiling that involve topoisomerases and gyrases (Nöllmann, Crisona, & 
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Arimondo, 2007; Witz & Stasiak, 2010). There is much evidence that supercoiling affects 

transcription (Ma et al., 2013), replication(Pang et al., 2005) and segregation (Champion 

& Higgins, 2007). This suggests an important role of supercoiling in local genome 

structure. 

The probability of interactions captured in the experiment becomes independent 

from the separation distance between the interacting fragments at distances of more than 

30 kb – where the contact probability function reaches a plateau. A similar plateau is 

reached in the contact probability function of the knots permitted model (Figure 2.8), 

which allow chain fragment to pass through each other during simulation. In the E. coli 

cells the passage of one fragment of the bacterial chromosome through another is possible 

as an action of Topo IV, which is ATP-driven enzyme (Champoux, 2001). However, the 

passage of one fragment through another may lead to the knots formation (A Vologodskii 

& Cozzarelli, 1996; X. Wang et al., 2013). The probability of interactions captured in the 

experiment between the interacting fragments at distances of more than 30 kb probability 

are consistent with the bacterial chromosome being highly entangled within the nucleoid. 
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Chapter 3. The design of coarse-grained polymer models of the 

S. pombe genome  

3.1 Introduction 

Progress in genome sequencing allows the mapping of the positions of different 

genetic elements (e.g. genes, promoters, enhancers etc.) along the linear order of 

chromosomes (Goffeau et al., 1996; Venter et al., 2001; Wood et al., 2002). However, it 

is still unknown how these genetic elements are folded in 3D space and function as a 

whole system within the nucleus. 

The reason for this ambiguity is that experimental methods present only 

fragmentary information about genome structure. For instance, the microscopic 

techniques provide measurements of spatial positions of loci within nucleus, but these 

measurements are limited by the small numbers of preselected loci and low resolution 

(~200-500 nm) (Berger et al., 2008; Gasser, 2002). Genome-wide proximity ligation 

methods provide a list of colocalized pairs of loci, but physical distances between pairs 

of loci and their position within nucleus remain undetermined (Dekker et al., 2002; Duan 

et al., 2010; Lieberman-Aiden et al., 2009; Rodley et al., 2009).  

To fill the gap in understanding genome structure, computational models have been 

constructed (Duan et al., 2010; Gehlen et al., 2012; Grand et al., 2014; Tjong et al., 2012; 

Wong et al., 2012). Models of genome combine experimental data with the tools of 

polymer physics to reconstruct 3D genome structures. These genome models help 

elucidate how biological processes are coordinated within the nuclear environment. 

Genome computational model design consists of three components: 1) how 

chromosomes are represented in the model; 2) how experimental data are incorporated 

into the models; and 3) how genome structures are generated to be consistent with 

experimental data. 

Chromosomes are represented in most models as a coarse-grained polymer (Duan 

et al., 2010; Gehlen et al., 2012; Grand et al., 2014; Tjong et al., 2012; Wong et al., 2012), 

because even for the relatively small yeast genome (12-14 Mb), a numerical simulation 

of the positions of each atom in one or more chromosomes creates enormous obstacles, 

especially if the genome structures are to be generated within a reasonable time scale. 
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Coarse-grained models overcome these difficulties by representing the DNA sequence 

within the chromosomes as granules (or “superatoms”) that combine groups of atoms. 

Such representations allow us to model system structure on scales that are greater than 

the size of the individual granules, by eliminating the fine-scale details. The scale of 

coarse-graining is determined as a balance between accuracy and computational cost 

(Noid, 2013; Riniker et al., 2012). 

Following on from previous work, chromosomes were modelled here as chains of 

spherical chromatin granules to investigate yeast genome structures. The granule size was 

selected to represent several kb of DNA per granule based on the measured persistence 

length and genome compaction ratios of the chromosomes (Gehlen et al., 2012; Tjong et 

al., 2012; Wong et al., 2012). As a result, the coarse-grained approach reduced modelling 

of the 10-14 Mb yeast genome to a problem involving only several thousand granules. 

Experimental data derived from microscopic measurements of spatial positions of 

loci within nucleus were incorporated into coarse-grained models as a set of spatial 

restraints imposed on the granule positions. For instance, it has been shown by FISH, and 

confirmed by proximity ligation, that S. pombe centromeres cluster with the spindle pole 

body (SPB) and that S. pombe telomeres display preferred locations at the nuclear 

periphery (Funabiki et al., 1993; Iwasaki et al., 2010; Kniola et al., 2001). Therefore, in 

the S. pombe genome models presented here, centromeric granules are restrained to the 

SPB region and telomeric granules are restrained to the nuclear membrane. 

The chromosomes interactions captured in S. pombe cells synchronized in the G1 

and G2 phases of the cell cycle by Genome Conformation Captured experiment (GCC) 

were incorporated into the model as granule-granule interactions restraints (Grand et al., 

2014; Rodley et al., 2009; Rodley et al., 2012). The output of GCC presents the frequency 

with which genomic loci colocalize within a population of cells, but the physical distances 

between colocalized pairs of loci and their positions within the nucleus remain 

undetermined (Grand, Martienssen, & O’Sullivan, 2014; Grand, Pichugina, et al., 2014; 

Rodley et al., 2012, 2009). To be included in the model, the proximity ligation data should 

be converted into spatial restraints. Although, the exact form of any such relationship is 

unknown, different approaches have been applied (discussed in section 1.6.1.2). Here I 

used the “subset of interactions” approach which is based on the assumption that only a 

subset of captured interactions can be realized within a single cell’s nucleus (Gehlen et 

al., 2012; Grand, Pichugina, et al., 2014; Kalhor et al., 2012).  
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Model genome structures presented here are generated by reducing a scoring 

function that measures the degree to which each structure fits the imposed restraints. 

Scoring function (energy) minimization was performed using a Metropolis-Monte Carlo 

(MC) algorithm (Frenkel & Smit, 2002; Metropolis et al., 1953). To encompass that 

different structures may have the similar values of the scoring function, the ensemble of 

structures was calculated and analyzed. 

This chapter describes the design of coarse-grained polymer models of the S. pombe 

genome in the G1 and G2 phases of the cell cycle and details the structure generation 

procedure. 

3.2 Coarse-grained chromosome model  

The three S. pombe chromosomes were modelled as coarse-grained polymers. Each 

G1 phase S. pombe chromosome was modelled as a chain of connected spheres of 30 nm 

diameter, each representing 3.5 kb of DNA, so that the 12.5 Mb G1 phase genome was 

represented by a total of 3583 granules (Table 3.1) The compaction ration was set to 7 

nucleosomes per 11 nm, in agreement with the chromosome compaction ratio of 

eukaryotic DNA which was estimated as 1.2–10 nucleosomes per 11 nm (Bystricky et al., 

2004; Dekker, 2008; Gerchman & Ramakrishnan, 1987).  

The number of S. pombe chromosomes is doubled in the G2 phase of the cell cycle 

following DNA replication. However, the sister chromosomes remain linked together by 

cohesin complexes (Haering, Farcas, Arumugam, Metson, & Nasmyth, 2008; Haering, 

Löwe, Hochwagen, & Nasmyth, 2002; Hirano, 2006). Thus, I reasoned that two copies 

of one chromosome may be modelled by a single coarse-grained polymer chain. This 

hypothesis was tested (see section 3.6) using Chip-seq cohesin data from synchronized S. 

pombe cells (Schmidt, Brookes, & Uhlmann, 2009). These tests have shown that the G2 

phase sister chromosomes could be described as a single polymer chain, comprised of 

connected spheres of 90nm diameter. In total, the S. pombe G2 genome was modelled by 

1195 granules, each containing 10.5 kb DNA (Table 3.1). 
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Table 3.1 S. pombe chromosomes coarse-grained representation the G1 and G2 models 
 Chromosome size 

(Mb) 

G1 model  (3.5 kb granule) 

( number of granules) 

G2 model  (10.5 kb granule) 

(number of granules) 

Chr1 5.5 1593 531 

Chr2 4.5 1289 430 

Chr3 2.4 701 234 

total 12.4 3583 1195 

 

The linear coordinates of chromosomal elements were translated into granules 

coordinates according to the equation: 

 𝑔𝑟𝑎𝑛𝑢𝑙𝑒 = 𝑐𝑒𝑖𝑙𝑖𝑛𝑔 (
𝑀𝑝

𝑔
), (18) 

where 𝑀𝑝 is a position of middle point of the element along the chromosome sequence 

in bp, 𝑔 is a size of the granule in bp, 𝑐𝑒𝑖𝑙𝑖𝑛𝑔 rounds number up to the nearest integer. 

For instance, the conversion of the linear positions of centromeres into chromosome 

granule coordinates is presented in (Table 3.2). 

Table 3.2 Centromeres positions within S. pombe genome and corresponding granules in G1 and G2 

models 

 

Positions according to the 

http://www.pombase.org/ 

(bp) 

G1 model (3.5 kb granule) 

(granules numbers) 

G2 model (10.5 kb granule) 

(granules numbers) 

Chr1 3753687-3789421 1072-1082 359-362 

Chr2 1602264-1644747 458-470 154-158 

Chr3 1070904-1137003 299-331 101-112 

  

3.3 Restraints derived from experimental data 

To build models of the S. pombe genome, experimental data were translated into a 

set of spatial restraints imposed on the nuclear positions of the chromosomes granules or 

inter granule distances. For instance, S. pombe is a eukaryote and therefore its 

chromosomes are confined within the nuclear volume. Thus, a nuclear confinement 

restraint was included that prevents chromosome movements outside of the nucleus. A 

complete list of the spatial is presented in Table 3.3. These are divided into two categories: 

1) Essential; and 2) Flexible. 

Essential restraints characterize nuclear properties that must be achieved in every 

structure generated using a Metropolis-Monte Carlo (MC) algorithm. Any trial 
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chromosome structure that violates these restraints is rejected and the simulation returns 

to the previous structure. There are two essential restraints present within the model: a) 

nuclear confinement; and b) chromatin excluded volume. 

The restraints classified as “flexible” are those obtained from imaging (Funabiki et 

al., 1993; Iwasaki et al., 2010; Kniola et al., 2001) and chromosome interaction 

experiments (Grand, Pichugina, et al., 2014). These restraints were incorporated into the 

models as harmonic potential energy functions. The sum of the restraint potential energy 

terms defines the scoring function, a measure of how consistent the structure is with the 

imposed restraints; optimal structures have minimal scores. 

Table 3.3 Restraints used in the coarse-grained polymer models.  
The restraints were divided into two categories: “essential” restraints must be achieved in every structure; “flexible” 

restraints need not be satisfied, but an energy penalty is incurred if they are not. 

Restraint type Restraints 

1) Essential a) Nuclear confinement  

b) Chromatin chain excluded volume 

2) Flexible a) Centromere localization  

b) Telomere localization  

c) Nucleolus excluded volume  

d) Chromatin persistence length 

e) GCC derived chromosome interactions 
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Figure 3.1 Schematic diagrams illustrating the spatial restraints describing nuclear organisation 

used in the S. pombe coarse-grained polymer models of the G1 and G2 phases of the cell cycle. 
A) The coarse-grained genome models that were generated included restraints that: 1) limited the volume to the 

nuclear space; 2) positioned the nucleolus opposite the SPB; 3) promoted the colocalization of centromeres and the 

SPB; and 4) promoted the positioning of the telomeres within the peripheral 100 nm layer of the nucleus. 

Chromosome I, red; chromosome II, blue; chromosome III, green. B) Nuclear geometry of the S. pombe genome 

spatial restraints. For the G1 phase model, Rcn is (1510,0,0) and for the G2 model Rcn is (1941,0,0). 

 Essential restraints: Nuclear confinement 

The S. pombe nuclear membrane was defined as an impenetrable sphere. The radius 

of the nucleus was estimated from imaging experiments, that identified a high correlation 

between the cell volume and nucleus volume (Neumann & Nurse, 2007). The S. pombe 

cell volumes were calculated by approximating cell shape as a cylinder with joined half- 

spheres caps, such that: 

 𝑉𝑐𝑒𝑙𝑙=  4/3 π𝑅3+πL𝑅2, (19) 

where 𝑅 is the radius of the cylinder and spherical caps and 𝐿 is the length of the 

cylinder. 

The lengths and radii of the cells at different stages of the cell cycle have been 

microscopically measured (Table 3.4)(Grand, Pichugina, et al., 2014). 

As the ratio of the nuclear to cell volume is 0.089 ± 0.017 (coefficient of correlation 

r=0.97, n=2136) and remains almost constant throughout the S. pombe cell cycle 

(Neumann & Nurse, 2007), the nuclear volumes in the G1 and G2 cell cycle phases were 

estimated from the corresponding cell volumes according to: 

 𝑉𝑛𝑢𝑐𝑙𝑒𝑢𝑠 = 0.089 𝑉𝑐𝑒𝑙𝑙 (20) 

The radius of the nucleus was calculated as 1.3 μm and 1.7 μm for the G1 and G2 

phase synchronized cells (Table 3.4), respectively, assuming that the nucleus is spherical. 
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Table 3.4 Experimentally determined cell dimensions, corresponding cell and nuclear volumes and 

calculated nuclear dimensions for G1 and G2 phases (Grand et al., 2014; Neumann & Nurse, 2007). 

Cell cycle 

stage 
Mutant name 

Mean cell 

length (μm) 

Mean cell 

diameter 

(μm) 

Cell volume 

(μm3) 

Nuclear 

volume (μm3) 

Nuclear 

radius 

(μm) 

G1 cdc10-129 8 5 124.35 9.95 1.33 

G2 cdc25-22 15 5 261.79 20.94 1.71 

 

 Essential restraints: Chromatin excluded volume 

To simulate the excluded volume of the chromatin, the solid spherical granules 

making up each chromosome are forbidden to overlap in the final stages of structure 

optimization (section 3.5.5). The granules are considered overlapping if the distance 

between centres of granules is less than two radiuses of granule. Granule overlaps were 

checked by calculating the pairwise-distance between granules using the “Cell linked list 

algorithm” (Rapaport, 2007). 

 Flexible restraints: Centromere localization 

Fluorescence in situ hybridization (FISH) experiments demonstrates that fission 

yeast interphase centromeres colocalize with the SPB (Funabiki et al., 1993; Iwasaki et 

al., 2010; Kniola et al., 2001). Therefore, centromeres were modelled as being restrained 

within a SPB proximal spherical region with a 200 nm radius, located opposite to the 

nucleolus (Figure 3.1). 

 To restrain the positions of centromeres within SPB proximal region, harmonic 

potential that acts only on granules representing the centromeres (𝑖 ∈ 𝑐𝑒𝑛𝑡𝑟𝑜𝑚𝑒𝑟𝑒𝑠) 

(Table 3.2) was introduced: 

 

𝑈𝑐𝑒𝑛𝑡𝑟𝑜𝑚𝑒𝑟𝑒𝑠 =

= ∑ {
𝑘𝑐(|𝒓𝒊 − 𝑹𝒄 | − 𝑅𝑐𝑒𝑛)

2 ,   𝑖𝑓 |𝒓𝒊 − 𝑹𝒄 | > 𝑅𝑐𝑒𝑛
0,                      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖∈𝑐𝑒𝑛𝑡𝑟𝑜𝑚𝑒𝑟𝑒𝑠

 
(21) 

where 𝑟𝑖  is the position vector of granule coordinates, 𝒌𝒄 is a harmonic potential 

strength constant, 𝑹𝒄𝒆𝒏 is the radius of the centromere spherical region, and Rc is the 

position vector of the centre of SPB proximal spherical region (Figure 3.1). The value of 

𝑘𝑐 is discussed in section 3.4.2. 
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 Flexible restraints: Telomere localization of chromosome 1 and 2 

S. pombe interphase telomeres of chromosomes 1 and 2 cluster at the nuclear 

periphery (Funabiki et al., 1993). Therefore, in the G1 and G2 phase models of the S. 

pombe chromosomes 1 and 2, the terminal granules were restrained to lie set to the 

volume within  dL = 100 nm of the nuclear (Figure 3.1): 

 
𝑈𝑡𝑒𝑙𝑜𝑚𝑒𝑟𝑒𝑠 =

= ∑ {
𝑘𝑡(𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠 − |𝒓𝒊| − 𝑑𝐿)

2 ,   𝑖𝑓 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠 − |𝒓𝒊| > 𝑑𝐿
0,                      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖∈𝑐ℎ𝑟 𝑒𝑛𝑑 𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠

 
(22) 

where 𝒓𝒊 is the position vector of granule coordinates, 𝑘𝑡 is a harmonic potential 

strength constant for telomeres, 𝑑𝐿 is the maximum distance from the nuclear membrane 

defining the restricted spherical layer and 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠 is the radius of nucleus. The value of 

𝑘𝑡 is discussed in section 3.4.2. 

  Flexible restraints: Nucleolus localization and size 

The nucleolus, the site of ribosomal DNA (rDNA) transcription, located in the 

subtelomeric regions on both arms of chromosome 3, forms a compartment in the nucleus. 

However, the organization of the rDNA repeats within the nucleolus is undetermined in 

the GCC.  

I modelled the nucleolus as volume from which non rDNA granules are excluded, 

positioned diametrically opposite the SPB (Figure 3.1). This organization  represents 

≥45% of the S. pombe population as has been previously observed microscopically 

(Iwasaki et al., 2010) 

The previously determined ratio of the nucleolus to nuclear volume (𝑉𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 =

0.24 𝑉𝑛𝑢𝑐𝑙𝑒𝑢𝑠) (Neumann & Nurse, 2007) was used to calculate the nucleolar volume for 

the G1 and G2 cell cycle phase genome models (Table 3.4). 

Table 3.4 Nucleolar volumes for the G1 and G2 cell cycle phase genome models calculated using a 

nucleolus: nuclear volume ratio of 0.24  (Neumann & Nurse, 2007) 

Cell cycle stage Mutant name Nuclear volume (μm3) Nucleolus volume (μm3) 

G1 cdc10-129 9.95 2.38 

G2 cdc25-22 20.94 5.02 

 

To give the best approximation of the shape of the nucleolus as assessed by imaging 

(Iwasaki et al., 2010), the nucleolar compartment was modelled as an overlapping sphere 
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of the same radius as the nucleus that partially overlaps the nuclear volume such that the 

overlapping region, which represents the nucleolus, has the correct volume (Figure 

3.1,Table 3.4).  

All granules, except the terminal granules of chromosome 3 that represent the 

rDNA i.e. (𝑖 ∉ 𝑟𝐷𝑁𝐴) , were excluded from the nucleolus using a repulsive harmonic 

potential: 

 

𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒_𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 =

= ∑ {
𝑘𝑟𝑛(|𝒓𝒊 − 𝑹𝑐𝑛 | − 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠)

2 ,   𝑖𝑓 |𝒓𝒊 − 𝑹𝑐𝑛 | < 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠
0,                      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖∉𝑟𝐷𝑁𝐴

 
(23) 

where 𝒓𝒊 is the position vector of granule coordinates, 𝑘𝑟𝑛 is a harmonic potential 

strength constant, 𝑹𝒄𝒏  is the position vector for the centre of the shifted sphere 

representing the nucleolus and 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠  is the radius of the nucleus. The value of 𝑘𝑟𝑛 is 

discussed in section 3.4.2. 

The terminal granules of chromosome 3 represent the rDNA in our models. In the 

models the terminal granules of chromosome 3 were attracted to the nucleolus using an 

attractive harmonic potential: 

 𝑈𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒_𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 = ∑ 𝑘𝑎𝑛(|𝒓𝒊 − 𝑹𝑐𝑛 | − 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠)
2

𝑖∈𝑟𝐷𝑁𝐴

 (24) 

where 𝒓𝒊 is the position vector of granule, 𝑘𝑎𝑛 is a nucleolus attractive harmonic 

potential strength constant, 𝑹𝒄𝒏 is the position vector of the centre of the shifted sphere 

and 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠  is the radius of the nucleus.  

  Flexible restraints: Chromatin persistence length 

To reproduce the bending elasticity of chromosome fibres, I imposed an angular 

restraint between each set of three consecutive granules of one chromosome polymer 

chain (Figure 3.2) (Alexander Vologodskii & Rybenkov, 2009): 

 𝑈𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =∑𝑇 
𝑙𝑝

𝑠
(1 − cos 𝜃𝑖)

𝑖∈𝑁

 (25) 
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where the sum runs over all possible sets of three consecutive granules, 𝑁 is the 

number of chromosome granules,  𝑇 is the temperature value that is discussed in section 

3.4.2, 𝑙𝑝 is the desired persistence length, θ is the angle defined by the three granules and 

𝑠 is the size of granules in nm, cos 𝜃𝑖 was calculated as: 

 cos 𝜃 =
(𝒓𝒊+𝟏 − 𝒓𝒊) ⋅ (𝒓𝒊+𝟐 − 𝒓𝒊+𝟏)

|𝒓𝒊+𝟏 − 𝒓𝒊||𝒓𝒊+𝟐 − 𝒓𝒊+𝟏|
 (26) 

where 𝒓𝒊, 𝒓𝒊+𝟏, 𝒓𝒊+𝟐 are the position vectors for the three consecutive granules 

(Figure 3.2.). 

 

Figure 3.2 Cartoon illustrating angular restraint imposed between each set of three consecutive 

granules 

 

The estimated value of the chromosome persistent length 𝑙𝑝 varies between 30nm 

to 220 nm (Bystricky et al., 2004; Cui & Bustamante, 1999; Dekker et al., 2002). In the 

G1 and G2 cell cycle phase genome models the persistent length was set to 150nm 

(Bystricky et al., 2004).  

 Flexible restraints: GCC-derived chromosome interactions 

The chromosome interaction data was obtained by applying GCC to S. pombe cells 

synchronized in the G1 and G2 phases of the cell cycle (Grand et al., 2014). The GCC 

experimental data represents interactions between 9827 AseI restriction fragments. To 

filter random ligation events, only non-adjacent interactions with frequencies ≥ 4 were 

used (Grand et al., 2014). 

In order to be applied in the modelling procedure as restraints, the list of interactions 

between restriction fragments was converted to granule-granule interactions. Each AseI 

restriction fragment within the S. pombe genome was assigned to the granule that overlaps 

that region of the linear DNA sequence. In instances where the restriction fragment 

overlaps two or more granules, the granule containing the centre of the fragment was 

assigned as the interacting granule. In instances where multiple restriction fragments 
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overlap a single granule, all interactions were assigned to that granule. As a result of this 

mapping procedure, it is possible that the granule-granule interaction list for any one 

granule may include repeats of interactions. In these cases, the interaction repeat with the 

greatest frequency was retained. 

GCC is a probabilistic method (O’Sullivan et al., 2013) that captures interactions 

within and between chromosomes in a population of cells at one moment in time. As such, 

the exact identities and numbers of interactions that occur within a single cell are 

unknown. Moreover, it remains possible that some sets of captured interactions may not 

be simultaneously present in all cells and certain combinations could even be mutually 

exclusive, even in synchronized cells. To account for this, I incorporated subsets of the 

captured interactions into our modelling procedure in a probabilistic manner; each model 

structure was calculated using an independently and randomly selected subset of captured 

interactions. 

The size of the captured interactions subset that should be incorporated into the 

modelling procedure is an essential, but unknown parameter of the model. The value of 

this parameter has been chosen as a balance between maximising the size of the 

interactions subset incorporated into each particular structure calculation and ensuring a 

biologically realistic averaged volume of the resultant structure. Incorporating the full set 

of experimentally determined interactions leads to the collapse of the resultant structure 

into a dense polymer ball, leaving most of the nuclear volume empty. Such a situation is 

not biologically relevant in the G1 and G2 cell cycle phases, thus an intermediate size of 

the interactions subset is optimal for the generation of the ensemble of structures for each 

model. 

To choose the value of the interactions subset size the radius of gyration was 

calculated as a function of the interaction subset size for the G1 phase model (Figure 3.3). 

The radius of gyration is a measure of the averaged size of the polymer structure and is 

calculated as: 

 𝑅𝑔 =√
∑ |𝒓𝒊 − 𝒓𝒄|2𝑖∈𝑁

𝑁
, (27) 

Here Rg is the radius of gyration, N is the total number of granules in the 

structure, 𝒓𝒊 is the position vector of i-th granule and 𝒓𝒄 is the position vector of the mass 
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centre of the structure. Following this definition, the radius of gyration can be interpreted 

as a mean square distance from the granules to the centre of mass of the structure.  

 
Figure 3.3 Mean Rg as a function of interactions subset size for the G1 phase genome model.  
Each value represents an average over 40 structures, each of which was calculated using a different subset 
comprising the specified fraction of the total number of interactions. The error bars represent standard deviation. 

 

The interaction subset size for incorporation into the models was set to 10% of the 

total number of observed interactions, which is 65 interactions in the case of the G1 phase 

GCC data (Figure 3.3). For the G2 data, same percentage of interactions was used, which 

is equal to 29 interactions. The interactions that were incorporated into the models were 

chosen with a probability proportional to their detection frequency (Grand et al., 2014). 

Thus, higher frequency interactions have a higher probability of being included in the 

modelling procedure.  

Given this fraction of interactions that is included in each structure determination 

process, and the fact that inclusion of a given interaction is weighted by its experimental 

detection frequency, it is useful to know how many genome structures need to be 

calculated such that each interaction has a reasonable (90%) chance of having being used 

as a model restraint at least once. To determine this, subsets comprising 10% of the 

interactions were repeatedly sampled from the full set of captured interactions according 

to their experimentally obtained interaction frequencies, with replacement between .each 

subset. As a result, the number of interaction subsets required such that each 

experimentally captured interaction occurs at least once, with 90% probability, is equal 

to 140 for the G1 phase data and 130 for the G2 phase data. Thus, the genome structure 
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determination procedure was run 500 times for each cell cycle phase, using a different 

interaction subset each time, so ensure that irrespective of the detection frequency, each 

uniquely positioned interaction was included in at least one of the generated structures. 

The subsets of GCC-derived chromosome interactions were incorporated into the 

model as a sum of attractive harmonic potentials: 

 𝑈𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 = ∑ 𝑘𝑖(𝑑𝑖 − 𝑠)
2

𝑖∈𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠

 (28) 

where 𝑘𝑖 is a harmonic potential strength constant, 𝑑𝑖 is the distance between the 

centre of each interacting granules and 𝑠 is the size of the granules in nm. 

3.4 Monte-Carlo approach for structure optimization 

 Scoring function 

The degree to which each structure fits the imposed restraints was defined by a 

scoring function or energy, E, with a smaller value of E indicating a better fit. The scoring 

function was defined as the sum of all of flexible restraint energies defined as: 

 
𝐸 = 𝑈𝑐𝑒𝑛𝑡𝑟𝑜𝑚𝑒𝑟𝑒𝑠 + 𝑈𝑡𝑒𝑙𝑜𝑚𝑒𝑟𝑒𝑠 + 𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒_𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 +

+𝑈𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒_𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 + 𝑈𝑏𝑒𝑛𝑑𝑖𝑛𝑔 + 𝑈𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠. 
(29) 

Scoring function (energy) minimization was performed using a Metropolis-Monte 

Carlo (MC) algorithm (Frenkel & Smit, 2002; Metropolis et al., 1953). The MC method 

is preceded by a sequence of random displacements (section 3.4.3) of a part of the 

chromosome chain. Following each random displacement, the trial conformation is 

accepted or rejected according to the following criteria: 

 If the energy E of the new conformation is lower than the energy of the previous 

conformation, 𝐸𝑛𝑒𝑤 < 𝐸𝑜𝑙𝑑, the new conformation is accepted. 

 If 𝐸𝑛𝑒𝑤 > 𝐸𝑜𝑙𝑑 , the conformation is accepted according to the probability 𝑝 =

exp (
𝐸𝑜𝑙𝑑−𝐸𝑛𝑒𝑤

𝑇
). This prevents structures becoming stuck at a local rather than 

global minimum of E and determines the level of energy fluctuations in the 

system. If the new conformation is rejected, the system returns to the last accepted 

conformation. 
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 Selection of harmonic potential strength constants 

Since the flexible restraints are harmonic potentials (𝑈 = 𝑘∆𝑥2), the potential 

strength constant 𝑘 plays a crucial role with regard to the system energy variations. For a 

harmonic potential, the variation of system energy results from a variation of the distance 

from the centre of the potential ∆𝑥 = √𝑇/𝑘. T was set to 37℃, the temperature at which 

the experiments were carried out. For a desired distance variation range, the harmonic 

potential strength constant can therefore be estimated as 𝑘 = 𝑇/(∆𝑥)2. For the strength 

constant calculation I selected the following distance variations: 

 The restraint of granules representing centromeres, telomeres, and the start of the 

rDNA repeats to lie within particular regions of the nucleus was defined with 

∆𝑥 = 10 nm  resolution (Table 3.5). 

 The capture of interactions by GCC does not provide any information about what 

is mediating the interactions or the precise distances between the interacting 

fragments. It is possible that RNA polymerase II (50 nm diameter (Cramer, 

Bushnell, & Kornberg, 2001)) is a component of some interactions. Therefore, I 

assumed that the interaction distance may vary within the range 0-100 nm. Thus, 

∆𝑥 was set to 50 nm (Rickman & Bickmore, 2013) for the 𝑈𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 potential 

energy function (Table 3.5).  

 

Table 3.5 The harmonic potential strength constants for the flexible model restraints 

Restraint potential 𝑘 (
𝐶0

𝑛𝑚2) 

𝑈𝑐𝑒𝑛𝑡𝑟𝑜𝑚𝑒𝑟𝑒𝑠 0.37 

𝑈𝑡𝑒𝑙𝑜𝑚𝑒𝑟𝑒𝑠 0.37 

𝑈𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒_𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 0.37 

𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒_𝑛𝑢𝑐𝑙𝑒𝑜𝑙𝑢𝑠 0.37 

𝑈𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 0.0148 

 Chain displacement algorithm 

In each MC step one chromosome chain is randomly selected. A section of the 

selected chromosome is then chosen at random and subjected to displacement. The 

displacement is a random rotation about a randomly placed axis which is calculated using 

the algorithm described in (Alexander Vologodskii & Rybenkov, 2009), which maintains 
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the distances between the neighbouring granules. Using this algorithm there are two 

possible types of chain segment displacements: Type I and Type II (Figure 3.4). 

 

Figure 3.4 Cartoon illustrating the difference between Type I and Type II displacements 
Type I displacement: the section of chromosomes between two randomly selected granules rotates about an axis 

passing through the centers of the chosen granules. Type II displacement: one granule is selected and a randomly-

oriented axis passing through this granule is generated. The shorter (terminal) part of the polymer chain is rotated 
about this axis. 

 Type I displacement 

Two granules are chosen randomly on the same polymer chain and the axis of 

rotation is positioned to pass through the centre of these two granules. All the granules 

between the two chosen granules are rotated around this axis by a randomly determined 

angle (Figure 3.4). Thus, Type I displacement causes random deformation of the chain. 

However, Type I displacement does not move the terminal granules of the polymer chains. 

 Type II displacement 

Type II displacement provides a mechanism for the movement of terminal granules 

on polymer chains. For a Type II deformation, a single granule is selected and the shorter 

(terminal) section of the polymer chain, starting from the selected granule, is randomly 
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rotated about a randomly-oriented axis that is positioned to pass through the selected 

granule (Figure 3.4). 

3.5 Model generation procedure 

 Stage 1: Phantom chains initialization 

At this step chromosomes are presented as sequences of potentially overlapping 

granules - as “phantom” chains. Chain positions were generated as follows. The 

coordinates of the first granule of each chain are randomly assigned to lie within the 

sphere representing the nucleus. The positions of the consecutive granules are calculated 

such that the distance between the centres of the granules equals the size of a granule, but 

the directions of the vectors 𝒓𝒊+𝟏 − 𝒓𝒊 are uniformly distributed across the sphere. As a 

result of this procedure, some granules may be positioned outside the nuclear 

confinement, and some granules may overlap one another 

 Stage 2: Compress chromosomes within the nuclear confinement 

At this step the “phantom” chains are compressed to lie inside the nuclear 

confinement. The chain displacement algorithm is applied (section 3.4.3), with the 

number of granules outside the confinement volume counted at each step. The structure 

is accepted if the number of granules outside confinement decreases or is unchanged, 

otherwise the structure is rejected. The compression procedure stops when all granules 

are enclosed in the nuclear confinement. 

 Stage 3: Turn on restraints 

In this step the flexible restraints (section 3.3.3-3.3.7, Table 3.3) are introduced into 

the displacement of the “phantom” chains. Granule volume overlaps are still not included, 

because the calculation of new conformations that fit the restraints are the most time 

consuming part of the algorithm. Instead, the “phantom” chain conformations are 

determined and then the granule excluded volume is switched on. This approach improves 

the overall polymer mixing and saves calculation time. There are 5 × 106 steps in this 

phase of chain displacement. 

 Stage 4: Turn on granule excluded volume 

At the beginning of this step, the “phantom” polymer chains that represent the 

chromosomes lie inside the nuclear confinement and fit the flexible restraints. However, 
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the individual granules do not have any volume and can therefore overlap. To generate 

physically realistic, non-overlapping conformations, the excluded volume interactions are 

implemented. Because the immediate introduction of excluded volume could result in 

extremely high-energy conformations from which no acceptable displacements are 

possible, the excluded volume was turned on gradually. 

Initially all granules were assigned spherical cores of 1 nm diameter. In addition to 

the scoring function values for “old” and “new” structures, the number of core overlaps 

was counted after each displacement move. If the number of overlapping cores reduced 

in the “new” structure then the “new” structure was accepted without taking into account 

the scoring function change. The “new” structure was rejected if the number of core 

overlaps increased. Finally, if the number of overlaps remained the same, then the models 

were accepted or rejected according to the usual MC acceptance rule based on the scoring 

function alone. 

When the number of overlapping cores dropped to zero, the radius of each core was 

increased by 1 nm and the procedure repeated, until the granule radius reached 30 nm or 

90 nm for the G1 and G2 models, respectively. Thus the final structures that were obtained 

maintained the architectural properties of the optimized conformation that fit the flexible 

restraints while incorporating granule excluded volume. 

 Stage 5: Final structure optimization 

The final stage of the modelling calculation is an additional round of optimization 

of the scoring function. The introduction of excluded volume potentially increases the 

model energy; therefore, an additional 107 simulation steps are performed to minimize 

the model energy.  

 Model tests 

The degree to which each structure fits the imposed restraints was defined by 

energy, E, with a smaller value of E indicating a better fit. To ensure that the number of 

time steps was enough for completion of each calculation stage, the energy of each 

structure was computed as a function of calculation time. The total energy of the system 

has been written to the log file after every 1000 Monte-Carlo steps (Figure 3.5). 

Initially, the structure is fitted into nuclear confinement and the chromosomes are 

randomly positioned within the nucleus so the energy of the structure is high as well. As 
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the calculations proceed, the structure optimizes its configuration in respect to imposed 

restraints, so the energy decreases. After approximately 2×106 steps the energy reaches a 

constant value, which is determined by the balance of chromosome interactions, 

biological restraints and polymer bending tension. The length of stage 3 of the calculation 

is 5×106 steps and is more than twice as long as the time needed for the energy to reach 

equilibrium. 

At stage 4, the volume of granules is “turned on”. Granule volume is an essential 

restraint and therefore does not have direct impact on the energy of structure. However, 

at the end of stage 3, the optimized structure has a significant number of granule overlaps, 

so the volume restraint forces them to move out from their initially preferred positions. 

This perturbation observably increases the energy of the structure (Figure 3.5). Note, that 

at the end of the stage 4, the energy of the structure is approximately the same as it was 

before the incorporation of granule volume, so the system found a configuration, 

satisfying both volume and the flexible restraints. 

The final stage 5 was introduced to ensure the stability of the configuration. This is 

the longest stage of calculation and, if at the previous stages the system came to the 

suboptimal conformation, then it has enough time to reach the optimum during stage 5. 

As we can see on the (Figure 3.5), the energy of the system does not significantly change 

during the final stage.  

 
Figure 3.5 Logarithm of system energy as a function of the number of Monte-Carlo steps. 
The genome structure reaches equilibrium by the end of stage 3. During stage 4 the structure deviates from the initial 

equilibrium before returning to a conformation with similar energy. During stage 5 the energy of the system does 

not dramatically change. There is no energy optimization involved in stages 1 (chain initialization) and 2 (compress 
into nucleus confinement), therefore, the energy log starts from stage 3 (turning restraints on). 
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To check, if the interaction restraints cause co-localization of interacting granules 

in the models, I calculated a set of 500 structures with a fixed subset of interactions. The 

distance distribution between the centres of the interacting granules pairs are presented 

on the (Figure 3.6).  

 

Figure 3.6 Distribution of distances between pairs of interacting granules in 500 independent 

structures generated with fixed subsets of interactions: 65 interactions in G1 model and 29 

interactions in G2 model.  
Distances lower than diameter of granule (30 nm in G1 and 90 nm in G2) are not detected, due to the granule volume 

essential restraint. The sharp peak in the distribution for the G1 model at the distances near 60 nm is caused by 
granules separated by only a single granule.  

The mean observed distance between interacting granules was 80 nm in the G1 

model and 150 nm in G2 model. The harmonic potential used for the granule interactions 

has an equilibrium distance equal to the granule diameter 𝑠 (30 nm in G1 and 90 nm in 

G2 model), and thermal fluctuations of  ∆𝑥 = 50 𝑛𝑚. The essential volume restraint 

prevents granules from overlapping thus effectively imposing an infinite potential at 

distances lower than the granule diameter. In this combined potential the average distance 

is expected to be approximately equal to 𝑠 + ∆𝑥, which is equal to 80 nm in the G1 model 

and 140 nm in G2 model. Thus, the observed values are close to the predicted ones. 

3.6 Representation of sister chromosome cohesion in the G2 model  

Following replication in S phase, sister chromosomes are held together by a cohesin 

complex (Haering et al., 2008, 2002; Hirano, 2006), until separation during the anaphase 

step (Ocampo-Hafalla & Uhlmann, 2011; Schmidt et al., 2009). This linkage of sister 

chromosomes by topological embrace imposes restraints on the independent movement 

of the chromosome copies. Therefore, sister chromosome binding restraints must be 

included in the G2 genome model to correctly model chromosome packing within the 

nucleus. 
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To investigate how far apart cohesin-linked chromosomes can move, models 

comprising pairs of chromosome II were generated. Each chromosome was modelled 

with 30 nm granules, each representing 3.5 kb of DNA, giving 7166 granules in total. 

Sister chromosome linkages were incorporated at 228 cohesin complex binding sites 

along chromosome II (Schmidt et al., 2009). The midpoint coordinates of the 228 cohesin 

binding peaks were translated to the granule positions according to: 

 𝑔𝑟𝑎𝑛𝑢𝑙𝑒 = 𝑐𝑒𝑖𝑙𝑖𝑛𝑔(
𝑀𝑝

𝑔
) . (30) 

Where 𝑀𝑝 is a midpoint coordinates of cohesion binding peak (Schmidt et al., 

2009); 𝑔 is a size of the granule equal to 3.5 kb; 𝑐𝑒𝑖𝑙𝑖𝑛𝑔 rounds number up to the nearest 

interger. 

The mean distance between cohesin binding sites along chromosome II is 13.1 kb 

(median 16.5 kb), thus 228 of the 1,289 granules of chromosome II were marked as 

cohesin binding sites. As a result, on average every fifth granule along chromosome II 

contained a cohesin binding site. 

Sister chromosome II cohesin was incorporated into the model as a sum of attractive 

harmonic potentials that pulled each pair of cohesin binding granules together: 

 𝑈𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 = ∑ 𝑘𝑐𝑜ℎ𝑒𝑠𝑖𝑛(𝑑𝑖 − 𝑠)
2

𝑖∈𝑐𝑜ℎ𝑒𝑠𝑖𝑛 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠

 (31) 

where 𝑘𝑐𝑜ℎ𝑒𝑠𝑖𝑛 is a harmonic potential strength constant, 𝑑𝑖  is the distance between 

interacting granules, and 𝑠 is size of the granules in nm. Since the cohesin complex forms 

large rings (about 45-60nm in diameter), granules that contain cohesin binding sites 

contact each other, so the distance variation ∆𝑥 was set to 1nm. 

I developed three types of models to quantify the separation of identical granules 

from different copies of chromosome II: 

  Confined with cohesion: Two copies of chromosome II only subjected to the 

excluded volume and  𝑈𝑏𝑒𝑛𝑑𝑖𝑛𝑔 restraint and cohesin binding restraints 𝑈𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛. 

 Constrained with cohesin model: Two copies of all three chromosomes are 

confined to the nucleus and subjected to the excluded volume,  𝑈𝑏𝑒𝑛𝑑𝑖𝑛𝑔 . and 

 𝑈𝑡𝑒𝑡ℎ𝑒𝑟𝑖𝑛𝑔 restraints. Only the two copies of chromosome II are subjected to the 

cohesin restraints 𝑈𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛. 
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 Constrained without cohesin model. Two copies of all three chromosomes are 

confined to the nucleus and subjected to the excluded volume, persistence length 

and tethering restraints. There are no sister chromosome cohesin restraints 

imposed on chromosome II. 

Twenty five structures were calculated using the procedure described in section 3.5 

for each of the three types of model (Confined with cohesin, Constrained with cohesin, 

Constrained without cohesin). The distances between identical granules from the 

different copies of chromosome II were calculated for each structure in each model type. 

The cumulative distribution functions (CDF) for these inter-granule distances (Figure 3.7) 

describe the probability that a particular distance is observed in each type of model. 

 

Figure 3.7 Sister chromosomes in G2 phase are tightly linked together. 
(A) The cumulative distribution functions (CDF) for distances between identical granules from the sister 

chromosomes showed that 50% of the granules in the Constrained with cohesion model were separated by less than 

60nm. (B) Replacing two sister chromosomes, each 30nm in diameter and held together by cohesin, with one 90nm 
thick chromosome did not affect the polymer structure. 

CDFs of the Constrained with cohesin and Constrained without cohesin models 

indicate that the inclusion of the cohesin binding restraints significantly changes the 

distances between sister copies of chromosome II. For instance, 50% of the granules in 

the sister chromosomes were separated by less than 60nm in the Constrained with cohesin 
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model. By contrast, 50% of the granules in the sister chromosomes were separated by 

1400nm in the Constrained without cohesin model, indicating that the inclusion of 

cohesin restraints links the sister copies tightly together. 

Based on this result, the two polymer chains representing the two copies of sister 

chromosomes in the S. pombe G2 cell cycle phase genome model were replaced by one 

thicker polymer. The size of the replacement chromosome granules was set to 90nm, 

calculated as the addition of the 50% separation value (60nm) to the diameter of the initial 

granule (30nm). Models of this 90nm thick polymer chain are very similar to those 

obtained for two linked 30 nm fibres (Figure 3.7). 

3.7 Conclusion 

This chapter describes the design of the S. pombe genome models in G1 and G2 

phases of cell cycle and details the structure generation. The chromosomes were modelled 

as coarse-grained worm-like polymer chains. The microscopic data (e.g. FISH) were 

translated as a set of model restraints: nuclear size (Neumann & Nurse, 2007); telomere 

clustering (Funabiki et al., 1993), nucleolus positioning, and centromere co-localization 

with the spindle pole body (SPB) (Funabiki et al., 1993; Iwasaki et al., 2010; Kniola et 

al., 2001). Subsets of captured interactions (identified by GCC) were incorporated as 

attractive forces imposed on the chromosomes nuclear positions (Grand, Pichugina, et al., 

2014). Sets of interactions for inclusion were randomly chosen, incorporating a bias 

reflecting the frequency of detection in the GCC data. The scoring function minimization 

was performed by Monte Carlo optimization in which trial conformations were generated 

by a specially developed chain displacement algorithm, and accepted or rejected 

according to whether they fulfilled the model restraints. 
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Chapter 4. The role of chromosome interactions in shaping the 

fission yeast genome 

4.1 Introduction  

Understanding the spatial organization of genomes is a major goal in cell biology, 

as growing evidence confirms the link between the spatial positioning of chromosomes, 

genes, active transcription, RNA processing, DNA replication and DNA repair (Agmon 

et al., 2013; Bickmore, 2013; Dixon et al., 2012; Misteli, 2009; Sanyal et al., 2012; Sexton 

et al., 2012; Taddei et al., 2010; Tanizawa et al., 2010).  

Eukaryotic genomes demonstrate non-random spatial arrangements where 

chromosomes/genome loci occupy preferential positions with respect to each other and 

to nuclear landmarks (T. Cremer & Cremer, 2010; Zimmer & Fabre, 2011). In budding 

yeast telomeres and mating type loci are anchored to the nuclear envelope; the 

heterochromatic centromeres are clustered at the SPB in a rosette-like structure (Jin, 

Trelles-Sticken, Scherthan, & Loidl, 1998; Taddei et al., 2009, 2010; Zimmer & Fabre, 

2011). Mammalian chromosomes occupy distinct territories within the nuclear space 

(Bickmore, 2013; T. Cremer & Cremer, 2010).  

Due to the complexity of genomes, the spatial organization of genomes has not been 

fully elucidated and this limits our understanding of the spatial component of nuclear 

processes.   

Experimental methods have produced limited spatial information about 

chromosome loci positions and are unable to characterize the 3D structure of a genome 

as whole with high resolution (Berger et al., 2008; Bickmore, 2013; Bystricky et al., 

2004). Microscopy and proximity ligation methods have been used to investigate spatial 

genome organization in E. coli, C. crescentus, S. cerevisiae, S. pombe, human, 

Drosophila melanogaster (Cagliero et al., 2013; Duan et al., 2010; Grand, Pichugina, et 

al., 2014; Lieberman-Aiden et al., 2009; Sexton et al., 2012; Tanizawa et al., 2010; 

Umbarger et al., 2011).  

Microscopic techniques have been able to characterize S. cerevisiae genome 

architecture (Berger et al., 2008). The microscopy techniques have been limited by the 

low resolution (~200-500 nm) of the microscopy platforms used to date and the small 
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number of preselected loci and cells that can be examined at any one time. In contrast to 

microscopy, proximity ligation methods are able to detect colocalization of pairs of loci 

within the nuclear space across the population of cells. Moreover, proximity ligation 

methods determine the colocalization of genomic loci at high resolution (less than 1 kb 

in the linear sequence). However, the relationship between capture by proximity ligation 

and  physical distances between the  interacting loci remains unknown (Dekker et al., 

2002; Duan et al., 2010; Lieberman-Aiden et al., 2009; Rodley et al., 2009). Overcoming 

the limitations the microscopic and proximity ligation methodologies in order to 

characterize the 3D structures of genomes has been made feasible through the use of 

computation models with integrated experimental data (Duan et al., 2010; Gehlen et al., 

2012; Tjong et al., 2012; Wong et al., 2012).  

Generally, computational models generate 3D genome structures to be consistent 

the experimental data (reviewed in Dekker, Marti-Renom, and Mirny 2013). In the in 

silico 3D models chromosomes are represented as separate polymer chains. The 

experimental data, derived from microscopy and proximity ligation experiment, are 

incorporated into the polymer models as a set of spatial restraints imposed on the 

chromosomes position within the nucleus. These restraints may include tethering of 

specific parts of the chromosomes to nuclear landmarks (e.g. the nuclear membrane, 

SPB), inter- or intra-chromosomal connections, or the positioning of parts of the 

chromosomes at specific distances within the 3D space (Baù et al., 2011; Tjong et al., 

2012; Umbarger et al., 2011; Wong et al., 2012) . In theory the spatial restraints position 

the chromosomes within 3D space in the locations and configurations that are most 

consistent with the experimental data. The degree of restraints violation for each 

particular 3D structure is determined by the use of a scoring function. Therefore, from a 

computational perspective the 3D genome modelling approach is simply a scoring 

function minimization problem. However, due to the high variability within genome 

structures, the result of each optimization is an ensemble of multiple structural solutions.  

The 3D organization of the budding yeast genome has long been the focus of intense 

research (Berger et al., 2008; Bystricky et al., 2004; Bystricky, Laroche, van Houwe, 

Blaszczyk, & Gasser, 2005; Dekker et al., 2002; Duan et al., 2010; Mirkin, Chang, & 

Kleckner, 2013; Rodley et al., 2009; Taddei et al., 2010; Zimmer & Fabre, 2011). 

Following the early success of experimental research into yeast genome structure, models 

of the S. cerevisiae genome have been built to reconstruct the yeast genome structure in 
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3D (Avşaroğlu et al., 2014; Gehlen et al., 2012; Tjong et al., 2012; Tokuda et al., 2012; 

Wong et al., 2012).  

Despite different using computational approaches, Tjong et al. (2010) and Wong et 

al. (2010) made models that relied upon S. cerevisiae chromosome tethering to the nuclear 

landmarks (e.g. telomeres exhibiting peripheral locations and centromere clustering with 

the SPB) as sufficient for reproducing experimentally determined patterns of yeast 

genome organization (Jin et al., 2000; Taddei et al., 2009). Importantly, apart from the 

tethering restraints, the chromosomes in these models were randomly configured within 

the nuclear confinement. Both, Tjong et al. (2012) and Wong et al. (2012) demonstrated 

that random configurations of tethered chromosomes reproduced chromosomal contacts 

determined by genome wide conformation capture experiments (Duan et al., 2010). In 

contrast, Gehlen et al. 2012 demonstrated that the addition of experimentally determined 

chromosome contacts to the tethering restraints (Rodley et al., 2009) leads to significant 

structural reorganization. Therefore, it remains contentious as to what role experimentally 

captured chromosomal interactions play in in silico genome modelling for S. cerevisiae 

genome and other eukaryotes. 

The fission yeast, S. pombe, is a good model organism for the investigation of the 

role of chromosome interactions in genome organization (Tanizawa et al., 2010). Firstly, 

the genome sizes of S. pombe and S. cerevisiae are comparable (14Mb and 12Mp 

respectively), although the numbers of chromosomes are quite different (3 relatively large 

chromosomes in S. pombe and 16 relatively small chromosomes for S. cerevisiae). 

Secondly, microscopy data has shown that centromeres cluster at the SPB and telomeres 

cluster at the nuclear periphery in both S. cerevisiae and S. pombe (Funabiki et al., 1993; 

Iwasaki et al., 2010; Tanizawa et al., 2010). I questioned: 1) how the difference in 

chromosome number influences the 3D organization of the S. pombe genome; and 2) what 

role do experimentally captured interactions play in S. pombe genome organization. 

To explore the role of chromosomes interactions in shaping the fission yeast 

genome, I built three different models of S. pombe genome. The confined model contains 

random chromosome configurations enclosed within nucleus space. The constrained 

model includes chromosomes tethering to the nuclear landmarks (SPB, nucleus 

membrane, nucleolus) (Funabiki et al., 1993; Iwasaki et al., 2010; Kniola et al., 2001). 

The interactions model includes chromosome tethering to nuclear landmarks and a subset 

of the experimentally defined interactions (Grand, Pichugina, et al., 2014). Our analyses 
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reveal that the experimentally captured S. pombe chromosome interactions are not 

reproduced by random chromosome encounters within the nucleus space.  

4.2 Results 

 Population modelling of the three-dimensional organization of S. pombe 

genome in G1 phase of cell cycle 

To assess the principles of 3D genome organization of S. pombe I developed coarse-

grained computational models. In common to all models, each chromosome was 

represented by a worm-like polymer chain within an enclosed nuclear space. The granules 

(monomers) which made up the polymer were spherical (30 nm in diameter) and 

represented 3.5 kb of DNA (see section 3.4). Granule overlaps were forbidden - to 

reproduce the chromosomes excluded volume. Finally, the nucleolus was modelled as a 

space within the nucleus that was inaccessible to chromosomes, except for those regions 

containing the rDNA repeats (see section 3.3.5). 

Chromosome configurations within the nucleus were subjected to restraints. These 

restraints were based on experimentally defined features of chromosome positions within 

the nucleus (Funabiki et al., 1993; Iwasaki et al., 2010; Kniola et al., 2001). For instance, 

tethering restraints were defined based on microscopic observations of: 1) telomere 

clustering (Funabiki et al., 1993); and 2) centromere co-localization with the spindle pole 

body (SPB) (Funabiki et al., 1993; Iwasaki et al., 2010; Kniola et al., 2001). Chromosome 

contact restraints were determined based on the proximity ligation data I obtained using 

genome conformation capture (GCC) for S. pombe cells synchronized in G1 phase 

(Grand, Pichugina, et al., 2014). 

I constructed three models: 1) confined; 2) constrained; and 3) interactions (Table 

4.1, Figure 4.1) to address what role chromosome interactions play in shaping the 3D S. 

pombe genome architecture. The confined model is a control where the chromosomes are 

randomly configured within the nucleus (Figure 4.1 A(1), B(1)). In the constrained model 

(Figure 4.1 A(2), B(2)) - the chromosomes remain randomly configured within the 

nucleus, but are subjected to additional tethering restraints that limit centromere and 

telomere positions. Finally, in the Interactions model - the chromosomes are confined, 

subjected to the centromere and telomere tethering restraints and, additionally, the 

experimentally defined chromosome contact restraints (Figure 4.1 A(3), B(3)).  
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Chromosome contact restraints are incorporated as subsets of the inter- and intra-

chromosomal contacts that were identified by GCC (Grand, Pichugina, et al., 2014) to 

account for the fact that the exact identities and numbers of interactions that occur within 

a single cell are unknown. Moreover, it remains possible that some GCC captured 

interactions may not be simultaneously present in all cells and certain combinations could 

even be mutually exclusive, even in a population of synchronized cells (reviewed 

O’Sullivan et al. 2013). Subsets of interactions for inclusion in the models were 

determined using a selection strategy by which 10% of GCC interactions were randomly 

selected with a biased probability that was proportional to their detection frequency. 

To represent the spectrum of possible genome configurations within the cell 

population I generated an ensemble of 500 independently optimized genome structures 

for each of the model types. The spatial properties of the ensemble of solutions for each 

model were analysed in terms of chromosomes positions, chromosomes/loci contact 

frequencies, telomere distances. 

Table 4.1 Set of restraints for different S. pombe genome models 
Model Nuclear enclosed 

chromosome restraint 

Chromosome tethering 

restraint 

Chromosome contacts 

restraint 

Confined + - - 

Constrained + + - 

Interactions + + + 

Symbols + mark the set of restrains incorporated in each particular model, - mark the restraints that were not 

included in the particular model 
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Figure 4.1 3D coarse-grained polymer models of S. pombe genome structures 
(A) Schematic diagrams of coarse-grained polymer models of S. pombe nucleus. The chromosomes are enclosed 

in the nucleus. The nucleus is represented by sphere; Chromosome I, red; chromosome II, blue; chromosome III, 

green. The nucleolus is modelled as an excluded volume except the granules that encoded rDNA. Three types of 

models were developed: (1) confined model - the chromosomes are randomly configured within the nucleus; (2) 

constrained model - the chromosomes remain randomly configured within the nucleus, but subjected to tethering 

restraints that constrain the positioning of the centromeres at the SPB, and telomeres at the nuclear periphery; (3) 

interactions model - the chromosomes are confined and subjected to the tethering restraints and, additionally, the 

experimentally determined chromosomes inter and intra-chromosomal interactions. (B) Representative solutions 
for (1) confined, (2) constrained and (3) interactions models.  

 

 Specific chromosomal interactions shape the preferred positions of 

chromosomes within the S. pombe nucleus 

To determine if the model restraints caused chromosomes to assume preferred 

locations within the nuclear space, I calculated relative density maps that display the 

percentage of granules of interest in a given nuclear region across an ensemble of 

structures (Figure 4.2). The S. pombe genome models did not display exclusive 

chromosome locations within the nucleus (Figure 4.2, Figure 4.3). As such, it appears 

that each point within the nuclear space is accessible for all S. pombe chromosomes. 

However, the non-uniform relative density of the chromosomes indicates that there are 

preferences in chromosome localization within nuclear space (Figure 4.2). 

To assess the effect of the inclusion of chromosome interactions on genome 

architecture, I compared relative density maps between the constrained and interactions 

models and calculated the differences between the interaction and constrained models 

chromosomes density maps (Figure 4.2 A-C(3)). The differences in the density maps ( 

Figure 4.2 A-C(3)) show that transition from the constrained to the interaction model 

result from chromosome 1 shifting towards the nuclear periphery while Chromosomes 2 
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and 3 move towards the nuclear centre (Figure 4.2 A-C(3)). This is consistent with the 

inclusion of chromosome interactions as a restraint causing rearrangements of 

chromosome positions within the nuclear space.  

 

Figure 4.2 The inclusion of interactions restraints in addition to chromosomes tethering changes 

chromosome positions within the nucleus 
Relative density maps were calculated for Chromosomes 1(A), 2(B), and 3(C) across the constrained and 

interactions model ensembles. The difference in relative density (3) for each chromosome between the interactions 

and constrained models demonstrates the effect of the interactions. 

I also quantified the effect of the inclusion of interactions on genome architecture. 

The quantitation of the effect of the interactions on genome architecture was achieved 

using chromosome density distributions along the SPB-nucleolus axis (X) and the 

perpendicular axis (R; Figure 4.3 A, B). Briefly, chromosome density was measured as a 

ratio of the number of granules of a specific chromosome to the total number of granules 

within the given distance range along the axis (4.4.2). The chromosome density 

distribution was calculated for each chromosome position across the confined, 

constrained and interactions models structures (Figure 4.3 C-H).  

The confined model consists of chromosomes that are randomly configured within 

the nucleus (Figure 4.1, Table 4.1). In this case, the chromosomes are equally distributed 

throughout the nucleus and, as a result, the chromosome density distributions values along 

the X and R axes fluctuate around values proportional to the ratio of the chromosome 
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length: total genome length: 0.45 - chromosome 1; 0.35 - chromosome 2; 0.2 - 

chromosome 3 (Figure 4.3 red line) 

Tethering chromosome centromeres to the SPB and telomeres to the nuclear 

periphery and the ends of chromosome 3 to the nucleolus boundary, in the constrained 

models, leads to chromosome repositioning. Comparisons of the chromosome density 

distributions within the constrained (Figure 4.3 blue line) and confined models (Figure 

4.3 red line) reveal that chromosomes 1 and 2 were shifted away from the X and R axes 

to allow chromosome 3 to occupy this space (Figure 4.3). Additionally, chromosome 2 

moved towards the nuclear periphery (Figure 4.3 F). The chromosome density 

distribution (Figure 4.3 C, E, and G) also changes at the nucleolus boundary due to the 

fact that chromosomes 3 ends are joined with the rDNA repeats and therefore are located 

at this boundary in the constrained model. So, the chromosome 3 density at nucleolus 

boundary region increase and chromosomes 1 and 2 densities decrease by chromosomes 

tethering.  

Inclusion of interactions in addition to the chromosome tethering restraints further 

changes the genome architecture. Comparisons between the interaction (Figure 4.3 green 

line) and constrained models (Figure 4.3 blue line) demonstrates that chromosome 1 

shifted along the X axis towards the nucleolus while simultaneously being pushed towards 

the nuclear periphery (Figure 4.3). By contrast chromosome 2 did not change its position 

along the SPB-nucleolus axis rather it moved closer towards the SPB-nucleolus axis and 

away from the nuclear periphery (Figure 4.3 F). Finally, the inclusion of interactions 

caused chromosome 3 to shift from the nucleolus to a more central position along X axis. 

These results are consistent with the interpretation that the addition of chromosome 

interactions, as a restraint on top of tethering restraints, led to rearrangements of 

chromosome positions within the nuclear space.  
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Figure 4.3 Chromosome density distributions along the SPB-nucleolus axis of symmetry (X) and 

the perpendicular axis (R). 
 (A, B) Schematic representation of SPB-nucleolus axis of symmetry and perpendicular one within nucleus space. 

Chromosome 1 density distributions (C,D); chromosome 2 density distributions (E,F); chromosome 3 density 
distributions (G,H). 
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 Chromosome contact patterns derived from the interactions model ensemble 

display the highest correlation with the experimental data 

Chromosome interactions can be classified into two groups: intra chromosomal 

and inter chromosomal interactions. Intra chromosomal interactions link elements within 

particular chromosomes, so interactions bring together fragments that are physically 

linked as a part of one chromosome polymer chain. By contrast, inter-chromosomal 

interactions link fragments from different chromosomes. Adjacent interactions were 

removed from the models and experimental data analysis because they have a 

significantly higher frequency of occurrence in comparison to other interactions and it is 

unclear whether they are real or due to artefacts of the methodology (e.g. partial 

restriction digestion) (O’Sullivan et al., 2013).  

I asked how well captured chromosome interaction data is reproduced by the three 

different model ensembles. In other words, how well are the nuclear positions of 

interacting chromosome fragments in the genome and the frequency of these interactions 

recapitulated within the structural model populations? I assumed that two chromosome 

granules interact within a model structure if they are physically less than 100 nm apart. 

100nm was chosen as the interacting distance based on the size of the RNA polymerase 

II (50 nm diameter (Cramer et al., 2001), that may form a component of some 

interactions.  

I determined the correlation between the captured and modelled interactions in 

contact matrices at: 1) 500 kb resolution; and 2) 50 kb resolution (Figure 4.4, Figure 4.5). 

Inter and intra chromosomal interaction frequencies for the models were determined 

within or between 500 kb chromosome regions, averaged across all solutions for each 

model, and plotted as a contact matrix (Figure 4.4 A-D). To enable comparisons between 

the models and experiment, each contact matrix was normalized to the total sum of matrix 

elements. Contact matrices derived from the interactions model and the experimental data 

were highly correlated ( 𝑅 = 0.63, 𝑝 < 1𝑒 − 6 ) (Figure 4.4G). By contrast, the 

constrained and confined models do not show clear correlations with the experiment data 

(confined model 𝑅 = 0.013, 𝑝 = 0.76; constrained model 𝑅 = 0.07, 𝑝 = 0.85) with the 

experiment data (Figure 4.4 E, F).  

Telomeres contacts are present in the experimental data and the interactions model, 

but absent in the constrained and confined models (Figure 4.4 A-D). This implies that 
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telomere clustering is driven by specific chromosomal interactions and cannot be 

reproduced by the random chromosomes encounters in the nucleus  

 

Figure 4.4 Chromosome contact patterns at the 500 kb scale derived from the interactions model 

structure ensemble display the highest correlation with experimental data 
Normalized chromosome contact maps were calculated for the experimental data set (A) and confined (B), 

constrained (C) and interactions models (D) on 500 kb scale. Contacts were defined when two monomers were 

separated by less than 100nm in the model structures. The Pearson correlation between experimental contact matrix 

and (E) confined; (F) constrained; (G) interactions contact matrices were measured  

 

At 50 kb resolution (Figure 4.5 A-D) the sparseness of the experimentally defined 

interaction matrix, prevents direct visual comparisons with the model derived matrices. 

However, the interactions and experimental matrices remain highly correlated (R=0.78, 



The role of chromosome interactions in shaping S. pombe genome structure 

81 

 

p<1e-6, Figure 4.5 G). Similarly, the constrained and confined models remain poorly 

correlated with the experimentally defined interactions (confined model  𝑅 =

−0.006, 𝑝 = 0.83 ; constrained model 𝑅 = 0.002, 𝑝 = 0.93 ) (Figure 4.5 E, F). 

Collectively, these results support specific chromosomal interactions playing an 

important role in S. pombe genome organization at all levels of resolution. 

 

Figure 4.5 Chromosome contact patterns on 50 kb scale derived from the interactions model 

structure ensemble display the highest correlation with experimental data 
Normalized chromosome contact maps were calculated for the experimental data set (A) and confined (B), 

constrained (C) and interactions models (D) on 50 kb scale. Contacts were defined when two monomers were 

separated by less than 100nm in the model structures. The Pearson correlation between experimental contact matrix 
and (E) confined; (F) constrained; (G) interactions contact matrices were measured  
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 Co-localization of telomeres and sub telomeric regions within polymer models 

is promoted by the inclusion of captured chromosomal interactions 

 S. pombe telomere clustering has been observed microscopically and  confirmed 

by genome conformation capture experiments (Grand, Pichugina, et al., 2014; Hall, 

Noma, & Grewal, 2003). Although, the structure and position of telomere clusters is still 

unclear; Grand et al. (2014) found that the two ends of the same chromosomes interact 

with high frequency with each other in a popultation of cells. I used the ensembles of 

model structures to investigate the positions of the chromosome ends within the nucleus. 

Telomere contacts are present in the experimental and interactions model contact 

maps, but absent in the contact maps for the constrained and confined models (Figure 4.4 

A, D). This is consistent with telomere clustering being recapitulated within the polymer 

models by the inclusion of specific chromosomal interactions and not simply random 

chromosomal encounters within nuclear space. 

To assess the relative position of chromosomes within nuclear 3D space, I measured 

the mean distances between pairs of granules within a region up to 500 kb from the ends 

of the chromosome arms. Mean distances were calculated across the ensemble of 

structures for the confined, constrained and interactions models (Figure 4.6).  

 Chromosome ends are located in close proximity to each other within the 

interactions model structures (Figure 4.6 C). Specifically, for chromosome 1 the point of 

minimal mean distance (75 nm) between the left and right arms of the chromosome is 

located 20 kb and 10 kb from the end of the left and right telomeres, respectively (Figure 

4.6 C (1)). Chromosome 2 also tends to circularize within the interactions model 

structures (Figure 4.6 C (2)). However, in contrast to chromosome 1, the minimal mean 

distance between the left and right arms of chromosome 2 occurs further along the 

chromosome arm: approximately 135 kb and 60 kb from the left and right telomeres, 

respectively (Figure 4.6 C (2)) and the minimum separation distance being 600nm. 

Similarly, the ends of chromosome 3 are in closer proximity within the interactions model 

structure ensemble. This association is dependent on the inclusion of interactions into the 

models and it occurs between loci located 20 kb from the left and 35 kb from the right 

end of chromosome (Figure 4.6 C (2)). It should be noted that the granules involved in 

this association are adjacent to the rDNA repeats and therefore restrained to the border of 

nucleolus.  
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Figure 4.6 Mean chromosomes ends distance across the confined, constraint and interactions model 

structures ensemble 
Mean distance plots across the structural ensembles for 500 kb start and end (A) Interactions model structures ensemble (B) 
Constrained model structures ensemble (C) Confined model structures ensemble 

 

4.3 Discussion 

In this chapter I have demonstrated that experimentally captured chromosome 

interactions play a structural role in the organization of the S. pombe genome. So, the 

inclusion of a subset of experimentally determined chromosomal interactions as a 

restraint in addition to chromosome tethering within the model lead to structural 

reorganization of the genome (Figure 4.2, Figure 4.3). Similarly, Gehlen et al. (2012) 

showed that the inclusion of experimentally defined chromosome contacts within 

polymer models altered the structuring of the S. cerevisiae genome. 
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The chromosomes interactions constrain the relative positions of the interacting 

fragments within the model structures. However, the question remains open: at what scale 

do the chromosome interactions have the most prominent influence on the genome 

architecture? For example, in S. cerevisiae, random configurations of tethered 

chromosomes have been reported to reproduce experimentally determined chromosome 

contacts at scales larger than 30 kb (Duan et al., 2010; Tjong et al., 2012; Wong et al., 

2012). The apparent contradiction in these findings may be explained if the 

experimentally determined chromosomes contacts play a role at scales below 30 kb. 

However, in contrast to the S. cerevisiae models, the S. pombe interactions chromosome 

models recapitulated the experimentally captured interactions even on the 0.5 Mb and 50 

kb scales. Significantly, the random configurations of tethered chromosomes did not 

reproduce these interaction patterns.  

Experimentally captured contacts between chromosomes ends (i.e. telomeres) is an 

example of specific chromosome interactions that are not driven by polymer properties 

of the chromosomes or chromosome tethering to the SPB or nuclear periphery. The 

minimum mean distances between chromosome ends vary for different chromosomes 

across the model ensembles. The variations I observed are in agreement with the 

frequencies of that were captured in the GCC experiment.  

For each structure I selected a subset (10%) of the captured GCC interactions with 

a probability proportional to their detection frequencies. Thus, high frequency 

interactions have a higher probability of being included in individual structures.  

Interactions that were selected were included within the models as a distance restraint (0-

100 nm) between the corresponding granules. The 75 nm distance between the linked 

ends of chromosome 1 means that the combination of interactions which contributed to 

this structural organization have a high frequency within the captured GCC experimental 

data. The combination of GCC interactions that contributed to the circularization of 

chromosome 2 occurs 10 times less frequently than chromosome 1. Therefore, I conclude 

that chromosome 1 and 2 are both organized in the Rabl conformation and are effectively 

circular within the nucleus. However, chromosome 2 is more flexible and its ends can 

take up different relative positions within the nucleus.   

In contrast to polymer models of the S. cerevisiae genome, the S. pombe genome 

models did not display exclusive chromosomes locations (territories) within the nucleus. 

Rather the S. pombe chromosomes exhibited considerable levels of chromosome mixing 
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(Figure 4.2, Figure 4.3). The differences between the S. pombe and S. cerevisiae genome 

models may be related to the different numbers of chromosomes within the nucleus (3 

chromosomes for S. pombe and 16 chromosomes for S. cerevisiae). For S. cerevisiae due 

to the chromosomes tethering to the centromeres the small chromosomes occupied the 

zone near the SPB and while the longer chromosomes were excluded from the region 

immediately surrounding the SPB (Berger et al., 2008; Therizols et al., 2010; Tjong et al., 

2012). The fact that S. pombe has only 3 similarly sized chromosomes leads to higher 

levels of chromosome mixing within the nuclear space. 

Despite the fact that each point of nucleus space is accessible to each S. pombe 

chromosome, chromosomes do show preferences for particular areas of the nucleus. 

These facts indicate that chromosomes have preferences in localization within the nuclear 

space.  

4.4 Methods 

 Chromosomes relative density maps 

To assess the preferred positions of elements of interest across the nucleus, I 

calculated their relative density maps. The relative density maps show the proportion of 

granules containing an element of interest at the given point within the nucleus, averaged 

across an ensemble of structures.  

S. pombe nuclei display rotational symmetry with respect to the SPB-nucleolus axis. 

Thus, external restraints (i.e. centromere, telomere and nucleolus positions) and 

chromosome interactions are equally fulfilled if the whole genome conformation is 

rotated around the SPB-nucleolus axis by an arbitrary angle. I utilized this symmetry to 

calculate 2D maps by averaging the 3D structures about the axis of symmetry. A similar 

approach has been widely used for S. cerevisiae genome structure analysis (Berger et al., 

2008; Gehlen et al., 2012; Tjong et al., 2012; Wong et al., 2012) 

The 2D projection of the 3D positions of elements of interest presents as an array 

of points in a plane. I mapped these points subset into 2D rectangular grid according to 

(Tjong et al., 2012) (Eq. 32).  

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(𝑧𝑝𝑖𝑥𝑒𝑙 , 𝑟𝑝𝑖𝑥𝑒𝑙) =

=
1

𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠
∑ ∑

1

2𝜋𝜎2
𝑒𝑥𝑝 (−

(𝑧𝑝𝑖𝑥𝑒𝑙 − 𝑧𝑔𝑟𝑎𝑛𝑢𝑙𝑒)
2
+ (𝑟𝑝𝑖𝑥𝑒𝑙 − 𝑟𝑔𝑟𝑎𝑛𝑢𝑙𝑒)

2

2𝜎
)

𝐺𝑟𝑎𝑛𝑢𝑙𝑒𝑠𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠

 
(32) 
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𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(𝑧𝑝𝑖𝑥𝑒𝑙, 𝑟𝑝𝑖𝑥𝑒𝑙)

𝜋∆𝑧 ((𝑟𝑝𝑖𝑥𝑒𝑙 + ∆𝑟)
2
− 𝑟𝑝𝑖𝑥𝑒𝑙

2)
 (33) 

Here 𝑧𝑔𝑟𝑎𝑛𝑢𝑙𝑒  is the projection of the granule onto the SPB-nucleolus axis; 

and 𝑟𝑔𝑟𝑎𝑛𝑢𝑙𝑒 is the radial distance between the granule and axis of symmetry;  𝑧𝑝𝑖𝑥𝑒𝑙 and 

𝑟𝑝𝑖𝑥𝑒𝑙  are pixel grid coordinates;  𝜎  is the granule size; 𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠  is the number of 

structures in the ensemble.  For the G1 and G2 density plots 𝜎 was set to the radius of 

granules (i.e. 15 nm or 45 nm, respectively).  Frequency was normalized to the volume 

of the cylindrical layer. Here ∆𝑧  and ∆𝑟  are the grid size in the z and r directions 

respectively. 

The nuclear space was represented as a 2D grid consisting of: G1 (266 ×

266) pixels; and G2 (342 × 342) pixels, with a grid size equal to ∆𝑧= ∆𝑟= 10 𝑛𝑚. 2D 

maps were calculated for elements of interest extracted from the ensemble of structures 

generated under each set of conditions. 

To exclude the effect of general genome compaction due to the inclusion of model 

restraints, the density of elements of interest was normalized by total chromosome density 

(density calculated for whole genome granules set): 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝐸𝑙𝑒𝑚𝑒𝑛𝑡) =
𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝐸𝑙𝑒𝑚𝑒𝑛𝑡)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝑡𝑜𝑡𝑎𝑙) + 𝐷𝑒𝑚𝑝𝑓
 (34) 

Here 𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝑡𝑜𝑡𝑎𝑙) is the density calculated for the whole genome granules set 

and 𝐷𝑒𝑚𝑝𝑓 is a small adjustment, which negates a discrete noise in the zones of low 

absolute density - nucleus periphery. The value of 𝐷𝑒𝑚𝑝𝑓 was chosen as the density at 

the center of a granule at a nucleus periphery 𝑟 = 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠. In the density maps obtained 

in our study the majority of the nuclear area has a 𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝑡𝑜𝑡𝑎𝑙) 5 times higher 

than 𝐷𝑒𝑚𝑝𝑓, so the influence of 𝐷𝑒𝑚𝑝𝑓 on the relative density can be neglected for most 

grid pixels. 

 Chromosomes density distributions along and perpendicular SPB-nucleolus 

axis of symmetry 

S. pombe nuclei display rotational symmetry with respect to the SPB-nucleolus axis. 

Thus, external restraints (i.e. centromere, telomere and nucleolus positions) and 

chromosome interactions are equally fulfilled if the whole genome conformation is 

rotated around the SPB-nucleolus axis by an arbitrary angle. Therefore, the chromosome 

granule 3D coordinates(𝑋𝑖, 𝑌𝑖, 𝑍𝑖), can be projected in 2D system of coordinates(𝑥𝑖 , 𝑟𝑖), 
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where 𝑥𝑖 is the projection of the 𝑖th granule coordinates along the central axis (passing 

through the SPB and centre of nucleolus); and 𝑟𝑖 = √𝑌𝑖
2 + 𝑍𝑖

2is the radial distance from 

the central axis. 

To calculate the chromosome density distributions along SPB-nucleolus and 

perpendicular axis, the granules 3D coordinates of particular chromosome were extracted 

from the ensemble of modelled structures. The coordinates were recalculated in the 2D 

system of coordinates (𝑥𝑖, 𝑟𝑖) , where 𝑥𝑖  is the projection i-granule along the SPB-

nucleolus axis; and  𝑟𝑖 is the radial distance from the SPB-nucleolus axis. The 

chromosome density distributions were calculated as a ratio of number of granules of 

given chromosome to the total number of granules within the given range along the axis 

to account for general genome compactions (Eq. 35, 36). 

 𝐷𝑋(𝑥) =
∆𝑁𝑋_𝑐ℎ𝑟𝑖(𝑥 + ∆𝑥)

∆𝑁𝑋_𝑡𝑜𝑡𝑎𝑙(𝑥 + ∆𝑥)
 (35) 

 𝐷𝑅(𝑟) =
∆𝑁𝑅_𝑐ℎ𝑟𝑖(𝑟 + ∆𝑟)

∆𝑁𝑅_𝑡𝑜𝑡𝑎𝑙(𝑟 + ∆𝑟)
 (36) 

Where ∆𝑁𝑋_𝑐ℎ𝑟𝑖 is number of granules of i-chromosome within (𝑥 + ∆𝑥) interval 

along SPB-nucleolus axis; ∆𝑁𝑋_𝑡𝑜𝑡𝑎𝑙  is total number of granules within (𝑥 +

∆𝑥) interval. Similarly 𝑁𝑅_𝑐ℎ𝑟𝑖 is number of granules of i-chromosome within (𝑟 + ∆𝑟) 

interval of distances from SPB-nucleolus axis; ∆𝑁𝑅_𝑡𝑜𝑡𝑎𝑙 is total number of granules 

within (𝑟 + ∆𝑟) interval. The ∆𝑥 was set to 10nm; ∆𝑟 was set to 5 nm.  

 Chromosome contacts map 

4.4.3.1 Contact matrix derived from the experiment 

The chromosome interaction data was obtained from the GCC data for cells 

synchronized in G1 and G2 phases of the cell cycle (Grand, Pichugina, et al., 2014). The 

GCC experimental data represents the frequency of interactions between 9827 restriction 

fragments.  

To compare experimental and model data, the GCC data had to be converted to 

granule-granule interactions. The conversion procedure is described in the section (see 

section 3.3.7). Briefly, Each AseI restriction fragment within the S. pombe genome was 

assigned to the granule that overlaps that region of the linear DNA sequence. In instances 

where the restriction fragment overlaps two or more granules, the granule containing the 

centre of the fragment was assigned as the interacting granule. In instances where multiple 
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restriction fragments overlap a single granule, all interactions were assigned to that 

granule. As a result of this mapping procedure, it is possible that the granule-granule 

interaction list for any one granule may include repeats of interactions. In these cases, the 

strongest of the interaction repeats was retained. As, a result the restriction fragment 

interaction map was converted to the granule contact maps. 

4.4.3.2 Contact matrix derived from the model structure ensembles 

To derive the granules contact matrix from the structural model ensembles, it was 

assumed that two chromosomes granules interact within a model structure if they are 

separated by less than 100nm. 100nm was chosen as the interacting distance based size 

of RNA polymerase II (50nm diameter (Cramer et al., 2001). The number of times each 

granule-granule contact occurred within the structures ensemble was calculated. As a 

result, the contact matrix for the structures model ensemble was calculated. 

Two granules can be close enough in the linear sequence that they may come into 

contact just because of their linear vicinity in the chromosome order. In this case, the 

observed contacts are not specific and are driven by the polymer nature of the 

chromosome. Therefore, to measure specific chromosomes contacts the interactions 

between the granules that are closer than 20 granules apart along chromosome polymer 

chain were removed from consideration. 

4.4.3.3 Contact matrices at different genomic scales 

The contact matrices derived from the experimental data and model ensembles were 

divided into 500 kb unit blocks. The value for each block is the sum of interaction 

frequencies within the block divided by the number of unique interactions within the 

block (block’s area).To enable a comparison between the model and experimental data, 

the resulting matrices were normalized to the total sum of blocks. A similar approach has 

been used to obtain contact matrices on the 50 kb scale. 

I did not consider contact matrices on scales less than 50 kb (14 granules). The 50 

kb resolution is determined by fact that if two granules are restrained in the model to be 

in contact, then their neighbours should also be contacting each other or very close to 

contacting each other. I calculated average frequencies of contacts between granule 

involved in the interaction (restrained to be in contact) and neighbouring granules in the 

linear vicinity from restrained granules. The resulting profile of contact frequencies as a 

function of linear distance from the restrained granules is presented in Figure 4.7. 

Accordingly, I set the effective resolution equal to 14 granules, i.e. 50 kb.  
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Figure 4.7 Average frequencies of contacts between granule involved in interaction and granules 

in the linear vicinity involved in the same interaction 
 

To measure correlation between the experiment and models, the Pearson’s 

correlation between the two matrices were calculated (two tailed t-test H0=the two 

matrices are uncorrelated). 

4.4.3.4 Mean distance between the 500 kb regions at the end of each chromosome arm. 

 The mean distances between all pairs of granules within 500 kb from the ends of 

the chromosome arms were calculated across the ensemble of model structures. 

 
𝑑(𝑖, 𝑗)̅̅ ̅̅ ̅̅ ̅̅ =

∑ √(𝑥𝑖 − 𝑥𝑗)
2
+ (𝑦𝑖 − 𝑦𝑗)

2
+ (𝑧 − 𝑧𝑗)

2
𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠

𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠
 

(37) 

𝑑(𝑖, 𝑗)̅̅ ̅̅ ̅̅ ̅̅  is mean distance between 𝑖 − granule with Cartesian coordinates 

(𝑥𝑖, 𝑦𝑖 , 𝑧𝑖); and 𝑗 − granule with coordinates (𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗)  ; 𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠  is number of 

structures within model ensemble.
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Chapter 5. S. pombe genome structure links to transcription 

and the epigenome 

5.1 Introduction 

Increasingly, evidence confirms correlations between the spatial positions of genes 

and loci, and their involvement in nuclear processes such as transcription, RNA 

processing, DNA replication and DNA repair (Bickmore, 2013; Dixon et al., 2012; 

Misteli & Soutoglou, 2009; Sexton et al., 2012). Despite the fact that the positions of 

different genetic elements (e.g. genes, origins of replication and transposons) and 

epigenetic marks have been determined in terms of their linear order along the S. pombe 

chromosomes (Cam et al., 2005; Cam, Noma, Ebina, Levin, & Grewal, 2008) it is still 

unknown how these elements are arranged in 3D space.  

Recently, the spatial genome organization of S. pombe has been studied using 

proximity ligation techniques that capture contacts between chromosomal loci (Grand, 

Martienssen, et al., 2014; Grand, Pichugina, et al., 2014; Tanaka et al., 2012; Tanizawa 

et al., 2010). These studies have identified chromosome territories (Tanizawa et al., 2010) 

and the spatial clustering of subsets of genes (Grand, Pichugina, et al., 2014; Tanizawa et 

al., 2010). Additionally, these studies confirmed previous observations of telomere 

(Funabiki et al., 1993) and LTR (Cam et al., 2008; Lorenz et al., 2012) clustering (Grand, 

Pichugina, et al., 2014; Iwasaki et al., 2010; Tanizawa et al., 2010). However, the spatial 

positions of epigenetic marks, replication origins and mitochondrial-nDNA interactions 

remains unclear.  

Epigenetic marks demarcate the genome into distinct structural and functional 

domains and are thought to play a fundamental role in genome organization (Cam et al., 

2005). For instance, in S. pombe histone H3 methylated at Lys9 (H3K9me) defines 

heterochromatin and is enriched at sequences surrounding the centromeres, subtelomeres, 

ribosomal DNA (rDNA) and mating locus (Cam et al., 2005). By contrast, histone H3 

methylated at Lys4 (H3K4me) defines euchromatin and is distributed across the S. pombe 

genome while being absent from the major heterochromatic loci that are covered by the 

H3K9me mark (Cam et al., 2005). Despite the apparent segregation at the level of the 

linear sequence, how epigenetic marks are coordinated within the nuclear space is 

unclear. 
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Eukaryotic DNA replication is initiated from multiple origins of replication. Similar 

to higher eukaryotes, S. pombe replications origins do not share any identifiable 

consensus elements (Heichinger, Penkett, Bahler, & Nurse, 2006). However, 401 strong 

and 503 putative replications origins were identified across the S. pombe genome, 

resulting in an average inter origin distance of 14 kb  (Heichinger et al., 2006). According 

to their time of firing in the S phase, S. pombe origins of replication can be classified as 

early- or late-firing (Grand, Pichugina, et al., 2014; Heichinger et al., 2006). Despite the 

identified positions of replications origins little is known how replication is regulated in 

space and time to ensure that the entire genome is replicated during S phase.  

Over the course of evolution, the majority of mitochondrial genes have been 

transferred and integrated into nuclear chromosomes. However, how coordination is 

achieved between the mitochondrial and nuclear genomes remains an area of active 

investigation. Specific connections between the mitochondrial and nuclear genomes (Mt-

nDNA interactions) were experimentally detected in S. cerevisiae and S. pombe (Grand, 

Martienssen, et al., 2014; Rodley et al., 2012, 2009). The strength and numbers of the 

interactions vary with the cell cycle (Grand, Martienssen, et al., 2014) and are linked to 

transcript levels for the nuclear encoded genes (Grand, Martienssen, et al., 2014; Rodley 

et al., 2012, 2009). However, how Mt-nDNA interactions are coordinated in nuclear space 

remains unknown.  

Transposable elements are present in most eukaryotic genomes and may influence 

the genome organization and integrity (Cam et al., 2005, 2008; Lorenz et al., 2012). 

Therefore, the host genome has strategies to silence transposable element activity. For 

instance, S. pombe Tf2 retrotransposons cluster into Tf bodies. Such clusters are mediated 

by the CENP-Bs proteins Abp1 and Cbh1 that bind to the Tf2 retrotransposons (Cam et 

al., 2008) and repress LTRs and LTR-associated genes (Lorenz et al., 2012). Furthermore, 

the CENP-B proteins form a complex nuclear network. Moreover, the Abp1 protein forms 

dimers and the deletion of the abp1 gene affects S. pombe genome stability(Cam et al., 

2008). Since heterochromatin marks (i.e. H3K9me) have not been detected at full-length 

copies of Tf1 and Tf2 retrotransposons (Cam et al., 2005), the complex nuclear network 

formed by the CENP-B proteins is thought to have a specific role in retrotrasposon 

silencing.  

Here I used polymer models of the S. pombe genome to investigate the spatial 

positioning of set of genes, epigenetic marks, replication origins, Mt-nDNA interactions, 
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and CENP-B binding sites. My results clearly show that the S, pombe nuclear space is 

highly structured and functionally compartmentalized.  

5.2 Results  

 Polymer models 

3D polymer models of the S. pombe G1 phase nucleus were constructed using 

chromosome interaction data captured from synchronized S. pombe MY291 cells (Grand, 

Pichugina, et al., 2014). The S. pombe chromosomes were modelled as coarse-grained 

polymer chains enclosed within nuclear confinement. The chromosomes were subjected 

to tethering restraints (i.e. centromere and telomere positioning) and experimentally 

defined inter- and intra-chromosomal interactions (Grand, Pichugina, et al., 2014). The 

nucleolus was modelled as an excluded volume (see section 3.3)  

GCC captures the chromosomal connections that are occurring within a population 

of  cells (Cagliero et al., 2013; Grand, Martienssen, et al., 2014; Rodley et al., 2009). As 

such, it is impossible to determine which chromosomal connections are occurring within 

the same cell. Therefore, each structure generated for the interactions model used random 

subsets of the captured interactions. Selection of captured interactions for incorporation 

into the interactions model was performed with a probability that was proportional to their 

detection frequency such that connections that occur more frequently within the 

population were more likely to be captured by GCC. For the S. pombe G1 nucleus I 

generated an ensemble of 500 independently optimized 3D genome structures to represent 

the spectrum of possible genome configurations within the cell population. I contend that 

this accounts for: 1) the probabilistic components within the GCC method that was used 

to capture the chromosomal connections; and 2) the exact identities and numbers of 

interactions that occur within a single cell being unknown.  

In the subsequent sections, I examine the spatial positioning of different elements 

(genes sets, epigenetic marks, replication origins, transposons etc.) within the S. pombe 

G1 phase nucleus. Briefly, I mapped published ChIP-chip data onto each structure within 

the ensemble, projected the data onto a 2D map to facilitate visualization(Berger et al., 

2008; Grand, Pichugina, et al., 2014; Tjong et al., 2012), and investigated the spatial 

organization of the elements of interest using: 1) relative density maps; 2) contour plots; 

3) Venn diagrams of the level of linear and spatial colocalization (Figure 5.1). Relative 

density maps show the preferred positions of different elements across the nucleus. 
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Contour plots enable comparisons of element colocalization patterns by selecting the 

strongest relative density signals (i.e. top 15% of signal).  

 

Figure 5.1 Empirically informed polymer models highlight the spatial organization of genetic and 

epigenetic elements within the S. pombe interphase nucleus.  
(A) Ensembles of 500 individual empirically informed polymer models were generated. (B). The spatial coordinates 

of elements of interest were measured across the entire ensemble of 3D genome structures. (C) Significant 

localization patterns were identified by mapping, visualizing, and measuring the relative density of the elements. 

Contour maps (top 15% of relative density signal) were plotted to enable the level of compartmentalization of the 

different factors to be visualized. The level of linear and spatial colocalization between pairs of elements was 
measured and plotted as a Venn diagram.  

 Highly and lowly transcribed genes, and differentially regulated genes exhibit 

preferred positions within S. pombe nuclear space 

S. pombe genes were divided into sets according to transcript levels to test if genes 

from the same set colocalized within the nuclear space (Grand, Pichugina, et al., 2014). 

The genes sets were mapped onto the ensemble of interactions model structures (Figure 

5.1) and plotted as a relative density map (Figure 5.2) (see methods section 4.4.1) 

Genes that had high transcript levels exhibited a propensity to be localized toward 

the centre of the G1 and G2 phase nuclei (Figure 5.2 A) while lowly transcribed genes 

are diffusely distributed across the nuclei (Figure 5.2 A). In contrast, differentially 

regulated genes exhibit localized distributions that differ according to the cell-cycle phase 

transition (Figure 5.2 B). For example, genes that were upregulated during the G1→G2 

transition are located within a zone at the nuclear periphery (Figure 5.2 B). Genes that are 
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downregulated during the G1→G2 transition show a more diffuse internal distribution 

(Figure 5.2 B). By contrast, the gene sets that showed significant non-random linear 

distributions (e.g. upregulated during the G1→G2 transition and downregulated during 

the G2→M transition) showed strong spatial clustering within the polymer models 

(Figure 5.2 B). Collectively, these results are consistent with genes in the S. pombe 

nucleus being organized within five sub-nuclear domains according to their 

transcriptional activity (Figure 5.2 B). These domains are the: (i) SPB associated; (ii) 

nucleolus; (iii) nucleolar proximal; (iv) peripheral; and (v) central domains (Figure 5.2 

C). 
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Figure 5.2 Highly transcribed and differentially regulated genes have preferred positions in 

Schizosaccharomyces pombe nuclei.  
Genes with high, lower differential transcript levels were mapped onto coarse-grained polymer models. The relative 

densities of the gene sets were averaged over all model ensembles and plotted as 2D gene density maps 

(Supplementary Methods). The positions of genes that had differential transcript levels during the G1→G2 transition 

were mapped onto G1 phase polymer model. (A) Genes with high transcript levels occupy a central region within 

the S. pombe nuclei during G1 and G2. By contrast, genes with low transcript levels are dispersed throughout the 

nucleus. (B) Genes that are upregulated during the M→G1, G1→G2 and G2→Mphase transitions occupy distinct 

nuclear sub-domains. (C) Cartoon highlighting the gross organization of the genes that are predominantly 

differentially regulated, highly and lowly expressed within the S. pombe nucleus during the G1 and G2 cell cycle 
phases. SPB: spindle pole body. This figure is reprinted from Grand, Pichugina, et al., 2014, Nucl. Acids Res.  

 Heterochromatin and euchromatin are compartmentalized within the G1 

phase polymer models 

To assess the spatial positioning of H3K4me and H3K9me, I mapped published 

ChIP-Chip data (Cam et al., 2005) to the ensembles of S. pombe genome structures 

(generated by interactions) and plotted the top 15% of the relative density signal as 

contour plots (Figure 5.3).  

 I observed clear segregation of regions of H3K4me and H3K9me enrichment 

within the nuclear space (Figure 5.3). In my models the strongest H3K9me signals were 
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enriched towards the nuclear periphery (Figure 5.3 A). By contrast, the strongest 

H3K4me enrichment occurred towards the centre of the nucleus (Figure 5.3 B). There 

was overlap of the H3K9me and H3K4me enrichment only in the centromere proximal 

region consistent with the observed overlap within the linear ChIP-chip data (Cam et al., 

2005).  

 

Figure 5.3 Epigenetics marks of heterochromatin and euchromatin are compartmentalized within 

the S. pombe nucleus. 
(A) H3K9me binding sites (Cam et al., 2005) are enriched towards the nuclear periphery and in a domain on the 

nucleolar boundary. (B) H3K4me binding sites (Cam et al., 2005) are enriched towards the centre of the S. pombe 
nucleus. 

 Origins of replication are compartmentalized within the S. pombe nucleus 

To assess the spatial positions of early- and late-firing replications origins, I mapped 

identified Ori positions (Heichinger et al., 2006) to the ensembles of S. pombe genome 

structures and plotted top 15% of relative density signal as a contour plot (Figure 5.4)  

Origins of replication, classified by their firing times, occupy different domains 

within the S. pombe nucleus (Figure 5.4). The early-firing origins are enriched in regions 

located towards the centre of the nucleus (Figure 5.4) in zones that are also enriched for 

H3K4me modifications (Figure 5.3 B). By contrast, late-firing origins of replication are 

enriched towards the nuclear periphery (Figure 5.4 B) in zones that are also enriched for 

H3K9me modifications (Figure 5.3 A). 

Origins of replications initiate in a stochastic fashion (Chagin et al., 2010). Some 

origins of replication initiate more frequently within a homogenous population of cells – 

these are the high efficiency origins of replication. Other origins fire once every five cell 

cycles (i.e. medium efficiency origins) and some will only fire once in every 10-20 cell 

cycles (i.e. low efficiency origins (Heichinger et al., 2006) 
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S. pombe origins of replication show preferred spatial positions within nucleus 

space, according to their efficiency of firing (Figure 5.4 C, D, E). Specifically, high 

efficiency origins are enriched in regions approaching the nuclear center and SPB (Figure 

5.4 C). By contrast, medium efficiency origins are enriched in regions that are central but 

approaching the nucleolus (Figure 5.4 D). Finally, low efficiency origins are enriched 

towards the nuclear periphery (Figure 5.4 E). Preferred spatial positioning of replication 

origins with similar firing efficiency indicates that spatial positioning of replications 

origins may influence firing efficiency. 

 

Figure 5.4 Origins of replication classified according the firing time and efficiency are 

compartmentalized within the S. pombe nucleus.  
 (A) Early firing origins of replication  (Heichinger et al., 2006) are located centrally in a region that is also enriched 

for the H3K4me  modification (Cam et al., 2005). (B) Late firing origins of replication (Heichinger et al., 2006) are 

located towards the periphery in the regions that overlap zones of H3K9me enrichment (Cam et al., 2005). (C) High 

efficiency origins of replication (Heichinger et al., 2006) exhibit a tendency to be concentrated towards the SPB and 

centre of the nucleus. (D) Medium efficiency origins (Heichinger et al., 2006) show a more diffuse and less central 

distribution being concentrated towards the nucleolus. (E) Low efficiency origins (Heichinger et al., 2006) are 
concentrated towards the nuclear periphery and SPB region. 

 Interactions between mitochondrial sequences and nuclear genes are enriched 

towards the centre of the nucleus 

I mapped the position of nDNA (Mt-nDNA interactions) and nuclear encoded Mt-

genes to the generated ensembles of S. pombe structures. I found that Mt-nDNA and 

nuclear encoded Mt-genes are enriched towards the centre of the nucleus and are depleted 

from nuclear periphery and SPB region (Figure 5.5 A, B). Furthermore, the Mt-nDNA 

interactions and nuclear encoded Mt-genes show 68% spatial overlap (Figure 5.5 C), 

which is consistent with Mt-nDNA interactions analyses in Saccharomyces cerevisiae 
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that indicated that such interactions occur with nuclear encoded genes of mitochondrial 

function (Rodley et al., 2009). 

I also observed that the enrichment region of the Mt-nDNA interactions overlapped 

with enrichment regions for H3K4me (Figure 5.5 E), early-firing (Figure 5.5 D) and high 

efficiency origins of replication (Figure 5.5 F). This is consistent with earlier observations 

that Mt-nDNA interactions are enriched at early-firing and high-efficiency origins of 

replication (Grand, Martienssen, et al., 2014).  

 

Figure 5.5 Mitochondrial - nuclear DNA interactions are enriched within the nuclear interior.  
(A) Interactions between mtDNA and nuclear loci (Grand, Martienssen, et al., 2014) occur preferentially within the 

central nuclear zone. (B) Nuclear encoded mitochondrial genes are enriched within the central nuclear zone (Grand, 

Martienssen, et al., 2014). The preferential positions of the mtDNA-nDNA interactions exhibit high levels of overlap 

with: (C) nuclear encoded mitochondrial genes; (D) H3K4me enrichment sites(Cam et al., 2005) ; (E) early firing 

origins of replication (Heichinger et al., 2006); and (F) high efficiency origins of replication (Heichinger et al., 
2006).  

 Binding sites for the Tf retrotransposon proteins Abp1 and Cbh1 are highly 

colocalized throughout the S. pombe G1 phase nucleus 

The Abp1 and Cbh1 Chip–Chip identified binding sites were mapped to the 

ensembles of S. pombe genome structures. Consistent with their role in the formation of 

a network, the Abp1 and Cbh1 display relatively wide distributions within the S. pombe 

nuclear space with a notable exclusion zone surrounding the SPB proximal area (Figure 
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5.6 A, B). However, their spatial enrichment regions are highly overlapped consistent 

with their roles in promoting the clustering of Tf bodies (Figure 5.6 D).  

 

Figure 5.6 Binding sites for the Tf retrotransposon proteins Abp1 and Cbh1 are highly colocalized 

throughout the S. pombe G1 phase nucleus. 
(A) Abp1 enrichment sites (Cam et al., 2008) are widely distributed throughout the central nucleus but not at the 

periphery or around the SPB. (B) Cbh1 enrichment sites (Cam et al., 2008) within the S. pombe G1 nucleus. (C) 

Abp1 and Cbh1 enrichment sites positions are highly overlapped along the linear chromosomes order. Venn diagram 

illustrating the degree of linear chromosomes overlaps between Abp1 and Cbh1 enrichment sites. (D) Abp1 and 

Cbh1 enrichment sites are highly colocalized within nuclear space. Venn diagram illustrating the degree of spatial 
overlaps between Abp1 and Cbh1 enrichment sites. 

5.3 Discussion 

Evidence is increasingly confirming that the nucleus is a highly organized structure 

(T. Cremer & Cremer, 2010; Fraser et al., 2009; Misteli, 2009; Rickman & Bickmore, 

2013). However, the molecular biology methods that have been used to interrogate 

nuclear structure, such as ChIP-chip and ChIP-seq, are restricted to the analysis of linear 

positions of binding sites along the chromosomes rather than spatial positioning within 

the nucleus. Similarly, microscopic studies are unable to resolve nuclear spatial 

organization at high levels of resolution (T. Cremer & Cremer, 2010). However, the 

spatial positions of loci can be inferred from the empirically informed polymer models. 

Here, I used 3D genome models of S. pombe to construct maps of the positions of 

epigenetic modifications; origins of replication; highly, lowly, and differentially 

regulated genes.  
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I have shown that the S. pombe genome is compartmentalized. The genes that are 

upregulated during the G1-S-G2 transition are preferentially positioned near the nuclear 

periphery. Interestingly, the preferred positions of these genes colocalizes with the 

preferred positions of H3K9me modifications (Figure 5.2, Figure 5.3) (Cam et al., 2005). 

Similarly, the high efficiency origins of replication spatially colocalize with active 

chromatin marks (H3K4me) (Figure 5.3, Figure 5.4). This result is consistent with 

observations that origins of replication associated with open chromatin are high efficiency 

and fire frequently within the cell population (Chagin et al., 2010). Moreover, the spatial 

colocalization of early-firing and high-efficiency origins of replication (Figure 5.5)  is 

consistent with recent experimental observations obtained using proximity ligation 

(R.Grand et al. 2014). Additionally, the dispersed positions of Abp1 binding sites is 

consistent with the ability of Abp1 to form a network within the nuclear space (Cam et 

al., 2008). Collectively my results provide a new framework within which to interrogate 

nuclear structure and function. 

The 3D maps of genetic elements that I generated represent a significant step 

towards the development of unified models for gene regulation, DNA repair and 

replication. I propose that this form of analysis enables the development of future 

experiments to directly address the hypothesis that epigenetic modifications play a role 

in the compartmentalization of nuclear space.  

5.4 Methods 

 Chromosome features, epigenetic and protein binding data 

Published datasets were mined for data on S. pombe’s epigenetic profile. 

Enrichment data was obtained for H3K9me, H3K4me (Cam et al., 2005), Abp1, and Cbh1 

(Cam et al., 2008). The positions, firing times, and efficiency of origins of replication was 

obtained from (Heichinger et al., 2006). The locations of mitochondrial-nuclear DNA 

interactions was obtained from (R. Grand et al. 2014). The subset of highly lowly and 

differentially regulated genes were obtained from (Grand, Pichugina, et al., 2014). 

Chromosome coordinates for earlier genome versions were converted to coordinates for 

the S. pombe reference using LiftOver (performed by William Schierding). 
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 Translation of experimental data onto the models 

The positions of genetic elements and ChIP-chip enrichment sites were converted 

from linear sequence coordinates into granule positions. To map the positions of genetic 

elements onto granules I used a binary system: granules which contain the element of 

interest were designated 1, while granules that do not contain the element of interest were 

designated 0. By contrast, to map the ChIP-chip enrichment data onto granules, the top 

5% of ChIP-chip enrichment peaks were extracted from 

http://pombe.nci.nih.gov/genome/rawdata.html .The value assigned to each granule was 

calculated as the number of extracted ChIP-chip peaks within the granule. This approach 

was adopted for the datasets where the ChIP-chip probes were 300 bp in length (Cam et 

al., 2005, 2008). So, the number of peaks within the granule represents the size of the 

enriched region within the granule.  

 Contour plot 

To highlight the localization pattern of the element of interest, contour plots were 

calculated based on relative density maps. Contour levels were plotted as the top 15% of 

signal of relative density maps.  

 Venn Diagrams 

5.4.4.1 Venn diagram illustrating the degree of linear overlap between elements of 

interest 

I use Venn diagrams to characterize the congruence of linear localization patterns 

on chromosomes between pair of elements of interest. Each element of interest is 

represented by a circle on the Venn diagram. The area of circle is proportional to the 

number of granules containing corresponding element of interest. The area of circles 

intersection is proportional to the number of granules containing both elements of interest. 

5.4.4.2 Venn diagram illustrating the degree of spatial overlap 

I also use Venn diagrams to characterize the congruence of spatial localization 

patterns on chromosomes between pair of elements of interest. Each element of interest 

is represented by a circle on the Venn diagram. The area of circle is proportional to the 

area enclosed inside the contour plot of corresponding element of interest. Since the total 

areas within contour plots are always equal to 15% of the total map, then sizes of all 

circles are equal to each other. The area of circles intersection is proportional to contours 

overlap area. 

http://pombe.nci.nih.gov/
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Chapter 6. Discussion 

Although DNA sequencing allows the identification of the linear positions of 

genetic elements (e.g. genes, promoters, enhancers etc.) along the chromosome (Goffeau 

et al., 1996; Venter et al., 2001; Wood et al., 2002), it is still unknown how a cell’s 

genome functions as a whole system in space and time. Such ambiguity results from the 

fact that current experimental methods (Dekker et al., 2013; Ferrai et al., 2010; Misteli, 

2007) are unable to empirically define, at high resolution, the spatial positions of all loci 

within the cell genome. To fill the gap in understanding genome structure, computational 

models have been constructed ( Duan et al. 2010; Gehlen et al. 2012; Tjong et al. 2012; 

Wong et al. 2012, Dekker, Marti-Renom, and Mirny 2013). In the present work I built 

experimentally informed polymer models for E. coli and S. pombe genomes. My models 

of chromosome folding combine experimental data with the tools of polymer physics to 

reconstruct 3D genome structures. 

The origin of chromosome contacts captured within bacterial nucleoids in 

synchronized, slow growing E. coli cells is an intriguing question, which may reveal how 

the 3D structure of nucleoid is arrived at. Using polymer models, I have tested if non-

specific packing of a confined circular polymer could reproduce the chromosome contacts 

captured in the experiment. Briefly, in the model the circular polymer was compressed 

within an experimentally defined confinement. By contrast to other suggested E.coli 

models (Fritsche et al., 2012; Jun & Mulder, 2006; Junier et al., 2014), my models do not 

restrain the positions of chromosomal loci within the cell, and provide an opportunity to 

estimate the impact of non-specific polymer compaction on the E. coli nucleoid structure. 

Specifically, my E. coli models explored two contrasting topology approaches to 

configure bacterial chromosome within the cell: knots-avoided and knots-permitted. The 

knot-avoided approach conserves the ring topology state by a specifically developed 

“knot preventing algorithm”. By contrast, the knots-permitted model explored 

chromosome structures that were not limited to the ring topology state and can be highly 

entangled. The comparison of chromosome contacts captured in the experiment with 

chromosome contacts derived from the knots-permitted and knots-avoided models lead 

to the following conclusions: 1) The high frequency of contacts between neighbouring 

genetic elements captured in the experiment is reproduced by my E. coli models; 2) 

genome elements separated by less than several kb in the experiment interact less 

frequently than predicted by the models. So, the experimentally captured interactions 
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within this range cannot be explained by non-specific chromosome packing. 3) At 

distances larger than approximately 30 kb the probability of interactions captured by GCC 

experiment behaves similarly to the knot-permitted model, providing evidence that the E. 

coli genome structure mixing is not suppressed by ring topological state. Collectively, 

these results argue that E. coli chromosomes are highly structured at the scales of several 

kb, while mixed at the scales starting approximately from 30 kb. 

The chromosome contacts captured within eukaryotic genome are important data 

source to unravel principles of spatial genome organization. In the present work I 

constructed the models of S. pombe genome to find the role of experimentally captured 

chromosomal interactions in the organization of S. pombe genome. Two hypothesis 

havebeen discussed in the literature (Gehlen et al., 2012; Tjong et al., 2012; Wong et al., 

2012): 1) Chromosome tethering to the nuclear landmarks (e.g. nuclear periphery and 

SPB) are sufficient for reproducing experimentally captured chromosome contacts. In 

other words, the chromosome contacts detected in conformation capture experiment may 

result from random chromosome encounters of tethered chromosomes (Tjong et al., 2012; 

Wong et al., 2012). 2) The chromosome contacts detected in the conformation capture 

experiment play role in chromosomes structuring within nucleus additionally to the 

tethering chromosomes to the nucleus landmark (SPB, nucleus membrane, nucleolus) 

(Gehlen et al., 2012). To test these hypotheses I built polymer models of  the S. pombe 

genome with different sets of restraints: in the constrained model, chromosomes were 

only tethered to the nuclear landmarks (SPB, nucleus membrane, nucleolus); in the 

interactions model, chromosomes were tethered to nuclear landmarks and subjected to 

the subset of the experimentally defined interactions (Grand, Pichugina, et al., 2014). 

Comparisons between the constrained and interactions models demonstrate that the 

inclusion of interactions on top of tethering restraints leads to chromosome rearrangement 

within the nuclear space. The comparisons of interaction profiles derived from the 

interactions model and captured experimentally (i.e. GCC) were highly correlated (Figure 

4.4, Figure 4.5); while the interactions profile derived from constrained models did not 

displayed correlation with experimental data (Figure 4.4, Figure 4.5). Additionally, the 

interactions model reproduced telomere clustering observed in the experiment (Grand, 

Pichugina, et al., 2014; Tanizawa et al., 2010), while constraint model did not reproduce 

telomeres clustering. As result, my polymer models of S. pombe genome provided 

evidence that chromosomal interactions captured by GCC were not reproduced by 

random chromosome encounters within the nuclear space and, therefore, must be caused 
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by specific chromosome interactions. Collectively these results reveal that chromosomal 

interactions captured by GCC in S. pombe cells play a structural role in S. pombe genome 

organization in agreement with hypothesis suggested by (Gehlen et al., 2012). 

The nuclear processes occur in the context of a highly structured nuclear space 

(Ferrai et al., 2010; Misteli, 2007; Tanizawa et al., 2010). Although, the positions of 

different genetic elements (e.g. genes, origins of replication and transposons) and 

epigenetic marks have been determined in terms of their linear order along the S. pombe 

chromosomes (Cam et al., 2005, 2008) it is still unknown how these elements are arranged 

in 3D space. Here, I used the ensembles S. pombe genome structures, generated from the 

interactions model of G1 phase nucleus, to construct the 3D maps of genes, epigenetic 

marks, and replication origins. My work has demonstrated that the S. pombe genome is 

highly compartmentalized according to the spatial positioning of particular epigenetic, 

protein and genetic elements. I found that highly transcribed genes are preferentially 

located toward the S. pombe nucleus interior. This is consistent with high colocalization 

of highly transcribed genes observed in conformation capture experiment (Grand, 

Pichugina, et al., 2014; Tanizawa et al., 2010). The S. pombe genome interactions model 

has shown spatial segregation of active epigenetic marks (H3K4me) towards nucleus 

interior and inactive (H3K9me) epigenetic marks towards nucleus periphery. This is 

consistent with the fundings that the nuclear periphery is often associated with gene 

repression regions in both mammals and yeast (Bickmore, 2013; Bühler & Gasser, 2009; 

Ferrai et al., 2010). The high efficiency origins of replication colocalized with preferred 

positions of H3K4me epigenetic modifications and highly transcribed genes. This result 

is consistent with observations that origins of replication associated with open chromatin 

are high efficiency and fire frequently within the cell population (Chagin et al., 2010). 

Collectively our results support the hypothesis that nuclear structure are functionally 

structured and compartmentalized. 

6.1 Unravelling E. coli genome organization through non-specific 

polymer models  

High contact frequencies between neighbouring genetic elements has been 

observed by conformation capture experiments as a prominent diagonal in the contact 

matrices of prokaryotic and eukaryotic genomes: E. coli, C. crescentus, S. cerevisiae, S. 

pombe, human, D. melanogaster (Cagliero et al., 2013; Duan et al., 2010; Grand, 

Pichugina, et al., 2014; Lieberman-Aiden et al., 2009; Sexton et al., 2012; Tanizawa et 
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al., 2010; Umbarger et al., 2011). The E. coli and S. pombe GCC data presented in 

(Cagliero et al., 2013; Grand, Pichugina, et al., 2014) show that the majority of the 

detected chromosomal interactions were separated by short distances (E. coli < 800 bp 

and S. pombe <50 kb). Moreover, the short distant interactions are largely conserved 

between the different conditions (Cagliero et al., 2013; Grand, Pichugina, et al., 2014). 

The high frequency of short distant contacts is reproduced by the polymer models of 

chromosome packing (Le, Imakaev, Mirny, & Laub, 2013; Tjong et al., 2012; Wong et 

al., 2012), similar to my observations of the knot-avoided and knot-permitted models. 

Therefore, the high contact frequencies between the neighbouring genetic elements are 

most likely due to the polymer-like nature of chromosomes.  

Conformation capture experiments have revealed that local chromosome folding 

varies between organisms. For instance, the genomes of prokaryotic organisms (e.g. E. 

coli and C. crescentus) are comparable in size (4.6 Mb and 4 Mb respectively), and are 

circular. However, the genome organization of captured chromosome interactions in the 

C. crescentus swarmer cell shows striking differences in the character of interactions 

between neighbouring genetic elements in comparison with E. coli chromosome 

interactions in synchronized, slow growing cells. Captured chromosomal contacts in C. 

crescentus revealed that fragments separated by up to 1 Mb maintain high frequencies of 

interactions in comparison with the rest of genome (Umbarger et al., 2011). By contrast, 

in the E. coli genome, high frequencies of interactions occur at distances approximately 

up to 10 kb (Figure 2.8). Interestingly, the non-specific polymer model, which conserves 

ring topology (knot-avoided model), predicted high frequency elements were separated 

by Mb scale distance (Figure 2.6, Figure 2.8) similar to that observed in the C. crescentus 

(Umbarger et al., 2011). The non-specific polymer model, which allows chain crossing 

during simulation (knot-permitted model), predicted that high frequency elements were 

separated by distances in the range approximately 100 kb, similar to observations in E. 

coli (Bowden, 2014). The non-specific polymer models argue that the E. coli genome 

structure highly mixed, while in C. crescentus genome mixing is suppressed. However, 

the difference in chromosome interactions may be attributed to differences in the 

experimental assays, the biology of the organisms, or the stages of growth at which the 

cells were assayed (Bowden, 2014; Umbarger et al., 2011). 

The local chromosome folding of the E. coli chromosomes I observed in my knot-

preventing and knots-avoiding models cannot explain E. coli chromosome interactions in 

synchronized, slow growing cells (Bowden, 2014). The genetic elements separated by 
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distances of up to 30 kb in the experiment interact less frequently than expected by knot-

preventing and knots-avoiding models. This suggests that the local organization of the E. 

coli genome is different from that of a randomly configured polymer compressed in 

experimentally defined confinement. 

Specific chromosome interactions may shape local bacterial genome structure. The 

E. coli GCC data (Cagliero et al., 2013) show that the majority of the detected 

chromosomal interactions were separated by short distances (E. coli < 800 bp) Beside the 

E. coli GCC experiment, strong intra nucleoid interactions were identified by analysing 

the positions of individual loci labelled by fluorescent tags (Wiggins et al., 2010). 

Additionally, an E. coli nucleoid force compression experiment has shown that the E. coli 

nucleoid behaves as a cross linked polymer (Pelletier et al., 2012). Nucleoid-associated 

proteins (NAPs) such as H-NS, Hu, Fis and IHF may be candidates for mediating 

chromosome interactions (W. Wang, Li, Chen, & Xie, 2011). In vitro NAPs exhibit 

properties of DNA bending, looping and bridging (Dame et al., 2005; Luijsterburg et al., 

2006). However, NAP binding sites did not cluster in chromosome contacts determined 

by conformation capture (Cagliero et al., 2013). Since specific interactions were not 

included in the E. coli genome models, they may explain the differences in local structure 

between the experimental data and the E. coli models. 

Supercoiling of the bacterial chromosome may also contribute to the differences in 

local structure between the experiment and the E. coli models. Interestingly, the 0-30 kb 

range is similar in size to the topological domains that have been identified in vivo (with 

mean value about 10 kb and approximately 500 domains per chromosome (Postow et al., 

2004). The topological domains represent topologically isolated loops, such that a DNA 

break within one loop would relax supercoiling only within this loop (Worcel et al., 1972). 

The DNA supercoiling is a form of torsion stress that results from DNA helix under 

winding or over winding in comparison with relaxed state. As a result  supercoiling 

generates plectonemic loops and branches, and as a consequence affects the frequency of 

interactions between chromosome elements (A Vologodskii & Cozzarelli, 1996; X. Wang 

et al., 2013). There is considerable evidence that supercoiling affects transcription (Ma et 

al., 2013), replication (Pang et al., 2005) and segregation (Champion & Higgins, 2007). 

Recently, the circular C. crescentus chromosome was modelled as a polymer comprising 

an array of plectonemes that represented topological domains (Le et al., 2013). The 

plectonemes size distribution and positions were selected as a best fit to the observed Hi- 

C contacts (Le et al., 2013). The average size of plectoneme was identified as 15 kb that 
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is within the 0-30 kb interval range identified in the present work. This suggests that 

supercoiling within local genome structure may have an important role in global genome 

organization. This needs to be tested by introducing supercoiling into knots-permitted and 

knots avoided models. 

The polymer models of E. coli chromosome presented in this work provided 

evidence that the E. coli genome is entangled within the bacterial cell. The probability of 

interactions captured in the experiment becomes independent from the separation distance 

at ranges more than 30 kb (Figure 2.8), similar to the knot-permitted models, which allow 

chain fragment to pass through each other during simulation. In the E. coli cells the 

passage of one fragment of the bacterial chromosome through another is possible as an 

action of Topo IV, which is ATP-driven enzyme (Champoux, 2001). The local action of 

Topo IV posed a puzzle: topology is a global property of circular chromosome, and thus 

cannot be recognized by enzymes that operate locally (Alexander Vologodskii & 

Rybenkov, 2009). Therefore, the topoisomerases cannot determine the effect of a 

particular chain passing event on the chromosome topology and the action of 

topoisomerases may lead to chromosome entanglement. However, in vitro experiments 

demonstrated that E. coli topoisomerase IV suppressed the knotting of 10 kb P4 DNA 

(Rybenkov et al., 1993). As a result, it was hypothesize that some local conformation of 

the entangled circular chain may appear more often that in non-entangled chain and 

topoisomerase can use it as a substrate (Alexander Vologodskii & Rybenkov, 2009; Yan, 

Magnasco, & Marko, 1999). It is possible, that processes such transcription and 

replication may introduce specific local changes that are used as a substrate for the Topo 

IV. However little is known about how Topo IV action is regulated in vivo and 

coordinated with replication and gene expression (X. Wang et al., 2013).  

 Future directions for modelling E. coli genome 

The inclusion of experimentally captured chromosome interactions to the bacterial 

genome models is a key future step towards unravelling E. coli nucleoid structure. The 

models with interactions will reveal how chromosome interactions change the 

chromosome packing on local and global levels. The recent fluorescence imaging of E. 

coli living cells has shown nucleoids form longitudinal substructures (Kleckner et al., 

2014). These longitudinal substructures are possibly formed by long range chromosome 

interactions that are highly variable from cell to cell in strength and position and, therefore 

they cannot be observed in conformation capture experiment as result of averaging across 
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the millions of cell. Therefore, to build a predictive model it is necessary to incorporate 

the chromosome interactions detected in a single cell experiment. However, single cell 

conformation capture experiments are still under development (Nagano et al., 2013) and 

have experimental drawbacks (O’Sullivan et al., 2013). Future progress in single cell 

conformation capture experiment will allow us to build bacterial genome models with 

defined subsets of interaction. These future models of the E. coli genome, coupled with 

fluorescence imaging of live E. coli cells, will have the power to elucidate how 

prokaryotic chromosome are organized. 

The addition of supercoiling to models is an additional future step towards 

developing more realistic models of the E. coli nucleoid. Models that incorporate 

supercoiling will help to elucidate the role of supercoiling in chromosome structure. At 

present the role(s) that supercoiling play in bacterial chromosome structure and function 

are not fully elucidated; little is known how the topological domains that represent 

topologically isolated loops are formed and preserved. The induction of torsional stress 

upon the circular polymer is the simplest possible model of supercoiling that will help to 

test how the local folding of the chromosome changes under torsional stress.  

6.2 The role of chromosome interactions in shaping fission yeast genome 

architecture 

The profile of chromosome interactions captured by conformation capture 

experiments allows the characterization of the 3D structure of eukaryotic genomes. 

However, the nature of the detected interactions remains unknown. Three possible 

mechanisms have long been considered to explain what captured interactions actually 

represent: 1) interacting fragments may be brought together in space as a result of 

chromosome tethering to the SPB, the nuclear membrane, or nucleolus (Gibcus & 

Dekker, 2013; Umbarger et al., 2011); 2) interactions may be formed as a result of random 

chromosomal collisions within the nuclear space (Tjong et al., 2012; Wong et al., 2012); 

or 3) interactions may be mediated by proteins or RNA and may have specific biologically 

functions (Cahyani et al., 2015; Sanyal et al., 2012). In the present work I used coarse-

grained polymer models of the S. pombe genome to test how the chromosome interactions 

that form within the S. pombe genome related to the spatial organization of transcription 

and the epigenome. 
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The global genome structure may be formed as a result of chromosome positioning 

by the mitotic machinery at the end of mitosis. Such chromosome positioning may be 

reflected in the Rabl conformation for chromosomes observed in interphase yeast cells 

(Funabiki et al., 1993; Grand, Pichugina, et al., 2014; Jin et al., 2000; Taddei et al., 2009; 

Tanizawa et al., 2010), where centromeres are colocalized with the spindle pole body 

(SPB), while telomeres are positioned at the nuclear periphery. However, the centromeric 

and telomeric loci occupy less than 1% of the yeast genome, and the positions of genome 

elements within the nucleus apart from centromeres and telomeres remains not fully 

elucidated. The 3D S. pombe genome models I built incorporated the Rabl conformation 

through the tethering to the nuclear landmarks (SPB, nucleus membrane, nucleolus). 

Importantly, apart from the tethering restraints, the chromosomes in the constrained 

model were randomly configured within the nuclear confinement. 

The constrained model of S. pombe genome, presented here, did not reproduce the 

chromosome contacts captured by the genome wide conformation capture experiment 

(Grand, Pichugina, et al., 2014). This indicates that random chromosome collisions 

between tethered chromosomes in in silico models do not explain experimentally 

captured chromosome interactions. By contrast, a subset of models of the S. cerevisiae 

genome demonstrated that random configurations of tethered chromosomes can 

reproduce captured chromosome interactions (Duan et al., 2010; Gehlen et al., 2012; 

Tjong et al., 2012; Wong et al., 2012). This discrepancy may be caused by the differences 

in genome partitioning into different numbers of chromosomes: 3 relatively large 

chromosomes in S. pombe and 16 relatively small chromosomes for S. cerevisiae  despite 

the genome sizes of S. pombe and S. cerevisiae being comparable (14Mb and 12Mp). The 

size and numbers of chromosomes plays an important role in genome structure and 

genome models show that the location of each chromosome depends on all the other 

chromosomes (Tjong et al., 2012). For S. cerevisiae due to the chromosomes tethering to 

the centromeres the small chromosomes occupied the zone near the SPB and while the 

longer chromosomes were excluded from the region immediately surrounding the SPB 

(Berger et al., 2008; Gehlen et al., 2012; Therizols et al., 2010; Tjong et al., 2012). As a 

result it leads to the chromosomes segregating into chromosome territories as observed 

in Tjong et.al 2012 and Gehlen et al., 2012 models. In S. pombe the three chromosomes 

are all similar lengths and cannot be segregated by this mechanism, therefore, the specific 

interactions may play a more prominent role in chromosome positioning within the 

nucleus.  



Chapter 6 

110 

 

Interestingly, S. pombe conformation capture experiments revealed a high 

frequency of contacts between telomeres of the same chromosome (Grand, Pichugina, et 

al., 2014; Tanizawa et al., 2010). In my work, the constrained models do not reproduce 

these association for either chromosome 1 or 2, and therefore, it may suggest that specific 

chromosomal interactions promote chromosome circularization. Chromosome 3 is 

excluded from consideration in this matter, because its telomeres are adjacent to the 

rDNA repeats and therefore restrained to the border of nucleolus in the constrained model. 

It remains possible that the circular chromosome organization plays a role in stabilizing 

the chromosome ends (Grand, Pichugina, et al., 2014; Tanizawa et al., 2010). Moreover, 

polymer models have shown that chromosome circularization may promote sister 

chromosome segregation (Jun & Mulder, 2006; Rosa & Everaers, 2008). Collectively 

these observations support the idea that specific interactions play important role in 

structuring the S. pombe genome. 

The interaction model was designed to improve the constrained model. In addition 

to the tethering restraints, the interactions model included a subset of experimentally 

determined interactions as restraints. The subset of interactions was determined to be 10% 

of the captured GCC interactions and were chosen in proportion to their detection 

frequency. Surprisingly, in comparison with the constrained model, the inclusion of a 

subset of captured interactions into the model lead to a striking chromosome 

rearrangement. The longest chromosome (Chr 1) moved to the periphery, while the 

smaller chromosomes (Chr 2 and 3) occupied the central part of the nucleus. The tendency 

for long chromosomes to occupy the nuclear periphery has been observed in metazoan 

genomes (M. Cremer et al., 2001). Interestingly, the models of non-specific packing of 

polymers chains within confinement showed the opposite result –i.e. longer chromosomes 

are repulsed from the periphery as a result of nonspecific entropic forces (Cook & 

Marenduzzo, 2009). Additionally, the interactions model reproduced the chromosome 

circularization and telomere clustering observed in the experiment and revealed that the 

chromosome arms contact each other several kb away from the chromosome ends. This 

supports the idea that chromosome circularization and telomere clustering have a 

functional role. For instance in the budding yeast telomere clustering influences the rate 

of chromosomes recombination and repair (Therizols et al., 2010). Thus, the interactions 

model I have presented here has provided evidence that specific chromosome interactions 

play an important role in genome organization. 
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6.3 S. pombe genome structure links to transcription and the epigenome 

There is a growing body of evidence that demonstrates that the nucleus is a highly 

organized structure (T. Cremer & Cremer, 2010; Fraser et al., 2009; Misteli, 2009; 

Rickman & Bickmore, 2013). However, current experimental methods (Dekker et al., 

2013; Ferrai et al., 2010; Misteli, 2007) are unable to empirically define, at high 

resolution, the spatial positions of all loci within the cell genome. For instance, the 

molecular biology methods, such as ChIP-chip and ChIP-seq, are restricted to the analysis 

of linear positions of binding sites along the chromosomes rather than spatial positioning 

within the nucleus (Cam et al., 2005, 2008). Similarly, microscopic studies are unable to 

resolve nuclear spatial organization at high levels of resolution (Berger et al., 2008; T. 

Cremer & Cremer, 2010). To overcome these experimental limitations, the spatial 

genome organization can be reconstructed by genome polymers models, where polymer 

chains, which represented chromosomes, are positioned within the nucleus according to 

experimentally inferred restraints (Gehlen et al., 2012; Grand, Pichugina, et al., 2014; 

Tjong et al., 2012; Wong et al., 2012). The restraint based models have the potential to 

reveal the spatial location of genomic elements and, as a result, to find interconnections 

between nuclear structure and function. In the present work I used 3D genome models of 

S. pombe to construct spatial maps of epigenetic modifications; origins of replication; 

highly, lowly, and differentially regulated genes.  

My models of the interphase S. pombe epigenome have several limitations that must 

be addressed. Firstly, the resolution of our models is limited to the granule size that was 

used (i.e. 3500 bp). Therefore, my models allow the unravelling of the model system 

structure on scales that are greater than the size of the individual granules. However, fine-

scale details (<3500 bp in the linear sequence) are eliminated. Therefore, my models are 

unable to resolve the inter-relationship between elements if they are separated by less than 

the granule size. Secondly, the present model incorporated chromosome contacts that 

were captured in a population of S. pombe cells synchronized in the G1 phase of the cell 

cycle (Grand, Pichugina, et al., 2014). However, the epigenetic and protein binding data 

is derived from non-synchronized populations of S. pombe cells (Cam et al., 2005, 2008). 

Despite this, the comparisons of the chromosomal connections that were captured in: 1) 

G1 and G2 phase in S. pombe cells (Grand, Pichugina, et al., 2014); and 2) early G1, late 

G1, and S phase in human cells (Naumova et al., 2013) indicated that the networks are 

highly correlated and change only slightly through these phases. Therefore, I contend that 

the epigenetic and protein data can be mapped on the S. pombe G1 phase model. However, 



Chapter 6 

112 

 

elucidation of the temporal profiles requires synchronized enrichment data and the 

incorporation of additional information (i.e. enzyme expression, enzyme localization 

data) into the models 

My S. pombe genome interactions model have shown that highly transcribed genes 

are preferentially located toward the S. pombe nucleus interior (Figure 5.2).This sub-

nuclear organization may be promoted by the fact that S. pombe genes that had high 

transcript levels throughout the cell cycle in conformation capture experiment were 

highly connected (Grand, Pichugina, et al., 2014; Tanizawa et al., 2010). Interestingly, 

the simple polymer model , where links between polymer chains represented 

transcriptionally active chromosomes and chromosomes were modelled as freely jointed 

circular chains placed within a small sphere, was sufficient to reproduce preferred 

location of transcriptionally active chromosome sites to the centre of the nucleus (Dorier 

& Stasiak, 2010). This suggests that the high number of connection of highly transcribed 

genes may have a positioning effect. Since it has been long hypothesized that cellular 

gene transcription are mainly associated with transcription factories (Papantonis & Cook, 

2013; Sutherland & Bickmore, 2009), the spatial distribution of the highly transcribed 

genes may reflect the spatial positions of transcription factories. The model results 

support the hypothesis that transcription factories colocalized, to promote efficient 

transcription and regulation (Papantonis & Cook, 2013; Sutherland & Bickmore, 2009). 

Epigenetic marks demarcate the genome into distinct structural and functional 

domains and are thought to play a fundamental role in genome organization (Cam et al., 

2005). Consistent with apparent segregation at the level of the linear sequence (Cam et 

al., 2005), the interactions model of the S. pombe genome revealed spatial segregation of 

active (H3K4me) towards nucleus interior and inactive (H3K9me) epigenetic marks 

towards nucleus periphery. The enrichment of inactive marks at the nucleus periphery are 

consistent with findings that the nuclear periphery is often associated with gene repression 

regions in both mammals and yeast (Bickmore, 2013; Bühler & Gasser, 2009; Ferrai et 

al., 2010), although some exception exist (Ferrai et al., 2010). For instance, my present 

model has shown that the H3K9me enriched region overlaps with a region of genes that 

are deferentially expressed during the G1-S-G2 transition (Grand, Pichugina, et al., 2014). 

This might suggest that gene positioning at the nuclear periphery is associated with 

transcriptional memories and the rapid re-initiation of transcription that has been 

previously observed in S. cerevisiae (Brickner, 2009; Tan-Wong, Wijayatilake, & 

Proudfoot, 2009). The formation of repressive peripheral zones within the yeast nucleus 
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may be promoted by the positioning of telomeres at the nuclear periphery (Bühler & 

Gasser, 2009). Telomere positioning at the nucleus periphery constrains the freedom of 

the sub-telomeric motion compared to the rest of genome. Such positioning has important 

consequences, for example, it creates a protective heterochromatic shell at the nucleus 

periphery, and forms part of a mechanism for gene regulation that works by moving genes 

in and out of the inactive heterochromatin zone (Bickmore, 2013; Ferrai et al., 2010).  

Eukaryotic DNA replication is initiated from multiple origins of replication. 

According to their time of firing in the S phase, S. pombe origins of replication can be 

classified as early or late-firing (Grand, Pichugina, et al., 2014; Heichinger et al., 2006). 

The spatial position of replication origins, derived from the S. pombe genome model, 

revealed that early firing origins were enriched towards the nuclear centre, while late 

firing origins were enriched at the nuclear periphery. A similar distribution has been 

observed for early and late origins of replication in mouse embryonic stem cells (Pope et 

al., 2014). These findings are consistent with previous observations that early and late 

replication origins correlate, respectively, with active and inactive chromosome 

compartments (Chagin et al., 2010). This supports the ‘replication-domain model’ 

proposed in (Pope et al., 2014), where DNA synthesis begins at the nuclear interior, at 

the transcription permissive regions, and gradually shifts to the transcriptionally 

repressive nuclear periphery.  

The spatial segregation of epigenetics marks, highly transcription genes and 

replication origins are consistent with the hypothesis that spatial position of elements are 

linked to nuclear functions and show that different genomic processes are spatially 

interlinked. 

6.4 Future directions 

The coarse-grained polymer models provide a unique opportunity to investigate the 

genome’s structure-function relationship. Future developments in computational 

resources will enable an increase in model resolution and the investigation of the 

behaviour of complex model system in time and multidimensional parameters space. 

Additionally, the predictive power of the models will increase with the increasing 

resolution of the experimental techniques that are used to inform them. Below, are what 

I consider to be the main areas for the applications of models to genome organization: 
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1)  Nuclear architecture can be altered in diseases. The mutation of integral 

proteins within the nuclear envelope is linked to a group of rare genetic 

disorders called nuclear envelopathies. These envelopathies may lead to 

chromosome repositioning as previously observed in fibroblast cells (reviewed 

Ferrai et al. 2010). Similarly, altered chromosome positioning has been 

associated with numerous types of cancer e.g. chronic leukaemia, melanoma, 

cervix carcinoma, colon carcinoma, and Hodgkin-derived cell line (reviewed 

Ferrai et al. 2010). Genome modelling could reconstruct alterations in genome 

organization that were induced by chromosome repositioning and could guide 

the development of new hypotheses and therapies for the treatment of these 

disorders. 

 

2) The identification of evolutionary conserved patterns in genome structure 

organization. The spatial patterns of genome organization, as they relate to 

genome function, might have been conserved over the course of evolution. 

Indeed, if the genome organization affects genome function, then changes in 

genome organization must be under evolutionary selection. Therefore, essential 

patterns for genome structure could remain conserved over the course of 

evolution. For instance, morphologically distinct nuclear sub-domains, such as 

chromosome territories, condensed heterochromatin,  transcription factories 

and the nucleolus are candidates for such patterns of conservation  (Bickmore, 

2013; T. Cremer & Cremer, 2010; Ferrai et al., 2010; Horowitz-Scherer & 

Woodcock, 2006; Papantonis & Cook, 2013). Less obvious conserved structural 

features could be revealed by coupling experimental and modelling approaches 

to investigate genome organization. Ultimately, it is possible that the results of 

these integrated investigations will outline the general principles of genome 

organization, regulation and improve our understanding of the processes that 

are involved in shaping genome structure. 

 

3) Nuclear architecture during early development. Nuclear architecture undergoes 

major changes during the early stages of development that have been observed 

by studies of pre implantation embryos from different mammalian species 

(reviewed Cremer and Zakhartchenko 2011). These studies have indicated that 

nuclear architecture provides an additional level of regulation that might 

accompany the epigenetic changes, histone modifications and chromatin 
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remodelling. Therefore, the integration of experimental and model approaches 

to investigate 3D genome organization during development will advance our 

understanding of how a totipotent cell (i.e. the fertilised egg) develops into a 

full organism. 

6.5 Final remarks 

To conclude, I have built experimentally informed polymer models for the E. coli 

and S. pombe genomes. The analysis of these models has shown that chromosome 

contacts captured in conformation capture experiments are not fully reproduced by 

random encounters of chromosomes within confined spaces. This finding demonstrates 

that captured chromosomal contacts play a structural role in genome organization. I used 

S. pombe genome model to construct 3D maps of epigenetic modifications; origins of 

replication; highly, lowly, and differentially regulated genes. The spatial maps have 

shown that the S. pombe genome is spatially compartmentalized.  
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Abstract: 

Genomes have evolved as three dimensional structures to fulfill a variety of functions 

throughout the cell cycle, such as chromosomal replication and epigenetic silencing. In 

order to interrogate the 3D spatial organization of the epigenome in the cell cycle, we 

projected datasets derived by chromatin immunprecipitation onto polymer models of the 

Schizosaccharomyces pombe genome. We found that euchromatin and heterochromatin 

are separated within nuclear space, except in proximity to the spindle pole body, while 

origins of replication are spatially separated according to firing time and frequency. 

Surprisingly, deletion of the histone methyltransferase Clr4 has little effect on the global 

organization of heterochomatin and euchromatin, although it does have reciprocal effects 

on the localization of early and late firing replication origins Our results suggest that 

global genome organization is robust to epigenetic changes and depends primarily on 

constraints within the linear sequence of the DNA. Our global genome structure models 

will enable us to determine how genome structure and regulatory networks are 

contrained and conserved through evolution. 

 

One Sentence Summary: The three dimensional analysis of genome organization 

identifies spatial segregation of loci according to epigenetic and functional criteria.  

mailto:justin.osullivan@auckland.ac.nz
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Main Text:  

 

Post-translational histone modifications and non-coding RNAs work in 

combination with nuclear proteins and the genome to regulate the epigenome.  The 

locations of proteins and epigenetic marks on the chromosomal DNA sequence are 

believed to demarcate the eukaryotic genome into distinct structural and functional 

domains that contribute to gene regulation and genome organization (1–6). However, how 

these proteins and epigenetic marks are organized in three dimensions remains unknown. 

Recent advances in proximity-ligation methodologies (e.g. (7)) and high resolution 

microscopy have begun to expand our understanding of these spatial relationships, but 

molecular and microscopic methods are realistically only capable of integrating high-

resolution data for small numbers of DNA binding proteins and histone modifications. 

Here we use polymer models to examine the spatial organization of epigenetic marks, 

euchromatin and heterochromatin, and origins of replication within the 

Schizosaccharomyces pombe genome. These models incorporate data from microscopic 

and proximity-ligation experiments that inform on the positions of certain elements and 

contacts within and between chromosomes. Our results show a striking degree of 

compartmentalization of epigenetic and genomic features, and provide a platform for 

integrating spatial information into our understanding of gene regulation and replication.  

Proximity ligation methods have revealed colocalisation of unlinked loci within a 

genome, but require three-dimensional models to describe the spatial organization of the 

epigenome. Our approach is to use coarse-grained polymer models of the chromosomes 

that are integrated with empirical measures of genome organization (Fig. 1). We 

generated a population of 1000 independent 3D structures of the Schizosaccharomyces 

pombe genome using a coarse-grained polymer model that incorporates: the DNA 

flexibility; the locations of centromeres and telomeres within the nucleus; and 

chromosomal contacts that were captured by proximity ligation in S. pombe cells that 

were synchronized (i.e. G1 and G2 phases (8, 9)), unsynchronized (i.e. wild-type or 

lacking the Clr4 methyltransferease (Δclr4)) (9). The procedure used to generate these 

models accounts for the probabilistic components within the proximity-ligation methods 

that were used to capture the chromosomal connections (methods). The modeled 

structures were validated by comparing the distributions of distances between the spindle 

pole body and five loci (i.e. Ade3, His2, Ade6, Lys1, and Ade8) calculated from our 

synchronized G1 and G2 phase models with in vivo microscopic measurements (fig. S1 

& S2). The overlap between the distributions was in general very good, and better for the 
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G2 phase data (compare fig. S1 & S2 Ade8). This is consistent with the microscopic 

measurements being made on unsynchronized cells and reflects the fact that S. pombe 

only has a short G1 phase and spends ~70% of the time in the G2 phase of the cell cycle.    

We determined the spatial positioning of methylated histone H3 Lysine 4 

(H3K4me2) (euchromatin) and histone H3 Lysine 9 (H3K9me2) (heterochromatin) 

within the S. pombe nucleus (Fig. 1A-C and E). Linear positions of the H3K4me2 and 

H3K9me2 epigenetic marks were determined by ChIP-chip (chromatin 

immunoprecipitation microarrays) (1) and projected onto our ensembles of S. pombe 

genome structures. The 3D localization density of H3K4me2 or H3K9me2 reveals spatial 

separation of euchromatin and heterochromatin (Fig. 1C and 1E). Heterochromatic loci 

are enriched at the nuclear periphery while euchromatin is enriched towards the center of 

the nucleus. Incorporation of biological restraints in the modeling procedure significantly 

alters the spatial distributions of these loci, however, indicating that nuclear confinement 

(i.e. random model, Fig. 1C and E) is insufficient for euchromatin and heterochromatin 

segregation and emphasizing the importance of including the chromosome contact data 

in the modeling procedure. By contrast, the growth medium only had minor effects on 

these spatial distributions (fig. S3). Interestingly, we observed a degree of spatial overlap 

of euchromatic and heterochromatic loci within our models, in that co-enrichment of both 

euchromatic and heterochromatic marks was observed in the vicinity of the spindle pole 

body (SPB) and coincided with centromere proximal chromosome sequences (Fig. 1C 

and E, fig. S4). The significance of this spatial overlap remains to be determined however 

it is possible that it represents a novel combinatorial aspect of epigenetic control that 

requires the simultaneous or consecutive presence of these marks that were previously 

considered mutually exclusive (1).  

 Argonaute (Ago1), chromodomain protein (Chp1), RNA-dependent RNA 

polymerase (Rdp1), and the HP1 heterochromatin protein homologue (Swi6) contribute 

to the formation and maintenance of S. pombe heterochromatin (reviewed in (10, 11)). In 

agreement with previous chromatin immunoprecipitation studies, our models show that 

loci bound by these proteins colocalize in the heterochromatic perinuclear region (Fig 1D; 

> 90% coincidence, fig. S5). The population level distribution of loci bound by Swi6 is 

consistent with microscopic observations that show foci in a peripheral location (12), 

albeit no one cell has Swi6 foci spread across the entire enriched region. Crucially, the 

observed overlap with the heterochromatic (H3K9me2) increased compared to the 

overlap in the linear sequence and was specific for H3K9me2 modified loci (fig. S5). By 
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contrast, the CENP-B homologues, Abp1 and Cbh1, which bind and silence 

retrotransposons (6), did not show increased spatial colocalization in our models (fig. S6). 

The observed spatial positioning, segregation and co-localization of the different genomic 

features in our contact-restrained model genome structures demonstrates that models of 

3D genome structure that are constrained by DNA flexibility and centromere, telomere, 

and nucleolar positioning, coupled with experimentally-derived chromosomal interaction 

data, can recreate biological spatial positioning.  

Next we looked at the spatial distribution of replication origins. S. pombe origins of 

replication can be classified as  early- or late-firing according to their time of firing in the 

S phase of the cell cycle; and high, medium, or low efficiency according to their frequency 

of use within a population of cells (13, 14). There was clear spatial segregation of origins 

of replication according to their firing times (Fig 2A); early-firing origins overlap regions 

enriched for euchromatic loci, except for a cluster at the SPB that is consistent with the 

early S phase firing of pericentromeric origins of replication (compare Fig. 2A and 1E). 

Crucially, it should be noted that the region surrounding the SPB is unique and exhibits 

co-enrichment of both euchromatic and heterochromatic marks. By contrast, late-firing 

origins are located towards the nuclear periphery and nucleolar boundary in regions that 

are enriched for heterochromatic loci (Figs. 2A, 1C & D).  The prominent spatial 

colocalization of Abp1 and Cbh1 with the euchromatin (Fig 3) and  early firing origins of 

replication is consistant with their role in retrotransposon silencing, co-localization (1, 6), 

replication (15) and replication fork restart (16). Origins of replication also colocalized in 

groups according to their firing efficiencies with high efficiently origins, that fire more 

frequently within a population, being enriched in regions around the nuclear center and 

SPB (Fig. 2B). By contrast, medium efficiency origins, which fire once every five cell 

cycles, are preferentially located towards the nucleolus along the SPB-nucleolar axis (Fig. 

2B). Finally, low efficiency origins, which fire once every 10-20 cell cycles, were located 

towards the nuclear periphery in regions enriched for heterochromatic loci (Fig. 2B and 

1D). Again it should be noted that there is clear overlap of high, low and medium 

efficiency origins in the vicinity of the SPB. Collectively, our results are consistent with 

the existence of distinct heterochromatin enivironments that make distinct and separable 

contributions to affect origin firing and efficiency (17–19).  
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The striking spatial segregation of euchromatic and heterochromatic loci in our 

models suggests that epigenetic modifications may have a causal role in the organization 

of 3D nuclear architecture. Clr4 is the only histone H3K9 methyltransferase in S. pombe 

and is considered to be essential for heterochromatin formation (1). Therefore, by 

comparing the positions of loci that were shown to be heterochromatic and euchromatic 

in wild-type S. pombe cells within the WT and ∆clr4 genome models, we were able to 

monitor the effect of a loss of H3K9me2 on global genome structure. Surprisingly, in the 

Δclr4 models there were only minor differences in the spatial distribution of loci that were 

decorated with heterochromatic and euchromatic histone marks in wild type cells (Fig. 

4A). However, there were considerable alterations to the spatial positioning of the mating-

type (mat) locus (fig. S7) and origins of replication (Fig. 4B-F). Crucially, while the 

positional shifts for the mat locus appear random, there was a clear reciprocity in the shifts 

of the early and late origins (Fig. 4B) and the high and low efficiency (Fig. 4C) origins of 

replication consistent with defects in the firing of early origins of replication in Clr4 

mutants (16). However, it was clear that some origins of replication contributed more 

than others to the observed pattern of changes in density (Fig. 4E & F, tables S2 & 3). 

For example, not all late firing origins move towards the nuclear centre following deletion 

of Clr4, consistent with our finding that grobal structure is not significantly affected by 

deletion of Clr4 (Fig. 4D). High efficiency origins of replilcation on chromosome 3 and 

surrounding the centromeres of chromsomes 1 and 2 tended to move out from the nuclear 

interior following deletion of Clr4 (Fig. 4E). Low efficiency origins of replication that 

migrated into the nuclear interior tended to have more telomereic positions on the 

chromosomes (Fig. 4F). The observed changes to the spatial positions of the mat locus 

and replication origins reflect the stable deletion of Clr4 and not the loss of cell 

synchronization (fig. S7 & S8). Our data are consistent with Clr4 having a role in global 

replication timing (20) in addition to its known role in replication timing at 

pericentromeric regions (21). Such a role might be mediated through interactions between 

Clr4 and the RNA polymerase II machinery acting to coordinate replication and 

transcription (16). Irrespective of this, our results indicate that the structuring of the 

pericentromeric and telomeric heterochromatin occurs independently of H3K9me2, but 

that positioning of specific loci and origins of replication is dependent upon 

thmodification histone H3K9 methyltransferase.  
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The heterogeneous distribution of DNA associated proteins and epigenetic marks 

we observed in our models is consistent with DNA as a major limiting factor for the 

macromolecular crowded nuclear environment (22–24). Moreover,  the nuclear 

compartmentalization we observed is not simply explained by random collision and site 

specific, stoichiometric interactions of reaction partners (25). Rather the chromosome 

organization depends upon the linear sequence of the chromosomes and the positioning 

of the centromeres, telomeres, and nucleolus which are under evolutionary selection to 

contribute to the global organization of the nucleus (26–28). However, the specific 

positions of origins of replication, the mating-type locus, and other as yet undetermined 

loci, within the global architecture, are affected by epigenetic modifications including 

those catalyzed by the Clr4 methyltransferase.  

It remains to be determined how the spatial organization of the epigenome alters 

through time. However, the spatial separation of epigenetic modifications and protein 

binding profiles in our models is both highly reproducible (e.g. G1 phase synchronized 

cells in different growth media) and perturbable (e.g. the shift in mat locus and origin 

positioning in the ∆clr4 mutants).  
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Figures 

 
Fig. 1. Euchromatin and heterochromatin are compartmentalized within the G1 phase S. pombe interphase 

nucleus. A  An ensemble of genome models was generated by polymer modeling (8) and chromosomal coordinates 

were identified in ChIP-chip datasets enriched for histone modifications or proteins (methods). Genome structures: 

Red, chromosome 1; blue, chromosome 2; and green, chromosome 3. Epigenetic data: X axis, position on the 

chromosome (base pairs); y axis, relative enrichment of H3K9me2. B Chromosome coordinates for modifications were 

mapped onto the 3D models. Localization patterns were identified by projecting the relative density of the elements 

across the entire ensemble of structures onto a plane. Heterochromatic loci enriched for the H3K9me2 were 

preferentially localized at the nuclear periphery in G1 synchronized S. pombe cells (8). C The incorporation of 

biological restraints into the contact-restrained models caused as significant alteration to the spatial distribution of 

heterochromatic loci, when compared to random models. Contour maps highlighting the top 15% of relative density 

signal are presented for G1 phase nuclear models restrained by connections captured in cells grown in defined media. 

D The population level distribution of loci bound by Swi6 shows a preference for the nuclear periphery and about the 

SPB consistent with its known roles in RNAi and heterochromatin formation. E Actively transcribed euchromatin 
(H3K4me2) was centrally localized in G1 phase nuclear models.  
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Fig. 2. Replication origins are separated within the S. pombe nucleus.  Contour maps of the early and late firing 

replication origins (13) were prepared as described in Fig. 1. A Early firing origins were central and late firing 

replication origins were located towards the periphery. Late firing origins were more centrally located in models derived 

from cells grown on undefined media (9). B High efficiency origins fire in most cell cycles (13) and are preferentially 

located toward the nuclear center and about the SPB. By contrast, low and medium efficiency origins (13) are localized 

towards the nuclear periphery and nucleolar boundary, respectively. Low efficiency origins are more centrally located 
in cells grown in undefined media. 
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Fig 3. Abp1 and Cbh1 binding sites spatially overlap the H3K4me2 modification. The relative density of loci bound 

by Abp1 and Cbh1 (6) was determined for the ensembles of random and contact-restrained genome models as described 

in Fig. 1. Models incorporated chromosomal contacts that were captured by proximity ligation in: G1, temperature 

sensitive cdc10 mutant S. pombe cells that were synchronized following growth in defined (EMM 2; (8)) or undefined 

medium (rich; (9)); asynchronous WT and Δclr4 mutant (S. pombe SPK567) cells grown in undefined medium (9). 

Numbers represent the percentage overlap for each set. The percentage overlap of loci bound by Abp1 or Cbh1 and 

loci modified by H3K9me2 or H3K4me2 (1, 6) were determined (methods) and plotted as Venn diagrams. The spatial 

colocalization of loci bound by the Abp1 or Cbh1 and H3K4me-modified loci is significantly greater than the linear 
clustering for all models. 
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Fig. 4. Deletion of the S. pombe histone methyltransferase (Clr4) altered the positioning of the origins of 

replication without affecting global distribution of the euchromatic and heterochromatic loci. A Contour maps 

revealed that loci that were decorated with eu- (H3K4me2) and heterochromatin (H3K9me2) marks in the WT cells do 

not significantly shift their positions in cells lacking the Clr4 histone methyltransferase. WT, wild-type; ∆clr4, Clr4 

mutant. B Relative density plots (% change per pixel) identified Clr4 dependent rearrangements in the positioning of 

early and late firing origins, which became more peripheral and central, respectively. C Similarly, deletion of Clr4 

resulted in the high and low efficiency origins moving towards the periphery and center of the nucleus, respectively. D 

Not all late firing origins move towards the nuclear centre following deletion of Clr4. The relative contribution that 

each late firing origin made to the density change within the highlighted region was determined (methods). The grey 

line represents the % density change that each granule within the S. pombe genome model contributed to the highlighted 

region. Blue circles denote the origin positions under test. E High efficiency origins of replilcation on chromosome 3 

and surrounding the centromeres of chromsomes 1 and 2 tended to move out from the nuclear interior following deletion 

of Clr4. F Low efficiency origins of replication that migrated into the nuclear interior tended to have more telomereic 

positions on the chromosomes. Relative contributions in E and F were determined as in D. Chr 1, Chromosome 1; Chr 

2, chromosome 2; Chr3, chromosome 3; cen, centromere; bp x 106, position within the concatenated S. pombe genome 

(Chr1,2,3).
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Supplementary Materials: 

Materials and Methods 

Figures S1-S8 

Table S1 

 

Materials and Methods: 

Chromosome contact data. Chromosome contact data was obtained from (8). 

Briefly S. pombe MY291 (h- lue1 cdc10-129) cells were synchronized by temperature 

shift and the chromosomal contacts captured using genome conformation capture (GCC) 

(8, 14). GCC networks were constructed from 50 bp paired-end Illumina Genome 

Analyser sequence reads using the Topography suite v1.19 (8).  

Chromosome features, epigenetic and protein binding sites. Published ChIP-chip 

studies were mined to obtain ChIP enrichment data for H3K9me2, Ago1, Swi6, Chp1, 

Rdp1, H3K4me2 (1), Abp1, and Cbh1 (6). The chromosomal locations, firing times, and 

efficiency of origins of replication were obtained from (13).  

Chromosome coordinates for earlier genome versions were converted to 

coordinates for the S. pombe reference genome (Supplemental file 1) using LiftOver (29). 

To LiftOver coordinates from the various genomes to our reference, chain files were 

created as described (http://genome.ucsc.edu/admin/git.html and (29)).  Briefly, fasta files 

from each different reference were compared with BLAT to align similar sequences from 

each chromosome and create a LiftOver chain file. This file then was used as input into 

LiftOver to change coordinates from the earlier genome reference to the one used for this 

analysis. 40623 out of 41173 locations could be remapped, with 550 locations of 

methylation lost due to the change in reference. 

Strain construction and growth media.  

The strains used in this study are listed in Table S1. KM023 was created by mating 

between FY15592 and FY14816. KM026 was created by mating between FY15591 and 

FY14816. KM025 was created by transformation of FY15550 with the sid4::sid4-GFP-

HA-Kanr fragment, which was PCR amplified from strain FY14816 using the following 

primers: ATGACGGGTCTACAGCCCC and CATGGGCTGAAAAGATATAATG.  

 

http://genome.ucsc.edu/admin/git.html
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Cells were grown in YEA medium (0.5% yeast extract, 3% glucose, and 40 µg/mL 

adenine) at 30 C.  

Microscopy. Microscopic images of asynchronous cells were obtained using an 

iXon3 897 EMCCD camera (Andor) connected to Yokokawa CSU-W1 spinning-disc 

scan head (Yokokawa Electric Corporation) and an OlympusIX83 microscope (Olympus) 

with an UPlanSApo 100× NA 1.4 objective lens (Olympus). Pictures were captured and 

analyzed using MetaMorph Software (Molecular Devices). Optical section data (41 focal 

planes with 0.2µm spacing every 30 sec.) were collected. Time-lapse sequences were 

deconvolved using Huygens image analysis software (Scientific Volume Imaging). A 

glass-bottom dish (Iwaki) was coated with 5 mg/mL lectin from Bandeiraea simplicifolia 

BS-I (Sigma). 

Quantitative analyses of the distance between SPB and LacO-labeled genomic loci. 

Microscope images of the interphase cells were used to examine the distance between 

SPB and LacO-labeled genomic loci. Deconvolved time lapse sequences for each locus 

were analyzed using the IMARIS software (Bitplane). The center of the fluorescent focus 

was tracked over 30 minutes at 30 second intervals for each strain. In order to remove the 

movement of the nucleus, the distance between SPB and LacO-labeled genomic loci was 

calculated. The distribution of the distance was obtained using the following number of 

data points: n=530 for lys1, n=2877 for ade6, n=3595 for his2, n=2913 for cut3, n=2645 

for ade3, n=2507 for ade8, n=2249 for sod2.  

Coarse-grained polymer modeling.  

G1 phase S. pombe chromosomes were modeled as worm-like polymer chains 

confined to lie within the nuclear space, excluded from the nucleolus, and subjected to 

both tethering restraints (i.e. centromere and telomere positioning) and inter- and 

intrachromosomal interaction restraints derived from synchronized S. pombe MY291 

cells (8, 9). 

The genome was represented by 3583 granules, each of 30 nm diameter and 

representing 3.5 kb of DNA. Granules were strung together into three separate polymer 

chains, representing chromosomes 1, 2 and 3; overlaps were forbidden to reproduce the 

excluded volume of the chromosomes.  

 



   

158 

 

Chromosome configurations  were subjected to spatial constraints governing the 

nuclear size and exlusion from the nucleolus (30). Biological constraints restricting 

telomere (31) and nucleolar positioning, and centromere colocalization with the spindle 

pole body (SPB) (31–33) were based on microscopic observations. Random model 

genome structures incorporated only nuclear confinement and no other biological 

restraints. 

The contact-restrained S.pombe genome models also included captured non-

adjacent interactions from the GCC (8) and Hi-C data (9). GCC and Hi-C captures the 

chromosomal connections that are occurring within a population of  cells (8, 34, 35). As 

such, it is impossible to determine which chromosomal connections are occurring within 

the single cell. Therefore, each structure generated for the interactions model used a 

subset of the captured interactions that was randomly selected with a probability 

proportional to their detection frequency. Thus, connections that occur more frequently 

within the population are more likely to be captured by GCC and HI-C , and incorporated 

into the models as attractive forces (8). However, every captured interaction was present 

in at least one model in the ensemble.  

To be able to compare between the ensembles of structures generated for the 

different data sets, the mean radius of gyration of the modeled genome structure was fixed 

to half the nuclear radius (650nm). The size of the subset of interactions (8, 9) used in the 

modeling procedure was chosen as the number of interactions that reproduced the chosen 

radius of gyration. The subset size for interactions obtained in GCC experiments (8) was 

equal to 10% of the total interactions set. The subset size for interactions obtained in Hi-

C (9) experiments was in the range (7.7x10-3%, 1x10-2%) of the total interactions set. 

Thus, we overcame differences in the underlying methods that were used to capture the 

chromosomal contacts (8, 9). 

Chromosomes structures for the random and interactions models were optimized 

using a Monte-Carlo approach (8). An ensemble of 1000 independently optimized 

genome structures was generated for each model. Each ensemble of structures represents 

a spectrum of possible genome configurations within the cell population. 

Translation of experimental data onto the models. The positions of genetic elements 

and ChIP-chip enrichment sites were converted from linear sequence coordinates into 

granule positions. Since each granule represents 3.5kb of sequence, several genetic 

elements or enrichment sites could be incorporated into a single granule. A binary system 
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was used to map the positions of genetic elements (e.g. origins of replication) onto 

granules. Thus, if the genetic element of interest were present the granule it was 

designated 1, while granules that do not contain the element of interest were designated 

0. 

The inclusion of low enrichment sites from the ChIP-seq and ChiP-chip data may 

hide patterns of preferential associations for histone or protein enrichments within the 

nuclear space. This reflects a central challenge in the analysis of ChIP-seq and ChIP-ChIP 

data: how are biologically meaningful sites differentiated from statistically significant 

sites (36)? Moreover, the resolution of our model is limited to 3583 granules, each 

representing 3500 bp of DNA. Thus including all the identified binding sites for any one 

modification results in a loss of ability to discriminate discrete zones of enrichment, as 

too many granules become labelled. Therefore, we limited our analysis to the top 5% of 

ChIP signals which were extracted from http://pombe.nci.nih.gov/genome/rawdata.html 

and selected for mapping onto the granules. The enrichment value assigned to each 

granule was calculated as the number of ChIP-chip peaks within the granule. This 

approach was adopted for the datasets where the ChIP-chip probes were 300 bp in length 

(1, 6). In this instance, the number of peaks within the granule represents the size of the 

enriched region within the granule.  

 Relative density maps. Relative density maps were calculated to assess the 

preferred positions of different elements across the nucleus (8). These maps show the 

average value of signal per granule at the given point within the nucleus, averaged across 

an ensemble of structures.  

Since G1 phase S. pombe nuclei can display rotational symmetry with respect to the 

SPB-nucleolus axis, the 3D structure was projected onto a 2D map to facilitate 

visualization (8, 28, 37). Once mapped onto the 2D plane, we calculated the density of 

these points across the nuclear space using a 266 x 266 pixel rectangular grid where:  

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
Frequency(𝑧pixel, 𝑟pixel)

𝜋∆𝑧 ((𝑟𝑝𝑖𝑥𝑒𝑙  +  ∆𝑟)
2
− 𝑟𝑝𝑖𝑥𝑒𝑙 2)

 

Frequency(𝑧pixelz, 𝑟pixel)

=
1

𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠
∑ ∑

𝑤𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠

2𝜋𝜎2
𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠

𝑒𝑥𝑝 (−
(𝑧pixel − 𝑧granule)

2
+ (𝑟pixel − 𝑟granule)

2

2𝜎
) 

http://pombe.nci.nih.gov/genome/rawdata.html
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Here ∆_z and ∆_r are the grid size in the z and r directions respectively. 𝑧𝑔𝑟𝑎𝑛𝑢𝑙𝑒  is 

the projection of the granule onto the SPB-nucleolus axis; and  𝑟𝑔𝑟𝑎𝑛𝑢𝑙𝑒 is the radial 

distance between the granule and axis of symmetry; 𝑧𝑝𝑖𝑥𝑒𝑙  and 𝑟𝑝𝑖𝑥𝑒𝑙  are pixel grid 

coordinates;  𝑤𝑔𝑟𝑎𝑛𝑢𝑙𝑒  is a granule signal value described in section (Translation of 

experimental data onto the models) ;  𝑁𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠  is the number of structures in the 

ensemble. 𝜎 was set to the 15 nm (i.e. the radius of granules).   

To exclude the effect of general genome compaction due to the model restraints, 

the density of elements of interest was normalized by total chromosome density: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝐸𝑙𝑒𝑚𝑒𝑛𝑡) =
𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝐸𝑙𝑒𝑚𝑒𝑛𝑡)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝑡𝑜𝑡𝑎𝑙) + 𝐷𝑒𝑚𝑝𝑓
 

Here 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑡𝑜𝑡𝑎𝑙) is the ensemble-averaged density of all granules in that pixel 

and 𝐷𝑒𝑚𝑝𝑓 is a small adjustment, which negates a discrete noise in the zones of low 

absolute density, e.g. the nuclear periphery. The value of 𝐷𝑒𝑚𝑝𝑓 was chosen as the 

density of one granule at the nuclear periphery 𝑟 = 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠. The 𝑅𝑛𝑢𝑐𝑙𝑒𝑢𝑠 was set to the 

1.33 𝑚 (8). In the density maps obtained in our study the majority of the nuclear area has 

an absolute density 5 times higher than 𝐷𝑒𝑚𝑝𝑓 , so the influence of 𝐷𝑒𝑚𝑝𝑓  on the 

relative density can be neglected for most pixels. 

Contour plots. To mark the localization pattern of the element of interest, contour 

plots were calculated based on the relative density maps. Contour levels were plotted as 

a curve such that the area within the curve represents the top 15% of signal in the relative 

density maps. The main advantage of contour plots is that they can be overlaid for 

different elements of interest.  

Relative density difference plots. To mark the changes in relative densities, the 

density difference plots were calculated as difference between two particular relative 

density plots. 

Calculation of the impact of individual chromosome granules on the relative density 

difference plot. To assess the impact of individual chromosome granules, the relative 

density plot within the area of interest (i.e. within 670nm of the SPB-nucleolus axis of 

rotation) was calculated for each chromosome granule separately. The coordinates of each 

granule were isolated across the population of the model structures and the relative 

density maps were calculated, as described above for two selected model ensembles 
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(unsynchronized WT and ∆clr4). We calculated the difference for each granule between 

corresponding relative maps derived for the two selected model ensembles. The granules 

that corresponded to the elements of interest were identified and annotated. 

Within the selected region, we identified the pixels that increased or decreased in 

density, depending on the element we were investigating (i.e. high efficiency origins – 

pixels that decreased were chosen). We then calculated the mean value of the density 

difference plot for each granule at these pixel positions. The mean % density change for 

each granule was plotted against the granule position within the S. pombe genome. The 

positions of the elements of interest were marked on these plots. 

Venn diagram illustrating the degree of linear overlap between elements of interest 

Venn diagrams were used to visualize the congruence of linear localization patterns 

on chromosomes between pair of elements of interest. Each element from the pair is 

represented by a circle in the Venn diagram, with an area proportional to the number of 

granules containingthe particular element of interest. The area of the intersection between 

the circles is proportional to the number of granules containing both elements of interest. 

Venn diagram illustrating the degree of spatial overlap 

The congruence of the spatial localization patterns on chromosomes between pair 

of elements of interest was displayed as Venn diagrams. Each element from the pair is 

represented as a circle on the Venn diagram where the area of the circle is proportional to 

the area within the contour plot of the corresponding element of interest. The intersection 

of the Venn diagrams is proportional to the overlap of the contours for the elements of 

interest. Since the contour plots were limited to 15% of the signal of the relative density 

maps; the sizes of the two circles comprising the Venn diagrams are equal to each other.  
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Figures S1-S8 

 

Figure S1. SPB-centromere distance distributions measured in vivo and calculated from the G1 phase genome 

structures overlaped. Distances between the centers of the: A, Ade3; B, His2; C, Ade6; D, Lys1; E, Sod2; and F, Ade8 

genes and the SPB were measured microscopically in vivo (red) in unsynchronized cells and calculated from 500 in 

silico models of the S. pombe G1 phase genome organization (blue). Models incorporated captured connections from 

cells grown on EMM 2 medium (8). Representative live cell images are shown (inserts); focal points are maked with  

a while or yellow spot; red circle, nuclear periphery; scale bar = 0.5 (μm). The positioning of the Ade8 locus reflected 

a more SPB proximal position for this locus in G1 phase cells. The distribution of the SPB-Sod2 distances within the 

model ensemble was non-Gaussian consistent with the positioning of this sub-telomeric locus being affected by the 

fact that DNA cannot move past the nucleolar boundary in our models (methods). The linear coordinates used to map 
each locus onto the 3D structure are shown in brackets for each locus. Chr, chromosome. L, left arm; R, right arm. 
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Figure S2. SPB-centromere distance distributions measured in vivo and calculated from the G2 phase genome 

structures overlaped Distances between the centers of the: A, Ade3; B, His2; C, Ade6; D, Lys1; E, Sod2; and F, Ade8 

genes and the SPB were measured microscopically in vivo (red) in asynchronous cells and in 500 in silico G2 phase 

models of S. pombe genome organization (blue). Models incorporated captured connections from cells grown on EMM 

2 medium (8). The distribution of the SPB-Sod2 distances within the model ensemble was non-Gaussian and does not 

match the in vivo distribution. This is consistent with the positioning of this sub-telomeric locus being affected by the 

fact that DNA cannot move past the nucleolar boundary in our models (methods). The linear coordinates used to map 

each locus onto the 3D genome structures are shown in brackets for each locus. Chr, chromosome. L, left arm; R, right 
arm. 
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Figure S3 Growth medium had minor effects upon the positioning of the heterochromatic and euchromatic loci. 

Only minor differences were observed in the contour maps (top 15% of relative density signal) of A heterochromatic 

and B euchromatic loci in G1 phase contact-restrained nuclear models of cells grown in defined and undefined (“rich”) 

media.  
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Figure S4 Overlap of the spatial organization of loci modified with the H3K9me2 and H3K4me2 post-

translational histone modifications occurs in models of the S. pombe genome. A Linear coordinates for H3K9me2 

and H3K4me2 modified loci were mapped onto the 3D polymer models as in Fig. 1 (methods). G1 phase models 

incorporated chromosomal contacts captured by proximity ligation in temperature sensitive cdc10 mutant S. pombe 

cells that were synchronized following growth in defined (EMM 2; (8)) or undefined medium (rich; (9)). Loci that are 

marked with the H3K9me2 modification within the G1 phase nuclei models were predominantly peripheral but 

overlapped the H3K4me2 modified loci, particularly about the spindle pole body. B Linear coordinates for H3K9me2 

and H3K4me2 modified loci were mapped onto the 3D polymer models for asynchronous cells (i.e. S. pombe wild type; 

(9)) and the Δclr4 mutant (S. pombe SPK567; (9)), as in Fig. 1. As for the G1 phase models, loci that are marked with 
H3K9me2 and H3K4me2 modifications show a degree of overlap within the nuclear models. 
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Figure S5. Binding sites for proteins involved in the establishment of heterochromatin overlap H3K9me2 

modifications in 3-dimensions. A The population level distributions of loci bound by Ago1, Chp1 and Rdp1 show 

preferences for the nuclear periphery and about the SPB.  Percentage overlap of loci bound by the Ago1, Chp1, Rdp1 

or Swi6 proteins, and loci that were modified with either B H3K4me2 or C H3K9me2 marks in the linear sequence and 

in the 2D projection of the 3D interaction models were calculated and plotted as proportional Venn diagrams (methods). 

B There is little linear or spatial overlap between loci bound by the Ago1, Chp1, Rdp1 or Swi6 proteins and H3K4me2 

modified loci. Numbers represent the overlap as a percentage of each set. C There is significant spatial overlap between 

loci bound by the Ago1, Chp1, Rdp1 or Swi6 proteins and H3K9me2 modified loci. These results are consistent with 

the segregation of the active and inactive chromatin within the nucleus and the known roles of the Ago1, Chp1, Rdp1 

and Swi6 proteins (reviewed in (10, 11)). Numbers represent the percentage overlap within the models. 
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Figure S6. The linear and spatial profiles of binding sites for the Tf retrotransposon binding proteins Abp1 and 

Cbh1 are highly colocalized in all conditions.  The relative density of loci bound by Abp1 and Cbh1 (6) was 

determined for the ensembles of contact-restrained models as described in Fig. 1. Percentage overlap in the linear and 

spatial models was calculated and plotted as proportional Venn diagrams (methods). The random models did not 

incorporate chromosomal contacts or other biological restraints. By contrast the other models incorporated biological 

restraints and chromosomal contacts that were captured by proximity ligation in: G1, temperature sensitive cdc10 

mutant S. pombe cells that were synchronized following growth in defined (EMM 2; (8)) or undefined medium (rich; 

(9)); asynchronous cells (S. pombe wild type) and Δclr4 mutant (S. pombe SPK567) cells grown in undefined medium 

(9). Numbers represent the percentage overlap for each set. Loci bound by Abp1 and Cbh1 are centrally located in all 

contact-restrained models. However, the observed spatial overlap reflects the high level of overlap in linear positioning 
of these loci. 
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Figure S7.  Deletion of the Clr4 methyltransferase correlates with a shift in the spatial distribution of the mating-

type locus within the S. pombe nucleus.  A The relative density of the mating type (mat) locus (ChrII: 2129208-

2137121) was determined for models that incorporated chromosomal contacts that were captured by proximity ligation 

in: G1, temperature sensitive cdc10 mutant S. pombe cells (synchronized following growth in defined (EMM 2; (8)) or 

undefined medium (rich; (9)); and asynchronous cells (S. pombe wild type) and Δclr4 mutant (S. pombe SPK567) cells 

grown in undefined medium (9).  The mat locus distribution within models of the S. pombe genome organization is 

sensitive to the growth medium (compare G1 defined vs undefined) and the level of synchronization (compare 

asynchronous vs G1 grown in undefined media). B The spatial distribution of the mating-type locus  (ChrII: 2129208-

2137121) in models generated for the Δclr4 and asynchronous (S. pombe wild-type) cells grown in rich medium (9) 

were compared to generate relative density plots (% change per pixel). Deletion of Clr4 resulted in the mating-type 

locus positioning becoming unrestricted. Asynchronous, S. pombe wild-type (9); Δclr4, S. 
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pombe SPK567 (9).  

 

Figure S8.  Deletion of the clr4 methyltransferase correlates with a shift in the distributions of origins of 

replication that is not due to the loss of synchronization. The relative density of early and late firing origins of 

replication (13) were prepared for models that incorporated chromosomal contacts captured by proximity ligation in: 

G1, temperature sensitive cdc10 mutant S. pombe cells; asynchronous wild-type S. pombe cells; and Δclr4 mutant cells 

(S. pombe SPK567) that were grown in undefined medium (rich; (9)). The spatial distributions of the early and late 

firing origins of replication were compared in models generated for A asynchronous and G1 phase nuclei and B Δclr4 

and G1 phase nuclei. The effects of deletion of the Clr4 methyltransferase are not explained by the loss of 

synchronization.  The spatial distribution of the high, medium and low efficiency firing origins of replication were 

compared in models generated for C asynchronous and G1 phase nuclei and D Δclr4 and G1 phase nuclei. As observed 

for the early and late firing origins of replication, the effects of deletion of the Clr4 methyltransferase are not explained 
by the loss of synchronization. 
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Table S1. S. pombe strains used in this study. 
 

strain Genotype Source 

KM023 

h90 ade6-M216 lys1-131 leu1-32 ura4-

D18 sid4::sid4-GFP-HA-Kanr ade3[::kanr-

ura4+-lacOp]his7+Pdis1-GFP-lacI-NLS 

This 
study 

KM025 

h+ ade6-M210 leu1-32 sid4::sid4-GFP-

HA-Kanr lys1+<<lacOp his7+Pdis1-GFP-

lacI-NLS 

This 
study 

KM026 

h90 ade6-M216 leu1-32 lys1-131 ura4-

D18  sid4::sid4-GFP-HA-Kanr his2[::kanr-

ura4+-lacOp] his7+Pdis1-GFP-lacI-NLS 

This 
study 

FY17781 

h90 ade6-M210 leu1-32 lys1-131 ura4-

D18 sid4+::GFP-kanr sod2.proximal[::kanr-

ura4+-lacO](l) his7+::Pdis1-GFP-lacI-NLS 

NBRP 

FY17780 

h90 ade6-M216 leu1-32 lys1-131 ura4-

D18 sid4+::GFP-kanr ade8[::kanr-ura4+-

lacO](j) his7+::Pdis1-GFP-lacI-NLS 

NBRP 

FY17791 
h- leu1-32 lys1-131 ura4-D18 

sid4+::GFP-kanr ade6[::kanr-ura4+-lacO](j) 
his7+::Pdis1-GFP-lacI-NLS 

NBRP 

FY15592 
h90  ade6-216 leu1-32 lys1-131 ura4-D18 

ade3[::kanr-ura4+-lacOp] his7+::lacI-GFP 
NBRP 

FY15591 
h90 leu1-32 lys1 ura4-D18 ade6-M216 

his2[::kanr-ura4-lacOp] his7+::lacI-GFP 
NBRP 

FY14816 
h90 ade6-216 leu1-32 lys1-131 ura4-D18 

sid4::sid4-GFP-HA-Kanr 
NBRP 

FY15550 
h+ ade6-M210 leu1-32 ura4-D18 

his7+::lacI-GFP lys1+::lacOp 
NBRP 

   

 

 

  

http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=leu1
http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=lys1
http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=ura4
http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=sid4
http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=ade6
http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=ura4
http://www.genedb.org/genedb/Search?submit=Search+for&organism=pombe&name=his7
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Table S2. Late firing origins that were responsible for the top 5% of the observed changed in density at the 

nuclear center in the ∆clr models. 

 

late firing origins 

Chromosome Position (kbp) ∆ density (%) 

1 231 0.007 

1 367.5 0.008 

1 399 0.008 

1 441 0.006 

1 476 0.005 

1 651 0.007 

1 798 0.007 

1 2100 0.005 

1 2142 0.007 

1 2404.5 0.005 

1 4599 0.005 

1 5250 0.006 

1 5316.5 0.004 

1 5565 0.006 

2 1592.5 0.006 

2 2628.5 0.005 

2 4182.5 0.007 

2 4231.5 0.007 

2 4238.5 0.007 

2 4298 0.007 
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Table S3. Low efficiency origins that were responsible for the top 5% of the observed 

changed in density at the nuclear center in the ∆clr models. 

 

Low efficiency origins 

Chromosome Position (kbp) ∆ density (%) 

1 115.5 0.005 

1 126 0.005 

1 360.5 0.006 

1 399 0.008 

1 441 0.005 

1 651 0.006 

1 798 0.005 

1 2086 0.005 

1 2142 0.007 

1 2243.5 0.005 

1 2621.5 0.005 

1 2642.5 0.005 

1 3773 0.005 

1 5250 0.005 

1 5565 0.005 

2 3829 0.005 

2 4182.5 0.006 

2 4203.5 0.005 

2 4231.5 0.007 

2 4298 0.006 

3 1060.5 0.006 
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