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Abstract 

The spatial organization of eukaryotic genomes is linked to their functions. However, how 

individual features of the global spatial structure contribute to nuclear function remains largely 

unknown. The O’Sullivan laboratory previously identified a high-frequency inter-

chromosomal interaction within the Saccharomyces cerevisiae genome that occurs between 

the intergenic spacer of the ribosomal DNA repeats (IGS1-rDNA) and the intergenic sequence 

between the locus encoding the second largest RNA polymerase I (RNAP I) subunit and a 

lysine tRNA gene (RPA135-tK(CUU)P). Considering the functional association of the loci 

involved in the RPA135-IGS1 interaction and the lack of information of this type of structure, 

I set out to test the hypothesis that the interaction represented a feedback loop. I used 

quantitative chromosome conformation capture (q3C) in combination with replacement 

mapping to identify a 75-bp sequence within the RPA135-tK(CUU)P intergenic region that is 

involved in the interaction. The tK(CUU)P locus was involved in stabilizing the RPA135-IGS1 

interaction. I also demonstrated that the RPA135-IGS1 interaction is dependent on the inactive 

rDNA repeats and the Msn2 protein. Surprisingly, I found that the interaction does not govern 

RPA135 transcription. Instead, replacement of a 605-bp region within the RPA135-tK(CUU)P 

intergenic region results in a reduction in the RPA135-IGS1 interaction level and fluctuations 

in rDNA copy number. I conclude that the chromosomal interaction that occurs between the 

RPA135-tK(CUU)P and IGS1-rDNA loci stabilizes rDNA repeat number and contributes to 

the maintenance of nucleolar stability. My results provide evidence that chromosomal 

interactions involve composite DNA elements and affirm the importance of linear and three-

dimensional genome organization in genome function. This study is the first to characterize a 

biological function for an inter-chromosomal interaction. 
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Introduction 

1 

Chapter 1. Introduction 

1.1. Genome spatial organization: formation and properties 

Nuclear structures are recognizable (1), non-random (1–3), and change throughout the cell 

cycle (2,3). Nuclear structures, such as the nucleolus and spindle pole body, are formed by the 

organism genome (DNAs), proteins and RNAs (1,4,5). Nuclear structures also often involve 

interaction with the nuclear membrane (1,3–5). The non-randomness of structures within the 

nuclear interior is illustrated by the presence of different sub-nuclear structures as revealed by 

different methodologies over the decades (reviewed in 1,3,6,7). These structures have often 

become landmarks of the eukaryotic nuclear organelle, such as nucleoli and nuclear bodies (8), 

or structurally open or closed chromatin fibres demarcating different gene densities (3) at 

different nuclear locations (9–11).  

The three-dimensional (3D) organization of a genome reflects the combined restraints that 

result from different levels of compartmentalization and domain formation. That is, there 

exists a hierarchy of nuclear structures shaped by many types of chromosomal interactions 

(illustrated in Figure 1.1) (12). Overall, different genomes show different spatial organizations 

although some aspects of chromosome configurations may be common across different 

organisms. For example, the Rabl configuration (where nuclei show an apico-basal polarity) of 

chromosomes has been observed in Drosophila (3), plants (3), and the budding yeast 

(reviewed in (13)) but it has not been observed in human cells (14). This section of the 

introduction will elaborate on what is known about how genetic information (one-dimensional 

sequence) is translated into three-dimensional structures that make-up the spatial organization 

of the genome.    

How are nuclear structures formed? Early studies postulated the presence of a protein matrix 

or scaffold that shapes chromosomal structure (reviewed in (15,16)). However, this hypothesis 

was opposed by Hancock (17) and Pederson (18) as the model did not fit with the growing 

evidence shown for some ubiquitous nuclear compartments (i.e. nucleoli and PML bodies) 

(19). Rather, it was proposed that natural, function-based foci can arise in the absence of a 

template or scaffold as a result of basic physical laws operating within the nuclear 

environment (17). Specifically, macromolecular crowding (volume exclusion), entropic forces, 

and phase separation are thought to influence chromosome distribution within the nucleus and 
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have been demonstrated to contribute to structure formation in many polymer models and 

experiments (reviewed in (17)).  

In addition, chromosome arm length and nuclear confinements have been postulated, to also 

contribute to nuclear organization (13,20,21). Chromosome arm length, for example, is 

affecting the positioning of telomeres and sub-telomeric regions (13,20), while nuclear 

confinements can affect the formation of regulatory domains for gene expression (21). These 

effects by chromosome size and nuclear confinements further support the non-essential role of 

any scaffold other than the DNA strand itself (2,13,21). Hypotheses postulated from the 

effects of nuclear confinements have gained further support from a model treating the budding 

yeast chromosomes as random configurations constrained by 3 restraints: 1) nuclear 

membrane; 2) centromeric attachment to spindle-pole bodies; and 3) a peripheral location for 

telomeres (22–24). The inclusion of these constraints was sufficient to fit data obtained from 

genome-wide 3D organization (22). However, clustering of particular loci was stabilized, 

within a population, by the inclusion of inter-chromosomal interactions (i.e. physically 

interacting chromatin) chosen from global chromosome interaction data in budding (22) and 

fission yeasts (25). Together, these points suggest that physical laws and chromosome 

properties defined by intrinsic information within their sequence bring about the formation of, 

to some degree, higher-order structures within the nucleus. 

Different chromatin regions can interact directly or indirectly (either in cis or trans) through 

complexes and the formation of loops (26–28). Throughout the thesis, these are referred to as 

chromosomal interactions. Chromosomal interactions contribute to the folding and shaping of 

the linear genome into three-dimensional structures and organizations (Figure 1.1). 

Chromosomes are thought to fold in such a way to separate active regions from inactive ones 

and form neighbourhoods (Figure 1.1) (12,29). Neighbourhoods intermingle, both in cis and 

trans, to form distinct active and inactive compartments throughout the nucleus (Figure 1.1) 

(12). In organisms with distinct chromosome territories such as mammals, the inter-

chromosomal interactions may occur at the boundary of each of these territories where there is 

some degree of intermingling and quite diffuse flexibility of the chromosomes (6,12,30). More 

specifically, it was shown that 41% of the volume of chromosome 3 intermingled with the rest 

of the genome in human lymphocytes (30). Lastly, the sum of intermingling and chromosome 

territories reflects nuclear organization where active and inactive loci are clustered in distinct 

sub-nuclear compartments (Figure 1.1) (29). 
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Figure 1.1 Genome spatial organization is the result of a hierarchy of chromatin interactions (12) 
(see Chapter 1.1 page 2 text for explanation).    
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1.2. Intra- and inter-chromosomal interactions in genome spatial 

organization 

Chromatin associations and interactions (in cis and trans) contribute to the three-dimensional 

organization of the genome (26–28). Studies of associations between the murine β-globin gene 

and locus control region (LCR) were among the first to show the spatial interaction (in-cis) 

between genes and distal elements in mammalian systems (27). These studies utilized a 

method known as chromosome conformation capture (3C) (27). The regulatory elements 

involved in these interactions (i.e. the LCR) are located ~50 kb upstream of the β-globin gene 

(27). These regulatory elements were shown to loop to alternately interact with the β-globin 

gene major (βmaj) or β-globin gene minor (βmin) in cells actively expressing the β-globin gene 

(e.g. liver) (27). In contrast, control cells from brain tissue did not exhibit the looped 

conformation (27).  

Another example of cis chromosomal interactions that has subsequently been characterized is 

the formation of chromosome loops of dispersed factors required for the expression of GATA 

loci during hematopoiesis of human red blood cells (31). A different example of the role of 

chromosomal interactions is the involvement of chromosomal interactions in transcriptional 

regulation of the murine T-helper type 2 (TH2) cytokine locus (reviewed in (32)). In this 

study, chromosomal loops were formed by a combination of cis and trans chromosomal 

interactions, resulting in a more complex regulatory structure than observed for the murine β-

globin gene or the GATA loci. Collectively, these examples suggest that chromatin looping 

contributes to transcriptional regulation (33).  

Interactions between loci on different chromosomes also play a role in the localization of 

enhancers following viral infections of HeLa cells (34). A model has been proposed to explain 

how a viral infection could trigger stochastic expression of the multi-allelic IFN-β gene on 

human chromosome 9 (34). Associations of the IFN-β gene with at least one of three distinct 

loci (i.e. 4p13, 9q33, and 18q21) were important for the choice of the initial IFN-β gene allele 

to be expressed following a viral infection (34). These interactions mediated binding of the 

transcription factor NF-κΒ to the IFN-β enhancer (34). NF-κΒ then catalysed the assembly of 

the ‘enhanceosome’ for chromatin remodelling and transcription was subsequently activated 

from this allele to start multi-allelic expression of the IFN-β gene (34). The initiation of the 

IFN-β gene expression cascade by alterations to intra- and inter-chromosomal interactions (or 

cis and trans chromosomal interactions, respectively) illustrates the importance of genome 

spatial organization in defence from viral infection. 
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1.3.  The complex hierarchy in genome spatial organization 

 Eu- and heterochromatin: structures of the chromatin state 1.3.1

Interphase chromosomes have euchromatic and heterochromatic domains that are widely 

considered to distinguish the domains of active and non-active transcription, respectively (35–

37). Generally speaking, heterochromatin and euchromatin are considered to have different 

compaction levels as a result of different degrees of condensation by chromatin modifications 

and remodelling (35). Euchromatin is often regarded to be less compact and more accessible to 

the transcription machinery and contains high gene density, while heterochromatin is the 

opposite (11,36,37). Heterochromatin also usually contains repetitive DNA sequences, such as 

satellite DNA and transposable elements, and some protein-coding genes marked by their low-

level of transcription (35). While these are the general characteristics of the eu- and 

heterochromatin, there is no simple structural division between the two (11). In the human 

genome for instance, the centromeric satellite DNA containing a relatively simple repetitive 

sequence, satellite 3, is found in regions of open chromatin fibres, while some regions of 

euchromatin (G-bands) are enriched in compact fibres (11). Moreover, while most open 

chromatin fibre domains have high gene densities, many of these euchromatic genes are also 

transcriptionally inactive (11). 

Chromatin modifications and remodelling play important roles in defining open or closed 

chromatin structures. The histone proteins, which form the core of the nucleosome, are the 

target of post-translational modifications that affect the state of the chromatin. These histones 

molecules are exposed to a range of post-translational modifications such as acetylation, 

phosphorylation, methylation, ubiquitination, and adenosine diphosphate (ADP)-rybosilation 

(38–41). Collectively, these histone modifications are often termed the epigenetic code or 

histone code (42,43). The characterization of histone modifications has concentrated on their 

roles in transcription-related processes, both stimulatory and inhibitory (reviewed in (41)). By 

contrast, the functions of the histone code in chromatin structure have only recently become a 

subject for investigation and it is unclear how the vast repertoire of the histone modifications 

relates to dynamic alteration of the chromatin state. 

 One upper level: chromosome territories 1.3.2

Interphase chromosomes in complex eukaryotes occupy distinct regions within the nuclear 

space, termed chromosome territories (6,44). By contrast, the simple eukaryote, 

Saccharomyces cerevisiae, is considered to lack chromosome territories because of its more 
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‘loose’ chromosome arrangement (44). However, evidence increasingly supports the formation 

of chromosome territories within the budding yeast genome (22,24,45).  

There are two different models of chromosome territories. The inter-chromosomal domain, or 

inter-chromatin domain, (ICD) model postulated the existence of a network of gaps between 

chromatin domains (46). These gaps provide access into the chromosome territories by 

proteins (30). Many macromolecular assemblies (e.g. transcription and replication factories) 

that consist of multiple protein and nucleic acid molecules have been localized to ICDs 

(8,17,47). The second model for chromosome territories is the inter-chromosomal network 

(ICN) which proposes that chromatin from different chromosomes expands to the surrounding 

territories because the territories are quite diffuse at the boundaries (30,48). In the ICN model, 

the degree of intermingling between territories would be limited by the presence of adjacent 

chromosomes, larger nuclear compartments, and the nuclear membrane (30). Despite the 

differences between the ICD and ICN models, both models imply that chromosomes occupy 

distinct territories yet are flexible toward the neighbouring territories; that is, genes and 

regulatory elements on one chromosome could interact and “communicate” with those on 

different chromosomes (12,49). 

 

1.4. The importance of structural localization for cellular functions  

There is a close link between how a genome is spatially organized and different cellular 

functions (1). Cellular functions are dynamic and the dynamic changes within these functions 

may in turn alter genome organization, thus forming an interconnected feedback mechanism 

for the regulation of cellular functions themselves. This inter-connectedness is well-explained 

by Raska et.al. who provided hypotheses that attempt to explain the self-organization of the 

nucleolar compartment (7). Moreover, the concept of nucleolar compartmentalization is 

general enough to be extrapolated onto a genome-wide scale where genome structure and its 

functions are coupled and inseparable (illustrated in Figure 1.2). 

The relationship between genome structure and function will eventually arrive at the timeless 

conundrum of the chicken-or-egg question. That is, which exists first? While the answer is 

difficult to perceive in an already perpetuating system, the implication is that the underlying 

genetic information contained by the genome and its expression are responsible for the overall 

self-organization of the structure (7). 
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 Genome structures facilitate localization of gene regulatory machineries and factors 1.4.1

All across the nucleus, there are discrete foci that contain the components and factors 

necessary for cellular processes such as transcription, replication, repair and splicing (8,50,51). 

Microscopy- and interaction-based studies have revealed that actively transcribing genes co-

localize in the so-called transcription factories (52) in cells of diverse organisms, including E. 

coli (53), Schizosaccharomyces pombe (54), murine erythroleukaemia cells (55), mammalian 

system (56) and HeLa cells (51). Furthermore, the co-localized genes found in these ‘hot-

spots’ were often enriched for a particular gene ontology group (i.e. acting in similar 

pathways) and regulated by the same factors (55,57,58). For example, the Kruppel-like factor 

(Klf1)-regulated globin genes were preferentially associated at specialized transcription 

factories within the mouse erythroid cell (55). Klf1 is an erythroid-specific transcription factor 

and it is required to boost the expression of genes that are highly up-regulated during 

erytropoiesis (55). In conclusion, the formation of these gene co-localization structures 

contributes to the functional co-regulation of gene expression. 

 

 

Figure 1.2 Schematic illustration of the inter-relationships between the environment, genome and 
compartmentalization (7) 
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Tanizawa et.al published an interesting study that showed the co-regulation of cell cycle-

dependent genes in S. pombe (54). They noted that G2-phase genes were significantly 

associated when activated and this might be driven by a common transcription factor bound to 

a novel motif (54). The new sequence motif was C[T/G]CGTTA, frequently discovered 

between 200 bp upstream of the coding sequence of most of the 21 G2-phase genes (54). This 

finding suggests that an unidentified DNA binding protein, likely a transcription factor that 

recognizes the sequence motif, facilitates these associations (54). Tanizawa et al. also built a 

genome structure model that confirmed the spatial proximity of several of these G2-phase 

genes (54). Moreover, the rest of the associated G2-phase genes also contain a degenerate 

version of the motif with one mutation in the perfect motif (54). Overall, the association of co-

regulated genes in fission yeast, likely mediated by a common transcription factor bound to 

specific DNA element, functions in a fashion similar to the mammalian transcription factories 

(54).   

 

1.5. The dynamics of genome spatial organization: to be or not to be? 

Spatial genome organization is dynamic throughout the cell cycle (22,45,59). Not only do 

different cell types have different genome organizations, but in an individual interphase cell, 

chromatin states and interactions dynamically change (reviewed in (60)). These changes are to 

accommodate processes such as gene regulation, DNA replication and other nuclear functions 

in accordance with growth and environmental signals (reviewed in (60)). For example, 

changes in chromatin structure and nucleolar size in response to a changing environment have 

been observed in rye nucleoli (61). The rDNA decondensed and nucleolar region was enlarged 

upon induction by high-temperature stress (HTS) (61). This was followed by a significant 

increase in rRNA transcription as the cell tried to produce more ribosomes to respond to the 

stressful environmental conditions (61). This illustrates how external stimuli may affect both 

gene expression and chromatin structure and contribute to the dynamics of genome spatial 

organization (Figure 1.2).  

In terms of large-scale chromatin dynamics, the relative location of genomic loci or 

chromosome territories (CT) with respect to the complete nucleus seems to be rather stationary 

in interphase somatic cell types (37). This indicates that genome structure during interphase is 

relatively immobile. However, dividing cells undeniably undergo major changes in genome 

organization especially when chromosomes are aligned at the metaphase plate (37).  
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Experimental evidence supports the argument that chromatin organization in the nucleus is not 

identically transmitted from mother to daughter cells (62). That is, the parental interphase 

chromatin organization is not exactly recapitulated in the descendant cell, but is more plastic 

and established de novo after mitosis (at early G1 phase) (63). However, a recent finding from 

S. pombe reveals a more robust chromatin organization throughout the cell cycle where genes 

show preferred positions in nuclear space in correlation to their transcriptional regulation (64). 

Moreover, many chromosomal interactions are still maintained in M phase, implying the 

involvement of epigenetic inheritance and bookmarking in genome organization, although 

these interactions may represent contamination from non-synchronized cells in tested samples 

(64). Nevertheless, we see both a degree of fixation and flexibility in genome spatial 

organization.  

The dynamic nature of genome organization, and the loci within it, needs to be balanced to 

obtain genome stability. For instance, chromatin is quite mobile in the local sub-nuclear 

domain (reviewed in (65)). In S. cerevisiae (66), D. melanogaster and mammalian cells, 

chromatin can undergo rapid local motion by oscillating within a volume range of 0.5–0.7µm 

in radius (65). However, chromatin position may be relatively stable (i.e. immobile) over long 

periods of time mostly because of the presence of nuclear constraints or established sub-

nuclear domains (65). Locally constrained chromatin motion may be important for gene 

regulation as it allows chromatin to be organized into specific functional domains (e.g. 

transcription factory). Chromatin motion is also shown to provoke the formation of 

translocations by allowing proximal double-strand breaks (DSBs) to find one another (65). 

Yet, genome-wide, the actual frequency of these translocations occurring is much reduced 

because of global chromatin immobility (limited mobility) that restricts the probability of 

finding these DSB partners (65). Therefore, both mobility and immobility of the genome 

ensure genome flexibility in responding to the environment while maintaining a minimum 

level of defects. 

 

1.6. The biological consequences of changes to genome organization 

 Gross changes 1.6.1

Disruptions in gross genome spatial organization, whether cause or consequence, are found in 

many diseases and disorders (67–69). Examples include abnormal numbers of chromosomes 

resulting from meiotic non-disjunction that add or reduce genome size, such as Down’s 
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syndrome (67), Klinefelter syndrome (68), and Turner syndrome (69). Reduction in genome 

size by chromosomal loss often causes phenotypic and morphological abnormalities as large 

parts of the genomic components required for normal cell survival are missing. By contrast, 

increases in genome size caused by chromosome addition do not follow this principle, as the 

cell does not actually lack components. There are several possible reasons for this, including a 

loss of gene regulation and gene dosage. Moreover, it is also possible that redundancy disrupts 

the spatial organization of the genome (i.e. disruption of chromosome territories and native 

interactions) that would markedly alter the global genome structure and functioning. This 

principle of spatial organization disturbance can be applied to explain changes due to more 

subtle chromosomal changes that neither alter genome size, nor delete or mutate coding or 

regulatory sequences (e.g. translocations) (70). Processes such as translocations and 

chromosome rearrangements do not alter the total genome content but they may change the 

landscape of genome spatial organization (70,71). This is commonly known as “position-

effect” where the positioning and localization of genomic loci contribute to genome structure 

and functioning (72–74). Therefore, maintenance of proper genome spatial arrangement is 

important for the survival of the cell and eventually the individual organism. 

 Localized changes 1.6.2

Chromosome translocations recur in many types of cancer. More than 600 chromosome 

translocations have been reported in humans where most are associated with haematological 

malignancy and are characterized by acquired somatic mutations (reviewed in (70)). One of 

the most well characterized translocations in cancer is the t(9;22) that results in a gene fusion 

(70) between ABL from chromosome 9 and BCR on chromosome 22 (reviewed in (3)). This 

gene fusion correlates with chronic myeloid leukaemia (3). This particular translocation and 

many others were often found to be specific; different types of cancers would show typical 

translocation partners (71). It was proposed that spatial proximity could determine the 

interacting translocation partners, or at least, increase the probability that two chromosomal 

regions undergo translocation (3,30,71). This increase in the probability of translocation arises 

because translocation frequency is a function of double-strand break (DSB) frequency and the 

fraction of individual cells in a population in which these loci are juxtaposed (71). The 

association of DSB, loci juxtaposition and translocation is also, why many types of cancers 

show typical translocation partners.   
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Besides translocation, balanced chromosome rearrangements can cause cancer by deregulation 

of one or a subset of genes (70). The most common gene deregulation by chromosome 

rearrangement is overexpression of a normal gene at a translocation breakpoint. An example 

for this is found in the Burkitt’s lymphoma where its three characterizing translocations all 

place the MYC gene adjacent to one of the constitutively expressed immunoglobulin genes 

(70). This illustrates that position effect can contribute to genome organization even if it 

involves a balanced chromosome rearrangement because, as in the case of Burkitt’s 

lymphoma, this can alter global gene regulation.    

Alterations to genome organization also associate with gene deregulation. An example of this 

is overexpression of ERG, an oncogenic transcription factor usually found in many types of 

prostate cancers, which could dramatically change chromosome topology (75,76). It was 

modelled that ERG overexpression induced the formation of an activating transcription hub 

for three pro-invasion genes that had been in a linear conformation within a benign cell (75). 

ERG overexpression is also related to large and reproducible changes in 3D architecture, 

including about 9,000 differentially interacting intra- and inter-chromosomal interactions (75). 

In conclusion, changes observed for genomic loci positioning and arrangement correlate with 

alteration and imbalance in the regulation of gene expression. It also underlines the importance 

of linear and 3D genome organization. Global genome organization is evidently non-random, 

shaped not only by physical forces (17) acting on nuclear components but also by 

chromosomal interactions (22).  

 

1.7. Spatial organization at the nucleolus 

 Generic nucleolar structure 1.7.1

The nucleolus is a distinctive nuclear structure that is formed around the ribosomal DNA 

(rDNA) repeats. In general, three morphologically distinct regions in the interphase nucleolus 

have been recognized by electron microscopy (Figure 1.3): 1) the fibrillar centre (FC); 2) the 

dense fibrillar component (DFC); and 3) the granular component (GC) (77,78). Distribution 

studies of the nucleolar proteins in these regions suggested that transcription of the rRNA 

genes takes place in the FC or at the boundary between the FC and the DFC (79). The DFC is 

the major site of pre-rRNA processing, while the GC, which is outside the DFC, contains 

ribosomal particles undergoing late assembly steps before export to the cytoplasm (78). Both 
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transcription and ribosome assembly make significant contributions to the maintenance of 

nucleolar structure (80). 

In most eukaryotic organisms, tandem arrays of rRNA genes (rDNA), termed nucleolar 

organizer regions (NORs), are found at one or a few chromosomal loci within the genome 

(81–83). In S. cerevisiae, the NOR is located on chromosome XII where the chromosomal 

context plays an important role in regulating the size and function of the rDNA itself (84). 

This role of the chromosomal context has been elucidated from experiments in which 

Chromosome XII was split at both sides of the rDNA cluster; strains harbouring deleted 

variants of chromosome XII consisting of 450 kb, 1500 kb (rDNA cluster only) and 610 kb 

were created (84). In the 1500 kb-variant strain, the rDNA copy number and replicative life 

span were reduced, repeat silencing and extra-chromosomal rDNA circles (ERC) 

accumulation were increased, and an altered morphology was observed (84). ERCs are extra-

chromosomal DNA circles excised from the rDNA repeats as a consequence of double-

stranded breaks (DSBs) that lead to unequal recombination (85,86). ERC presence is also 

associated with aging yeast cells (85). As the 1500 kb-strain consisted solely of the rDNA, 

these results attest to the importance of intact physical chromosomal context in the structure 

and functions of the yeast nucleolus. A general comparison of the differences and similarities 

between yeast and human nucleolar system is presented in Table 1.1.  

 

 

Figure 1.3 Diagrammatic illustration of the nucleolus from electron microscopy studies. (A) Human 
(HeLa) cell (B) plant root cell (Pisum sativum) and (C) budding yeast (87). 

  



Introduction 

13 

Table 1.1 General comparisons of the nucleolar system of the budding yeast (haploid) and human 
cell (diploid) 

 Budding yeast system (n) Human system (2n) 

rDNA repeat size 150-200 repeats;~1.5 Mb located on the long 
arm of Chromosome XII (84) 

Average of 600 repeats; 50 kb to > 6 
Mb cluster sizes distributed on five 
acrocentric chromosomes 

Gene unit RNAP I- and RNAP III-transcribed genes are in 
a single repeat unit (35S and 5S rDNA, 
respectively) (84) 

RNAP I- and RNAP III-transcribed 
genes are in separate repeat unit (45S 
and 5S rDNA, respectively) (88) 

Number of NOR-derived 
nucleoli 

Single (89) Multiple (89) 

Morphology during mitosis Remains intact during mitosis (“closed” 
mitosis) (89) 

Disassemble during mitosis and re-
assemble afterwards (89) 

Nucleolar proteomics Nucleolus is highly conserved throughout the eukaryotic kingdom and nucleolar proteome 
changes temporally in response to cellular growth conditions (90,91). More than 130 
yeast proteins with at least one human homologue were shown to be nucleolar in normal 
human and HeLa cells (90,91).  

 

The ribosomal RNA genes are generally accepted to be the only active genes residing within 

nucleoli (7). Within a normal human NOR, the rDNA repeats are mostly arranged as head-to-

tail repeats although there are other less frequent arrangements observed as well, such as 

palindromic or non-canonical repeats in about one-third of the repeat array units (77,92,93). 

This mosaic arrangement is hypothesized to be involved in the detection of genome instability 

because the proportion of the mosaic arrangement was increased 50% in individuals with 

deficiency in the WRN RecQ helicase, who age prematurely (Werner Syndrome) (93). 

Detection of genome instabilities signalled by extended clusters of rDNA may be a trigger for 

modification of cellular functions involved in DNA processing, such as aging or cancer as in 

the case of Werner Syndrome (93).  

In wild-type cells from diverse organisms, the multiple repeats of rDNA in the nucleolus are 

only partially active (reviewed in (7,94,95)). In yeast, Mayan and Aragon postulated these 

actively transcribed rDNA repeats to be localized to the perinuclear membrane in the 

nucleolus (96). On the other hand, inactive repeats are visible as peripheral knobs or internal 

foci or may be interspersed with active repeats within the nucleolus (reviewed in (94)). Both 

states of the rDNA repeats are important for the maintenance of normal nucleolar structure 

(reviewed in (95)). The inactive rDNA repeats are specifically important for nucleolar 
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functions beyond ribosome biogenesis, such as maintenance of genome stability, maturation of 

yeast tRNAs and regulation of the tumour-suppressor protein (p53) (reviewed in (95)).  

 Who are the key players in forming the nucleolar structure?  1.7.2

Components of the ribosome biosynthesis pathway were among the first components 

discovered to regulate or be important in nucleolar formation. This is reasonable, as ribosome 

production is the predominant and most well researched function of the nucleolus. However, 

in 1993, Oakes et.al showed that it was not the transcription of rDNA per se that determined 

the crescent-shape formation of the yeast nucleolus, but rather the presence of intact RNA 

Polymerase I (RNAP I) in the nucleolus serving as a structural element (78). The conclusion 

was drawn because cells with inhibited rDNA transcription still formed the crescent-shaped 

nucleolus (78). Two RNAP I mutants were used in this experiment: 1) a mutant with deletion 

in the second biggest RNAP I subunit gene, RPA135; and 2) a temperature-sensitive mutant 

with altered Rpa190 protein (i.e. the biggest RNAP I subunit) (78). The inhibition reactions 

used might have affected other pathways that in turn prevented the fragmentation of the 

crescent-shaped nucleolus (78). Nevertheless, these observations imply that nucleolar structure 

and function are interconnected.     

The presence of other subunits of RNAP I also correlates with the typical crescent-shaped 

nucleolus in yeast. In the absence of non-essential RNAP I subunits (i.e. Rpa34 and especially 

Rpa49), nucleolar assembly was severely compromised (97). When the number of rDNA 

copies was decreased to 25 copies (i.e. all units were actively transcribing) in the absence of 

Rpa49, partial nucleolar reassembly was observed (97). The Rpa49/34 heterodimer had earlier 

been proposed to function in rDNA transcription initiation and elongation (98). The 

heterodimer protein regulated the recruitment and release of Rrn3, a transcription initiation 

factor, at the active rDNA units (98). These experiments suggested a model whereby the 

Rpa49 complex was required to allow contact between adjacent transcribing polymerases, thus 

forming a head-to-tail “camel-caravan” (97). This interaction determined the distance between 

successive RNAP I complexes and directly affected the rate of transcription (i.e. elongation 

and polymerase loading) (97). In summary, we see a link between rRNA synthesis that 

spatially constrains the initial event of nucleolar self-organization and in turn initiates the 

chain of events leading to formation of the nucleolar structure (97). 

More recent evidence for the intricacy between nucleolar structure and function came from a 

study that used the drug CX-5461 for inhibiting RNAP I transcription (99). The drug was 

selective in killing B-lymphoma cells in vivo while having no effect on the wild-type B cells 
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(99). Disruption of RNAP I transcription, (i.e. ultimately ribosome biogenesis) by the drug 

alters the nucleolar structure in the cancer cell; the multiple nucleoli fused into a singular 

nucleolus and the rDNA condensed to speckled foci (99). This disruption of nucleolar integrity 

triggered a nucleolar stress response (i.e. nucleolar surveillance pathway) resulting in 

apoptosis in the cancer cells through the p53 pathway (99,100). Wild-type B cell treated with 

the drug showed a significant reduction of RNAP I transcription similar to that observed in the 

cancer cell, but showed no induction of apoptosis or nucleoli disruption (99). Therefore, the 

triggering of the p53 apoptotic pathway is a consequence of disruption in nucleolar integrity 

and not a direct consequence of insufficiency in ribosome production (99,100). This study also 

demonstrates an important role for the nucleolus in malignancy development in complex 

organisms, not just its commonly recognised role in ribosome biogenesis. 

Besides components directly involved in rRNA synthesis such as RNAP I, regulators of 

ribosome biogenesis are also candidates for roles in nucleolar structure. The target of 

rapamycin (TOR) protein kinase is the key mediator of nutrient signal transduction to control 

cell growth, hence it is tightly linked to ribosome biogenesis (101,102). A study in 2003 found 

that when TOR was inhibited by the drug Rapamycin and nutrient starvation, a significant 

reduction on nucleolar size was observed for both yeast and mammalian cells (101). In yeast, 

the reduction was followed by RNAP I release from the nucleolus and inhibition of rDNA 

transcription (101). This inhibition may be an effect of both the release of RNAP I and spatial 

constraints resulting from a more compact nucleolus (101). The TOR protein kinase was also 

shown to play a role in the modulation of nucleolar structure, RNAP I localization and rRNA 

gene expression (101). In short, nucleolar structure is shown to be dependent on the interplay 

between rDNA transcription (nucleolar function) and the presence of nuclear compounds. 

As with other nuclear structures, nucleolar structure is dynamic and changes throughout the 

cell cycle (81,103). Nucleoli can vary in size, shape, and number depending on both cell type 

and growth conditions (77). In most eukaryotes, nucleoli disassemble at the beginning of 

mitosis and reform at the end of mitosis when transcription starts again (reviewed in (77,92)). 

In yeast however, although the rDNA undergoes significant changes in mitosis, the nucleolus 

is not disassembled and stays compacted during mitotic segregation (103,104). The 

transcription of rDNA repeats occurs throughout the cell cycle (105) and replication starts late 

in the S-phase (106,107). Thus, transcription, replication and the factors associated with these 

processes are possibly responsible for the persistence of the yeast nucleolus throughout cell 

division. This may also mean that different pathways are responsible for segregating the 
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nucleolus and NOR in yeast and more complex organisms. However, in both yeast and more-

complex eukaryotes, the nucleolar structure is unarguably dynamic. 

 The rDNA array in the Saccharomyces cerevisiae nucleolus 1.7.3

The nucleolus of the budding yeast S. cerevisiae is a distinct crescent-shaped structure 

occupying roughly a-third volume of the nucleus (Figure 1.4-A and B) (108,109). It mainly 

consists of the rDNA repeats array located in tandem on chromosome XII (Figure 1.4-C) 

(110). In contrast to mammalian nucleoli, both the RNAP I- and RNAP III-transcribed rRNA 

genes (i.e. 35S and 5S, respectively) are located in the same rDNA repeat locus (Figure 1.4-C) 

(111). This chromosomal arrangement makes the yeast nucleolus a central sub-nuclear 

structure for the production of ribosomal structural components. 

More than half of the ~150-200 rDNA units composing the nucleolus are active in wild-type S. 

cerevisiae, yet yeast strains with 42 copies that actively transcribe all ribosomal genes are 

viable (112). The difference between the wild-type and rDNA copy number mutant strains lies 

in the loading rate of RNAP I during transcription; both strains had effectively the same 

number of active RNA polymerase I enzymes per nucleolus (112). This means that the overall 

initiation rate, not the number of active genes, determined the rRNA transcription rate (112). 

This also implies that wild-type cells do not need to activate all ribosome genes to ensure that 

the cell’s metabolic requirements are met. This raises the possibility that silenced rDNA genes 

may play a role in functions other than rRNA transcription, such as nucleolar structure 

stability and genome integrity (113,114). 

As mentioned previously, the replication of the yeast rDNA occurs late in the S-phase of the 

cell cycle (106,107). Replication origins are distributed throughout the yeast rDNA array and 

are located within the intergenic region (IGS2) of the 35S and 5S RNA genes (rARS; Figure 

1.4-C). Approximately one in five rDNA origins fires for replication of the rDNA array within 

a single cell (reviewed in (114)), downstream of actively transcribing rRNA genes (115). 

Replication at the yeast rDNA is unidirectional because the replication-fork that advances 

opposite to the direction of RNAP I transcription is arrested at the replication-fork barrier 

(RFB; Figure 1.4-C) (116). This replication-fork arrest is shown by Brewer et.al to be 

independent of transcription (116) and dependent upon binding of non-histone protein, Fob1 

(reviewed in (114)). The arrested  replication fork complex may collapse and create double-

stranded breaks (DSBs) that may promote rDNA recombination (reviewed in (114)). 

Recombination at the rDNA locus, especially unequal sister-chromatid recombination, may 
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lead to the production of ERCs that in turn cause changes in rDNA repeat number (117,118). 

In summary, rDNA replication is tightly linked to the stability within the rDNA repeats. 

The stability of the yeast rDNA is determined by the ability to maintain wild-type rDNA copy 

number by recombination  (113,119). The loss of rDNA repeats will trigger gene amplification 

that is dependent on the transcriptional activity of the bidirectional E-pro promoter within 

IGS1 region (Figure 1.4-C) (119). E-pro transcription itself is regulated by Sir2, known as the 

rDNA silencing protein (Figure 1.4-C) (117,119,120). Besides Sir2, other proteins such as 

Fob1, Net1, condensin and cohesin, are also involved in the regulation of rDNA repeat 

silencing and the maintenance of rDNA stability (reviewed in (113,114,121)). The stability of 

the rDNA needs to be maintained as it is an important contributor for genome stability, as 

proposed by Kobayashi (113). 

 Different chromatin states of the rDNA repeats  1.7.4

The structures of active and inactive repeats of the rDNA have been studied extensively in the 

human cell (reviewed in (77)). Generally in human cells, active and silent rDNA repeats can 

be distinguished by the DNA methylation status and histone modifications (77). Active rDNA 

is associated with high mobility group (HMG) proteins (e.g. UBF) and euchromatic features: 

the rDNA is hypomethylated and enriched in acetylated histones (i.e. H3, H4) (77). On the 

other hand, silent ribosomal genes exhibit heterochromatic features that include 

hypermethylation of their promoter and enhancer regions (77). This nucleolar heterochromatin 

is hypothesized to play a role in the repression of unwanted recombination events and thus for 

the structural integrity of the rDNA repeats and the nucleolus itself (77). Moreover, 

heterochromatic rDNA and its nucleolar factors are also required for heterochromatin 

formation of a non-rDNA locus; the inactivation of X chromosome during S-phase in primary 

mouse embryonic fibroblast (MEF) requires targeting to perinucleolar compartment (122). 

Apparently, the different chromatin states of the rDNA repeats also influence spatial 

organization of other genomic loci.  
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Figure 1.4 The spatial organization of the budding yeast rDNA. The crescent-shaped nucleolus is 
localized at one pole of the nucleus (A-B). (A) Nucleolus is stained with anti-Nop1 antibody (violet), 
ethidium-bromide staining of nucleic acids is in red, green foci are (diploid) telomere clustering 
visualized by anti-Rap1 antibody (108). (B) Nucleolus as revealed by electron microscopy shows 
three distinct morphological compartments: fibrillar centre (FC), dense fibrillar component (DFC) 
and granular component (GC). The nucleus is outlined by the nuclear envelope with pores 
(asterisks). Bar represents 200 nm. (109) (C) Structure of the ribosomal DNA gene cluster on 
chromosome XII; the location of the rDNA in one repeat is shown at the top, with the telomeres 
(TEL) and centromere (CEN) indicated. The middle is a zooming-in showing the tandem repeat 
organization of the rDNA. A single rDNA repeat unit is 9.1 kb in length. At the bottom, a detailed 
view of an rDNA repeat unit is shown. The 35S and 5S rRNA gene coding regions are indicated, as is 
the rDNA origin of replication (rARS). The replication barrier fork (RFB) site is shown in orange 
and is bound by the Fob1 protein (blue). The bi-directional noncoding promoter (E-pro) silenced 
by Sir2 protein is shown in red. The two intergenic spacer regions are shown as IGS1 and IGS2 
((111) with modifications). 
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 The distribution of active and inactive rDNA repeats 1.7.5

The epigenetic determination and inheritance of the active and silenced rDNA genes are 

hypothesized to be achieved by means of differential timing of their replication prior to cell 

division (77). This process is likely to be controlled by the nucleolar remodelling complex 

(NoRC) that is present at silent rDNA repeats in the human cell (77). For its activity and 

nucleolar localization, NoRC requires association with promoter-RNAs (pRNAs), which are 

transcribed from the intergenic spacer (IGS) of hypomethylated rDNA promoters (77).  

NoRC-pRNA complex then mediates silencing of other rDNA loci in trans (77). Thus, the 

distribution of active and inactive repeats within the rDNA array of the human cell comes as a 

functional consequence of the nucleolar remodeling complex (NoRC). 

In mammalian loci, a “switch” molecule can mediate alterations between active and inactive 

states of rDNA. This switch protein is called thyroid transcription factor-1 (TTF1), a 

transcription termination factor and is a key player in establishing and inheriting epigenetic 

marks on the rDNA (77). Not only does TTF1 recruit repressors but it also activates factors 

that are required for rDNA transcription (77). With this “switcher”, the epigenetic state 

between active and inactive rDNA genes can be altered accordingly. The presence of a 

switching mechanism for the activity state of the rDNA repeats reflects the dynamics of 

genome spatial organization at the nucleolus.    

French et.al determined the number of active rDNA repeats in yeast by direct counts of 

Miller’s spreads using electron microscopy (112). They showed that active and inactive rDNA 

repeats were found intermingled and randomly distributed within spreads of the ribosomal 

DNA genes (112). The apparently random distribution was also supported by another 

experiment using Psoralen cross-linking (123). Psoralen cross-linking differentiates chromatin 

structures with different accessibility to the intercalating drug which, upon UV light 

irradiation, introduces cross-links into DNA sites that are not protected by nucleosomes (123). 

In conclusion, both chromatin states of the rDNA repeats (i.e. silenced or active) contribute to 

the nucleolar structure, which, may become structural framework for other processes at the 

nucleolus, such as DNA replication, repair or recombination (92,114,124). 
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1.8. The nucleolar niche in genome spatial organization 

The nucleolus is one of the most obvious sub-nuclear structures. Structurally, the nucleolus is 

a dense structure containing the rRNA genes (rDNA), many different types of RNAs, and 

proteins (7,81,87). It is the site for the production of the most abundant RNA in the cell, the 

ribosomal RNA (rRNA) (7). There is also accumulating evidence of nucleolar functions 

beyond rRNA synthesis that include roles in genome integrity and stability, quality control on 

ribonucleoprotein complexes (RNPs), transcription of small-nucleolar RNAs (snRNAs) and 

regulation of sumoylation that affects mitotic progression (reviewed in (77,92)). With its vast 

array of molecular and genomic components and diverse functions, the nucleolus essentially 

contributes to the global genome spatial organization and genome functioning (22,125).  

O’Sullivan et.al revealed chromosomal interactions within the yeast rDNA repeats themselves 

and between these repeats and other repeat elements in the genome (i.e. Ty retrotransposons 

and sub-telomeric Y’ elements) (125). It was hypothesized that the interactions occurring 

within or between rDNA repeats (i.e. ETS2 and 25S in the rDNA repeat), correlated with the 

silencing of RNAP II transcription from the cryptic rDNA RNAP II E-pro promoter (125,126). 

The interaction was hypothesized to be mediated by a protein complex containing, at least, the 

Sir2 and Fob1 proteins (125). Sir2 is responsible for repression of recombination between the 

rDNA repeats (127). Fob1 binds at the rDNA replication fork barrier (RFB) site where it is 

involved in replication fork blocking, recombination hotspot activity, condensin recruitment to 

RFB and rDNA repeat segregation; all are processes that relate to rDNA stability (128,129). 

Meanwhile, inter-chromosomal interactions between rDNA repeats and Ty elements were 

associated with the opening of the interaction complex and freeing the E-pro promoter domain 

(125). This enables the production of cryptic unstable transcripts (CUTs) that play roles in 

nuclear organization and heterochromatin formation (125,130). Moreover, a Ty1-antisense 

CUT was discovered to silence the transcription and transposition of Ty1 elements (130). 

Therefore, the proximity of Ty1 elements to the nucleolus may link to the regulation of these 

repetitive elements within the genome (125). 

A similar study looking at cis chromosomal interactions revealed the role of RNAP II in 

creating transcriptional domains for different polymerases within the rDNA repeat unit (96). 

The yeast rDNA repeat unit (Figure 1.4-C) contains the promoter sequences of three types of 

polymerases: RNAP I in 35S locus, RNAP II in E-pro and RNAP III in 5S (96,131). In this 

study, it was shown that stalled RNAP II mediated the cis interaction between the two IGS 

regions thereby creating 35S and 5S chromatin loops (96). These loops provided separate 
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domains for RNAP I and III transcriptions, respectively, and prevented transcriptional 

interference between the two polymerases (96). This study implies that active rDNA repeats 

are localized to the periphery of the nuclear membrane as they are anchored by the stalled 

RNAP II (96).  

Microscopic studies have localized five transcriptionally active transfer RNA (tRNA) gene 

families to the nucleolar boundary (reviewed in (132)). Rodley et.al used chromosome 

conformation capture-based assays (3C and 4C) to investigate the role of coding sequence 

identity and adjacent chromosomal context in directing tRNA interactions with the nucleolus 

(133). It was discovered that the internal tRNA sequence affected the choice of local 

interaction partner (i.e. within the rDNA repeats) but that an external factor was required for 

clustering with the nucleolus (133). The tRNA interactions with the nucleolus were localized 

at the nucleolar boundary and was likely to be assisted by structural elements or proteins, such 

as microtubules, as microtubule disruption delocalizes tRNA clusters from the nucleolar 

periphery but not the cluster itself (134). Duan et.al also identified the formation of two tRNA 

gene clusters, one of which was associated with the nucleolus (135). However, the genome 

model proposed by Duan et.al did not reflect this as the nucleolus was shown to detach from 

the rest of the genome, a result of excluding interactions with the rDNA in the model (135). 

The clustering of tRNA genes at the nucleolar periphery points to the role of the nucleolus in 

the regulation of tRNA gene expression.  

Why do some tRNA genes cluster at the nucleolar periphery? Does this provide an advantage 

in the regulation of their transcription? If the tRNA genes-nucleolar interacting structure 

serves as a transcription hub, then clustering scattered tRNA genes from across the genome 

could contribute to transcription that is more efficient. tRNA genes are transcribed by RNAP 

III, the polymerase that also transcribes the 5S-rRNA genes in the rDNA repeats (136). 

Therefore, transcription of a specific gene type (e.g. tRNA genes) may be controlled or 

regulated more efficiently by clustering the components that are linearly separated across the 

genome to a dedicated site (133,136). 

In yeast, many ribosomal protein (RP) genes that code for proteins involved in ribosome 

biogenesis have been found to associate with the nucleolus (21). HMO1, SNR17A-RPL33B, 

RPS5 and RPS20 were among those RP genes that were discovered to frequently juxtapose 

with the nucleolus (21). Interestingly, the Hmo1 protein is involved in the transcription of both 

rDNA and RP genes, thus linking RNAP I and RNAP II transcription (137,138). This 

interconnectedness may imply a structure-function relationship, in particular the formation of 
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regulatory feedback loops between the transcription of ribosomal components (rRNA) and the 

ribosomal proteins themselves. 

 

1.9. Probing chromosomal interactions 

In the past three decades, chromosomal interactions and conformations have been studied and 

visualized by different, mostly microscopy-based techniques (139). These techniques, such as 

electron microscopy and light microscopy combined with fluorescence in situ hybridization 

(FISH) method, are often impractical, do not offer sufficient resolution or the very treatments 

affect the chromosome organization being studied (139). Proximity-based ligation 

methodologies were developed to overcome these complications (49,139). The proximity-

ligation methodologies have been used to globally identify the contact points within and 

between chromosomes (140). The methods are still being developed to further improve their 

analytical strengths (reviewed in (140)). 

Proximity-based ligation methodologies offer advantages over microscopy-based techniques 

in their ability to identify loci that are directly or indirectly held by a complex through a series 

of cross-linking, fragmentation and ligation of loci (22). Following capture, the interactions 

are measured within a subset of the test population (22). This provides a snapshot of the 

interactions that are occurring at a moment in time. The global genome spatial organization 

can then be reconstructed by modelling the total chromosomal interactions data (22). 

 Quantitative chromosome conformation capture (q3C): molecular microscopy for 1.9.1

specific chromosomal interactions 

Chromosome conformation capture (3C) is a proximity-based ligation method to study 

chromosomal interactions (139). It was the first established technique before other variants 

were developed (reviewed in (140)). The 3C assay measures a specific chromosomal 

interaction out of a set of global genome interactions, at a particular point in time (22). The 

measurement of chromosomal interactions typically involves real-time PCR amplification 

(140). Hereafter, it is referred to as quantitative 3C (q3C).  

The chromatin preparation module that captures an interaction library forms the core of q3C 

and other proximity-based ligation methodologies (140). The procedure is illustrated in Figure 

1.5. First, chromatin is cross-linked, most commonly using formaldehyde (140). This 

crosslinking fixes physically touching segments throughout the genome via contacts between 
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DNA-bound proteins (139,141). Then, chromatin is fragmented by restriction enzyme 

digestion and diluted prior to intra-molecular ligation. Cross-links are reversed and 3C library 

is generated from purified chromatin. In q3C, a specific chromosomal interaction is identified 

and measured by real-time PCR (qPCR) using specific primers that amplify across the ligation 

junction (Figure 1.5). 

 Limitations of 3C 1.9.2

The quantitative 3C method also has some limitations in the study of genome interactions. 

Since q3C measures a specific chromosomal interaction, prior knowledge about the interaction 

and interacting segments is required. This can usually be obtained from a genome-wide 

interaction profile, such as that generated by genome conformation capture (GCC) (49), is 

required. Often, the decision to carry out a q3C experiment is a direct consequence of such a 

genome-wide study in order to further characterize the specific interaction and discover its 

biological significance (49,133).  

Quantitative 3C is a population-based study because the measured chromosomal interactions 

are averaged across cell population (140). This is a limitation inherent not just in q3C but also 

most other proximity-based ligation assays (140). A new proximity-based ligation method has 

recently been developed that can measure interactions in a single cell (142). This method will 

pave the way to better data mining and interpretation. Moreover, these proximity ligation 

assays are capturing interactions occurring at a moment in time (i.e. a snapshot of the 

interaction). Therefore, the proximity-based ligation assays need to be combined with other 

methodologies to enable a more complete interpretation of the biological significance of the 

interaction(s) for the system studied. In recent years however, proximity-based ligation assays 

have proved to be robust methodologies that provide insights into how the genome is spatially 

organized and how the organization is relevant to genome functioning. 
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Figure 1.5 Quantitative chromosome conformation capture (q3C) is used to detect chromosomal 
interactions (excerpted from (140)). Chromatin preparation module forms the core of the 
proximity-based ligation methodology. Chromatin is cross-linked, fragmented (by restriction 
enzyme digestion), and diluted prior to intra-molecular ligation. Cross-links are reversed and the 
library purified prior to interaction detection (incorporating direct PCR amplification) to identify 
specific interactions.  
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1.10. Summary 

 Aim and objective 1.10.1

Genome structure and activity are interconnected. The structure serves as a platform where 

genome functions, and functioning can in turn modify or adjust genome structure. This 

interconnectedness is contributed by the linear, spatial and temporal organizations of the 

genome. My thesis will attempt to dissect this interconnectedness by focusing on a spatial 

connection between a genomic region and the tandem array of rDNA in S. cerevisiae. My 

objective is to gain more insight into the non-random spatial organization of the yeast genome. 

This will provide translatable knowledge for understanding other more complex organisms, 

and ultimately, the human system. 

 Hypothesis  1.10.2

Throughout this chapter, I have highlighted the interconnection of structure and function in 

genome spatial organization. Specifically for nucleolar structure, it is clear that ribosome 

production plays a major role in the dynamics of the nucleolus (e.g. size and morphology) 

(81). It is possible that this dynamic structure feeds back to regulate or fine-tune the functional 

properties of the nucleolus, such as ribosome biosynthesis itself or gene repression. The 

O’Sullivan laboratory has previously discovered that a ribosomal protein (RP) gene locus, 

RPA135, interacted with the IGS region of the rDNA repeats (133). The RPA135 gene codes 

for the second largest subunit of RNAP I that transcribes 35S-rRNA. As RNAP I is required 

for both nucleolar structure and rDNA transcription, I hypothesize that the association of the 

RPA135 locus with the rDNA acts as a part of rDNA transcription regulation and RPA135 

transcription. I also hypothesize that the interaction is specific and is predicted to involve 

specific elements in the RPA135 locus. 
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Chapter 2. Materials and Methods 

2.1. Materials 

 Chemicals and Reagents 2.1.1

All chemicals were of analytical grade, unless specified. Suppliers for these chemicals and 

reagents were as follow.  

Acros Organics 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 

Ajax Finechem 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 

Ambion® 

Life Technologies New Zealand Ltd 

Auckland, New Zealand 

Applichem 

Lab Supply Ltd 

Dunedin, New Zealand 

Axygen biosciences 

Global Science – VWR Company 

Auckland, New Zealand 

BD (Becton, Dickinson and Company) 

Global Science – VWR Company 

Auckland, New Zealand 

Custom Science Ltd 

Auckland, New Zealand 

 

Fermentas 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 

Fisher bioreagents & chemicals 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 

Formedium™ 

Norfolk, United Kingdom 

 

Invitrogen 

Life Technologies New Zealand Ltd 

Auckland, New Zealand 

LabServ 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 
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Macherey-Nagel 

Norrie Biotech 

Auckland, New Zealand 

Merck Ltd 

Palmerston North, New Zealand   

New England Biolab Inc. 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 

Oxoid Microbiology Products 

Thermo Fisher Scientific New Zealand Ltd 

Auckland, New Zealand 

Qiagen 

Bio-Strategy Ltd 

Auckland, New Zealand 

Roche Ltd 

Auckland, New Zealand 

 

Scharlau 

Global Science – VWR Company 

Auckland, New Zealand 

Sigma-Aldrich Australasia 

Auckland, New Zealand 

Takara Bio Inc. 

Norrie Biotech 

Auckland, New Zealand 

US Biochemical Corp. 

Cleveland, USA 

 

VWR BDH Prolabo 

Global Science – VWR Company 

Auckland, New Zealand 

Zymo research 

Ngaio Diagnostic 

Nelson, New Zealand 
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 Solutions  2.1.2

2.1.2.1 Solutions for general molecular biology techniques 

All solutions were prepared using distilled and deionised Milli-Q™ (Millipore) water (ddH2O) 

and sterilized by autoclaving (15 psi, 121oC, 20 min) or filtering through a 0.2 µm PES 

syringe filter as indicated, prior to usage. 

Stock Solutions 

0.5 M EDTA pH 8.0 

1 M Tris-HCl pH 7.5 and 8.0 

5X T4-DNA Ligase Buffer (100 ml) 
1 M Tris-HCl pH 7.6 (250 mM final conc.) 25 ml 

0.5 M MgCl2 (50 mM final conc.) 10 ml 

0.5 M rATP (5 mM final conc.) 1 ml 

50% (w/v) Polyethylene glycol (PEG)-8000  

(25% final concentration)  50 ml 

1 M Dithiothreitol (DTT; 5 mM final conc.) 0.5 ml 

ddH2O 13.5 ml 

10X TE Buffer pH 8.0 (100 ml) 

1 M Tris-HCl (pH 8.0; 100 mM final conc.) 10 ml 

0.5 M EDTA (pH 8.0; 10 mM final conc.) 2 ml 

ddH2O 88 ml 

Stock solution was diluted with ddH2O 10-fold to make 1X TE Buffer pH 8.0 (10 mM Tris-

HCl and 1 mM EDTA final concentration). 

Linear Polyacrylamide (LPA) 
Acrylamide 5 mg 

TE Buffer pH 8.0 200 µl 

10% (w/v) ammonium persulfate (APS) 1 µl 

Tetramethylethylenediamine (TEMED) 1 µl 

Ethanol absolute 505 µl 

Acrylamide was dissolved in TE Buffer before APS and TEMED were added and left 

to polymerize. Two-and-a-half volume of absolute ethanol was added and the 
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polymerised acrylamide pelleted (4000 rpm, 10 min) and resuspended in 500 µl 

ddH2O. 

Phenol:Chloroform (P:C) 

 Buffer saturated phenol (pH 7.5) and chloroform were mixed at a 1:1 ratio. 

10X Phosphate buffer saline (PBS) (1 L) 
1.37 M NaCl   80 g 

27 mM KCl  2 g 

100 mM Na2HPO4 14.4 g 

18 mM KH2PO4 2.4 g 

pH was adjusted to 7.4 with 5 M NaOH and then ddH2O was added to 1 L. Solution 
was sterilized by autoclaving.  

50X Tris-Acetate-EDTA (TAE) Buffer (1 L) 
2 M Tris Base (MW=121.1) 242 g 

Glacial acetic acid 57.5 ml 

0.5 M EDTA (50 mM final conc.)  100 ml 

ddH2O up to 1 L 

Solution was sterilized by autoclaving. Dilute 50-fold with deionised H2O to make 1X 

working concentration (40 mM Tris-Acetate and 1 mM EDTA final concentration).  

10x Tris-Borate-EDTA (TBE) Buffer (1 L) 
1 M Tris Base (MW=121.1) 121.1 g 

1 M Boric acid 61.8 g 

0.5 M EDTA pH 8.0 (20 mM final conc.) 40 ml 

ddH2O  up to 1L 

Solution was sterilized by autoclaving. Dilute 20-fold with deionised H2O to make 

0.5X working concentration (50 mM Tris-Borate and 1 mM EDTA final 

concentration). 

Solution-A (10 ml) 
10% (v/v) Triton X-100 (2% final conc.) 2 ml 

10% (w/v) SDS (1% final conc.) 1 ml 

5 M NaCl (100 mM final conc.) 200 µl 

1 M Tris pH 8.0 (10 mM final conc.) 100 µl 

0.5 M EDTA (1 mM final conc.) 20 µl 

ddH2O up to 10 ml 
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2.1.2.2 Solutions for chromatin preparation 

Chromatin Digestion Buffer (30 ml) 
1 M Tris-HCl pH 8.0 (10 mM final conc.) 300 µl 

1 M MgCl2 (5 mM final conc.) 150 µl 

11% (v/v) Triton X-100 (0.1% final conc.) 273 µl 

ddH2O up to 30 ml 

FA Lysis Buffer (10 ml) 
1 M HEPES-KOH (50 mM final conc.) 500 µl 

5 M NaCl (140 mM final conc.) 280 µl 

0.5 M EDTA pH 8.0 (1mM final conc.) 20 µl 

11% (v/v) Triton X-100 (1% final conc.) 900 µl 

10% (w/v) DOC (0.1% final conc.) 100 µl 

ddH2O 8.2 ml 

One protease inhibitor cocktail tablet (Roche; EDTA-free) is added in 10 ml before use.  

3C Wash Buffer (200 ml) 
11% (v/v) Triton X-100 (1% final conc.) 18 ml 

10X PBS (1X final concentration) 20 ml 

ddH2O up to 200 ml 

 

2.1.2.3 Solutions for making competent cells 

SOB medium (1 L) 
Tryptone (2% [w/v]) 20 g 

Yeast extracts (0.5% [w/v]) 5 g 

NaCl (0.05% [w/v]) 0.5 g 

Add 10 ml of 250 mM KCl (2.5 mM final concentration) per litre. Adjust to pH 7.0 

with 200 µl 5 N NaOH and autoclave. Add 10 ml 1 M MgCl2 (10 mM final 

concentration) just before use. 

Transformation Buffer (TB – 100 ml) 
10 mM PIPES 0.303 g 

15 mM CaCl2·2H2O 0.220 g 

250 mM KCl 1.863 g 

Adjust pH to 6.7 with KOH and add 1.088 g MnCl2·4H2O (55 mM final concentration). 

Filter to sterilize. 
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 Media 2.1.3

Media for bacterial and S. cerevisiae cultures were prepared using ddH2O and sterilised by: 1) 

autoclaving at 15 psi, 121oC for 20 min or 2) filtering through a Millipore 0.2 µm syringe filter 

(Interlab). For plates, 15 g/L of agar was added prior to autoclaving.  

2.1.3.1 Bacterial Media 

Luria-Bertani (LB) Medium (1 L) 
1% (w/v) Bacto tryptone 10 g 

0.5% (w/v) Yeast extract 5 g 

1% (w/v) NaCl 10 g 

ddH2O up to 1 L 

2.1.3.2 Yeast Media 

Synthetic Dextrose (SD) minimal medium (1 L) 

0.17% (w/v) Yeast nitrogen base w/o amino acids 1.7 g 

0.5% (w/v) (NH4)2SO4  5 g 
ddH2O adjust to final volume of 900 ml(*) 

Adjust to pH 7.0 with 5 M NaOH and sterilize by autoclaving 

20% (w/v) glucose (2% final conc.) 100 ml 

(*) if amino acids need to be supplemented, these are added after media sterilization. 

S. cerevisiae wild-type strain BY4741 requires amino acid supplementations as follows (for 

1litre final media volume):  

100 mM Histidine (300 µM final conc.) 3 ml 

100 mM Leucine (2 mM final conc.) 20 ml 

50 mM Methionine (1 mM final conc.) 20 ml 

20 mM Uracil (200 µM final conc.) 10 ml 

YPD (Yeast Peptone Dextrose) medium (1 L) 
2% (w/v) Bacto peptone  20 g 

1% (w/v) Yeast extract 10 g 

ddH2O up to 900 ml 

sterilize by autoclaving 

add 20% (w/v) glucose (2% final conc.) 100 ml 

For YP+galactose medium, add the same volume of 20% (w/v) galactose instead of glucose. 
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2.1.3.3 Antibiotics 

When required for selection of transformed bacterium colonies, Ampicillin (Roche; 100 

µg/ml) was added to LB media and agar plates. For selection of transformed yeast colonies, 

Geneticin/G-418 (Formedium; 200 µg/ml) was added to YPD media and agar plates.  

 

 Enzymes 2.1.4

The following restriction enzymes were purchased from New England Biolab (distributed by 

Thermofisher Scientific New Zealand Ltd.) and reactions carried out in their accompanying 

reaction buffers: 

BamHI, BglII, ClaI, EcoRI, HindIII, NcoI and NdeI 

Other enzymes used were T4 DNA Ligase (Invitrogen), Taq DNA Polymerase with 

Thermopol buffer (New England Biolab), Calf Intestinal Alkali Phosphatase (CIAP, 

Invitrogen), ProteinaseK (Thermoscientific), RNase A (Thermoscientific), DNase in TURBO 

DNA-free kit (Ambion), DNA polymerase in KAPA2G Robust HotStart (KAPA Biosystem), 

DNA polymerase and reverse transcriptase in KAPA SYBR® FAST One-Step qRT-PCR Kit 

(KAPA Biosystem), DNA polymerase and reverse transcriptase in One-Step SYBR RT-PCR 

Kit (Takara Clontech). 

 

 Organisms and Strains 2.1.5

The list in Table 2.1 contains a full list of all the strains used and generated in this study. All 

E. coli mutants were derived from DH5α. All S. cerevisiae mutants were derived from strain 

BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0), except where stated.  
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Table 2.1 Organisms and strains used in the study 

Strain Name Genotype Source 
E. coli DH5α fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17 
(143) 

Bacteriophage λDNA - (144) 
S. cerevisiae (BY4741) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (145) 
Control VI BY4741 leu1::Kan-λ/VI This study 
Control VII BY4741 leu1::Kan-λ/VII This study 
Replacement I BY4741 rpa135::Kan-I (Replacement I strain) This study 
Replacement II BY4741 rpa135::Kan-II (Replacement II strain) This study 
Replacement III BY4741 rpa135::Kan-III (Replacement III strain) This study 
Replacement IV BY4741 rpa135::Kan-IV (Replacement IV strain) This study 
Replacement V BY4741 rpa135::Kan-V (Replacement V strain)  
Replacement VI BY4741 rpa135::Kan-VI (Replacement VI strain) This study 
Replacement VII BY4741 rpa135::Kan-VII (Replacement VII strain) This study 
2RPA BY4741 RPA135 leu1::RPA135-URA3 This study 
msn2 BY4741 msn2Δ0 

Deletion strains 
information is available 
on the Saccharomyces 
Genome Deletion 
Project (146,147) 

rei1 BY4741 reiΔ0 
rph1 BY4741 rph1Δ0 
sir2 BY4741 sir2Δ0 
stp1 BY4741 stp1Δ0 
xbp1 BY4741 xbp1Δ0 
yap5 BY4741 yap5Δ0 
YAG33 W303a 20-copy rDNA fob1::HIS3 (119) 
YAG54 W303a WT-copy rDNA e-pro::GAL1/10:URA3 (4) 
YAG92 W303a WT-copy rDNA fob1::HIS3 (4) 
YAG99 W303a 80-copy rDNA fob1::HIS3 (4) 
DR34α W303α fhl1::HIS3 MATα (148) 
DR35α W303α fhl1::HIS3 ifh1::Kan MATα (148) 

 

 Primers, Probes and PCR reagents 2.1.6

All primers (Table 2.2) were dissolved to a final concentration of 100 µM with ddH2O and 

stored at -20 °C. For working concentrations, stock primers were diluted to 10 µM (i.e. 10 

pmol/µl) and 10-15 pmol was used in each PCR reaction (i.e. both for end-point PCR and real-

time quantitative PCR).  

In general, end-point PCR amplification used Taq DNA polymerase in the accompanying 

ThermoPol® Reaction Buffer (NEB) with the following (1X) composition: 20 mM Tris-HCl, 

10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% Triton® X-100, pH 8.8 at 25 °C. 
  



Materials & Methods 

35 

Table 2.2 List of primers and probes for PCR and quantitative PCR reactions 

Amplicon Forward Primer Reverse Primer 
λDNA (from (144)) AC1001-lambda F AC1002-lambda R 
Homologous recombination Replacement I NC1055 RPA-A5 KanλA F 

NC1046 – tK Kan R 

Homologous recombination Replacement II NC1054 RPA-A4 KanλA F 
Homologous recombination Replacement III NC1053 RPA-A3 KanλA F 
Homologous recombination Replacement IV NC1052 RPA-A2 KanλA F 
Homologous recombination Replacement V NC1047 – RPA-A1 Kan F 
Homologous recombination Replacement VI AC1003-A –Section F 
Homologous recombination Replacement VII AC1005-B –Section F 
Screening Replacement I to VII strains NC1043 – LEU1-FragB-Fw NC1046 – tK Kan R 
Homologous recombination Control VI NC1001 – AF NC1001 – AR Homologous recombination Control VII NC1002 – BF 
Screening Control VI and VII NC2001F NC2002R 
RPA135-part 1 AC1015 Rpa135 Forward ClaI-

EcoRI 
AC1016 Rpa135 Reverse ClaI-
EcoRI 

RPA135-part 2 AC1017 Rpa135 Forward EcoRI-
BamHI 

AC1018 Rpa135 Reverse 
EcoRI-BamHI 

Screening RPA135 insertion into pRS416 NC1024-LEU1-RPA pro Fw NC1025-LEU1-URA3 pro Rv 
Full construct RPA135:URA3 (from pIC112) 
Screening RPA135:URA3 insertion into LEU1 NC1026-LEU1 screen Fw AC1017 Rpa135 Forward 

EcoRI-BamHI 
q3C GAL1 copy number  GAL1_F GAL1_R 
q3C RPA135 copy number  AC1017 Rpa135 Forward EcoRI-

BamHI 
AC1016 Rpa135 Reverse ClaI-
EcoRI 

q3C IGS1 copy number  rDNA+ve460025F rDNA+ve460025R 
q3C 25S copy number  NC1094 rDNA no. CHEF F NC1095 rDNA no. CHEF R 
q3C RPA135-IGS1 interaction  rDNAHindIIIF & 

rDNAHindIII Probe 

RT-RPA135Frag1_R 
q3C λDNA-IGS1 interaction  AC1009 3C Standard Primer 

Forward 
RPA135 Standard fragment RPA135+veFrag1_F RPA135+veFrag1_R 
IGS1 Standard fragment rDNA+veHindIII_F rDNA+veHindIII_R 
λDNA Standard fragment AC1009 3C Standard Primer 

Forward 
AC1010 3C Standard Primer 
Reverse 

ACT1 transcript NC1060-ACT1 RNA Fw NC1061-ACT1 RNA Rv 
ALG9 transcript NC1062-ALG9 RNA Fw NC1063-ALG9 RNA Rv 
UBC6 transcript NC1064-UBC6 RNA Fw NC1065-UBC6 RNA Rv 
RPA135 transcript NC1066-RPA135 RNA Fw NC1067-RPA135 RNA Rv 
25S transcript NC1094 rDNA no. CHEF F NC1095 rDNA no. CHEF R 
RPA135 Southern blot probe AC1015 Rpa135 Forward AC1016 Rpa135 Reverse 
IGS1 Southern blot probe NC1101 Southern rDNA Fw NC1102 Southern rDNA Rv 
25S Southern blot probe NC1094 rDNA no. CHEF F NC1095 rDNA no. CHEF R 
msn2 NC1084-MSN2 Fw NC1085-MSN2 Rv 
rei1 NC1072-REI1 Fw NC1073-REI1 Rv 
rph1 NC1078-RPH1 Fw NC1079-RPH1 Rv 
sir2 NC1074-SIR2 Fw NC1075-SIR2 Rv 
stp1 NC1076-STP1 Fw NC1077-STP1 Rv 
xbp1 NC1080-XBP1 Fw NC1081-XBP1 Rv 
yap5 NC1082-YAP5 Fw NC1083-YAP5 Rv 

 



Chapter 2 

36 

2.2. Methods  

 Cell Culture Techniques   2.2.1

2.2.1.1 Growth conditions 

Yeast strains were stored at -80 °C (in liquid medium used to grow them (YPD or SC drop-

out) and 15% [v/v] glycerol (final concentration)) and cultured in Yeast Peptone Dextrose 

(YPD; 2% glucose [w/v], 1% Yeast Extract [w/v], 2% Peptone bacteriological [w/v]) at 30 °C 

with shaking (160-200 rpm). Where necessary, media were supplemented with 1.5% [w/v] 

agarose and G-418 (200 µg/ml). Some experiments required yeast strains to be grown in 

minimal media. Synthetic Complete (SC) media were used (0.17% yeast nitrogen base without 

amino acids [w/v], 0.5% ammonium sulfate [w/v] pH 7.0, 2% glucose [w/v]) supplemented 

with appropriate amino acids. 

E.coli strains were stored at -80 °C [in liquid LB (plus Ampicillin 100 µg/ml when required) 

and 15% glycerol (final concentration)]. Cultures were grown in LB (1% tryptone [w/v], 0.5% 

yeast extract [w/v], 1% NaCl [w/v]. Where necessary, media were supplemented with 1.5% 

agar [w/v]) and Ampicillin (Fisher; 100 µg/ml) for selection of transformants. 

2.2.1.2 E.coli (DH5α) Ultra Competent Cells (149) 

To prepare heat-shock competent cells, E. coli DH5α cells from stock were streaked on an LB 

plate and incubated at 37 °C overnight. The next day, 10-12 colonies were inoculated into 300 

ml super optimal broth (SOB) (150) added with MgCl2 in a sterile 2 L-conical flask and 

incubated at 22 °C (200 rpm) until OD600=~0.6 (approximately 36 hours). When the 

appropriate OD600 was reached, the culture was chilled on ice for 10 min, split into 50 ml-

Falcon tubes and centrifuged (4,000 rpm, 4 °C, 10 min). Each pellet was suspended in another 

4 ml ice-cold TB using a blunt 1 ml-tip, centrifuged (4,000 rpm, 4 °C, 10 min) and suspended 

in 4 ml ice-cold TB. Chilled DMSO (300 µl) was added drop-wise to each cell suspension. 

Cells were stored on ice for 10 min, aliquoted (100  µl) into 1.5 ml-tubes, snap frozen in liquid 

nitrogen and stored at -80 °C.  

2.2.1.3 Bacterial Transformation by Heat Shock (149) 

For bacterial transformation, competent E. coli DH5α cells (100 µl) were mixed with 1-10 µl 

DNA (~10 ng of plasmid or ~1 µg of PCR product) and held on ice for 15-30 min. Cells were 

heat shocked at 42 °C for 45 s. Following heat shock, cells were placed directly on ice before 

adding 1 ml of room-temperature LB. The cell suspensions were then incubated at 37 °C for 
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~45 min and plated (in 200 µl aliquots) onto LB plates with appropriate antibiotic addition (37 

°C overnight). 

2.2.1.4 Yeast Transformation by Heat Shock (modified from (151,152)) 

Yeast strains were recovered from -80oC and streaked on YPD plates (30 °C, 2 days; with G-

418 when required). A colony, which represented a biological replicate, was inoculated into 10 

ml YPD and incubated overnight (30 °C, 180 rpm). The overnight culture was then diluted to 

an OD600=0.1 to 0.15 and let grow for at least two doubling times (until OD600=0.6). Cells 

were spun down (2,000 g, 5 min at room temperature), washed and resuspended with 5 ml 

(each) of sterile ddH2O before the cells were sedimented. Then, cell pellet was suspended in 1 

ml Solution I (1X TE pH 7.5, 0.1 M Lithium acetate) for an hour at room temperature or 

overnight at 4 °C (preferably in rocking platform). 

Single-stranded salmon DNA (ssDNA) was used as a carrier DNA to enhance transformation 

efficiency (151). It was prepared by denaturing salmon DNA aliquot (10 mg/ml) at 95 °C for 5 

min followed by incubation on ice. The ssDNA can be frozen-thawed 2-3 times before 

needing to denature again. Competent yeast cell suspension (100 µl) was mixed with 300 µl 

Solution II (1X TE pH 7.5, 0.1 M Lithium Acetate, 50% PEG-4000) and 10 µl ssDNA and 

target DNA as the following: 

    Volume (µl)  Amount 
- Plasmid DNA   1  ≤100ng 
- PCR product           ≤50  0.5-1.0µg 

The mix was incubated at 30 °C for approximately 2 hours (at least 30 min) and heat-shocked 

at 42 °C for 15 min. One ml of sterile ddH2O was added and cells were centrifuged (3,000 g, 5 

min, at 4 °C). If using plasmid DNA, cell pellet was resuspended with 1 ml sterile ddH2O and 

plate accordingly. When using linear DNA, cells were resuspended and incubated in 1 ml 

YPD (30 °C, 1-1.5 hours) and then plated accordingly (30 °C, 2-3 days). 

For practicality, cryopreserved competent yeast cells can be prepared according to Ju and 

Warner (153).  
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2.2.1.5 Yeast Transformation by Electroporation 

Cells were prepared and cryopreserved according to Suga (154) and transformation protocol 

by electroporation was modified as followed.  

Frozen cells were put on ice and mixed with 500 µl Li-Ac/DTT solution (100 mM Lithium 

acetate, 10 mM DTT, 1X TE pH 7.5) and incubated (30 °C, 10 min, shaking). They were 

centrifuged (3,000 rpm, 4 min, 4 °C) and three-times washed and resuspended with 1 ml cold 

sterile ddH2O (centrifuging each time). Process was repeated once with 1 ml cold 1M Sorbitol. 

Cell suspension was mixed with DNA (max. volume 5 µl) and incubated on ice for 10 min. 

Electroporation was carried out with BTX ECM830 (174 V, 22 ms) then cells were quickly 

resuspended with 1 ml YPD and incubated (30 °C, 1 h, shaking). Cells were plated 

accordingly (30 °C, 2 to 3 days). 

2.2.1.6 Colony Screening by Restriction Digest (E. coli) 

Putative transformed colonies were picked with pipette tips and suspended in 6 µl LB 

medium. Suspended colony (3 µl) was mixed with 8 µl 0.5% Tween-20 and boiled for 30 s. 

When samples cooled down, the digestion mix with appropriate restriction enzyme (1 U) and 

reaction buffer were mixed. Samples were incubated (37 °C, 1 h) and run on 1% agarose gel 

for analysis.  

2.2.1.7 Colony Screening by PCR (E. coli and S. cerevisiae) 

Putative transformed colonies were picked with pipette tips, suspended in 20 µl 10 mM NaOH 

and boiled for 5 min. When samples cooled down, 1 µl was used as template for PCR with 

appropriate screening primers. PCR products could then be run on 1% agarose gel for analysis. 

If there are large number of putative colonies, samples can be pooled and transformant 

selection done through narrowing the screening. 

2.2.1.8 Confirming Auxotrophy and Mutant Phenotype 

Mutant strains, either generated or obtained from other labs, were confirmed for their genotype 

by auxotrophy, antibiotic resistance and/or PCR screenings. Auxotrophy screening was done 

by plating on SC drop-out media (SD without amino acids, supplemented with appropriate 

amino acids except for one to be screened). Antibiotic resistance was checked by plating on 

YPD plates with appropriate antibiotic (e.g. Ampicillin, G-418). PCR screening of insertion of 

fragment by homologous recombination was done by amplifying across the region of 

insertion. Primers for screening are listed in Table 2.2.  
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2.2.1.9 Yeast Growth Assay 

Starter culture (5 ml in 50 ml-Falcon tube) was inoculated in YPD from freshly grown plate 

colony (2 days incubation at 30 °C) and incubated 10-12 hours (30 °C, 200 rpm). Culture was 

diluted to OD600=0.1-0.15 in 96-well, flat-bottom plate (Sarstedt 82.1581.001) in total of 150 

µl volume of YPD per well. Plate was incubated in a Synergy-2 plate reader (BioTek) (30 °C, 

fast-continuous shaking speed) and growth monitored at 30 min read intervals using OD600 for 

20 hours.  

Data were collected after subtraction with OD600 for blank and doubling-times analysed by 

using YODA(155) software.  

2.2.1.10 Yeast Chronological Life Span (CLS) 

S. cerevisiae strains were grown (10 ml YPD, 200 rpm, 30 °C, overnight) and 30 µl used to 

inoculate 3 ml SC media in polystyrene Falcon® tubes (14-ml; BD Falcon®). Cultures were 

grown (30 °C, 15 days or 40 days for the other assay) with shaking (230 rpm), on an angle, to 

allow thorough aeration. Samples (5 µl) were taken after 2, 4, 7, 10 and 15 days of culturing 

(or 2, 6, 8, 11, 14, 18, 22, 32, 35, and 38 days for the 40-day assay) and used to inoculate YPD 

(145 µl) in a 96-well, flat-bottom plate (Sarstedt 82.1581.001). Growth was monitored in a 

Biotek Synergy-2 plate reader as explained in Growth Assay and survival data and doubling-

times were calculated using YODA (155). 

2.2.1.11 Activation of GAL1/10 bidirectional promoter in GAL-pro strain (YAG54(119)) 

Starter cultures of S. cerevisiae GAL-pro mutant strain were grown for ~12 hours in YPD. 

Starter cultures were then used to inoculate 50 ml YP-galactose (glucose was replaced with 

2% galactose [w/v]) test cultures to a final OD600=0.002. Test cultures were grown (30 °C, 180 

rpm) to a final OD600=0.6 (8-doubling times) before being fixed using formaldehyde for the 

3C assay (Chapter 2.2.4.1). 
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 Molecular Biology Techniques 2.2.2

2.2.2.1 Bacterial plasmid isolation 

Plasmid DNA was isolated from overnight culture of E. coli DH5α strain grown in LB 

(volume depended on the required yield) supplemented with Ampicillin [100 µg/ml] (37 °C, 

180 rpm) to an OD600 of between 1.5-5.0 before 5-10 ml volumes or 25-100 ml were harvested 

for miniprep (small-scale yield) or midiprep (medium-scale yield), respectively. Plasmids 

were isolated using the High Pure Plasmid Isolation (Roche) or NucleoSpin Plasmid 

(Macherey-Nagel) kits according to the manufacturer’s instructions. Final plasmid DNA 

concentrations were measured by Nanodrop.  

2.2.2.2 Yeast Genomic DNA Extraction  

Starter cultures were grown in 10 ml YPD or other media as required (200 rpm, 30 °C, 

overnight or min. 12 h). Yeast cells were pelleted (2200 g, 5 min, room temp). Cell pellets 

were resuspended and washed in 200 µl Solution A (2% Triton X-100, 1% SDS, 0.1 M NaCl, 

10 mM Tris pH 8.0, 1 mM EDTA) and pelleted again in 2 ml-microcentrifuge tubes. Cells 

were lysed by vortexing (2 min) with approximately 300 mg glass beads (Sigma-Aldrich) and 

200 µl phenol:chloroform (1:1). To upscale the final isolated volume to 400 µl, just before 

pelleting, 200 µl TE pH 8.0 was added and then centrifuged (13,000 rpm, 5 min, room 

temperature). Phenol:chloroform extraction (200 µl) was repeated three-times before the 

nucleic acid was precipitated with 1 ml cold-absolute ethanol (13,000 rpm, 4 °C, 2 min). 

Pellets were air dried, resuspended in 400 µl TE pH 8.0 and treated with RNase [10 mg/ml] 

(Thermoscientific; 37 °C, 5 min). Genomic DNA was ethanol precipitated (2.5X volume of 

absolute ethanol and 10% [v/v] 3 M sodium acetate, -20 °C, overnight) and sedimented 

(13,000 rpm, 4 °C, 10 min). DNA pellets were suspended in water (50-100 µl, depending on 

the pellet size) before the genomic DNA concentration was measured (Nanodrop) and diluted 

to 10 ng/µ (final concentration for qPCR).  

Genomic DNA extraction from aging (CLS) cultures (Section 2.2.1) followed the same 

protocol as above. However, only 1 ml of culture was harvested at each time point.  
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2.2.2.3 DNA Extraction from Agarose Gel 

For the isolation of DNA fragments of specific sizes, DNA samples were electrophoresed 

through agarose gels (1 to 2% [w/v] depending on the required fragment size). The specific 

band was cut from the agarose gel and treated with the NucleoSpin Gel and PCR Clean-Up 

(Macherey-Nagel) or GeneJET Gel Extraction Kit (Thermofisher Scientific) according to the 

manufacturer’s instructions. DNA yields were measured with the Nanodrop.  

2.2.2.4 Pulsed-Field Gel Electrophoresis/CHEF assay 

The small-scale yeast CHEF preparation method was modified by the Fangman/Brewer Lab 

from Ladonato and Gnirke (156). Yeast strains were grown from starter culture in 25 ml YPD 

(30 °C, 180 rpm) overnight to an OD600=0.6. Yeast cells were pelleted by centrifugation 

(14,000 rpm, 2 min, room temperature). Cell pellets were washed twice with 350 µl 50 mM 

EDTA (pH 8.0). After the final wash, the supernatant was removed with a pipette and yeast 

cells were resuspended in 50mM EDTA (1:4 volume:volume; e.g. for a 20 µl cell volume 80 

µl of EDTA was added). Melted and equilibrated 1.6% (w/v) LMP agarose (low melting point 

agarose in 50 mM EDTA pH 8.0, 45 °C) was added to the cell suspension at a 1:1 ratio (i.e. 

equal volume) and mixed well. Cell and agarose suspensions were immediately pipetted into 

CHEF plug moulds (approximately 175 µl per two plugs) and left to set at 4 °C for at least 20 

min. 

Set plugs were incubated in 1 ml freshly prepared spheroplasting solution (1 M Sorbitol, 20 

mM EDTA pH 8.0, 10 mM Tris-HCl pH 7.5, 14 mM β-mercaptoethanol, 2 mg/ml Zymolayse-

20 T [Seikagaku America]) in flat-bottom 2-ml tubes (37 °C, 6 hours). Tubes were inverted 

after an hour. Spheroplasting solution was removed and replaced with an equal volume of 

LDS solution (1% SDS, 100 mM EDTA pH 8.0, 10 mM Tris-HCl) and incubated (37 °C, 15 

min; tubes were inverted immediately after adding and before removing the LDS solution). 

LDS solution was replaced with the same volume of LDS and incubated overnight at 37 °C. 

Agarose plugs were washed three-times (at least 30 min each) in 1 ml of 0.2X NDS solution 

pH 9.5 (0.1 M EDTA pH 8.0, 2 mM Tris-HCl, 0.2% sarkosyl, pH adjusted with NaOH) at 

room temperature. Finally, agarose plugs were washed three-times (at least 30 min each) in TE 

buffer pH 8.0 at room temperature. Plugs were then stored at 4 °C (can stay non-degraded for 

at least 6 months).  

When required, plugs were digested with BamHI (half of each plug is sufficient for the assay). 

Plugs were first washed once in TE buffer pH 8.0 for 20 min. Plugs were subsequently washed 

and incubated in 300 µl pre-incubation mixture (1X Buffer Tango with BSA [Fermentas] and 
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ddH2O) three-times (at least 30 min each, room temperature). Pre-incubation mixture was 

replaced with 500 µl incubation mixtures (1X Buffer Tango with BSA, 100 U BamHI 

[Fermentas] and ddH2O) and incubated overnight (37 °C). The next day, plugs were refreshed 

with 500 µl of 50 mM EDTA pH 8.0 for at least 30 min.  

Digested and undigested plugs (half and one-quarter, respectively) were run on a 1% [w/v] 

agarose gel using the CHEF-DR® III variable angle system (Bio-Rad, auto algorithm, 29 

hours). The agarose gel was stained with ethidium bromide to check DNA separation before 

transfer to a nylon membrane (Amersham RPN303N) by capillary transfer. Whole rDNA 

repeats were detected on the membrane by hybridization with a DIG-labelled 25S probe (Table 

2.2; Roche PCR DIG Probe Synthesis Kit). Bound probe was detected by anti-DIG-AP 

antibody (1.5U, Roche) with CSPD as chemiluminescent substrate (Roche) and exposure to an 

Image Reader LAS-4000 (Fujifilm). 

2.2.2.5 Southern Blot and ERC Assays 

Exponentially growing cultures were grown in YPD to an OD600=0.6 (as for the 3C assay) and 

harvested. Genomic DNA was extracted by phenol:chloroform () and analysed for rDNA copy 

number by Southern blot (35). Briefly, genomic DNA (1.5µg) was digested with BglII (15 U, 

New England Biolab) at 37 °C overnight, separated on a 1% (w/v) agarose gel (80 V, 2.5 

hours) and transferred to a nylon membrane (Amersham RPN303N) by capillary transfer. 

rDNA repeats were detected on the membrane by hybridization with a DIG-labelled IGS1 

probe (Table S2; Roche PCR DIG Probe Synthesis Kit). Bound probe was detected by anti-

DIG-AP antibody (1.5 U, Roche) with CSPD as chemiluminescent substrate (Roche) and 

exposure to Image Reader LAS-4000 (Fujifilm). For normalization, the blot was stripped with 

0.1% SDS (90 to 100 °C) and re-probed with a DIG-labelled RPA135 probe (Table S2; Roche 

PCR DIG Probe Synthesis Kit).  

To detect extra-chromosomal ribosomal circles (ERC), genomic DNA (1 µg) was 

simultaneously digested with BamHI (10 U, Fermentas) and Exonuclease V/RecBCD (10 U, 

New England Biolab) at 37 °C overnight. Digested genomic DNA (BamHI, or BamHI and 

Exonuclease V/RecBCD) was separated by electrophoresis through a 1% (w/v) agarose gel 

(80 V, 3 hours) or 0.8% (w/v) agarose gel (2 V/cm, 36 hours), respectively, before capillary 

transfer onto a nylon membrane (Amersham RPN303N). Following transfer, membranes were 

probed for IGS1, as outlined above. Normalization was performed using an RPA135 probe on 

BamHI digested DNA. 
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Bound probe was detected using anti-DIG-AP antibody (1.5 U, Roche) with CSPD as 

chemiluminescent substrate (Roche) and exposure to Image Reader LAS-4000 (Fujifilm). 

Signal intensities were determined for identical areas of bands by Multi Gauge 2.0 software 

(Fujifilm) and normalized individually by their respective RPA135 signal intensities. 

2.2.2.6 Yeast Total RNA Extraction 

Total RNA was isolated from S. cerevisiae cells using a modification of (34). Briefly, cells 

were sedimented (2200 g, 2 min, room temperature) from 10 ml of each culture that was used 

for the 3C assay. Cells were washed and suspended in AE buffer (50 mM sodium acetate, 10 

mM EDTA, pH 5.3). RNA was isolated from the cell samples by extraction with 

phenol:chloroform:isoamyl alcohol (PCA 25:24:1 [v/v]). PCA extraction was repeated three 

times, and the RNA precipitated (2.5X volume of absolute ethanol and 10% [v/v] 3M sodium 

acetate, -20 °C, overnight). RNA was sedimented (13,000 rpm, 4 °C, 5 min) and the pellets 

suspended in RNase-free water (Roche) before measuring the RNA concentration and purity 

(Nanodrop). Total RNA (1.5 µg) integrity was confirmed by electrophoresis through a 1% 

agarose gel (80 V, 1.5 h). Non-degraded RNA samples (5 µg) were treated with Turbo DNA-

Free Kit (Ambion) according to the manufacturer’s instruction before dilution to 25 ng/ µl 

(final concentration). 

2.2.2.7 RNA Transcript Level Assay (qRT PCR) 

One-step reverse transcription, real-time PCR reactions (15 µl final volume) were performed 

using dedicated primers (Table 2.2) and a One-Step SYBR RT-PCR Kit (Takara RR086A), 

according to the manufacturer’s instructions. Control reactions (minus-reverse transcriptase) 

were performed simultaneously to control for genomic DNA contamination. Quantification 

was achieved by quantitative PCR on an ABI 7900HT machine with the following conditions: 

42 °C 5 min, 95 °C 10 s, 40X (95 °C 10 s, 60 °C 10s, 72 °C 15 s) and the default dissociation 

assay. 

As the One-Step SYBR RT-PCR Kit (Takara RR086A) was discontinued in the last year of 

the study, it was replaced with KAPA Sybr Fast One-step qRT-PCR universal (KAPA 

Biosystem). Quantification was achieved by quantitative PCR on an Light Cycler 480 II 

(Roche) machine with the following conditions: 42 °C 5 min, 95 °C 3 min, 45X (95 °C 3 s, 60 

°C 30 s) and the default dissociation assay. Internal standardization of target transcript was 

calculated by comparing to the transcript levels of three reference genes: ACT1, ALG9 and 

UBC6 (157). 
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 Generation of Plasmids and Yeast Strains 2.2.3

2.2.3.1 Cloning of λDNA – Generation of pλD4 

Lambda DNA sequence (coordinates 29,879-31,279; hereafter referred as λDNA) (144) was 

PCR amplified with primers AC1001 and AC1002 (Table 2.2) using Taq DNA polymerase 

with Thermopol buffer (NEB; Chapter 2.1.4) and an Applied Biosystem PCR machine with 

the following program: 95 °C 2 min, 30X (95 °C 30 s, 50 °C 30 s, 72 °C 84 s), 72 °C 5 min. 

PCR product was subsequently purified, using NucleoSpin Gel and PCR Clean-Up 

(Macherey-Nagel), and (~1 µg) digested with NdeI (20 U, 37 °C, 2 hours). Plasmid pFA6-

KanMX2 (158) was also digested (1-5 µg) with NdeI (20 U, 37 °C, 2 hours) and 

dephosphorylated (CIAP; 1 U, 37 °C, 5 min) before heat inactivation (15 min, 85 °C). NdeI-

digested λDNA amplicon and pFA6-KanMX2 were mixed in a 3:1 molar ratio, respectively, 

ligated (T4 DNA ligase, 2.5 U per reaction, Invitrogen, 16 °C, overnight) and transformed into 

E. coli DH5α by heat-shock (Section 2.2.1). Clones were grown and selected on LB plates 

with Ampicillin (100 µg/ml) at 37 °C. Transformed colonies were isolated and the insertion 

checked by independent restriction digestion with NdeI and ClaI (Section 2.2.1). A positive 

clone was selected for downstream applications and the clone and plasmid were referred to as 

strain λD4 and pλD4, respectively (Table 2.2 and Figure 2.1). Plasmid pλD4 was extracted 

using the miniprep protocol (Section 2.2.1) from liquid cultures of λD4 strain grown (37 oC, 

180 rpm) in LB-Ampicillin (100 µg/ml).  

2.2.3.2 Cloning of RPA135 – Generation of pIC101 and pIC112 

RPA135 was cloned in two steps. RPA135-part 1 (Chr XVI: 577,585-579,512) was PCR-

amplified using primers AC1015 and AC1016 (Table 2.2) using Taq DNA polymerase with 

Thermopol buffer (NEB; Chapter 2.1.4) in an Applied Biosystem PCR machine with the 

following conditions: 95 °C 4 min, 30X (95 °C 30 s, 52 °C 30 s, 72 °C 90 s), 72 °C 5 min. The 

RPA135-part 1 amplicon (~1.9 kbp) was column purified (NucleoSpin Gel and PCR Clean-

Up; Macherey-Nagel) and 1 µg sequentially digested with ClaI (Fermentas, 7.5 U, 37 °C, 18 

hours) and EcoRI (Invitrogen, 7.5 U, 37 °C, 6.5 hours). Prior to ligation, pRS416 (143) was 

digested (1-5 µg) sequentially with ClaI (7.5 U, 37 °C, 18 hours) and EcoRI (7.5 U, 37 °C, 6.5 

hours), dephosphorylated with calf-intestinal alkaline phosphatase (CIAP; 1 U, , Invitrogen, 37 

°C, 5 min), and heat inactivated (15 min, 85 °C). The ClaI- and EcoRI-digested RPA135-part 

1 and linearized pRS416 were mixed at a 3:1 molar ratio, respectively, ligated (T4 DNA 

ligase, 2.5 U per reaction, Invitrogen, 16 °C, overnight), and transformed into E. coli DH5α 

cells (Section 2.2.1). Transformed colonies were selected on LB plates with Ampicillin (100 
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µg/ml) at 37 °C. Transformant E. coli DH5α pIC101 was isolated and the RPA135-part 1 

insertion checked by independent restriction digestion using EcoRI and NcoI (Section 2.2.1). 

E. coli DH5α pIC101was grown in liquid LB with Ampicillin (100 µg/ml) at 37 °C and 

pIC101extracted using the miniprep protocol (2.2.2.1). 

 

 

Figure 2.1 Schematic of pFA6-KanMX2 (158) (A) pFA6-KanMX2 construct showing the Kanamycin 
gene orientation and NdeI cloning site where λDNA is inserted (B) The pλD4 construct. 

 

RPA135-part 2 (Chr XVI: 579,513-582,046) was PCR amplified using primers AC1017 and 

AC1018 (Table 2.2) using Taq DNA polymerase with Thermopol buffer (NEB; Chapter 2.1.4) 

in an Applied Biosystem PCR machine with the following conditions: 94 °C 4 min, 35X (94 

°C 20 s, 58 °C 30 s, 68 °C 2 min 30 s – increment of 5 s after 10th cycle), 68 °C 5 min. The 

RPA135-part 2 amplicon (1 µg) was sequentially digested with BamHI (Fermentas, 7.5U, 37 

°C, overnight) and EcoRI (Invitrogen, 7.5U, 37 °C, 6.5 hours). Plasmid pIC101 (1-5 µg) was 

similarly digested (i.e. sequentially with BamHI and EcoRI) and dephosphorylated (CIAP; 1U, 

Invitrogen, 37 °C, 5 min) before heat inactivation (15 min, 85 °C). BamHI- and EcoRI-

digested RPA135-part 2 and pIC101 were mixed at a 3:1 molar ratio, respectively, ligated (T4 

DNA ligase, 2.5 U per reaction, Invitrogen, 16 °C, overnight), and transformed into E. coli 

DH5α. Clones were selected on LB plates with Ampicillin (100 µg/ml) grown at 37 °C. E. coli 

DH5α pIC112 was isolated and the RPA135-part 2 insertion was screened by restriction digest 

of colonies (single digest by BamHI and double digest by BamHI and EcoRI) and by PCR 

(Table 2.2). E. coli DH5α pIC112 was grown in LB with Ampicillin (100 µg/ml) at 37 °C and 

plasmid was extracted using the miniprep protocol (2.2.2.1). The scheme for RPA135 cloning 

into pRS416 is depicted in Figure 2.2. 

A B 
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Figure 2.2 Cloning of RPA135 into pRS416(143) was performed in two steps. Firstly, RPA135-Part 1 
was cloned into the ClaI-EcoRI multiple cloning site to produce pIC101. RPA135-Part 2 was 
consecutively cloned into the EcoRI-BamHI multiple cloning site of pIC101 to generate pIC112. 

2.2.3.3 Generation of Replacement I-VII Strains 

The S. cerevisiae BY4741 tK(CUU)P coding sequence (Chr XVI: 582,062-582,134) formed 

the distal boundary of the incremental replacement regions of the RPA135-tK(CUU)P 

intergenic region (Chr XVI: 581,196 – 582,061) (Figure 2.3). Replacements of the RPA135-

tK(CUU)P intergenic region with the λ-DNA:KanMX2 fusion sequence (amplified from strain 

λD4) were precisely achieved using PCR-based homologous recombination in S. cerevisiae 

BY4741 according to the method of Orr-Weaver (159). PCR amplicons for homologous 

recombination were prepared using pλD4 (primer pairs in Table 2.2) with general conditions 

as follow: 95 °C 3 min, 35X (95 °C 20 s, 55 °C 20 s, 72 °C 20 s to 50 s depending on the 

amplicon length), 72 °C 60 s. PCR products were column-purified, and transformed into S. 

cerevisiae BY4741 cells by heat shock or electroporation (Section 2.2.1). Transformants were 

selected on YPD plates containing G-418 (200 µg/ml) grown at 30 °C for two days. Insertion 

sites were confirmed by PCR (primers in Table 2.2). Seven viable mutant strains 

(rpa135::λDNA:KanMX2): Replacement I, II, III, IV, V, VI and VII, each with an incremental 

λDNA sequence replacement as in Figure 2.3, were produced (details in Appendix C). 
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Figure 2.3 Cartoon scheme depicting the deletion/replacement mapping strategy for the RPA135-
tK(CUU)P intergenic region. The intergenic region was replaced with λDNA:KanMX2 constructs with 
incrementally larger sizes.  

2.2.3.4 Generation of Controls for Replacement Strains 

The region upstream of the LEU1 ORF (Chr VII: 479,081-479,270 or 478,918-479,270; 

Figure 2.4) was precisely replaced by homologous recombination using the λDNA:KanMX2 

fusions corresponding to Replacement VI and VII to generate S. cerevisiae Control VI and S. 

cerevisiae Control VII, respectively. The homologous recombination amplicons were 

produced by PCR (primers in Table 2.2)  with the following conditions: 95 °C 3 min, 30X (95 

°C 30 s, 55 °C 30 s, 68 °C 100 s), 68 °C 3 min. PCR products were transformed into S. 

cerevisiae BY4741 by heat shock (Chapter 2.2.1). Transformants were selected on YPD plates 

containing G-418 (200 µg/ml) grown at 30 °C for 2 days or longer and insertion sites 

confirmed by PCR (primers in Table 2.2). 

 

 

Figure 2.4 Cartoon depicting the generation of controls for the Replacement strains. The 
λDNA:KanMX2 construct corresponding to Replacement strains VI and VII replaced the upstream 
region of LEU1 (Chr. VII) as illustrated.  
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2.2.3.5 Generation of RPA135 Double-Copy (2RPA) Strain 

Homologous recombination was used to precisely replace the LEU1 coding sequence (Chr 

VII:  476,394–478,652) in S. cerevisiae BY4741 with a full length RPA135:URA3 fusion and 

generated S. cerevisiae RPA135 Double-Copy (2RPA) strain (Figure 2.5). The RPA135:URA3 

recombination template was prepared by PCR amplification using Phusion high-fidelity DNA 

polymerase (1 U, Thermoscientific; primers in Table 2.2) from plasmid pIC112 (Section 2.2.3) 

with these conditions: 98 °C 3 min, 35X (98 °C 30 s, 60 °C 20 s, 72 °C 5 min), 72 °C 2 min. 

Transformants were selected on dropout Synthetic Dextrose (SD; SC without amino acids) 

plates supplemented with histidine (300 µM), leucine (2 mM) and methionine (1 mM) but 

lacking uracil. Correct insertion was confirmed by PCR (primers in Table 2.2). 

 

 

Figure 2.5 Cartoon depicting the RPA135 leu1::RPA135:URA3 (2RPA) strain including the HindIII 
restriction site (black bars). The full RPA135:URA3 construct was amplified from pIC112 and used 
to replace the LEU1 ORF (Chr. VII). 
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 Quantitative Chromosome Conformation Capture (q3C) 2.2.4

2.2.4.1 Preparation of 3C Libraries 

Quantitative 3C was performed using a modified 3C protocol (49,139). Overnight cultures of 

S. cerevisiae mutants were grown (30 °C, 180 rpm) and used to inoculate a YPD (50 ml) 

culture to an OD600=0.002 and grown to a final OD600=0.6 (approximately 8-doubling times). 

Cells were cross-linked with formaldehyde (final concentration 1%, 10 min) and quenched 

with glycine (final concentration 125 mM) (133). Cells were pelleted (4,000 rpm, 3 min, 4 °C) 

and washed with 10 ml 3C-wash buffer (Section 2.1.2), pelleted again and resuspended in FA-

lysis buffer (Section 2.1.2). Cells were counted using a haemocytometer and 9.5∙108 cells were 

taken and volume adjusted to 400 µl with FA-lysis buffer. Cells were lysed by the addition of 

0.3 g of glass beads (Sigma-Aldrich) and vortexing (8 x 30 s). Chromatin was sedimented by 

first punching a hole at the base of the centrifuge tube and collect the pellet into a new tube by 

centrifugation (2,000 rpm, 1 min, 4 °C) and re-centrifuge (13,000 rpm, 15 min, 4 °C). Pellet 

was suspended in 500 µl Chromatin Digestion Buffer (Section 2.1.2) (133). Before digestion, 

cross-linked chromatin was treated with SDS (final concentration 1%, 37 °C, 10 min) and 

Triton X-100 to neutralize SDS (final concentration 1% v/v). Chromatin was stored at -80 °C.  

Cross-linked chromatin (52.6 µl) was digested with HindIII (100U, New England Biolab, 37 

°C, 2 hours). HindIII was inactivated by adding SDS (final concentration 1% w/v, 20 min, 65 

°C). Triton X-100 (final concentration 1% v/v) was added prior to ligation to neutralize SDS. 

Ligation was achieved using T4-ligase (20 U, Invitrogen, 16 °C) (133). Crosslinks were 

reversed by protein digestion with ProteinaseK (~0.5 µg, Thermofisher, 65 °C, overnight). 

RNA was degraded by RNase A (20 µg, Thermofisher) treatment (15 min, 37 °C) before 

proceeding to three rounds of phenol-chloroform extraction (2.2.2). 3C libraries were 

precipitated using ethanol:sodium acetate (-20 °C, overnight) in the presence of linearized 

polyacrylamide (0.25% [w/v]) and resuspended in 60 µl ddH2O. Flow-chart scheme of the 3C 

library preparation is depicted in Figure 2.6. 
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Figure 2.6 Flow-chart scheme illustrating 3C library preparation. 
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2.2.4.2 Generation of q3C Positive Controls and Standard Curves 

A positive control for the RPA135-IGS1 interaction (Figure 2.7) was obtained from a ligated 

product generated in previous work (133). The ligated product was PCR-amplified using q3C 

primers (Table 2.2) using Taq DNA polymerase with Thermopol buffer (NEB; Chapter 2.1.4) 

and an Applied Biosystem PCR machine with the following conditions: 95 °C 5 min, 45X (95 

°C 20 s, 58 °C 20 s, 72 °C 15 s), 72 °C 30s. PCR product was purified by electrophoresis 

through a 2% [w/v] agarose gel before column-purification using the DNA Clean & 

Concentrator (Zymo Research) or QIAquick PCR Purification Kit (Qiagen), according to the 

manufacturers’ instructions. DNA concentration was measured by Nanodrop and the RPA135-

IGS1 interaction control was diluted to 2 ng/ µl 

 

Figure 2.7  Schematic illustrating the generation of the RPA135-IGS1 interaction q3C positive 
control. 

A positive control for λDNA-IGS1interaction was first generated by independently PCR-

amplifying each of the interacting fragments (i.e. λDNA and IGS1) using primers listed in 

Table 2.2. Amplification of either λDNA or IGS1 fragment used Taq DNA polymerase with 

Thermopol buffer (NEB; Chapter 2.1.4) and an Applied Biosystem PCR machine with the 

following conditions: 95 °C 5 min, 35X (95 °C 20 s, 60 °C 20 s, 72 °C 15 s), 72 °C 30s. Both 

DNA samples were digested with High-Fidelity HindIII (10 U, 37 °C, 15 min, New England 

Biolab) and inactivated at 80 °C for 20 min. Digested DNA samples were column-purified 

using DNA Clean & Concentrator (Zymo Research) and concentrations were measured with 

Nanodrop. Then, the two fragments were ligated (molar ratio 1:1) using T4 DNA Ligase (1.5 

U, Invitrogen, 16 °C, overnight). Ligation product was used as PCR template using a primer 

pair that amplifies across the cut-ligated site (Table 2.2 and Figure 2.7). PCR conditions were 

the same as in the amplification of each fragment above. PCR product was run on a 2% [w/v] 
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agarose gel, and then purified using the QIAquick PCR Purification Kit (Qiagen). DNA 

concentration was measured by Nanodrop and diluted to 2 ng/ µl.  

Standard curves for both types of positive controls were created by a 10-fold serial dilution of 

the 2 ng/µl stock concentration, up to 2∙10-9 ng/ µl. Six standards (4∙10-4, 4∙10-5, 4∙10-6, 4∙10-7, 

4∙10-8 and 4∙10-9 ng) were included in quantitative PCR as explained below.  

2.2.4.3 Quantitative PCR 

Quantitative PCR analyses were performed on a LightCycler 480 II real-time machine (Roche) 

using LightCycler 480 Probes Master mix (Roche Applied Science, 2X concentrated), 

dedicated standards (as described in the previous section) and 5’-FAM-labelled double-

quenched probes (IDT; Table 2.2). PCR reactions (15 µl final volume) were performed in 

triplicates with 2 µl samples of the diluted (1:5 with ddH2O) 3C libraries. The dilution ratio 

was obtained after optimization of the qPCR assay. The actual DNA concentration of samples 

could not be measured using Nanodrop because the presence of the DNA carrier, LPA, 

interferes with the reading. Real-time PCR analyses were performed using the amplification 

program “Mono Color Hydrolysis probe/UPL probe” integral in the LightCycler 480 software 

with the following conditions: 95 °C 10 min, 50X (95 °C 13 s, 60 °C 30 s, 72 °C 1 s). 

2.2.4.4 Copy number assays 

Cross-strain and inter-experiment comparisons of the RPA135-IGS1 interaction required 

internal normalization. Unless otherwise stated, all RPA135-IGS1 interaction data were 

normalized by quantifying the copy number of the RPA135 coding region (primers in Table 

2.2) in each sample by quantitative PCR. Theoretically, this reduces the RPA135-IGS1 

interaction frequency to interactions per genome unit. Where specified, normalization was also 

performed by comparison to the IGS1 copy number (primers in Table 2.2). In these instances, 

the interaction frequency is expressed per copy of the rDNA. All standardization reactions 

were performed in triplicates using 3C libraries, dedicated standards (Table 2.2), LightCycler 

480 SYBR Green I Master mix (Roche Applied Science), and a SYBR Green I/HRM dye 

program: 95 °C 5 min, 50X (95 °C 15 s, 58 °C 10 s, 72 °C 10 s) that included the default 

dissociation analysis.  

The copy numbers of loci involved in the interactions, i.e. RPA135, IGS1, and 25S were 

calculated by standardizing to GAL1 (Table 2.2) or RPA135 (if it was not significantly 

different to wild-type BY4741). Copy-number standards were generated by PCR, amplifying 

S. cerevisiae BY47471 genomic DNA using primer pairs for GAL1, RPA135, IGS1, and 25S 
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(Table 2.2). The PCR reactions used Taq DNA polymerase with Thermopol buffer (NEB; 

Chapter 2.1.4) and an Applied Biosystem PCR machine with the following conditions: 95 °C 5 

min, 35X (95 °C 20 s, 58 °C 20 s, 72 °C 15 s), 72 °C 30s. PCR products were then treated as 

described for q3C standards. Six different concentrations (4∙10-2, 4∙10-3, 4∙10-4, 4∙10-5, 4∙10-6 

and 4∙10-7ng per reaction) were used to generate standard curves. 

2.2.4.5 Data and Statistical Analyses  

Quantitative 3C 

The copy number of RPA135 and rDNA (IGS1 or 25S) were internally standardized to GAL1 

as a single locus gene (133). First, the absolute quantity of the wild-type mean of the GAL1 

qPCR assay (MeanGAL1) was determined (generally from three biological replicates). Then, the 

ratio of each biological replicate (SampleGAL1) was calculated toward this mean as RatioGAL1.  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺1 =
𝑀𝑀𝑀𝑀𝑅𝑅𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺1
𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺1

 

The same ratio calculation was applied as in GAL1 assay to normalize the RPA135 sample 

data to the wild type data. Then, the RatioGAL1 was used to standardize internally the values of 

RPA135 and rDNA (IGS1 or 25S) of each biological replicate to that of the wild-type control 

to determine copy number. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝐺𝐺135 =
𝑀𝑀𝑀𝑀𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝐺𝐺135
𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝑅𝑅𝑅𝑅𝐺𝐺135

                            𝐶𝐶𝑅𝑅𝑝𝑝𝐶𝐶 𝑅𝑅𝑅𝑅𝐺𝐺135 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺135
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺1

 

The same process also applies for calculations of the rDNA copy number (either IGS1 or 25S). 

As a note, the rDNA copy number may be normalized by either GAL1 or RPA135, provided 

RPA135 copy number was not significantly different to wild-type. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺 =
𝑀𝑀𝑀𝑀𝑅𝑅𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺
𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺

                          𝐶𝐶𝑅𝑅𝑝𝑝𝐶𝐶 𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺1 

 𝒐𝒐𝒐𝒐 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺135 

 

These three ratios (i.e. RatioGAL1, RatioRPA135 and RatiorDNA) can be used to standardize the 

RPA135-IGS1 interaction frequency (or λDNA-IGS1) expressed as FrequencyRPA135-IGS1. 

Unless otherwise stated, RPA135-IGS1 interaction data presented were generally normalized 

by RPA135. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1 =
𝑀𝑀𝑀𝑀𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1
𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1
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𝐹𝐹𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝑀𝑀𝑀𝑀𝐹𝐹𝐶𝐶 𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺1 
 𝒐𝒐𝒐𝒐 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺135 

 𝒐𝒐𝒐𝒐 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺135−𝐼𝐼𝐺𝐺𝐼𝐼1

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝐺𝐺 
 

 

For each copy number and interaction frequency assay, data are presented as the mean and 

standard error of the mean of all biological replicates. Statistical significance was calculated 

using Student’s t-test (two-tail and unequal variance).  

RNA transcript level 

The transcript level of the target gene (i.e. expressed as Leveltarget) was internally normalized 

by comparing to the geomean of the levels of three reference genes: ACT1, ALG9 and UBC6 

(157) in an individual biological repeat. Then, as in q3C analyses above, the data were 

compared to the mean of wild-type and presented as the mean and standard error of the mean 

of all biological replicates. Statistical significance was also calculated using Student’s t-test 

(two-tail and unequal variance). 

𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑀𝑀𝑀𝑀𝑅𝑅𝑀𝑀 (𝐺𝐺𝑀𝑀𝑅𝑅𝑆𝑆𝑀𝑀𝑅𝑅𝑀𝑀 𝑊𝑊𝑊𝑊(𝐺𝐺𝐴𝐴𝐴𝐴1)(𝐺𝐺𝐺𝐺𝐺𝐺9)(𝑈𝑈𝑈𝑈𝐴𝐴6)) 

𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐺𝐺𝑀𝑀𝑅𝑅𝑆𝑆𝑀𝑀𝑅𝑅𝑀𝑀 𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀(𝐺𝐺𝐴𝐴𝐴𝐴1)(𝐺𝐺𝐺𝐺𝐺𝐺9)(𝑈𝑈𝑈𝑈𝐴𝐴6) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟
𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡 =
𝑆𝑆𝑅𝑅𝑆𝑆𝑝𝑝𝑝𝑝𝑀𝑀𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡
𝑀𝑀𝑀𝑀𝑅𝑅𝑀𝑀 𝑊𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡

                             𝐿𝐿𝑀𝑀𝐿𝐿𝑀𝑀𝑝𝑝𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟
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Chapter 3. Characterization of the RPA135-IGS1 Interaction 

3.1. Introduction 

Earlier work in the O’Sullivan laboratory revealed the presence of a high-frequency 

interaction between the IGS1 region of the rDNA (Chr XII: 460,025-460,609) and an 

intergenic region (Chr XVI: 581,196-582,061) located between the start of the RPA135 gene 

and a tRNA lysine gene (RPA135-tK(CUU)P, hereafter referred to as RPA135-tK) (133). This 

interaction is three orders of magnitude higher than rDNA interactions that involve 

neighbouring restriction fragments (Chr XVI: 585,884-589,137 and 549,477-580,469) (133). It 

was also demonstrated that this interaction is not solely dependent on the presence of the 

tRNA gene (133), suggesting that the interaction may involve elements in the RPA135 

promoter region.  

RPA135 codes for the second largest sub-unit of RNA polymerase I (RNAP I), the enzyme 

responsible for transcribing the 35S ribosomal gene in the rDNA repeats (98,131). The rDNA 

repeats localize in the nucleolus, a nuclear structure largely influenced by RNAP I occurrence 

and transcription of the rDNA itself (97,160–162). Thus, RPA135-IGS1 interaction poses a 

striking potential link between nucleolar structure and function. It is vital then that the 

RPA135-IGS1 interaction is characterized and dissected to identify its contributing factors and 

elements. Moreover, it is important to determine the role that this structure has on the local 

and global organization of the yeast genome.  

The basic method used to characterize the RPA135-IGS1 interaction is quantitative 

chromosome conformation capture (q3C), a modification of a protocol developed by Job 

Dekker (139). Quantitative 3C captures and creates a library of all chromosomal interactions 

in a cell population and probes for a target interaction using real-time PCR quantification 

(qPCR). Mutants were generated by homologous recombination-based cloning, strain 

phenotypes were confirmed and genomic copy number and RNA transcript levels quantified 

by qPCR and quantitative real-time PCR (qRT-PCR), respectively.  

In this chapter, the dynamic aspect of the RPA135-IGS1 interaction is explored within the 

context of cell growth in a wild-type S. cerevisiae BY4741 strain. The three time points I 

tested represent the early, mid and late log phase. I also measured the RPA135-IGS1 

interaction within the almost-uniform population of cells at the late stationary phase (36 hours 

after inoculation). The RPA135-IGS1 interaction is dynamic; interaction frequency increased 



Chapter 3 

56 

in a linear fashion during exponential growth and returned to mid-log phase levels in 

stationary phase cells. The RPA135-IGS1 interaction is coupled to the single-copy RPA135 

locus (which is an essential ribosomal protein gene) and doubling the RPA135 copy number 

did not alter interaction frequency. Moreover, a strain with much reduced rDNA repeats (20-

copy rDNA strain) exhibited a significant decrease in interaction frequency. In combination 

with observations of the RPA135-IGS1 interaction in an 80-copy rDNA strain, it was 

determined that the wild-type level of RPA135-IGS1 interaction required a threshold of rDNA 

copy number. Finally, I argue that the RPA135-IGS1 is a connection likely to be a structural 

component in processes that regulate proper rDNA segregation.  
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3.2. Results 

 The characteristics of the RPA135-IGS1 interaction in wild-type S. cerevisiae 3.2.1

BY4741  

3.2.1.1 Growth characteristics of wild-type S. cerevisiae BY4741 conform to previous 
studies 

S. cerevisiae BY4741 is an auxotrophic (i.e. for histidine, leucine, methionine and uracil) 

strain (Table 2.1) that is derived from S. cerevisiae S288C (145). S. cerevisiae BY4741 grown 

in YPD (180 rpm, 30 °C) reached mid-log phase at OD600=0.5-0.7 and had a doubling-time of 

~90 minutes (Figure 3.1-A). These growth characteristics were congruous with previous data 

(163–166). Under the growth conditions used in this experiment, S. cerevisiae BY4741 did not 

exhibit the diauxic shift, as is often observed when glucose is depleted from the medium (164).  

I set out to determine whether the RPA135-IGS1 inter-chromosomal interaction is dynamic 

(i.e. change in frequency) as the cell population went through the different phases of growth. 

Four time points in the growth curve were selected to represent growth phases in: early log 

(OD600=0.3), mid-log (OD600=0.6), late-log/early stationary (OD600=0.9) and late stationary 

phase (at 36 hours of culturing (167)). In the O’Sullivan laboratory, previous 3C-bassed assays 

in yeast were typically generated from mid-exponentially growing cultures (i.e. OD600=0.6) 

(49,133,168). Therefore, the early logarithmic and early stationary phase time points were also 

selected to complete data point distribution for q3C (Figure 3.1). Another time point 

representing the stationary phase (following 36 hours of culturing) was selected to determine 

the frequency of the interaction when the majority of cells were presumed to be quiescent (G0) 

and non-reproducing (Table 3.1 and (167,169)).  

3C libraries were generated for S. cerevisiae BY4741 by cross-linking cultures that were 

grown in YPD (180 rpm, 30 °C) and sampled at early log, mid-log, early and late stationary 

phase. Samples were removed for cross-linking at the following cell densities (OD600): early 

log phase, 0.3±0.03; mid-log phase, 0.65±0.01; and early stationary phase 0.93±0.02 (Figure 

3.1).  
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Figure 3.1 (A) Growth curve for S. cerevisiae BY4741 cultures grown in YPD (180 rpm, 30 °C) for 20 
hours. Values are the mean±SEM of three biological replicates. The doubling-time is also shown. (B) 
Cross-linking points (OD600) for S. cerevisiae  BY4741 cultures. (Numbers represent mean±SEM, 
n=3, *; p<0.05, two-tail, Student t-test.) 

 

The time point for the late stationary phase is defined at 36 hours of culturing in YPD (180 

rpm, 30 °C). At this point, only approximately 80% of the S. cerevisiae BY4741 cells within 

the population were single-celled with the remainder being cells with budding, a characteristic 

of quiescent cells (167) (Table 3.1). This result agrees with existing literature where yeast 

cultures in stationary phase have been shown to be asynchronous and contain a mix of budded 

and single cells (167,169,170). Moreover, quiescent cells in a stationary culture are single-

celled, but not all single cells in the population are quiescent (167). Using gradient-density 

experiment, Allen et.al was able to isolate quiescent cells from stationary phase cultures (167). 

They showed that two distinct cell fractions were resulted from gradient-density centrifugation 

after 20-24.5 hours of culturing (167). The lower cell fraction contained quiescent cells (167). 

Therefore, I selected the 36h-time point from their experiment as my late stationary phase time 

point. It was shown that the amount of the lower cell fraction (containing quiescent cells) was 

optimum compared to the upper cell (heterogeneous) fraction (Figure 1 in (167)). 

3.2.1.2 The RPA135-IGS1 interaction is dynamic during growth phases 

The RPA135-IGS1 interaction was originally identified through genome-wide GCC as 

occurring with the IGS1 locus using MspI restriction enzyme (Chr XII: 460,025-460,609; 

(133)). However, here HindIII was used to standardize the detection of the RPA135-IGS1 

interaction to allow further characterization strategies (Chapter 4). The use of HindIII 

restriction enzyme also followed on from the work of Rodley et.al who used the Kanamycin 

gene construct to replace the tK(CUU)P gene (133). Therefore, unless otherwise stated, the 

captured rDNA fragment that is assayed throughout this thesis encompasses the IGS2 and 5S 
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regions of the rDNA repeat as a result of HindIII restriction (Figure 3.2-A). Despite this, we 

continue to refer to the interaction as occurring between the RPA135-tK(CUU)P intergenic 

region and IGS1 loci based on the previously published information (133). 

Table 3.1 Counts of single- and budding-celled in wild-type S. cerevisiae BY4741 cell populations 
that had been cultured for 36 hours to late stationary phase 

Replicate Total 
count 
(10E9) 

Total budding 
unit (10E9) 

Total single 
unit (10E9) 

Ratio of 
Units 

(Budding : 
Single ) 

Total Single-Cell 
Proportion (%) 

1 11.25 1.65 7.95 1 4.82 82.82 
2 12.83 2.40 8.03 1 3.34 76.96 
3 13.00 2.03 8.95 1 4.42 81.55 
4 11.78 1.85 8.08 1 4.36 81.34 

Mean  1 4.24 80.67 
SEM   0.31 1.28 

Cross-strain and inter-experiment comparisons of the RPA135-IGS1 interaction required 

internal normalization. A single-copy gene, GAL1, was used to normalize the RPA135-IGS1 

interaction in the previous study (133). Here, I also used RPA135 as a normalization locus as it 

is an essential single-copy gene and it is involved in the RPA135-IGS1 interaction itself. 

Theoretically, normalization using either the levels of the GAL1 or RPA135 loci reduces the 

RPA135-IGS1 interaction frequency to interactions per genome unit.  

The RPA135-IGS1 interaction frequency was measured in q3C libraries prepared from S. 

cerevisiae BY4741 cultures (Figure 3.2-B). The S. cerevisiae BY4741 cultures were grown in 

YPD (180 rpm, 30 °C) and cross-linked at the set time points (Figure 3.2-B). Four biological 

replicate cultures were grown simultaneously (i.e. as one experimental batch). Similar patterns 

of RPA135-IGS1 interaction frequency were obtained using normalization methods with either 

GAL1 or RPA135 (Figure 3.2-B). This similar pattern also gives validity to comparing 

between different qPCR assays; assays had different PCR efficiencies resulted from different 

internal standards and primer pairs used to determine loci levels or interaction frequency. 

From here on, normalization of qPCR assays is achieved using RPA135 unless otherwise 

stated.   

RPA135-IGS1 interaction frequency increased in a linear fashion in cells isolated from early 

log phase (OD600=~0.3) to early stationary phase (OD600=~0.9) and returned to mid-log phase 

levels in cells isolated in late stationary phase (36 hours of culturing; Figure 3.2-B). The 

interaction frequency was significantly (p<0.001, two-tail, Student-t test) increased from early 

log phase to the mid-log phase cells and further increased in cells isolated in early stationary 

phase (p<0.05, two-tail, Student-t test). The high interaction levels observed in the early 
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stationary phase cells were not maintained in cells that were kept at stationary phase, rather 

they decreased to the mid-log phase level. Overall, this indicates that the RPA135-IGS1 

interaction is dynamic throughout growth phase and may relate to a specific cell stage-related 

function.  

Quantitative 3C is a population-based assay; therefore, the dynamics of the RPA135-IGS1 

interaction frequency observed throughout growth phase (Figure 3.2) should be interpreted 

within this context. The values of the RPA135-IGS1 interaction frequency presented in Figure 

3.2 were normalized values (i.e. to RPA135 levels) that imply frequency per unit of genome. A 

decrease or increase in the RPA135-IGS1 interaction frequency means that the interaction is 

less or more frequently observed, respectively, within a population of cells. The RPA135-IGS1 

interaction in an individual cell within the population is a binary occurrence, not a level 

measurement (i.e. it either occurs or not). 

There are two loci involved in the RPA135-IGS1 interaction (i.e. RPA135 and the rDNA). I 

wanted to determine whether the dynamics of the inter-chromosomal interaction was 

correlated with the copy numbers of the loci involved. Therefore, the copy numbers of 

RPA135 and rDNA repeats were determined by qPCR in the 3C-generated libraries (Figure 

3.2-C and Figure 3.3).  

RPA135 is an essential single copy gene, thus, it is not possible for the cell to have less than 

one gene copy per genome unit. Despite this I observed a reduction in RPA135 copy number 

in the early log phase where it was slightly but significantly (p<0.001, two-tail, Student-t test) 

reduced when compared to the mid exponential cells (Figure 3.2-C). RPA135 copy number did 

not vary significantly in the other time points assessed (Figure 3.2-C). As RPA135 copy 

number was the result of normalization by GAL1 copy, this means that there were more copies 

of the GAL1 locus compared to RPA135. This peculiarity can be explained as a function of  

asynchronous replication caused by different firing times of the origins of replication at 

respective loci (i.e. GAL1 and RPA135) (106,171). If replication initiation at the RPA135 locus 

at the early log phase is lagging behind GAL1, then RPA135 copy number will appear to be 

less than GAL1. Indeed, this is supported by previously published observations on 

determination of replication origin firing time in the S. cerevisiae genome (106). The GAL1 

locus (Chr. II:  279,021 – 280,607) showed more rapid replication initiation after release from 

G1 phase-block (i.e. ~20 min) than the RPA135 locus (~25-30 min) (106). Furthermore, there 

was a ~1.2-fold change of GAL1 copy number in yeast cells treated with hydroxyurea after 

release from G1-arrest but virtually no change in RPA135 copy number (106). Hydroxyurea 

stimulates firing of early origins but not late ones (106). Collectively, these data are consistent 
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with my qPCR results that the RPA135 copy number was approximately 81% than the GAL1 

level (Figure 3.2-C). 

 

 



Chapter 3 

62 

Figure 3.2 (A) Cartoon illustrating the interaction between RPA135-tK(CUU)P  intergenic region and 
IGS1 of the rDNA in Saccharomyces cerevisiae (133). (B)  Quantitative real-time PCR (qPCR) was 
used to measure the RPA135-IGS1 interaction frequency in 3C libraries generated from different 
growth phases of S. cerevisiae BY4741 strain grown in YPD (180 rpm, 30 °C). The RPA135-IGS1 
Interaction frequency was normalized either by GAL1 or RPA135 copy and expressed as the 
percentage of the mid-log phase RPA135-IGS1 interaction frequency. The RPA135-IGS1 interaction 
frequency increased in a linear fashion from early log (OD600=~0.3) to early stationary (OD600=~0.9) 
phase and returned to mid-log phase levels in late stationary phase (36 hours of culturing). There 
was no difference between normalizations (i.e. GAL1 or RPA135), as similar patterns of changes in 
interaction frequency were obtained. (C) RPA135 copy number was measured by qPCR in the same 
3C libraries (normalized by GAL1). RPA135 copy number was reduced only in early log phase when 
compared to the mid-log phase and not in early or late stationary phase. Error bars denote 
standard error of the mean, n=4 biological replicates; *, p<0.05; ***, p<0.001 (two-tail, Student-t 
test). 

 

Copy number of the rDNA was determined by measuring two loci within the repeat unit: 1) 

IGS1 that is the rDNA interacting fragment in the RPA135-IGS1 interaction; and 2) a region 

within the 25S gene (Chr. XII: 452890-453072 and 462027-462209). The IGS1 copy number 

per genome unit was not different from mid-log phase in the early and late stationary phase 

(Figure 3.3-A). However, IGS1 copy number per genome unit was significantly (p<0.01 and 

p<0.05 respectively, two-tail, Student-t test) reduced in early log phase when normalized by 

either GAL1 or RPA135 (Figure 3.3-A). I interpret this difference as being the result of late 

replication initiation at the rDNA locus (106) that caused an apparent decrease in the total 

rDNA repeats in the genome population when standardized by either GAL1 or RPA135. 

Moreover, the IGS1 and 25S rDNA copy numbers in early log phase are less when normalized 

to GAL1 level compared to when normalized by RPA135 (Figure 3.3). This is consistent with 

my postulate that there was more GAL1 copy in the early log phase compared to RPA135 copy 

(Figure 3.2-C).  

The copy numbers of IGS1 and 25S in the early and late stationary phase were not 

significantly different to their mid-log phase counterparts (Figure 3.3). These results are 

consistent with the IGS1 and 25S repeats within the rDNA having an equal number. It remains 

possible that the statistically non-significant reduction in IGS1 copy number in the early and 

late stationary phase (Figure 3.3-A) actually reflects cellular events. For example, as the cells 

undergo many divisions and age (i.e. early and late stationary phase), extra-chromosomal 

rDNA circles (ERCs) may be produced and accumulated in the older/mother cells because of 

segregation bias (85,172). ERC formation is a result of double-stranded breaks (DSBs) in the 

rDNA repeat leading to unequal recombination (117,118,173). The IGS1 region of the rDNA 

may be more prone to generating ERC compared to the 25S locus, as IGS1 is the site where 

replication fork block-induced DSBs frequently occur (117,118,173). Therefore, asymmetrical 
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ERC segregation and accumulation could affect the chromosomal IGS1 copy number in the 

population. 

 

 

Figure 3.3 rDNA copy numbers of wild-type S. cerevisiae BY4741 were measured by qPCR in the 3C 
libraries that were used to generate the data shown in Figure 3.2. (A) IGS1 rDNA copy number was 
reduced in early log phase compared to mid-log phase when normalized by either GAL1 or RPA135. 
(B) 25S rDNA copy number was reduced in early log phase compared to mid-log phase when 
normalized by GAL1, but not by RPA135. For measurements of both rDNA copy number, the 
different normalizations produced a similar general trend. 
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The 25S-rDNA copy number in the early log phase was significantly (p<0.05, two-tail, 

Student-t test) reduced compared to the mid-log phase when normalized to GAL1 (Figure 3.3-

B). In contrast, normalization to RPA135 level did not alter 25S-rDNA copy number compared 

to the mid-log phase (Figure 3.3-B). As previously discussed, this may result from the 

different copy number levels of GAL1 and RPA135 used for normalization in the early log 

phase (Figure 3.2-C). If there was more GAL1 copy number than RPA135 in cells at early log 

phase, then normalization to GAL1 would result in less rDNA copy number than if it was 

normalized to RPA135 (Figure 3.3-B). It also implies the differential timing of origin firing 

between the three loci involved (i.e. GAL1, RPA135 and 25S). RPA135 and 25S loci have 

similar replication firing timing (i.e. late firing origin) because there was no reduction in 25S 

copy number by RPA135 normalization (Figure 3.3-B). In contrast, GAL1 locus must have an 

early replication firing (106). 
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 The addition of RPA135 copy number does not alter the RPA135-IGS1 interaction 3.2.2

frequency 

The asymmetric nature of the RPA135-IGS1 interaction, in which a single-copy locus interacts 

with a multi-copy locus, suggests that the interaction level may be limited by the single-copy 

RPA135-tK intergenic region. To test this, a strain with an additional RPA135 copy (i.e. 

designated as 2RPA strain) was generated. 

3.2.2.1 RPA135 Cloning: Generation of pIC101 and pIC112 

The RPA135 ORF and upstream intergenic region is a relatively large ~4.5 kbp sequence (Chr. 

XVI: 577,585-582,061). Considering the large size of the target locus, obtaining a single PCR 

product was difficult, not to mention the increase likelihood of misincorporation of nucleotides 

in the amplification reaction (i.e. PCR-derived mutation). Therefore, two-step PCR 

amplification protocol was employed to isolate the RPA135 and the RPA135-tK intergenic 

region (i.e. RPA135-Part 1 and 2). 

Part 1 of the RPA135 gene was amplified before it and pRS416 were sequentially digested 

with ClaI and EcoRI (Figure 3.4-A). Following ligation, transformation and selection on LB 

plates (with Ampicillin), 24 putative clones were selected and screened by restriction digest 

using EcoRI (Figure 3.4-B). Twenty-one out of 24 clones contained a ~6.9 kbp insert 

consistent with the cloning of RPA135-Part 1 into pRS416. Four clones were selected and 

stored (pIC101-1, pIC101-7, pIC101-14 and pIC101-21; Figure 3.4-B).  

To further confirm the correct ligation of RPA135-Part 1 into the pRS416 vector, the pIC101 

clones were digested with NcoI (Figure 3.4-C). NcoI should cut pIC101 twice: once within 

RPA135-Part 1 and once in the vector backbone (i.e. URA3) to produce fragments of ~2 kbp 

and ~4.8 kbp (Figure 3.4-C). Independent digestions with ClaI and double digestion with 

ClaI-EcoRI were also carried out for comparisons (Figure 3.4-C). Digestion with ClaI should 

result in the presence of a single ~6.9 kbp fragment (Figure 3.4-C). Interestingly, pIC101 

plasmids could not be cleaved by ClaI (Figure 3.4-C lanes 2) as they showed similar pattern to 

uncut plasmids (Figure 3.4-C lanes 1). This was due to the ClaI restriction site (ATCGAT) 

being Dam-methylated by the E. coli host system (i.e. DH5α strain is dam+), rendering the 

plasmid resistant to ClaI digestion (174,175). Because the ClaI restriction site could not be 

cleaved, double digestion of pIC101 plasmids by ClaI-EcoRI (Figure 3.4-C) produced 

fragments similar to single digestion by EcoRI (Figure 3.4-B). 
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Figure 3.4 Generation of pIC101 (A) Vector pRS416 was sequentially digested with ClaI and EcoRI to 
be used as a cloning backbone [1-4]; RPA135-Part 1 was amplified by PCR using AC1015 and 
AC1016 primers  (Table 2.1) [5-6]. (B) Ligated pRS416 and RPA135-Part 1 were transformed into E. 
coli DH5α and transformed colonies were selected using Ampicillin before screening by EcoRI 
digestion. Positive clones [white arrows] were isolated and designated as pIC101. (C) To screen for 
RPA135-Part 1 insert orientation, pIC101 colonies were digested with NcoI  resulting in two distinct 
restriction fragments [lane 4 in each pIC101 clone]. 
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The cloning strategy used to amplify and clone RPA135-Part 2, to complete the cloning of the 

RPA135 gene and intergenic region, was similar to that used for the generation of pIC101. The 

results of the amplification and digestion of RPA135-Part 2, and digestion of pIC101 (clone 

#1) were shown in Figure 3.5-A. The two DNA fragments were ligated and transformed into 

E. coli DH5α and grown on selective media (LB plates plus Ampicillin). Eleven putative 

clones were selected and screened for the insertion of RPA135-Part 2 by colony PCR (Chapter 

2.2.1, Figure 3.5-B). All selected clones contained a ~2.5 kbp PCR product indicating the 

incorporation of the ligated pIC101 and RPA135-Part 2. Four of these clones were selected 

and designated as pIC112 clones (pIC112-2, pIC112-3, pIC112-7 and pIC112-8; Figure 3.5-B 

white arrows).  

To check whether the RPA135-Part 2 was inserted in the correct orientation, plasmids isolated 

from cultures of pIC112 clones were digested with BamHI and double-digested with BamHI 

and EcoRI (Figure 3.5-C). Consistent with the cloning strategy, digestion with BamHI 

produced a ~9.4 kbp fragment (Figure 3.5-C lanes 2). Double-digestion with BamHI and 

EcoRI produced a ~2.5 kbp fragment of RPA135-Part 2 and a ~6.9 kbp fragment of pIC101 

(Figure 3.5-C lanes 3). 

3.2.2.2 Generation of strain with double-copy of RPA135 (2RPA strain) 

The full construct of RPA135 and its upstream intergenic region was cloned into an exogenous 

genomic locus (i.e. LEU1 ORF (Chr. VII: 476,394-478,552)) by PCR-based homologous 

recombination. The ~6.9 kbp RPA135:URA3 fusion amplicon was amplified from pIC112 

(clone #3) by high-fidelity PCR using Phusion DNA polymerase (Chapter 2.2.3) to minimize 

amplification errors (Figure 3.6-A). The amplicon was then purified and used to transform S. 

cerevisiae BY4741. Putative clones were selected by uracil auxotrophy and screened by PCR 

(Figure 3.6-B). Firstly, the clones were screened for correct replacement of the LEU1 locus by 

the RPA135:URA3 construct (Figure 3.6B (i), purple primers). Secondly, a PCR screen was 

used to confirm the orientation of the replacement by utilizing a primer pair that amplified 

across the replacement junction of the LEU1 locus and the end part of the RPA135 ORF 

(Figure 3.6-B (ii), red primers). Out of 6 putative clones that were screened, one clone was 

shown to have integrated the RPA135:URA3 fusion fragment at the correct locus and 

orientation (Figure 3.6-B white arrows). This clone, designated as 2RPA strain, was grown on 

a variety of drop-out plates (i.e. YPD, YPD+G-418, SC-His, SC-Leu, SC-Met, SC-Ura) to 

confirm its phenotype.  
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Figure 3.5 Generation of pIC112 (A) Vector pIC101 (clone #1) was sequentially digested by BamHI 
and EcoRI to be used as cloning backbone [1-4]; RPA135-Part 2 was amplified by PCR as cloning 
insert [5-6]. (B) Ligated pIC101 and RPA135-Part 2 were transformed into E. coli DH5α and colonies 
grew on selective plate were screened by PCR. Positive clones were selected and numbered as 
pIC112 [white arrows]. (C) Further screening of pIC112 by restriction digest. 

 

3.2.2.3 The RPA135-IGS1 interaction is independent of RPA135 copy number 

RPA135 and rDNA copy numbers, RPA135-IGS1 interaction frequency, and RPA135 

transcript level were measured in 3C libraries generated from the wild-type S. cerevisiae 

BY4741 and the 2RPA strain (Figure 3.7-A to E). As expected, the RPA135 copy number in 

the 2RPA strain (Figure 3.7-A) was double the level seen in the wild-type (Figure 3.7-B). Both 

copies of RPA135 in the 2RPA strain were likely to be functional as the RPA135 transcript 

level was also doubled compared to the wild-type strain (p<0.05, two-tail, Student-t test; 

Figure 3.7-E). By contrast, the IGS1-rDNA copy number was not different to that seen in the 
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wild-type (Figure 3.7-C), consistent with the RPA135 copy number not having an influence on 

the rDNA repeat number. Unexpectedly, the RPA135-IGS1 interaction frequency in this strain 

was not different to wild-type, albeit some variation was observed (Figure 3.7-D). 

 

 

Figure 3.6 Generation of a strain with two copies of RPA135 (2RPA strain) (A) The RPA135:URA3 
fusion fragment was amplified by PCR from pIC112 (clone #3). (B) Genomic DNA samples were 
isolated from putative clones growing on selective plate (uracil auxotrophy). Replacement of LEU1 
by RPA135:URA3 fusion was confirmed by PCR using two sets of primers (purple and red). (i) PCR 
screening for the full length of the RPA135:URA3 replacement construct, and (ii) PCR screening for 
correct replacement orientation. 

 

It is unclear from the assay in 2RPA strain which of the two RPA135 loci is interacting with 

the rDNA, and whether the same RPA135 locus is constantly interacting (static) or 

interchanging (dynamic). However, the fact that the RPA135-IGS1 interaction frequency did 

not increase following RPA135 doubling suggests that the interaction does not depend on 

RPA135 copy number. If we assume that only the native RPA135 locus interacts with the 

rDNA, several reasons could explain why the exogenous copy does not participate, or, could 

not contribute to this interaction: (1) position-effect exerted by the native RPA135 locus. 

Specific genomic elements and chromatin contexts may only be present in the native RPA135 
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locus: adjacent tRNA lysine gene (22,133) and chromatin contexts affected by cohesin binding 

(176), histone modifications (41,177), nucleosome positioning (178,179), and activity by intra-

chromosomal (cis) enhancers (180,181); (2) steric hindrance may act at the RPA135-IGS1 

interaction locus. Simply said, there is not sufficient 3D space for an additional RPA135 copy 

in the interaction. This may result from molecular crowding, or volume exclusion 

(24,182,183); 3) alternatively, the presence of territorial chromosomes (3,22,184) could 

restrain the movement of the exogenous RPA135 locus on chromosome VII and prevent its 

interaction with the rDNA. 

It is worth noting that RPA135 is an essential, single-locus gene in the wild-type S. cerevisiae. 

This implies that the RPA135-IGS1 interaction is set to occur, and it will occur at some point 

in the cell cycle, as the RPA135 locus will always be present in the cell. However, the 

RPA135-IGS1 interaction itself does not appear to be essential for the cell’s viability; within 

the population, it was not always observed at the same frequency throughout growth phase 

(Figure 3.2-B). As evidenced from the q3C results, the RPA135-IGS1 interaction frequency 

was lowest in the early log phase and highest in the early stationary phase (Figure 3.2-B).   

The LEU1 locus was chosen as the replacement site for the exogenous RPA135 locus (Figure 

3.7-A). The LEU1 locus shows minimal interaction with the rDNA (22,49) and has a similar 

chromosomal context to the native RPA135 locus: an anti-sense ORF orientation, is physically 

closer to the centromere than telomere, and both chromosomes are of comparably large 

chromosome size (i.e. ~1.09 Mbp and 0.95 Mbp for Chr. VII and XVI, respectively) (22,185). 
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Figure 3.7 The RPA135-IGS1 interaction does not increase significantly when RPA135 copy number 
is doubled. A) Cartoon illustrating the two RPA135 copies in the 2RPA strain, the native RPA135 
locus on Chromosome XVI and exogenous copy (RPA135 ORF and upstream intergenic region) on 
Chromosome VII replacing LEU1. The vertical black bars represent the HindIII restriciton sites. (B-
E) WT and 2RPA strains were grown in YPD to generate 3C libraries and measured by qPCR. (B) 
RPA135 copy number of 2RPA strain was double of WT (p<0.05, one-tail, Student-t test). (C) rDNA 
copy number (IGS1) of 2RPA strain was not different to WT. (D) The RPA135-IGS1 interaction 
frequency was measured and normalized by GAL1 copy number. The RPA135-IGS1 interaction 
frequency in 2RPA was not significantly different to wild-type despite the significant (p<0.05, two-
tail, Student-t test) doubling of RPA135 transcript level as shown in E. (E) Total RNA was isolated 
from the samples grown in q3C assay. RPA135 transcript level measured by qPCR was normalized 
by ACT1. Values are the mean±SEM, n=3 biological replicates; *, p<0.05 (two-tail, Student-t test). 
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 The RPA135-IGS1 interaction in wild-type cell requires a threshold of rDNA copy 3.2.3

number 

The RPA135-IGS1 interaction occurs between the single-copy RPA135 locus and the 

intergenic spacer region of the rDNA repeats. It is unknown if this interaction occurs with a 

single rDNA repeat or many, or if the interacting IGS1 sequences are from active or inactive 

rDNA repeats. Therefore, yeast strains (YAG33 and YAG99 (119)) that contain only 20 and 

80 copies, respectively, of the ribosomal DNA repeats were used to investigate this. 

3.2.3.1 Confirmation of phenotypes of the rDNA-copy strains  

The rDNA copy strains were a generous gift from Austen Ganley (Massey University). The 

rDNA copy number strains were generated in the S. cerevisiae haploid W303a background 

(MATa/MATα {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15} [phi+]; (186)) to have a 

fixed number of rDNA repeats (119). The strains were grown on SC-drop out media to check 

their phenotypes as indicated in Figure 3.8-A. The results confirmed the fob1::HIS3 genotypes 

of the rDNA copy strains for WT-copy, 20-copy and 80-copy rDNA strains and FOB1 e-

pro::GAL1/10:URA3 for GAL-pro strain (Figure 3.8-A legend box). For these strains except 

GAL-pro strain, the FOB1 gene had been deleted and replaced with HIS3 as part of the 

cloning strategy (119). Therefore, these strains could grow on media without histidine. By 

contrast, GAL-pro strain (YAG54) has a WT rDNA copy number but the FOB1 gene had been 

cloned back to its native locus plus a GAL1/10:URA3 fusion replacement at E-pro locus (119). 

Thus, GAL-pro strain could grow on medium without uracil. The replacement of the FOB1 

gene from the rDNA copy number strains was confirmed by PCR. All strains except GAL-pro 

strain, was verified to lack the FOB1 gene when compared to wild-type BY4741 strain (Figure 

3.8-B). 

3.2.3.2 The 20-copy rDNA strain displays a similar growth rate and marginal differences in 
lag and stationary phase compared to wild-type  

The growth profiles of the rDNA copy number strains (i.e. WT-copy, 20-copy, 80-copy and 

GAL-pro) were shown in Figure 3.9. The strains with 20 and 80 copies of the rDNA repeats 

had a longer (almost twice as long) and slightly shorter lag phase, respectively, compared to 

the wild-type rDNA copy strain Figure 3.9-A). However, there were no significant differences 

in terms of the strains’ growth rates (doubling-times) (Figure 3.9-B). This result is similar to 

the slight reduction in growth rate of a 42-copy strain compared to wild-type (112). In 

addition, the WT-copy strain in this assay exhibited a diauxic shift (Figure 3.9-A).  
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Figure 3.8 Phenotype screening of the rDNA-copy number strains (A) Strains were grown on 
synthetic complete (SC) drop-out media (minus the indicated amino acids, His: histidine, Leu: 
leucine, Ura: uracil). (B) PCR screening of strains for the FOB1 locus; only YAG54 (GAL-proΔ) 
showed positive amplification. This is in agreement with the strains’ genotypes (legend box) where 
all strains, excluding GAL-pro strain (YAG54), are fob1-. 

 

Inoculum size has been shown to affect the length of lag phase in industrial yeast (187). In 

Figure 3.9, all cultures were inoculated with the same volume of starter cultures that had been 

grown for the same period. As cell number was not counted and cell density was only 

measured by OD600, the number of viable cells in each sample inoculum could be 

incomparable. The number of viable cells then became the inoculum size. Therefore, the 

longer lag phase exhibited by the 20-copy rDNA strain may be due to the lower number of 

viable cells present in the starter inoculum compared to other strains.  
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Figure 3.9 Growth of S. cerevisiae rDNA copy number strains in YPD for >20 hours (A) Strain with 
20-rDNA copy exhibis longer lag phase compared to WT- and 80-copy strains. (B) Doubling-times of 
rDNA copy strains are similar (Values represent mean±SEM, n=3 biological replicates, WT-, 80-copy 
rDNA and GAL-pro strains; n=2 biological replicates, 20-copy strain). 

 

The typical characteristic of the 20-copy rDNA strain is that all of its rDNA repeats are 

actively transcribed (112). This may contribute to the 20-copy rDNA strain having different 

growth rate characteristics compared to other strains. Of note, the 20-copy rDNA strain 

reached the onset of stationary phase at a lower cell density (OD600) and had a slightly longer 

doubling-time compared to other strains (Figure 3.9). Moreover, once the 20-copy rDNA 

strain reached stationary phase, there was an unusual decrease in the measureable cell density 

(Figure 3.9-A). This phenomenon can be the results of flocculation (188,189) or rapid 

degradation of intact cells. However, it is still not clear how the all-transcribed state of the 

rDNA repeats contributes to these observed growth effects in the 20-copy rDNA strain.  

3.2.3.3 The RPA135-IGS1 interaction frequency in wild-type requires an rDNA copy 
number threshold 

After confirming the identity of the rDNA copy number strains, 3C libraries were generated 

from exponentially growing WT-copy, 20-copy and 80-copy rDNA strains. We measured the 

RPA135-IGS1 interaction levels in these strains and found a significant reduction in 

interaction frequency in the 20-copy rDNA strain when normalized to RPA135 copy number 

(Figure 3.10-A). Interestingly, however, the 80-copy rDNA strain did not exhibit a reduction 

in interaction frequency when normalized to RPA135 copy (Figure 3.10-A). This implies that 

the RPA135-IGS1 interaction does not depends merely on the rDNA repeat number (i.e. it is 

not a linear association). Instead, there is a certain threshold of rDNA copy number, below 

which the RPA135-IGS1 interaction is reduced.  
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The copy numbers of the rDNA copy strains were also measured by qPCR using primers 

rDNA+ve460025F and rDNA+ve460025R (Table 2.2) for IGS1 locus (Figure 3.10-B and C). 

In the 20-copy and 80-copy rDNA strains (YAG33 and YAG99, respectively), the RPA135 

copy number did not differ from wild-type levels (Figure 3.10-B). The IGS1-rDNA copy 

number was significantly (p<0.001 and p<0.05 for 20-copy and 80-copy rDNA strain, 

respectively, two-tail, Student-t test) reduced in accordance with the strain’s designated 

number of rDNA repeats (Figure 3.10-C) (112,129). These results are also comparable to the 

rDNA copy number observed using  the CHEF assay (129). 

Despite being markedly reduced, the RPA135-IGS1 interaction was still detectable and not 

completely abolished in the 20-copy strain. Surprisingly, when the RPA135-IGS1 interaction 

was normalized to the IGS1-rDNA level (measured as interaction frequency per unit of the 

rDNA repeat), the RPA135-IGS1 interaction frequency was not different to the wild-type level 

(Figure 3.10-D). Overall, this implies that the RPA135-IGS1 interaction is very infrequent in 

the 20-rDNA copy cell population. However, when it does occur, it occurs at the same 

frequency per rDNA repeat as observed in the wild-type strains. By contrast, the RPA135-

IGS1 interaction frequency in the 80-copy rDNA strain seemed to increase when normalized 

to IGS1-rDNA levels, albeit there was a large insignificant variation compared to the wild-

type means (Figure 3.10-D). This is discussed further in the next section.   
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Figure 3.10 The RPA135-IGS1 interaction requires a threshold of rDNA copy number. (A) 
Quantitative real-time PCR (qPCR) was used to measure the RPA135-IGS1 interaction frequency in 
3C libraries generated from exponentially growing WT-copy, 20-copy and 80-copy rDNA strains. 
RPA135-IGS1 interaction frequency was reduced in the 20-copy but not in 80-copy rDNA strain 
(normalized to RPA135 copy). (B) RPA135 copy number in the 20-copy and 80-copy rDNA strains 
did not differ from wild-type. (C) rDNA copy number differed significantly from wild-type in 
accordance with the published levels, i.e. 20-copy and 80-copy rDNA strains (112,129). (D) RPA135-
IGS1 interaction frequency of the 20-copy strain was not different to wild-type when normalized to 
IGS1-rDNA. Values are the mean±SEM, n=3 biological repeat; *, p<0.05, **, p<0.01, ***, p<0.001 
(two-tail, Student-t test).   
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3.3. Discussion 

 The RPA135-IGS1 interaction is coupled to the essential, single-copy RPA135 locus 3.3.1

It is evident that the RPA135-IGS1 interaction is dynamic throughout growth phase (Figure 

3.2), conforming to our current understanding of three-dimensional genome organization 

(2,14,37,45). Growth is also a dynamic process and it is likely that the RPA135-IGS1 

interaction is an integral part of it. Moreover, the loci involved in the interaction (i.e. gene 

encoding an RNAP I sub-unit and the RNAP I-transcribed rRNA gene) are essential for 

growth (190). Specifically, RPA135 is an essential, single-copy gene (131). Thus, the RPA135 

locus cannot be uncoupled from the RPA135-IGS1 interaction because the locus is always 

present in the cell. However, the doubling effect of the RPA135 locus on the RPA135-IGS1 

interaction could be measured. Strain with double RPA135 copies (2RPA) exhibited wild-type 

interaction frequency (Figure 3.7). As hypothesized in Chapter 3.2.2, the RPA135 locus (i.e. 

RPA135-tK intergenic region) may exert a position-effect on the RPA135-IGS1 interaction to 

provide a structural framework at the nucleolar boundary (133).  

 The RPA135-IGS1 interaction requires a threshold number of rDNA copies  3.3.2

The multi-copy nature of the rDNA genes means that the RPA135-IGS1 interaction could 

concurrently, or consecutively, occur with one or many repeats. However, the 3C assay can 

only detect and measure one IGS1 region interacting with the RPA135-tK intergenic region at 

any given moment within a single haploid cell. As such, this method is unable to distinguish 

between the RPA135-IGS1 interaction occurring with just a single or with many IGS1 repeats. 

Despite this, the 20- and 80-copy rDNA strain data suggest that there is a threshold of rDNA 

copy number for the interaction (Figure 3.10).  

French et.al showed that the rDNA repeats in strains with 42 copies or less were all actively 

transcribed (112); Takeuchi et.al showed that this was also the case with the 20 rDNA repeats 

in the 20-copy rDNA strain (191).  The 20-copy rDNA strain has comparable growth rate to 

the 42-copy rDNA strain and to the WT-copy rDNA strain (Figure 3.9-B and (112)). In 

parallel, the 80-copy rDNA strain contains a mixture of active and inactive repeats (123,192). 

Thus, the main difference between the two strains is on the proportion of active and inactive 

rDNA repeats. The dramatic reduction in interaction frequency observed in the 20-copy rDNA 

strain can be interpreted as suggesting that the RPA135-IGS1 interaction occurs with the 

inactive rDNA repeats that are present in the 80-copy rDNA strain.  
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This premise presents a problem. If indeed the RPA135-IGS1 interaction occurs with the 

inactive rDNA repeats, then it is the inactive repeat copy number that affects the interaction, 

not the total repeat number. The inactive rDNA copy number could not be easily measured in 

the 80-copy rDNA strain; neither could any variation present in the population. Therefore, 

normalization by total rDNA copy number becomes invalid and inaccurate. Normalization by 

total rDNA copy number leads to either an overestimation (or underestimation) of the actual 

interaction frequency per rDNA repeat unit.  Throughout the following chapters, total rDNA 

copy number is no longer used to normalize the RPA135-IGS1 interaction levels.  

 Changes in the RPA135-IGS1 interaction imply association with temporal processes 3.3.3

leading to proper rDNA segregation 

Throughout growth phase in wild-type cells, the RPA135-IGS1 interaction frequency distinctly 

rose and dropped (Figure 3.2). In the q3C experiment of the mid log phase of 20-copy rDNA 

strain, the RPA135-IGS1 interaction exhibited a sharp decrease compared to wild-type (Figure 

3.10). No apparent perturbations in growth rate were observed (Figure 3.1 and Figure 3.9). If 

the RPA135-IGS1 interaction is not correlated to the yeast growth, what relevance does it have 

then for the cell? 

Data from the rDNA copy strains suggest that the RPA135-IGS1 interaction occurs with the 

inactive rDNA repeats. Since all rDNA repeats are transcriptionally active (191) in the 20-

copy rDNA strain, the interaction should have occurred at a time point when transcription of 

the repeats are temporarily being inactivated (e.g. DNA replication, chromosome segregation). 

Tomson et.al revealed the dependency of normally late nucleolar segregation on rDNA 

transcription in yeast (193). They postulated that rDNA transcription acted against the Cdc14-

FEAR network-condensin pathway that functions to dissolve sister chromatid linkages for 

proper segregation (193).  It was also observed that a 25-copy rDNA strain used in the 

experiment segregated worse than the wild-type (193). This was interpreted as indicating that 

there was a threshold rDNA copy number required to resolve rDNA linkages resulting from 

transcription (193). Of note, I also identified a threshold of the RPA135-IGS1 interaction on 

the rDNA copy number. Therefore, I suggest that it may be valuable to correlate rDNA 

segregation in the 20-copy rDNA strain with the RPA135-IGS1 interaction frequency. In 

summary, I postulate that the RPA135-IGS1 interaction is contributing to the processes of 

rDNA segregation or providing a structural framework for it.   

The potential significance of a role for the RPA135-IGS1 interaction in rDNA segregation is 

supported by the following unpublished result. To obtain a double-mutant (rpa135Δ strain 
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with 20 copies of rDNA repeat), Ganley laboratory (Massey University, New Zealand) mated 

a haploid rpa135Δ mutant having a wild-type rDNA copy number (XII200 fob1- 

rpa135Δ::LEU2) with a haploid 20-copy rDNA strain having a wild-type RPA135 locus 

(XII20KU fob1-) (Daniela Quintana-James, personal communication). However, these attempts 

were never successful. It was found that in the sporulated tetrads, the rpa135Δ allele always 

segregated with the wild-type rDNA copy number allele (i.e. 200 copies), while the wild-type 

RPA135 allele segregated with the 20–copy rDNA allele (i.e. a parental ditype segregation 

(194)) (Daniela Quintana-James, personal communication). As the 20-copy rDNA strain used 

was shown to have all actively transcribed rDNA repeats (191), I hypothesize that the 

segregation of inactive rDNA repeats requires the presence of intact and functional RPA135 

locus. However, it should be noted that the postulated linkage is based on circumstantial 

evidence. Further investigation and experiments that correlate rDNA segregation with 

RPA135-IGS1 interaction will shed more light on this hypothesis.    

 

3.4. Conclusion 

The nature of the RPA135-IGS1 interaction has been inspected during growth in S. cerevisiae 

BY4741 and rDNA copy number strains (i.e. WT-copy, 20-copy and 80-copy rDNA strains). 

The interaction was shown to be dynamic, conforming to the growing knowledge of the 

genome three-dimensional organization. Specifically, the RPA135-IGS1 interaction requires a 

threshold of rDNA copy number, likely to be the inactive portion of the repeats. Moreover, the 

addition of RPA135 locus did not alter the RPA135-IGS1 interaction frequency. The following 

chapters in this study will further probe the role(s) that the RPA135-IGS1 interaction plays in 

the yeast cell system, including for example, the role of sequence specificity. 
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Chapter 4.  The Contributors of the RPA135-IGS1 Interaction 

4.1. Introduction 

In the previous chapter, the RPA135-IGS1 interaction was characterized in relation to the 

interacting loci involved (i.e. the RPA135-tK intergenic region and the IGS1 of the rDNA). 

The RPA135-IGS1 interaction is characterized by its dynamic occurrence throughout growth 

phase (Chapter 3.2.1) and dependency on the rDNA copy number (Chapter 3.2.3). However, 

which specific DNA and non-DNA factors actually contribute to interaction formation remains 

to be determined.  

Many chromosomal interactions and structures are formed by the contribution of specific 

DNA elements (reviewed in (195)). This includes interactions within gene promoter regions 

that are necessary for the establishment of the transcription pre-initiation complex (PIC) 

(196,197). Therefore, I investigated the role of specific DNA elements within the RPA135-tK 

intergenic region in the RPA135-IGS1 interaction. This was achieved by a replacement 

mapping strategy that sequentially replaces the RPA135-tK intergenic region while 

maintaining the size of the manipulated locus. A homologous recombination-based protocol 

was used to insert the replacement sequences within the RPA135-tK intergenic region. 

In addition to identifying any specific DNA contributors to the RPA135-IGS1 interaction, the 

role of proteins was also considered. Proteins are major contributors in a lot of complexes that 

mediate chromosomal interactions (138,198–200). I generated a list of proteins with known 

motifs and occupancy within the RPA135-tK intergenic region. Deletion strains were then used 

to generate 3C libraries to measure the contributions of these proteins to the RPA135-IGS1 

interaction.  
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4.2. Results 

 The contributions of sequences within the RPA135-tK intergenic region to the 4.2.1

RPA135-IGS1 interaction. 

4.2.1.1 Replacement mapping was used to determine the contribution of sequence-specific 
elements in the RPA135-IGS1 interaction 

First, I wanted to test whether the RPA135-IGS1 interaction is dependent on a specific 

sequence within the RPA135-tK intergenic region. To achieve this, a sequence-replacement 

strategy that replaced parts of the RPA135-tK intergenic region was employed. In total, seven 

replacement strains were generated by homologous recombination as illustrated in Figure 4.1. 

Replacement I only replaced the tK gene (with the Kanamycin gene construct), without 

altering the RPA135-tK intergenic region (Figure 4.1). Replacements II to VII replaced the tK 

gene and sequentially larger regions of the RPA135-tK intergenic region (Figure 4.1). All 

replacement strains maintained the length of the RPA135-tK intergenic region, and were viable 

(i.e. did not require exogenously expressed Rpa135). Details of the sequences and positions of 

the replaced RPA135-tK intergenic region and the replacing Kanamycin constructs are listed in 

Appendix C. 

Generating the replacement strains relied on homologous recombination-based integration of 

DNA constructs (159). The DNA fragments for integration (i.e. Replacement I to IV (Figure 

4.2-A), Replacement V (Figure 4.3-A) and Replacement VI and VII (Figure 4.4-A)), were 

amplified by PCR using primers that contained homologous sequences to the target locus. As 

in the generation of 2RPA strain (Chapter 2.2.3), putative replacement clones were PCR 

screened for correct replacement orientation by amplifying across the recombined region 

(cartoon schemes in Figure 4.2-B, Figure 4.3-B and Figure 4.4-B). Positive clones were 

selected and stored, and a clone from each replacement strain was used in 3C assays (white 

arrows in Figure 4.2-B, Figure 4.3-B and Figure 4.4-B). 
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Figure 4.1 Schematic illustration of the homologous recombination-based replacement mapping 
strategy used to dissect the RPA135-tK intergenic region. Roman numerals correspond to the seven 
replacement strains created. Black vertical bars represent the HindIII restriction sites. 

 

4.2.1.2 Replacement VII strain displays fluctuating OD600 readings in the stationary phase 
and an increased variation in doubling-time  

Replacement I, III and VII strains were selected to represent the replacement strains series in a 

growth assay as they represented the shortest, medium and longest replacements, respectively, 

of the RPA135-tK intergenic region (Figure 4.5). Growth curves of the three replacement 

strains were very similar to that of the wild-type in the lag and log phase (Figure 4.5-A). 

However, during the stationary phase, Replacement I and VII exhibited fluctuating OD600 

readings between measurements; Replacement VII exhibited the greater fluctuations of the 

two strains. These fluctuations might be the result of saturation of the measurement device or 

flocculation as cells enter stationary phase. Saturation in OD600 reading may occur when high 

density culture is measured without dilution. This does not seem to be the case for 

Replacement I and VII strains as saturated reading would result in flat curves at stationary 

phase; the readings are no longer sensitive to small differences in optical density. 

Alternatively, in many yeast strains, flocculation could be triggered when cells stop dividing 

or fermenting as a result of carbon and nitrogen limitations, or when they are older (i.e. the 

stationary phase onset) (201–205). The flocculent cells tend to cluster or form clumps (188) 

and these can cause the different OD600 readings between each measurement cycle in the 

stationary phase. However, there is no sufficient evidence to support this. Replacement I and 

VII have to be tested further for flocculation-related assays.   
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Figure 4.2. Generation of Replacement I, II, III and IV strains by homologous recombination-based 
replacement strategy (A) Gel electrophoresis of fragments I, II, III and IV amplification from pλD4 
using primers as illustrated in the left panel scheme (red arrows). Each primer has ~45 bp of 
sequence that is homologous to the locus targeted for recombination. (B) Putative colonies were 
PCR screened (purple arrows) and visualized by gel electrophoresis. Positive clones were selected 
and stored in -80 °C (white arrows). 

 

Doubling-times of the three replacement strains are not significantly different from the wild-

type (Figure 4.5-B). However, the variation is greater as the size of the replaced RPA135-tK 

intergenic region increases; Replacement VII strain shows the largest variation in doubling-

time (Figure 4.5-B, yellow bar). This variation is likely due to replacement of the RPA135-tK 

intergenic region, and not insertion of the Kanamycin gene, as all three replacement strains 

carry the same Kanamycin construct and differ only in the size of the replaced intergenic 

regions.  
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Figure 4.3 Generation of Replacement V strain by homologous recombination-based replacement 
strategy as in Figure 4.2 (A) Gel electrophoresis of fragments V amplification from pλD4 using 
primers as illustrated in the scheme (red arrows). (B) Putative colonies were PCR screened (grey 
arrows) and visualized by gel electrophoresis. Positive clones were selected and stored in -80 °C  
(white arrow). 

 

 

Figure 4.4 Generation of Replacement VI and VII strains by homologous recombination-based 
replacement strategy as in Figure 4.2 (A) Gel electrophoresis of fragments VI and VII amplification 
from pλD4 using primers as illustrated in the scheme (red arrows). (B) Putative colonies were PCR 
screened (green arrows) and visualized by gel electrophoresis. Positive clones were selected and 
stored in -80 °C (white arrows). 
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Figure 4.5 Growth profiles of replacement strains are not different to wild-type. (A) Growth curves 
of WT, Replacement I, III and VII strains in YPD (30 °C, 180 rpm) show similar time entrance into 
the exponential phase. (B) Doubling-times of WT, Replacement I, III and VII strains in YPD are not 
significantly different from one-another. (Bars and error bars represent mean ± SEM, n=3 
biological replicates.) 

 

4.2.1.3 Specific sequences within region III of the RPA135-tK intergenic region contribute 
to the RPA135-IGS1 interaction 

Quantitative 3C (q3C) (133) was employed to determine the effect of the replacements of the 

RPA135-tK intergenic region on the RPA135-IGS1 interaction. The RPA135-IGS1 interaction 

frequency became more variable following replacement of the tK gene (Replacement I strain) 

and the first 75 bp (Replacement II strain) of the RPA135-tK intergenic region (Figure 4.6). 

Replacement of the first 150 bp of the RPA135-tK intergenic region (Replacement III strain) 

resulted in a significant reduction (p<0.05, two-tail, Student t-test) in RPA135-IGS1 

interaction frequency, and this reduction was maintained through all subsequent replacements 

(Figure 4.6). These results indicate that replacement of the lysine tRNA gene destabilizes the 

RPA135-IGS1 interaction, while replacement of the 150 bp of the intergenic region 

(Replacement III strain) actually fixes the disruption of the interaction (Figure 4.6). Therefore 

the 75 bp region that is unique to Replacement III strain (when compared to Replacement II) 

appears to be involved in the formation and/or maintenance of the RPA135-IGS1 interaction, 

suggesting that the interaction is mediated in a sequence-specific manner. 
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Figure 4.6 Quantitative real-time PCR (qPCR) was used to measure the RPA135-IGS1 interaction 
frequency in 3C libraries generated from the exponentially growing isogenic replacement strains 
illustrated in Figure 4.1. Replacement of region III significantly (p<0.05, two-tail, Student-t-test) 
decreased the RPA135-IGS1 interaction. Interaction frequencies were normalized by RPA135 copy 
number for inter-strain comparison. Error bars denote standard errors of the mean, n=3 biological 
replicates; *, p<0.05 (two-tail, Student-t-test). 

 

4.2.1.4 Reduction of the RPA135-IGS1 interaction frequency by replacement of region VII 
affects rDNA copy number 

The genomic copy numbers of the replacement strains were also measured by qPCR (Figure 

4.6). The RPA135 copy number of all seven replacement strains was not significantly different 

to wild-type (i.e. single-copy) (Figure 4.7-A). This discounts RPA135 as the limiting factor of 

the RPA135-IGS1 interaction as elaborated in Chapter 3.2.2.   

The apparent dependence of the RPA135-IGS1 interaction frequency on the number of rDNA 

repeats (Chapter 3.2.3) suggests that the changes in RPA135-IGS1 interaction frequency we 

observed in the replacement strains may result from changes in rDNA copy number in the 

replacement strains. Quantitative PCR analyses of IGS1 copy number showed that 

Replacement I to VI strains do not have significantly (albeit p=0.063 for Replacement III 

strain, two-tail, Student t-test) different IGS1 copy numbers compared to the wild type strain 

(Figure 4.6-B). By contrast, the rDNA copy number in Replacement VII was approximately 

half that observed in the wild-type strain (p<0.05, two-tail, Student t-test, Figure 4.6-B).  Thus, 

replacement of region VII somehow results in a reduced rDNA copy number. 
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Figure 4.7 Replacement VII exhibits a reduction in IGS1-rDNA copy number. (A) RPA135 copy 
numbers in all replacement strains are not different to wild-type. (B) Replacement of region VII 
results in a significantly (p<0.05, two-tail, Student-t test) reduced IGS1-rDNA copy number. Copy 
numbers were measured by qPCR in 3C libraries generated in Figure 4.6. IGS1 copy number was 
normalized to RPA135. Error bars denote standard errors of the mean, n=3 biological replicates; *, 
p<0.05 (two-tail, Student-t-test). 

 

4.2.1.5 The foreign λDNA sequence has residual level of interaction with IGS1-rDNA 

The λDNA sequence used to replace the RPA135-tK intergenic region is a foreign sequence 

that originated from bacteriophage λ (144). A control was required to check that any 

alterations of the RPA135-IGS1 interaction in the replacement strains were not the effect of 

λDNA replacement. Therefore, a control strain with the same replacement construct as 

Replacement VII strain was generated (designated Control VII; Table 2.1). The Replacement 

VII construct was integrated into the upstream region of LEU1 locus on Chr. VII instead of 

RPA135-tK intergenic region (Figure 4.8). 

The replacement VII construct was PCR amplified from pλD4 (Chapter 2.2.3) using primers 

with homologous sequences to the LEU1 upstream locus (Figure 4.8-A). The putative clone 

was PCR screened using primers that amplified the whole replacement VII construct (Figure 

4.8-B, green arrows) and amplified across the recombination junction (Figure 4.8-C, red 

arrows). The positive clone was selected as Control VII strain and a growth assay performed 

in YPD. The growth curve profile of Control VII strain is nearly identical to wild-type (Figure 

4.8-D) implying that the replacement VII construct (i.e. with both Kanamycin gene and 

λDNA) on LEU1 locus does not interfere with growth-related processes. 
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Figure 4.8 Generation of Control VII strain by homologous recombination-based replacement 
strategy (A) Gel electrophoresis of fragment VII amplification from pλD4 using primers as 
illustrated in the scheme (green arrows). The amplicon is identical to fragment VII used in Figure 
4.4, except for the ~90 bp sequence homologous to the LEU1 upstream locus. Putative clones were 
PCR screened for the insertion of intact fragment VII construct (green arrow in B) and correct 
replacement orientation (red arrow in C) . (D) Growth curve of Control VII strain in YPD is nearly 
identical to wild-type. Error bars represent SEM, n=3 biological replicates. 

 

3C libraries of wild-type, Replacement VII and Control VII strains were generated (Figure 

4.9). The RPA135-IGS1 interaction frequency in Control VII strain is not significantly 

different to wild-type, albeit there is some variability (Figure 4.9-A). This is expected for 

Control VII strain since it still has the native chromosomal context of the RPA135-tK 

intergenic region, with which the RPA135-IGS1 interaction occurs. On the other hand, 

Replacement VII strain shows a significant (p<0.05, two-tail, Student-t test) reduction of the 

RPA135-IGS1 interaction frequency (Figure 4.9-A), as shown previously (Figure 4.6). 
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Figure 4.9 Interaction between λDNA and IGS1-rDNA in Control VII strain was detected at low level, 
equivalent to that observed for Replacement VII strain (A) RPA135-IGS1 interaction is detected at 
wild-type level in the Control VII strain while Replacement VII strain shows a significant (p<0.01, 
two-tail, Student-t test) reduction in interaction. (B) λDNA interaction with the rDNA occurs above 
background level, equivalent to Replacement VII strain. Bars and error bars represent mean±SEM, 
n=3 biological replicates; **, p<0.01; ***, p<0.001; two-tail, Student-t test. 

 

To check whether λDNA sequence is exerting any effect in the RPA135-IGS1 interaction, the 

λDNA-IGS1 interaction was measured (Figure 4.9-B). There is a degree of interaction 

between λDNA and IGS1-rDNA above the background level in both Control VII and 

Replacement VII strains (Figure 4.9-B). While it is not clear how the λDNA actually 

contributes to the RPA135-IGS1 interaction, it is likely to be a residual effect. 

 

 The contributions of binding proteins to the RPA135-tK intergenic region 4.2.2

4.2.2.1 The RPA135-tK intergenic region is bound by proteins with roles in transcriptional 
regulations and chromatin modifications 

Observations suggest that the RPA135-IGS1 interaction requires region III of the RPA135-tK 

intergenic region and tRNA lysine gene (tK(CUU)P) for stabilization (Figure 4.6). Another 

region in the RPA135-tK intergenic region (i.e. region VII) is coupled to the RPA135-IGS1 

interaction and affects the rDNA copy number. This raises the possibility that specific motifs 

within this region are recognized by protein factors that mediate the interaction. Using 

JASPAR database (206), 127 transcription factors with predicted binding motifs within the 

RPA135-tK intergenic region were found (Appendix D). The list was then overlapped with a 

comprehensive genome binding map of gene and chromatin regulatory proteins (ChiP-seq 

data) (207). The two lists were analysed using a script (Appendix E); the JASPAR list was 
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compared to the ChIP-seq list and the proteins shared by both lists were pooled (Ralph Grand, 

2013, personal communication). This resulted in a new list of proteins that have a defined 

DNA motif in the RPA135-tK intergenic region (Appendix D). The ChIP-seq data itself 

measured the occupancy level of a set of proteins at three different loci within the replaced 

RPA135-tK intergenic region (Table 4.1). 

Table 4.1 Normalized occupancy level of proteins from ChIP-seq (207) 

 ChIP Probe Location 
Region II/III V/VI VII 
Protein    
FHL1 1.10 1.10 - 
IFH1 1.37 1.58 1.61 
MSN2 3.20 2.50 2.52 
REI1 - 1.29 3.33 
RPH1 - 1.26 2.38 
SIR2 - - 1.42 
STP1 1.14 - 1.31 
XBP1 2.57 1.75 3.23 
YAP5 1.35 1.16 - 

Numbers represent normalized fold background 

Seven proteins were selected with a normalized occupancy level above one-fold of 

background (207). Sir2 was included despite the fact that it lacks a defined motif (208) as it is 

a relevant and important protein for the maintenance of rDNA repeat structure (120,127,209) 

and also binds at the boundary of region VII (Table 4.1). Ifh1 was added to the list, although it 

does not have a specific motif within the intergenic region, because of its close functional 

association with Fhl1 in regulating ribosomal protein (RP) gene transcription (148). Msn2 is a 

zinc finger DNA-binding protein that up-regulates transcription of stress-response genes 

(210,211). Rei1 protein is localized predominantly in the cytoplasm and binds to 60S ribosome 

unit (212). Rph1 protein regulates the expression of PHR1, a gene coding for enzyme that 

catalyses the repair of pyrimidine dimers, (213) and is associated with repression during 

exponential growth (214). Stp1 protein is involved in tRNA maturation (215,216) and 

controlled by TOR activity in S. cerevisiae (217). The other two proteins, Xbp1 and Yap5, are 

regulators of transcription; Xbp1 is a repressor of transcription induced by stress (218) while 

Yap5 is an iron-sensing transcriptional activator (219).  

 



Chapter 4 

92 

4.2.2.2 Seven deletion mutants were available in the S. cerevisiae BY4741 background 
strain 

Seven different mutants, each with a knock-out deletion of the specific DNA binding proteins 

were obtained (generous gift from Evelyn Sattleger, Massey University). These mutants were 

generated in BY4741 background strain as part of the Saccharomyces Genome Deletion 

project (146,147). They are as follows: msn2, rei1, rph1, sir2, stp1, xbp1 and yap5 (Table 2.1). 

All mutants were PCR screened to confirm deletion of their respective genes (Figure 4.10). 

The BY4741 genotype in these mutants was also confirmed by growth on SC drop-out plates 

(without histidine, leucine, methionine, or uracil).  

 

4.2.2.3 Deletion mutants of FHL1 and IFH1 were obtained in the S. cerevisiae W303α 
strain background  

Two deletion mutants (fhl1 and fhl1/ifh1; Table 2.1) were obtained in the S. cerevisiae W303α 

haploid strain background (kind gift from Jonathan R. Warner; Albert Einstein College of 

Medicine) (148). Fhl1p and Ifh1p are essential factors in the transcription of RP genes (148). 

FHL1 deletion results in a striking reduction in growth rate while IFH1 deletion is lethal; 

however, double deletions of FHL1 and IFH1 are viable (148).  

These fhl1 and fhl1/ifh1 mutants grew very slowly in YPD (30 °C, 180 rpm) with doubling-

times ranging from 13 to 16 hours). For this reason, the fhl1 and fhl1/ifh1 mutant strains were 

PCR screened to confirm their genotypes (Table 2.1). FHL1 in both mutants was deleted by 

replacing it with a HIS3 marker (148). All mutant strains were confirmed to have integrated 

the HIS3 gene (Figure 4.11; first panel). Interestingly, the wild-type BY4741 used as a 

negative control had a truncated HIS3 amplicon (Figure 4.11; first panel, second lane). Thus, 

the HIS3 deletion in BY4741 strain is only a partial knock-out (145). Mutants of FHL1 were 

also PCR screened for other S. cerevisiae reference genes often used in O’Sullivan’s 

laboratory (i.e. ACT1 and GAL1) (Figure 4.11; second panel). The mutants showed similar 

amplification patterns for the ACT1 and GAL1 genes compared to control BY4741 strain, and 

were confirmed as S. cerevisiae strains.  

The IFH1 gene was deleted by replacing it with a Kanamycin marker in the fhl1 mutant 

background (148). Kanamycin integration was easily checked by growing the strain on YPD 

plates (supplemented with G-418). All fhl1 and ifh1 mutants were also pink in colour, 

confirming the phenotype of ADE2 gene mutation present in the W303α haploid background 

strain (Table 2.1).   
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Figure 4.10 All deletion mutants were confirmed to lack their respective gene deletions when 
compared to wild-type BY4741 strain.  Genomic DNA of all mutants were isolated and PCR screened 
using primers that amplify the coding region of the respective genes.  

 

 

Figure 4.11 The slow growing fhl1Δ mutant and fhl1Δ/ifh1Δ double mutant were confirmed to have 
fhl1::HIS3 genotype(left panel). These fhl1 mutants also  have identical PCR amplification patterns 
for two of the yeast genes commonly used in experiments, i.e. ACT1 and GAL1 (right panel). 
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4.2.2.4 RPA135-IGS1 interaction frequency is reduced in the msn2 mutant 

First, I tested the RPA135-IGS1 interaction frequencies in the seven protein deletion strains in 

BY4741 background (msn2Δ, rei1Δ, rph1Δ, sir2Δ, stp1Δ, xbp1Δ and yap5Δ; Figure 4.12). 

Only the msn2Δ strain showed a significant reduction in the RPA135-IGS1 interaction 

frequency when normalized by RPA135 copy number (p<0.001, two-tail, Student t-test) 

(Figure 4.12-B). The rei1, rph1, sir2 and xbp1 mutants exhibited relatively large variations in 

the RPA135-IGS1 interaction frequency; albeit insignificant when compared to wild-type 

(Figure 4.12-B). The RPA135 and IGS1 copy numbers were not significantly different in the 

msn2Δ strain (Figure 4.13). The msn2 mutant results are consistent with: 1) the known location 

of an Msn2 protein-binding site on the boundary of regions II and III (Figure 4.12-A); and 2) 

the replacement of region III correlating with a significant and sustained reduction in RPA135-

IGS1 interaction frequency (Figure 4.6). Collectively these observations indicate that Msn2 

binding within region III contributes to the formation or maintenance of the RPA135-IGS1 

interaction. However, it remains unclear whether the Msn2p binds to both the RPA135-tK and 

IGS1 regions to directly mediate this connection or facilitates the interaction indirectly. 

 

Figure 4.12 The RPA135-IGS1 interaction is reduced in the msn2Δ  mutant. (A) Cartoon illustrating 
the characterised protein binding sites within the RPA135-tK intergenic region, as determined by 
Venters et. al using ChIP-seq (207). (B) Deletion strains for the proteins illustrated in A were 
obtained from the S. cerevisiae genome deletion project (Table 2.1) (146,147). RPA135-IGS1 
interaction frequency (normalized to RPA135 copy number) was measured in exponentially 
growing S. cerevisiae deletion mutants. RPA135-IGS1 interaction frequency was significantly 
(p<0.01, two-tail, Student-t-test) decreased in the msn2Δ strain. Error bars denote standard errors 
of the mean, n=3 biological replicates; ***, p<0.001(two-tail, Student-t-test). 

 

Two mutants with varying RPA135-IGS1 interaction frequencies (Figure 4.12-B) also showed 

large clonal variability in their IGS1 copy number (i.e. rph1 and sir2) although neither was 

significantly different from wild-type (Figure 4.13-B). Interestingly, Sir2 is known for its role 

in rDNA silencing (117,127,129,220,221) and binds the Sir2 responsive region 1 (SRR1) 
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within the IGS1 locus (220). In previous studies, Sir2 mutation also often results in strains 

with heterodisperse (i.e. varying size) rDNA copy number  (117,222) similar to the qPCR data 

(Figure 4.13-B). By contrast, not much is known about the relationship between Rph1 protein 

and rDNA copy number. Both Rph1 and Sir2 proteins were shown to bind to the RPA135-tK 

intergenic region (Figure 4.12-A). As the RPA135-IGS1 interaction is correlated to the rDNA 

copy number, Sir2 could also be involved in the interaction complex, albeit indirectly.  

 

 

Figure 4.13 The sir2Δ and rph1Δ mutant strains display large clonal variations in rDNA copy 
number. (A) RPA135 copy number (normalized to GAL1) of the deletion strains do not vary from 
wild-type as measured by qPCR of the 3C libraries generated in Figure 4.12B. (B) The IGS1-rDNA 
copy number (normalized to RPA135) of sir2Δ varies largely between clones, albeit no significant 
difference to wild-type, followed by rph1Δ mutant. Error bars denote standard errors of the mean, 
n=3 biological replicates; two-tail, Student-t-test. 

 

In rph1Δ and sir2Δ mutants, RPA135-IGS1 interaction frequencies (Figure 4.12-B) were 

significantly reduced (p<0.01 and p<0.05 respectively, two-tail, Student-t test) when 

normalized to IGS1 copy number (Figure 4.14). Normalization to rDNA copy number is not 

always accurate as elaborated in Chapter 3.2.3. The exception is when the rDNA repeat state is 

known to be uniform, as in the case of the 20-copy rDNA strain. As Sir2p specifically 

functions in silencing of the rDNA repeats (117,127,129,220,221), its deletion could directly 

alter this silenced repeat state. Indeed, Smith et.al showed that in a sir2Δ mutant, inactive 

rDNA repeats became more structurally accessible/open (223) as had also been suggested 

earlier by Fritze et.al (209). Theoretically then, the highly variable rDNA copy number in the 

sir2 mutant (Figure 4.13-B) may well reflect a uniformity (or the tendency towards 

uniformity) of the chromatin state of the rDNA repeats. In this scenario, normalization of 

interaction data by rDNA copy number in sir2Δ is justified as in the case of 20-copy rDNA 

strain (Chapter 3.2.3).    
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Recently, Rph1 was indirectly linked to the rDNA locus and silencing (224). Rph1 is a 

specific H3K36 demethylase (225,226), acting antagonistically to the H3K36 methyl 

transferase, Set2 (227). Set2 promotes the formation of active state of rDNA repeats (224). 

The link between Rph1 and the rDNA is thought to occur through the role of Net1 at the 

rDNA locus (224). Net1 is the core protein member of the RENT complex responsible for 

recruiting rDNA silencing factors including Sir2 (94,114,200,228,229). Rph1 may act by 

clearing the methylation mark on H3K36 so Net1 can dock and exert rDNA silencing. Indeed, 

Net1 occupancy level at the rDNA locus was significantly increased in two mutants with loss 

or reduction of H3K36 methylation: an H3K36A substitution mutant and a set2Δ mutant with 

reduced H3K36 methylation, respectively (229). These data demonstrate that both Sir2 and 

Rph1 bind to the same locus at the rDNA where the RPA135-IGS1 interaction occurs (i.e. the 

IGS1 region). The association of Rph1 with the silenced rDNA locus and its varying rDNA 

copy number (Figure 4.13-B) also justifies the normalization of the RPA135-IGS1 interaction 

to rDNA copy number (Figure 4.14).  

 

Figure 4.14 The RPA135-IGS1 interaction is reduced in rph1Δ and sir2Δ mutants when normalized 
to RPA135 copy number. Error bars denote standard errors of the mean, n=3 biological replicates; 
*, p<0.05; **, p<0.01 (two-tail, Student-t-test). 

 

4.2.2.5 The unique contribution of FHL1 and IFH1 proteins in the RPA135-IGS1 
interaction 

3C libraries were generated from exponentially (OD600 = ~0.6) growing cultures (YPD, 30 °C, 

180 rpm) in fhl1Δ and fhl1Δ/ifh1Δ mutants. The RPA135-IGS1 interaction frequency was 

measured by qPCR and normalized to RPA135 levels. The RPA135-IGS1 interaction levels 

were highly variable but not significantly different to the isogenic wild-type (YAG92; Figure 

4.15-A). Interaction frequencies between biological replicates showed considerable variation, 

although the pattern between the two mutants remained similar (Figure 4.15-B). 
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Figure 4.15 The slow growing, abnormally segregated fhl1Δ and ifh1Δ deletion mutants exhibit 
large fluctuations in RPA135-IGS1 interaction frequency. (A) The RPA135-IGS1 interaction 
strikingly fluctuates when FHL1 alone was deleted or combined with IFH1 deletion. (B) The 
distribution of interaction frequency for individual replicates ranges from half-fold reduction to 
almost 7-fold increase in each deletion strain. Error bars denote standard errors of the mean, n=3 
biological replicates; two-tail, Student-t-test. 

 

The RPA135 and rDNA copy numbers for the fhl1Δ mutant were both similar to wild-type 

level (Figure 4.16, red bars). Interestingly, in the fhl1Δ/ifh1Δ mutant, the RPA135 copy 

number was significantly (p<0.05, two-tail, Student-t test) increased compared to wild-type 

while rDNA repeat number remained at wild-type level (Figure 4.16, grey bars). The apparent 

increase of RPA135 copy number in the double mutant is likely the result of unequal copy 

number ratio with the normalization gene (i.e. GAL1), as observed for the early log phase 

wild-type BY4741 (Chapter 3.2.1).  

Fhl1 and Ifh1 are core transcriptional regulators of ribosomal protein (RP) genes and the two 

proteins are physically linked (148). Fhl1 is uniquely and constitutively found to bind the 

promoters of RP genes (148); this includes RPA135. Ifh1 is a transcriptional activator and 

essential for the cell, but double deletions of Ifh1 and Fhl1 are viable (148). Considering their 

very central role, it is not surprising that deletion mutants of these proteins exhibit significant 

reductions in growth rate resulting from a marked reduction of transcription of RP genes and 

thus, ribosome synthesis (148,230,231). However, the mutants are able to detect ribosome 

deficiency and adjust the mRNA/ribosome ratio within a certain limit to survive (148). The 

RPA135-IGS1 interaction levels varied widely in fhl1Δ and fhl1Δ/ifh1Δ mutants (Figure 4.15) 

while both strains have an overall low RP genes transcription. This implies that the RPA135-

IGS1 interaction does not directly correlate to the transcription of RP genes. It also argues 
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against the hypothesis that the RPA135-IGS1 interaction structure directly feedbacks to 

RPA135 (or RNAP I) transcription.   

 

 

Figure 4.16 RPA135 copy number is increased in fhl1-/ifh1- double mutant. (A) RPA135 copy 
number (normalized to GAL1) is significantly (p<0.05, two-tail, Student-t test) increased in mutant 
with IFH1 (FHL1) deletion. (B) IGS1-rDNA copy number in the fhl1Δ and ifh1Δ mutants is not 
different to wild-type. Error bars denote standard errors of the mean, n=3 biological replicates; *, 
p<0.05 (two-tail, Student-t-test). 

 

Nevertheless, it is appealing to associate the RPA135-IGS1 interaction data with the 

morphology of the fhl1Δ and fhl1Δ/ifh1Δ mutants (Figure 4.17). Both mutant strains show 

many cells with elongated daughter cells (buds) (Figure 4.17) that the wild-type cells lack, 

resembling pseudohyphae formation in haploid yeast (232). Pseudohyphae are the result of 

abnormal cell division and continued budding that suggest that the morphogenesis checkpoint 

has been induced (232). This checkpoint ensures that mitosis only takes place when bud 

formation is proceeding normally (232). As postulated in Chapter 3.2.3 and 3.3 (page 72 to 

77), the variations in RPA135-IGS1 interaction frequencies (Figure 4.15) may correlate with 

the occurrence of these elongated buds. If the RPA135-IGS1 interaction serves to hold the 

inactive rDNA repeats for/during proper segregation, then failure to segregate (as shown by 

unseparated cells) will result in a higher probability for the interaction frequency to occur in 

the population. The number of unseparated cells may also cause an imbalance in genome copy 

ratio between single genes (i.e. RPA135 and GAL1), resulting in an RPA135 copy number 

anomaly (Figure 4.16-A).      
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The fhl1Δ and fhl1/ifh1Δ mutant cells also formed clumps/clusters in liquid media that were 

hard to decluster using standard methods like vortexing. These cell clusters tended to float and 

could not be properly sedimented by centrifugation. These phenotypes and the elongated bud 

formation are characteristics of two different aggregates in yeast, flocculation and 

pseudohyphae formation, that are the results of two different mechanisms (232,233). However, 

there is insufficient data from my experiment and other studies (148) to determine the 

aggregate type of the observed phenotypes for fhl1Δ and fhl1Δ/ifh1Δ mutants.  

 

Figure 4.17 Both of the fhl1Δ (A-F) and fhl1Δ/ifh1Δ (G-K) mutants display extensive clustering and 
an abnormal elongated budding phenotype likely as a result of abnormal cellular segregation. 
(400x and 1000x magnification; cells stained with phloxine-B dye (234,235)) 
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4.3. Discussion 

 The RPA135-IGS1 interaction requires a specific sequence within the RPA135-tK 4.3.1

intergenic region and is affected by the Msn2 protein 

In this study, I have empirically identified two functional regions within the RPA135-tK 

intergenic region. One, region III (Chr XVI: 581,912-581,986), is involved in the formation 

and/or maintenance of a high frequency interaction between the upstream region of RPA135, 

encoding a subunit of RNAP I, and the IGS1 region of the rDNA (Figure 4.6). The second 

region identified, region VII (Chr XVI: 581,457-581,684) that is unique to Replacement VII, 

correlated with a reduction in rDNA copy number (Figure 4.7-B). Together, these regions 

form the first example of a non-linked locus, on another chromosome, that affects the stability 

of the rDNA array through the formation of an inter-chromosomal connection. Moreover, they 

provide evidence that the DNA loci involved in chromosomal interactions can be composite 

elements. 

The RPA135-tK intergenic region contains binding sites for numerous RNAP II gene 

regulatory and chromatin modifying factors (207). Deletion of the MSN2 gene, an RNAP II 

transcription factor that has been shown to bind the RPA135-tK intergenic region (Figure 4.12-

A), reduced the RPA135-IGS1 interaction frequency (Figure 4.12-B) to approximately the 

same level as replacement of the region III- specific 75bp sequence (Figure 4.6). One of the 

Msn2p binding sites is in the vicinity of region III (Figure 4.12-A), thus I suggest that binding 

of Msn2 to this region contributes directly to the formation or maintenance of the RPA135-

IGS1 interaction. While it is not known whether Msn2p directly contacts both sequences, there 

are predicted Msn2p binding sites within the IGS1 and IGS2 regions (JASPAR (206)), and 

known Msn2p binding site border the left side of the intact rDNA array (207). Therefore, it is 

possible that Msn2p bridges, either by itself or as part of a larger protein complex, the two 

interacting loci. The second and third Msn2 protein binding sites within the RPA135-tK 

intergenic region, located in regions V/VI and VII (Figure 4.12-A), do not appear to contribute 

to interaction formation, as deletion of these regions does not further reduce the frequency of 

the RPA135-IGS1 interaction (Figure 4.6). 
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 Protein contributors of the RPA135-IGS1 interaction are transcriptional regulators 4.3.2

and associated with yeast stress-response or silencing  

Most of the proteins investigated in this study are regulators of yeast transcription. Two 

proteins correlated with the RPA135-IGS1 interaction, Msn2 and Rph1, are involved in 

transcriptional regulation (211,213,236). Msn2 is also involved in stress-response and 

chronological aging (237). Another protein, Sir2, is involved in DNA replication (200) and 

recombination (117,119,220) besides also being a repressor of RNAP II transcription from 

cryptic promoter in the IGS1-rDNA (120). Both Rph1 (224,226) and Sir2 (220,221) play roles 

in chromatin silencing. The fact that these proteins, excluding Rei1 and Sir2, are specific 

regulators of RNAP II transcription and also bind to the lysine tRNA gene promoter (Figure 

4.12) is intriguing; tRNA genes are transcribed by RNAP III (131). The presence of these 

RNAP II transcription factors at a  ribosomal protein (RP) gene locus (RPA135) and RNA 

structural components of the translation machinery (lysine tRNA) might provide some degree 

of coordination of the activity of both polymerases. This cross-polymerase mechanism could 

coordinate translation through the synthesis of ribosomes and tRNAs, as proposed by Venters 

et.al. (207). Shortly, we see inter-connectedness between transcription and chromatin-state 

regulators, RNAP II and III genes and polymerases, and the rDNA locus. This 

interconnectedness provides some support for the hypothesis that the RPA135-IGS1 

interaction acts as a feedback loop for RNAP I transcription. Therefore, the influence of the 

RPA135-IGS1 interaction on RPA135 and rDNA transcription is investigated in the next 

chapter. 

 

 

Figure 4.18 Msn2 is released from the RPA135-tK intergenic region during heat-shock. The cartoon 
illustrates Msn2 binding sites within the RPA135-IGS1 intergenic region, as determined by Venters 
et. al using ChIP-seq (207). The numbers represent the normalized occupancy levels compared to 
background at normal condition (green) and heat-shock (magenta). 
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As mentioned earlier, Msn2 is involved in the stress response, specifically in transcriptional 

induction of stress response genes through stress-response elements (STREs; (211)). 

Interestingly, Msn2 occupancy in the RPA135-tK intergenic region was abolished when yeast 

was exposed to a heat-shock (from 25 °C to 37 °C), in particular at loci corresponding to 

region III and VII (Figure 4.18; modified from Venters et.al. (207)). It remains to be 

established whether this change in Msn2 binding within the RPA135-tK intergenic region 

correlates to an alteration in the RPA135-IGS1 interaction level and whether the correlation is 

functionally relevant.  

The hypothesis that the RPA135-IGS1 interaction occurs with inactive rDNA repeats (see the 

20-copy rDNA strain interaction data; Figure 3.10 and Chapter 3.2.3) is further substantiated 

by the interaction data involving Rph1 and Sir2, two proteins involved in genomic silencing 

(117,127,129,220,221,224–226). Currently, it is not clear how Rph1 and Sir2 are specifically 

linked to each other in terms of their roles in rDNA silencing. I hypothesize that Rph1 and 

Sir2 oppose each other, that is, demethylation of the rDNA locus by Rph1 assists the binding 

of the RENT complex that includes Sir2 deacetylase activity in silencing the rDNA repeats 

(224). Indeed, Rph1 and Sir2 have been shown to exert opposite effects toward telomeric 

silencing (224).  

 The RPA135-IGS1 interaction occurs at a specific stage in the cell cycle 4.3.3

The RPA135-IGS1 interaction was always present within asynchronous cell population. My 

argument is based on the observation of all q3C data as the following: 1) The RPA135-IGS1 

interaction frequency was low in the 20-copy rDNA strain (at ~15% wild-type level; Figure 

3.10) that means it occurred only in a small portion of the cell population; 2) The interaction 

frequency was  fluctuating during growth phase in wild-type strain (at least ~50% of the mid 

log phase level) but also always occurred in a portion of the tested cell populations (Figure 

3.2); 3) Replacement III to VII strains showed reduction of the RPA135-IGS1 interaction at 

~35% of the wild-type level (Figure 4.9; this chapter), and 4) msn2Δ mutant exhibited ~50% 

reduction in interaction frequency compared to wild-type (Figure 4.12-B). In a growing 

asynchronous population, cells are at different stages of the cell-cycle. However, a particular 

cell-cycle stage may be predominant depending on the growth phase of the cell population. 

Therefore, the complete interaction data suggest that the RPA135-IGS1 interaction occurs at a 

specific stage or time point of the cell cycle. 
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 Replacement of region VII of the RPA135-tK intergenic region correlated with a 4.3.4

reduction in the rDNA copy number 

I hypothesized that the RPA135-IGS1 interaction provides a feedback structure for RNAP I 

transcription because of the close functional connection between RPA135 and the rDNA loci 

(Chapter 1.10.2). In Chapter 3, it was shown that the doubling of RPA135 transcript level did 

not correlate with a change in the RPA135-IGS1 interaction. In this chapter, I showed that 

mutants with severely impaired transcription of RP and rRNA genes (fhl1Δ and fhl1Δ/ifh1Δ 

mutants) exhibited varying degrees of the RPA135-IGS1 interaction frequency. If there is a 

correlation between the RPA135-IGS1 interaction and ribosomal transcription, the interaction 

frequency in these mutants (i.e. fhl1Δ and fhl1Δ/ifh1Δ) should expectedly be reduced 

compared to wild-type. Therefore, the RPA135-IGS1 interaction does not seem to be directly 

linked to ribosomal transcription as hypothesized. This premise is the focus of the 

investigation in the following chapter.  

Previous studies have shown that the enzyme RNAP I is important for rDNA repeat number; 

albeit they focused more on the presence of intact RNAP I sub-units in the nucleus instead of 

the presence of the genomic sequence itself (116,129,238). In a mutant with RPA135 ORF 

deletion (i.e. no intact RNAP I produced; NOY408-1a strain), the rDNA copy number was 

reduced slowly throughout many generations and stabilized at ~50% of wild-type (129). This 

rDNA repeat reduction could be rescued by expressing RPA135 on a plasmid (129). This does 

not rule out the possibility that the RPA135 locus itself is a necessary element in the 

maintenance of rDNA copy number, together with RNAP I. The RPA135-tK intergenic region 

in the rpa135Δ mutant strain (NOY408-1a) was still intact as only 85% of the RPA135 ORF 

was knocked-out and replaced with LEU2 (129). Moreover, region VII, whose replacement 

also reduced rDNA copy number (Figure 4.7), is located just upstream of the RPA135 ORF 

(Figure 4.19). It is possible that there are other elements between region VII and the RPA135 

transcription start site (TSS) that are involved in the RPA135-IGS1 interaction. As 

replacement mapping applied to this region did not produce viable mutant strains, the strategy 

can be applied to 2RPA strain. However, using 2RPA strain is problematic; it is still not 

known if a position effect is imposed by the endogenous RPA135-tK intergenic region on the 

RPA135-IGS1 interaction.  

Overall, the different DNA elements or sequences within the RPA135-tK intergenic region (i.e. 

region III, VII, and tRNA lysine gene locus) were discovered to associate with the RPA135-

IGS1 interaction. They support the concept that composite elements and factors may interact 

to form genomic structure. The structure, in turn, may facilitate a functional process; here, the 
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RPA135-IGS1 interaction is associated with the maintenance of rDNA copy number. A two-

dimensional model is depicted in Figure 4.19 that illustrates how the contributing factors of 

the RPA135-IGS1 interaction are aligned within the RPA135-tK intergenic region. The model 

is intentionally uncoupled from the three-dimensional picture I have been building up to show 

the importance of linear arrangement of the loci within the RPA135-tK intergenic region. 

Lysine tRNA gene (tK) and region III (III) are the elements that stabilizes and is specifically 

involved, respectively, in the RPA135-IGS1 interaction mediated by Msn2. Msn2 binds to 

three regions within the RPA135-tK intergenic region. The RPA135-IGS1 interaction brings 

these factors and the rDNA array together where region VII (VII) and the RPA135 locus could 

be involved in the maintenance of wild-type rDNA copy number. 

 

 

Figure 4.19 Contributors of and factors associated with the RPA135-IGS1 interaction at the RPA135-
tK intergenic locus; Lysine tRNA gene (tK) and region III (III) stabilizes and is specifically involved, 
respectively, in the RPA135-IGS1 interaction mediated by Msn2.  Region VII (VII) and the RPA135 
ORF are involved in the maintenance of wild-type rDNA copy number. Contributors (1) to (4) are 
resultants of data interpretation, (5) is hypothesized from unpublished data and Kobayashi et.al. 
(129).  (Figure not to scale) 

 

 When does the RPA135-IGS1 interaction occur? 4.3.5

It is likely that the reduction of rDNA copy number in Replacement VII strain is a 

consequence of the alteration in the RPA135-IGS1 interaction. The data from the rDNA copy 

strains supports the conclusion that the interaction occurs with inactive rDNA repeats. The 

RPA135-IGS1 interaction with the inactive repeats does not occur constitutively but at a 

particular stage of the cell-cycle as described previously (Chapter 3.2.1.2). Therefore, I 

hypothesize that the RPA135-IGS1 interaction forms alongside rDNA replication at the 

inactive rDNA repeats. The rDNA interacting locus (i.e. IGS1), is the site where Fob1-

dependent replication fork block (RFB) occurs that results in a unidirectional replication 

(114,117). Replication machinery arrested at the RFB site is prone to collapse and creates 
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double-stranded breaks (DSBs) (114,117). DNA repair machinery uses rDNA recombination 

pathway, which is also Fob1-dependent, to deal with these DSBs (114). If DSBs repair uses 

unequal sister chromatid recombination, a change in the rDNA copy number may occur as a 

consequence (114,117,119).  

The RPA135-IGS1 interaction may not directly link to any role in ribosomal transcription. 

Strains with altered RPA135-IGS1 interaction frequency (i.e. replacement strains, 20-copy 

rDNA strain or msn2Δ mutant) did not show an altered growth rate. While ribosomal 

transcription is strongly linked to growth rate (190). Specifically for Replacement VII strain, 

the reduction in the RPA135-IGS1 interaction frequency correlated with a change in rDNA 

copy number. Kobayashi et.al showed that expansion or contraction of rDNA repeats did not 

directly correlate to growth rate (129). In conclusion, throughout this chapter I showed that the 

RPA135-IGS1 interaction correlates to rDNA copy number, not to growth, which opposes my 

hypothesis. Thus, the following chapter will address this point. 

 

4.4. Conclusions  

In this chapter, I succeeded in uncovering the contributors of the RPA135-IGS1 interaction. A 

specific element within the RPA135-tK intergenic region, region III, is involved in the 

mediation of interaction complex by Msn2. The RPA135-IGS1 interaction complex spatially 

brings another element within the intergenic region, region VII, to the rDNA to be involved in 

the regulation of rDNA copy number. Hypothetically, region VII co-regulates the rDNA copy 

number with RPA135 locus and RNAP I molecule.  

Despite a close structure-function association between interacting partners in the RPA135-

IGS1 interaction, data imply that this structure may not serve as a feedback loop toward 

RNAP I transcription but toward rDNA repeat stability. This and the other aspects of the role 

of the RPA135-IGS1 interaction will be elucidated in the following chapter.   
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Chapter 5. The Biological Roles of RPA135-IGS1 Interaction 

5.1. Introduction 

The most intriguing feature of the RPA135-IGS1 interaction is the possibility that there is a 

functional link between its interacting fragments (i.e. the single-copy RPA135 and the multi-

copy rDNA loci). RPA135 codes for the second largest subunit of RNAP I, the enzyme that 

transcribes the 35S ribosomal RNA precursor (160). RPA135 is also a unique RNAP I subunit 

as it does not have counterparts in RNAP II and RNAP III enzyme complexes, unlike RPB5 

for example (131). In the previous chapter, I have explored the contributing factors of the 

RPA135-IGS1 interaction and discovered that these factors are associated with pathways that 

act on the rDNA locus (Chapter 4.2.2). In Chapter 3, I also showed that the rDNA copy 

number or locus influences the RPA135-IGS1 interaction but not the RPA135 counterpart. 

Therefore, in this chapter, I have investigated the potential functional roles of the RPA135-

IGS1 interaction. 

The RPA135-IGS1 interaction could theoretically play a direct functional role in three ways: 

the regulation of RNAP I production and/or function, ribosome biogenesis, or both. However, 

the RPA135-IGS1 interaction could also serve as a structural platform for other rDNA-related 

functional processes. Considering the intriguing connection between the interacting members, 

I hypothesized that the RPA135-IGS1 interaction serves as a feedback loop for RPA135 

transcription.  

The elements within the RPA135-tK intergenic region (e.g. region III and VII), and regulatory 

factors that contribute to the RPA135-IGS1 interaction (e.g. Msn2, Rph1 and Sir2) may act 

independently or cooperatively to achieve the functional outcome. Therefore, I aimed to 

investigate whether the different elements acted independently and to identify any dynamic 

aspects of the interaction that indicate a temporal dimension of the RPA135-IGS1 interaction. 

In this chapter, I show that the RPA135-IGS1 interaction affects rDNA stability and that the 

disruption of the interaction correlates to transcriptional activity at the IGS1-rDNA locus. The 

role of the RPA135-IGS1 interaction is also associated with life span-related (aging) processes.  
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5.2. Results 

 The RPA135-IGS1 interaction is not correlated with RPA135 and 25S transcription 5.2.1

I hypothesized that the RPA135-IGS1 interaction would serve as a feedback loop to regulate 

RPA135 transcription and thus help to coordinate rRNA transcriptional output. To test this, 

RPA135 transcript and 25S rRNA levels were measured in 3C libraries used in Chapter 3 and 

4. RPA135 transcript and 25S rRNA levels were measured by RT-qPCR from total RNA 

isolated from exponentially growing S. cerevisiae cultures. RPA135 transcript levels were 

measured in all seven replacement strains, all protein deletion strains with BY4741 

background, and 20-copy rDNA strain (Figure 5.1). 25S-rRNA levels were measured in three 

representative replacement strains (i.e. Replacement I, III and VII), all protein deletion strains 

with BY4741 background, and 20-copy rDNA strain (Figure 5.2). RPA135 and 25S expression 

levels were normalized to the ACT1, ALG9 and UBC6 genes (157) to enable between-strain 

comparisons (Chapter 2.2.2.7). 

The replacement of regions within the RPA135-tK intergenic region did not change the 

RPA135 transcript level with the exception of Replacement I strain (p<0.05, two-tail, 

Student’s t-test; Figure 5.1-A). By contrast, the 20-copy rDNA strain showed a significant 

(p<0.05, two-tail, Student-t test) reduction in RPA135 transcript levels to approximately 75% 

of the wild-type level (Figure 5.1-A). In the protein deletion strains, RPA135 transcript levels 

were generally up-regulated, with significant (p<0.05 and p<0.01, two-tail, Student-t test) 

increases for all but two strains: sir2Δ and yap5Δ (Figure 5.1-B). This up-regulation is 

consistent with the known roles of these proteins (msn2Δ, rei1Δ, rph1Δ, stp1Δ and xbp1Δ) in 

the regulation of RNAP II transcription (120,207,211,214,239).  

Specifically, some of the aforementioned factors (msn2Δ, rei1Δ, and stp1Δ) were shown to be 

transcriptional activators instead of repressors as suggested by the RPA135 transcript level 

data (Figure 5.1-B). However, transcription factors can act differentially for different target 

gene clusters or at different temporal settings. Msn2 is a transcriptional activator of stress 

response element (STRE)-containing genes as a part of cellular responses to environmental 

stress (210,211,240). Msn2 also acts on PNC1, the activator of Sir2 in rDNA silencing role; 

thus directly associating Msn2 with Sir2 and the rDNA locus (241).  By being a transcriptional 

repressor of RPA135, which is a ribosomal protein (RP) gene, Msn2 binding within the 

RPA135-tK intergenic region could be used as a regulatory mechanism for simultaneous 

activation of the stress-response genes and RPA135 itself (or RP genes) during stress (236). 

Indeed, Msn2 occupancy was lost from the RPA135-tK intergenic region during heat-shock 
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(Figure 4.18; (207)). Moreover, there is a competition over a large number of Msn2 binding 

sites in the genome relative to the number of Msn2 molecules (236). In this regard, Msn2 can 

act as a transcriptional activator or repressor depending on the genes that it regulates and the 

cell requirement.   

 

 

Figure 5.1 Interruption of the RPA135-IGS1 interaction does not correlate with altered RPA135 
transcript levels. (A) Replacement of the lysine tRNA gene with KanMX6 (Replacement I) correlated 
with a small but significant reduction (p<0.05, two-tail, Student-t-test) in RPA135 transcript levels. 
However, replacement of increasingly larger regions within the RPA135-tK intergenic region 
resulted in no significant changes in RPA135 transcript levels compared to wild-type (left panel). 
RPA135 transcript level was significantly (p<0.05, two-tail, Student t-test) decreased in the 20-copy 
rDNA strain (right panel). (B) Except for the sir2Δ and yap5Δ strains, RPA135 transcripts were 
significantly (p<0.05 and <0.01, two-tail, Student-t-test) up-regulated in the protein deletion 
strains. Transcript levels were normalized to ACT1, ALG9 and UBC6 (157). Error bars denote 
standard errors of the mean, n=3 biological replicates; *, p<0.05; **, p<0.01(two-tail, Student-t-
test). 

 

Rei1 has been shown to be a transcription activator on genes in the mitotic signalling network. 

Microscopic studies have shown that Rei1 is  predominantly located in the cytoplasm and 

must be relocated to the nucleus in response to environmental signals (242). Rei1 is also 

connected to ribosomal proteins (RP) gene expression by its role in releasing Arx1 from the 

pre-60S ribosomal subunit after the complex is exported to cytoplasm (212). Interestingly, 

Rei1 represses transcription of RPA135 and its deletion resulted in the RPA135 transcript level 

increasing by ~5-fold (Figure 5.1-B). However, the increased level of the transcript whose 

protein composes RNAP I enzyme did not correlate with an increase in rRNA level. Instead, 

the 25S RNA level was significantly (p<0.001, two-tail, Student-t test) reduced in the rei1Δ 

mutant (Figure 5.2). The rei1Δ mutant also exhibited severe and mild growth defects at 25 °C 

and 30 °C, respectively (212), resulting in smaller colony formation on plate. This phenotype 
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could be a pleiotropic effect of REI1 deletion that led to a defect in ribosome subunits 

biogenesis (212). I hypothesize that there may also exist a negative feedback mechanism 

between the ribosomal protein (RP) gene transcription, in particular RNAP I genes, and rRNA.  

Stp1 is another factor previously shown to activate the transcription of an amino-acid 

permease gene, BAP2 (215). Stp1 has also been implicated in the regulation of the 

translational process through its positive involvement in the splicing of pre-tRNA; Stp1 

interacts with pre-tRNA to generate a structure that can be recognized by the splicing 

machinery (215). In RPA135 transcription however, Stp1 acts as a transcriptional repressor as 

exhibited by the significant (p<0.01, two-tail, Student-t test) two-fold increase in RPA135 

transcript level in stp1Δ mutant (Figure 5.1-B).  

Rph1 was previously shown to act as a transcriptional repressor during exponential growth by 

targeting genes with STRE (stress response element) and PDS (post diauxic shift) motifs in 

their promoters (214). Similarly, Xbp1 is associated with repression of genes involved in stress 

response (heat-shock) and ribosome biosynthesis and rRNA maturation (207,218). My data on 

RPA135 transcript levels extend previous observations that Rph1 and Xbp1 act as 

transcriptional repressors (207,214,218) of genes associated with ribosome biosynthesis. 

The majority of factors assayed in Figure 5.1-B (i.e. Msn2, Rei1, Rph1, Stp1 and Xbp1) show 

repressive effects on RPA135 transcription, while some of them also act as activators for other 

non-ribosomal-associated genes, notably genes activated in stress conditions. This reflects the 

efficiency by which the cell can utilize transcription factors as ‘dual on-and-off switches’ to 

regulate different set of genes.  

The significant (p<0.05, two-tail, Student-t test) reduction of RPA135 transcript level in 

Replacement I strain was unexpected as all the other replacement strains had wild-type 

expression levels (Figure 5.1-A). Replacement I strain had the Kanamycin construct replacing 

only the tRNA lysine gene ORF (Figure 4.1-A). Kanamycin transcription is unlikely to cause a 

reduction in RPA135 transcript levels in Replacement I strain (e.g. because of interference by 

read-through transcription), because: 1) all replacement strains contain the same Kanamycin 

construct (Figure 4.1-A), and 2) Kanamycin expression was not induced in the culture media. 

However, the Kanamycin transcript level was not measured for leaky’ expression from the 

Kanamycin promoter.  

Altogether, the RPA135 transcript levels in Replacement I strains and protein deletion mutants 

may indicate the requirement of composite elements with antagonistic roles, not only in the 

RPA135-tK intergenic region but include the tRNA gene locus itself. The binding sites of 
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transcription factors within the RPA135-tK intergenic region act as negative regulatory 

elements for RPA135 transcription (Figure 4.12-A). The lysine tRNA gene located adjacent to 

this region acts as a positive regulator. When these positive-negative regulators were removed 

from the locus (i.e. Replacement II to VII strains), the opposing transcriptional effects were 

balanced out, resulting in the wild-type RPA135 transcript level (Figure 5.1-A). In other word, 

without the positive-negative regulators, the full transcriptional activity can be obtained from 

the core RPA135 promoter. Furthermore, despite RPA135 being an essential RP gene, its 

native transcript level may not reflect a maximum transcriptional capacity (i.e. RPA135 

expression is partially repressed in wild-type during growth in YPD at 30 °C). This is 

reinforced by the fact that transcription factor deletions could increase the RPA135 transcript 

level several folds (Figure 5.1-B). I hypothesized that the vicinity of RPA135 to a tRNA gene 

and localization at the nucleolar boundary mediated by the RPA135-IGS1 interaction help 

exacerbate this ‘silenced’ effect (i.e. tRNA gene-mediated silencing) (73). 

 

 

Figure 5.2 Replacement strains and msn2Δ did not exhibit changes in 25S rRNA levels. 25S-rRNA 
levels were significantly (p<0.001 and p<0.01, two-tail, Student-t-test) reduced in exponentially 
growing S. cerevisiae rei1Δ, rph1Δ, sir2Δ and 20-copy rDNA strains. There were no significant 
changes in the 25S-rRNA levels in the representative Replacement strains and msn2Δ. Error bars 
denote standard errors of the mean, n=3 biological replicates; **, p<0.01; ***, p<0.001 (two-tail, 
Student-t-test).. 
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25S-rRNA levels were only affected in the rei1Δ, rph1Δ, sir2Δ, and 20-copy rDNA strains 

where significant reductions were observed for the four mutant strains [p<0.01 or p<0.001, 

two-tail, Student-t test] (Figure 5.2). It is interesting to note that the rph1Δ and sir2Δ mutants 

lack rDNA silencing regulators (Chapter 4.2.2 and 4.3). Furthermore, the 20-copy rDNA strain 

also lacks inactive repeats. These strains exhibited similar reductions in 25S rRNA levels, i.e. 

~30% wild-type (Figure 5.2). This could point to the importance of having silenced or inactive 

rDNA repeats for normal quantitative production of rRNA.  

Contrary to the hypothesis postulated for the role of RPA135-IGS1 interaction, there were no 

observable correlations between the RPA135-IGS1 interaction frequency and either the 

RPA135 transcript (R-squared=0.028) or 25S-rRNA levels (R-squared=0.016) (Figure 5.3-A 

and B). Therefore, the RPA135-IGS1 interaction does not directly regulate RPA135 or 25S-

rRNA transcription. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Neither RPA135-IGS1 interaction frequency and RPA135 transcript level nor RPA135-
IGS1 interaction frequency and 25S-rRNA transcript level are correlated. The scatter graphs plot 
data from Replacement, protein deletions, 20-copy and 2RPA strains for (A) RPA135-IGS1 
interaction frequency vs. RPA135 transcript level. Data were obtained from experiments plotted in 
Figure 3.7, Figure 3.10, Figure 4.6 and Figure 4.12 against Figure 5.1; R-squared value = 0.028, and 
(B) RPA135-IGS1 interaction frequency vs. 25S-rRNA level (as in A but minus 2RPA strain). Data 
were obtained from experiments plotted in Figure 3.10, Figure 4.6 and Figure 4.12 against Figure 
5.2; R-squared value = 0.016. 

 



Interaction Roles 

113 

 

 

 



Chapter 5 

114 

 The RPA135-IGS1 interaction role in the maintenance of rDNA stability 5.2.2

Reductions in rDNA copy number can be a manifestation of decreased stability of the rDNA 

(173,243). Therefore, I hypothesize that the observed reduction in rDNA copy number in 

Replacement VII strain (Figure 4.7-B) reflects increased rDNA instability in this strain. To test 

for increased rDNA instability within the Replacement VII strain, rDNA levels were 

determined by Southern blotting using genomic DNA isolated from exponentially growing 

cultures (Figure 5.4). In different preparations, the rDNA copy number observed fluctuated 

between one and two-fold (p<0.05, two-tail, Student-t test) of the wild-type level (Figure 5.4). 

Preparations were samples prepared from batches of cells that were independently grown, to 

the same cell density using identical conditions but on different days (Figure 5.4). Similarly, 

independent clones of Replacement VII also exhibited significantly (p<0.05, two-tail, Student-

t test) different IGS1 copy numbers (Figure 5.4). 

To further confirm the instability in rDNA copy number, the rDNA copy number was 

quantified over prolonged culturing. Cultures of wild-type, Replacement III and Replacement 

VII strains were kept in stationary phase until 15 days after inoculation (Figure 5.5). The IGS1 

copy number showed small non-significant variations in the wild-type strain over the course of 

the prolonged culturing experiment (Figure 5.5-A). Similarly, the Replacement III strain 

maintained an rDNA copy number that was similar to the wild-type strain during prolonged 

culturing (Figure 5.5-B and Figure 4.7-B). By contrast, Replacement VII exhibited large and 

significant fluctuations in rDNA copy number at four and fifteen days of prolonged culturing 

(Figure 5.5-B).  

The size of the full rDNA array can be measured by pulse-field gel electrophoresis (PFGE or 

CHEF assay) (244). I measured the rDNA size for all the replacement strains during 

exponential growth (grown in YPD, 30 °C, 180 rpm to OD600 = 0.6) using a CHEF assay 

(Figure 5.6). Genomic DNA samples were isolated by spheroplasting cells in agarose gel plugs 

(Chapter 2.2.2.4). There were no large (Austen Ganley, personal communication) differences 

in the observed sizes of the rDNA arrays between biological replicates of all replacement 

strains compared to the wild-type (Figure 5.6). My previous results indicated that Replacement 

VII strain had different rDNA copy numbers at different times (Figure 4.7, Figure 5.4 and 

Figure 5.5). Despite this, the CHEF assay showed that the rDNA array in Replacement VII 

strain was similar in size (Austen Ganley, personal communication) to that of the wild-type 

(Figure 5.6). The CHEF assay results also confirmed that the rDNA array size for the other 

replacement strains (Figure 5.6) was comparable to the rDNA copy number as quantified by 

qPCR (Figure 4.7). 
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Figure 5.4 rDNA copy number fluctuates in Replacement VII strains at exponential growth. (A) 
Southern blot of BglII digested genomic DNA extracted from biological replicates of cells grown (30 
°C, 180 rpm) in YPD medium to OD600 = 0.6. DNA was extracted from cultures grown on two 
different days (i.e. preparation 1 and 2). Southern blots were consecutively probed by IGS1 and 
RPA135. (B) IGS1 levels detected by Southern blotting were normalized to RPA135 levels and 
expressed as the percentage of the measured wild-type rDNA levels. IGS1 levels for Replacement 
VII showed significant variation in rDNA copy number for cultures grown on different occasions 
(i.e. preparation 1 vs 2). Between-clone variation in IGS1 levels was also significant (p<0.05, two-
tail, Student-t test). Values are the mean+SEM; n=3 biological replicates (or 4 in Preparation 1); *, 
p<0.05 (two-tail, Student t-test). 

 

The CHEF assay used a probe that hybridized to a region within the 25S sequence of the 

rDNA while the qPCR and Southern blot assays measured the levels of the IGS1 unit of the 

repeat. To test whether there is a difference between quantifications based on the two 

sequences, I implemented a qPCR assay measuring the IGS1 and 25S units of the rDNA in the 

wild-type, Replacement III and Replacement VII strains (Figure 5.7). 

At first glance, there is a difference between the copy number of IGS1 and 25S units of the 

rDNA following qPCR. The IGS1 copy numbers of Replacement III and VII strains were not 

different to wild-type. However, there was a significant reduction (p<0.05, two-tail, Student-t 

test) in the 25S copy numbers for both replacement strains (Figure 5.7). The variances 

between IGS1 and 25S copy number are significantly (p<0.05, two-tail, Student-t test) 

different only in Replacement III strain and not in Replacement VII strain (Figure 5.7, labelled 

a and b). These results may reflect differences in qPCR efficiencies between IGS1 and 25S 

assays as the pattern of the means in both assays between replacement strains is similar; the 
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mean of the 25S copy number in each replacement strain is lower than the IGS1 copy number 

(Figure 5.7). Moreover, copy number in each assay is presented as a percentage of the wild-

type level (i.e. set at 100%), which has its own internal variation. Alternatively, the results 

may reflect actual biological variations within the rDNA repeat composition; the proportion of 

repeat units in the rDNA array could be unequal or, more specifically, there could be 

variations in the numbers of non-coding and coding loci. This postulate is controversial as the 

composition of each individual repeat has been widely considered stable and no previous 

studies have shown this. However, this phenomenon can theoretically occur as a consequence 

of the formation of extra-chromosomal rDNA circles (ERCs).  ERCs can be produced by an 

unequal sister-chromatid recombination between the rDNA repeats (85,86). The excised 

rDNA sequence that becomes ERC may not be uniformly produced from one full length of 

repeat unit in the array; hence, the copy numbers between different loci within the repeats are 

unstable. 

 

 

Figure 5.5 rDNA copy number fluctuates in Replacement VII strains during prolonged culturing in 
SC media. (A) Observed changes in wild-type IGS1 copy number over the course of the experiment 
were not significant (p>0.05, two-tail, Student-t test). (B) Wild-type, Replacement III, and 
Replacement VII strains were grown (30 °C, 230 rpm) in SC medium for 15 days. IGS1 copy number 
was measured by qPCR on genomic DNA samples isolated from cultures after two, four and 15 days 
of culturing. Replacement III maintained the IGS1 rDNA sequence at wild-type copy number. By 
contrast, significant fluctuations in rDNA copy number were observed in Replacement VII over the 
course of the experiment. Data are the mean + SEM, n=3 biological replicates; **, p<0.01; ***, 
p<0.001 (two-tail, Student-t test). 
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Figure 5.6 During exponential growth, rDNA array size assayed by CHEF in Replacement VII strain 
was not different to wild-type. The rDNA array size was measured in plugs of spheroplasted yeast 
cells (grown in YPD [30 °C, 180 rpm] to OD600=0.6), digested with BamHI, electrophoresed on 
agarose by CHEF and then visualized with 25S rDNA probe. (White arrow points to the intact length 
of undigested wild-type Chromosome XII; white rectangular with dashed line is the rDNA bands.) 

 

 

 

Figure 5.7 Different loci within the rDNA repeats may have different copy numbers during 
exponential growth. Copy numbers of the IGS1- and 25S-rDNA were assayed by qPCR in genomic 
DNA samples isolated from exponentially growing cultures in YPD (30 °C, 180 rpm). The 25S copy 
number of Replacement III and VII were significantly (p<0.05, two-tail, Student-t test) reduced 
compared to wild-type but not the IGS1 copy number. However, only Replacement III strain showed 
significant (p<0.05, two-tail, Student-t test) variations between IGS1 and 25S copy numbers 
(horizontal line labeled with ‘a’). Data are the mean + SEM, n=3 biological replicates; *, p<0.05 (two-
tail, Student-t test). 
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Ganley and Kobayashi recently proposed ‘the rDNA theory of aging’ whereby rDNA 

instability is the dominant trigger of genome instability that affects life span (aging) (111). 

ERCs are proposed to be the by-products of this rDNA instability that further aggravate the 

aging process (111). Based on this hypothesis, I measured the ERC levels in wild-type and 

Replacement VII strains to test whether the rDNA instability observed in the mutant strain 

correlates with ERC production (Figure 5.4 and Figure 5.8).  

The ERC level assay makes use of an exonuclease V enzyme (RecBCD) that digests linear 

DNA and leaves the circular DNA intact (245). A study showed that the ratio of circular 

species (ERCs) to total rDNA in old cells is ~27% in wild-type cells measured by Southern 

assay (172). However, this study measured ERC levels in sorted mother cells of 7-generation 

old (172). The ERC levels presented in Figure 5.8 were measured in genomic DNA samples of 

unsorted, unsynchronized and exponentially growing 8 generation old cultures (i.e. grown to 

approximately 8-doubling times). The majority of cells in this population would 

predominantly be virgin cells and those that just undergo one cell division. Therefore, it is 

surprising that ERCs could be detected with relative sensitivity (Figure 5.8; Annina Denoth, 

ETH Zurich, personal communication). 

ERC levels were measured in wild-type and different clones of Replacement VII strains from 

two different preparations (Figure 5.8). In Preparation 1, all replicates of Replacement VII 

strain had distinct dimer ERC species but not in wild-type (Figure 5.8-A, left panel). In 

Preparation 2, both clones of Replacement VII strain tended to have increased ERC species 

levels, except for the monomers where it was significantly (p<0.05, two-tail, Student-t test) 

reduced compared to wild-type (Figure 5.8-B, right panel). However, the blot quality of 

Preparation 2 is not optimal compared to Preparation 1.  

Southern-based ERC densitometry measurement is semi-quantitative; therefore, interpretation 

of results may be biased, in particular by blot quality. However, correlating these results 

(Figure 5.8) with the rDNA copy number also measured by Southern blot (Figure 5.4) can 

balance the comparison, as both are semi-quantitative measurements (Table 5.1).  
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Figure 5.8 ERC levels in Replacement VII strain vary at different times and in different clones. (A) 
Genomic DNA samples were prepared from cultures grown in YPD (30 °C, 180 rpm) and harvested 
at OD600=0.6 (identical samples as in Figure 5.4). ERC assay was carried out in double-digested 
genomic DNA samples. Southern blotting was applied using IGS1 probe to detect ERCs. (B) Signals 
for the IGS1 probe were quantified and normalized to RPA135 levels (i.e. from BamHI digested 
genomic DNA). ERC data are presented as percentages to wild-type levels determined for each 
individual ERC species. Wild-type samples in Preparation 1 did not produce ERC dimers at all. In 
Preparation 2, the overall levels of ERC species in Replacement VII strain were increased except for 
significant (p<0.05, two-tail, Student-t test) reductions in monomers. Data are the mean±SEM; n=4 
or 3 biological replicates for Preparation 1 and Preparation 2, respectively; *, p<0.05; #, p~0.05 
(two-tail, Student-t test).  

 

Theoretically, rDNA copy number measured by Southern blot in genomic DNA samples will 

include all rDNA repeats present (i.e. it does not differentiate between intra and extra-

chromosomal rDNA). Therefore, the observed variations in ERC levels (Figure 5.8) could 

potentially explain the observed fluctuations in rDNA copy number measured by Southern 

blot (Figure 5.4). Moreover, ERCs can be maintained in the cell by autonomous replication 

because they contain the rDNA replication origin (rARS) which is incorporated into the ERC 

during ERC production (246). ERC production occurs by means of recombination at the 

rDNA and can be triggered by the formation of Fob1-induced DSBs, a replication-related 

process (118), or DSBs that result from collisions between the transcription and replication 

machineries (191). These processes are tightly controlled because they are closely connected 

to rDNA instability.  
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Table 5.1 ERC level correlates with the rDNA copy number measured by Southern blot in 
Replacement VII strain 

 ERC Levels 
(Figure 5.8) 

rDNA copy number 
(Figure 5.4) 

Replacement VII-1 Dimer (increased) Doubled  
Replacement VII-2 Concatemer (increased) 

Monomer (decreased) 
Wild-type  

Replacement VII’-2 Monomer (decreased) Halved  

The results in Table 5.1 were from assays performed on the same genomic DNA samples. 

The rDNA copy number of the protein deletion strains was also tested by qPCR in 3C library 

samples (Figure 5.9). The rDNA copy number was measured for the IGS1 locus. Deletion of 

Msn2 did not alter the IGS1 copy number (Figure 5.9). However, the IGS1 copy numbers of 

rph1Δ and sir2Δ mutants are highly variable (Figure 5.9). This confirms previous studies 

showing that rDNA copy number in the sir2Δ mutant was highly variable (127,247,248). I also 

observed that the rph1Δ mutant also has large variation in rDNA copy number, similar to 

sir2Δ mutant. Both Rph1 and Sir2 proteins are involved in chromatin structure modifications 

at the rDNA, processes that have been linked to the maintenance of rDNA stability (241,247). 

Thus, it is likely that chromatin modifications of the rDNA that are involved in repeat 

silencing may correlate to the RPA135-IGS1 interaction.  

 

Figure 5.9 IGS1-rDNA copy number is not altered in S. cerevisiae msn2Δ but highly variable in rph1Δ 
and sir2Δ mutants compared to the wild-type strain. Copy numbers of rDNA were assayed by qPCR 
from respective 3C libraries using IGS1 and RPA135 primers. Deletion of Msn2 did not significantly 
altered its rDNA copy number. In contrast, deletions of Rph1 and Sir2 resulted in highly fluctuating 
IGS1 copy number in rph1Δ and sir2Δ. IGS1 copy number was normalized by RPA135. Data are the 
mean + SEM, n=3 biological replicates. 
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 The RPA135-IGS1 interaction is affected by the bidirectional RNAP II promoter 5.2.3

activity within the IGS1 region 

Replacement strain VII strain exhibited a reduced RPA135-IGS1 interaction frequency and 

increased rDNA instability. rDNA stability is known to be regulated by a non-coding 

bidirectional RNAP II promoter, E-pro, that is present within IGS1 (119). Transcription from 

E-pro stimulates rDNA repeat recombination and thus rDNA instability, while E-pro silencing 

results in rDNA stabilization (119,247). Therefore, I hypothesized that non-coding 

transcription from the IGS1 region would affect the RPA135-IGS1 interaction. 

To test this, I quantified the RPA135-IGS1 interaction level in a strain where the E-pro 

sequence has been replaced by a galactose-inducible bidirectional GAL1/10 promoter (GAL-

pro strain/YAG54; Figure 5.10) (119). Non-coding IGS1 transcription can be controlled in this 

strain by changing carbon source such that growth in glucose represses transcription, while 

growth in galactose activates transcription from the GAL1/10 promoter (247). Repression of 

the GAL1/10 promoter by growth in glucose neither altered the RPA135-IGS1 interaction 

frequency (Figure 5.10-B) nor rDNA copy number (Figure 5.10-C), compared to the wild 

type. Thus, replacing the E-pro region with the GAL1/10 promoter does not prevent the 

interaction, suggesting that either the IGS1 component of the interaction is sequence 

independent, or the region responsible for mediating the interaction falls outside the E-pro 

region (Chr XII: 460,110-460,245 (119)).  

Activation of the GAL1/10 promoter by growth of the GAL-pro strain in galactose medium 

resulted in the RPA135-IGS1 interaction being reduced to 40% of the wild-type level (Figure 

5.10-B; p<0.01, two-tail, Student-t test). Galactose-induced reductions in the RPA135-IGS1 

interaction frequency did not alter the RPA135 transcript level (Figure 5.11-A). It is tempting 

to ascribe the observed reduction in the levels of the RPA135-IGS1 interaction to the process 

of transcription itself. However, we also observed a significant (p<0.05, two-tail, Student-t 

test) reduction in rDNA copy number following activation of the GAL1/10 (Figure 5.10-C), 

consistent with previous observations of increased rDNA instability in this strain (119,247). 

These results are consistent with the RPA135-IGS1 interaction being linked to rDNA stability. 

However, this may or may not reflect the effects of the cryptic unstable transcripts (CUTs) that 

are produced from the native bidirectional E-pro promoter and have previously been 

implicated in the maintenance of rDNA stability (119,125). 

 



Chapter 5 

122 

 

Figure 5.10 RPA135-IGS1 interaction frequency is affected by bidirectional RNAP II promoter 
activity within the IGS1 region. (A) The GAL-pro strain (119) has the bidirectional IGS1 RNAP II 
promoter (E-pro) replaced with a GAL1/10 bidirectional promoter as illustrated. (B) RPA135-IGS1 
interaction levels were measured in wild-type and GAL-pro mutant strains grown in YP-glucose or 
galactose. RPA135-IGS1 interaction data were normalized by RPA135 copy number. The RPA135-
IGS1 interaction frequency was significantly reduced (p<0.01, two-tail, Student-t test) when the 
GAL1/10 promoter was activated by growth in galactose-supplemented media. (C) 25S-rDNA copy 
number was measured in the strains from B.  25S-rDNA copy number was normalized to RPA135 
copy number for inter-strain comparison. 25S-rDNA copy number was signifcantly (p<0.05, two-
tail, Student-t test) reduced in the GAL-pro mutant strain following galactose induction of the 
GAL1/10 promoter. Error bars denote standard errors of the mean, n=4 biological replicates; *, 
p<0.05; **, p<0.01(two-tail, Student-t-test). 

 

The levels of RPA135 transcript and 25S-rRNA (Figure 5.11) were measured in cultures of 

wild-type and GAL-pro strains used to generate the 3C libraries in Figure 5.10-A. The 

RPA135 transcript level was measured in the GAL-pro mutant grown in glucose (repression) 

and galactose (activation) (Figure 5.11-A). Unsurprisingly, the RPA135 transcript level was 

not significantly different to wild-type strain in the two conditions (Figure 5.11-A), in contrast 

to the level of RPA135-IGS1 interaction (Figure 5.10-B). This again confirms the lack of 

direct correlation for the role of the RPA135-IGS1 interaction in RPA135 transcription.  

  



Interaction Roles 

123 

The 25S-rRNA levels data are more complicated to interpret (Figure 5.11-B). The GAL-pro 

mutant exhibited a significant (p<0.01, two-tail, Student-t test) reduction in 25S-rRNA levels 

(Figure 5.11-B) in repressive medium. The GAL1/10 promoter that replaced the native E-pro 

was previously shown to completely shut down non-coding transcription from the IGS1 region 

when cells were grown in glucose as sole carbon source (247).  In the wild-type strain 

however, there was a trace level of E-pro transcripts detected as a result of transcription from 

both directions of the promoter (247). The absolute absence of E-pro transcripts (247) and 

reduced level of 25S-rRNA in GAL-pro strain (Figure 5.11-B) may indicate a requirement for 

the non-coding transcripts  in the regulation of RNAP I-transcribed rRNA production. 

Nevertheless, it is clear that transcriptional activation at the IGS1 locus in the GAL-pro mutant 

increased the 25S-rRNA level to wild-type level (Figure 5.11-B).   

Activation of GAL1/10 promoter in GAL-pro strain by growth in galactose reveals a 

correlation between the RPA135-IGS1 interaction with rDNA copy number, not RPA135 

transcript level or 25S rRNA level (Figure 5.10 and Figure 5.11). Consistent with my earlier 

observations (Chapter 5.2.1), the data corroborate the effect that the RPA135-IGS1 interaction 

is on the rDNA stability and not on ribosomal biogenesis. 

 

Figure 5.11 (A) RPA135 transcript levels did not change following galactose induction of the 
GAL1/10 promoter within the GAL-pro strain. (B) 25S-rRNA level exhibited a significant (p<0.01, 
two-tail, Student-t test) reduction under glucose repression in the GAL-pro strain. Starter cultures 
of wild type and GAL-pro mutant strains were grown in YPD (glucose-supplemented) and then 
inoculated into YP-glucose (for repression) or YP-galactose (for activation). Total RNA was 
extracted from the same cultures which were used to generate the data shown in Figure 5.10. 
RPA135 transcript levels were normalized by ACT1, ALG9 and UBC6 transcript levels. Data are the 
mean + SEM, n=4 biological replicates; **, p<0.01 (two-tail, Student-t test). 
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 The RPA135-IGS1 interaction and chronological life span (CLS) 5.2.4

The RPA135-IGS1 interaction and the proteins and genomic elements that contribute to the 

interaction have been correlated with rDNA stability (e.g. Sir2). Interestingly, both Sir2 and 

Msn2 are well studied for their involvements in pathways that affect the yeast life span 

(249,250). My own observations showed that the RPA135-IGS1 interaction is growth phase-

sensitive (Figure 3.2-B) where it dropped when the cells are in the stationary phase (Figure 

3.2-B). This compelled me to investigate whether there is any correlation between the 

frequency of the RPA135-IGS1 interaction and the yeast life span, specifically the 

chronological life span (CLS).  

Chronological life span is defined as the amount of time (period) that yeast can survive 

(measured by regrowth) following entry into stationary phase (111,251). Therefore, CLS is 

measured by the loss in viability over time where an aliquot of the aging culture is periodically 

challenged for its ability to re-enter the cell cycle in the presence of a rich medium (252,253). 

Counting colony forming units (CFU) in a plate-based assay was the earliest way to measure 

CLS (252). However, recently the Kaeberlein lab developed a CLS assay based on a kinetic 

growth assay that offers more precision, higher throughput and lower variance compared to 

the traditional CFU assay (252).  

For the CLS assay, yeast strains were cultured for a long period (two weeks or longer) in 

minimal media (synthetic complete; SC). The minimal media simulated the conditions of the 

natural environment where wild-type yeasts commonly grow (254). Two days (48 hours) after 

inoculation, cultures were transferred to a 96-well plate and growth was assayed (Chapter 

2.2.1) (254). At day 2 after inoculation, cells have stopped growth and enter the post-diauxic 

shift where metabolic rate stays high for 5 to 6 days (254). Day 2 was then set as the point 

where cells were at maximum viability (100% survival) (Figure 5.12). 

Region VII in the RPA135-tK intergenic region affects rDNA stability, with its replacement 

resulted in fluctuating rDNA copy numbers even in prolonged culturing (Chapter 4.2.1 and 

5.2.2). As cells in stationary phase are no longer dividing and maintain a low-level of 

metabolism (254), I questioned whether rDNA instability in Replacement VII strain links to 

the survival of cells during prolonged culturing in the stationary phase. The results of the CLS 

assay for wild-type and replacement strains (i.e. Replacement I, III and VII strains) are 

presented in Figure 5.12. Although not significant (p=0.085, two-tail, Student-t test), 

Replacement VII strain tends to have an extended CLS (more survivability) than either 

Replacement I and III strains or the wild-type (Figure 5.12). The survival integral (SI) that 
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indicates the  mean life span for Replacement VII strain is 11.24 days compared to 10.22 days 

for wild-type (Appendix F). The wild type CLS was shorter than previously published 

measures of CLS for S. cerevisiae S288C of 15-20 days (254).  This may be due to genetic 

background and growth conditions (254). 

 

 

Figure 5.12 Chronological life span (CLS) assay of replacement strains. Yeast strains were cultured 
in SC media (30 °C, 220 rpm) for 32 days and aliquoted to YPD for kinetic growth assay on day 2, 6, 
8, 11, 14, 18, 22 and 32. Data were processed using the YODA software (155) and plotted as viability 
(% survival). Replacement VII strain almost shows significant (p=0.09, two-tail, Student-t test) 
extension in CLS compared to wild-type. (p-values in legend are two-tail, Student-t test; n=6 
biological replicates) 

 

When the survival curves of wild-type and replacement strains (Figure 5.12) are correlated to 

the rDNA copy number (Figure 5.5), an interesting phenomenon emerges. The rDNA copy 

number of Replacement VII strain started fluctuating (i.e. ~50% and ~140%) of the wild-type 

level on day 4 and 15, respectively (Figure 5.5), when cells were already well into the 

stationary phase and their viability was reduced (Figure 5.12). By contrast, Replacement III 

strain maintained wild-type level of rDNA copy number throughout the 2-week culturing in 

stationary phase (Figure 5.5). This implies and validates the fact that rDNA copy number 

fluctuation in Replacement VII strain is due to replacement of region VII and not because the 

cells were aging.  
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The rDNA copy number (Figure 5.5) was measured in genomic DNA samples isolated from 

regrown aging cultures (i.e. used in kinetic growth assay for CLS) and not directly from the 

aging cell populations. Thus, the observed variation could be explained by: 1) the viable cells 

in the diluted (aging) population on day 4 and 15 were those that already had rDNA instability 

as a result of region VII replacement, or 2) rDNA instability resulting from contraction or 

amplification of rDNA repeats occurred during the regrowth period (i.e. exponential phase). 

However, if instability occurred during regrowth period, then I would expect large clonal 

variation in the rDNA copy number as previously observed for the Sir2 mutant (Figure 5.9) 

(119). The observed variances of rDNA instability in aged Replacement VII strain are 

statistically small (Figure 5.5-B). Therefore, I conclude that the first scenario is more 

plausible; the rDNA of Replacement VII strain became instable because of region VII 

replacement as cells aged during prolonged culturing. The presence of cells with variable 

numbers of rDNA repeats results in an increase in the numbers of viable cells.  

CLS assays were also carried out for the rDNA-copy strains (i.e. 20-copy rDNA and GAL-pro 

mutants) (Figure 5.13). Both mutants showed decreases in chronological life span, albeit the 

GAL-pro mutant had a similar survival curve to the wild-type (Figure 5.13). In contrast, the 

viability of 20-copy strain was extremely (p<0.0001, two-tail, Student-t test) reduced; there 

were no viable cells even on day 4 of culturing (Figure 5.13). This links the rDNA copy 

number with cell survival for CLS, as also observed for the Replacement VII strain (Figure 5.5 

and Figure 5.12). As the rDNA repeats in 20-copy rDNA strain are all actively transcribed 

(112,191), having inactive rDNA repeats also appears to be important for yeast CLS. This is 

interesting, given my earlier data which implicated the inactive rDNA repeats in the RPA135-

IGS1 interaction (Chapter 3.2.3).  

It is difficult to link the role of the RPA135-IGS1 interaction to CLS due to the multifactorial 

nature of the CLS adaptive response. CLS is influenced by genetic, epigenetic and 

environmental cues and is a type of cellular adaptive response (255,256). Therefore, my 

observations on changes to the CLS should be confirmed by other approaches, such as colony 

forming unit (CFU) assay and the inclusion of different mutant backgrounds (257). Repeating 

the CLS assay (252) for Replacement VII and the protein deletion strains (i.e. msn2Δ, rph1Δ 

and sir2Δ) is necessary to reinforce the current results and allow the simultaneous 

measurement of the RPA135-IGS1 interaction level during prolonged aging. 
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Figure 5.13 CLS assay of rDNA-copy and deletion mutant strains. Yeast strains were cultured in SC 
media (30 °C, 220 rpm) for 15 days and aliquoted to YPD for kinetic growth assay on day 2, 4, 7, 10, 
12 and 15. Data were processed using software YODA (155) and plotted as viability (% survival). 
The 20-copy strain has very significantly (p<0.001, two-tail, Student-t test) reduced CLS compared 
to wild-type (p-values in legend are two-tail, Student-t test; n=3 biological replicates). 

 

 The RPA135-IGS1 interaction is dynamic throughout the growth phases 5.2.5

I previously showed that the RPA135-IGS1 interaction was dynamic throughout the growth 

phase of the wild-type BY4741 strain (Chapter 3.2.1). Subsequently, I ask whether this is also 

the case in replacement strains, especially those with altered RPA135-IGS1 interaction levels. 

Representative replacement strains (i.e. Replacement I, III and VII) were cultured and 3C 

libraries generated as in Chapter 3.2.1 by fixing cells at early log, mid-log, early stationary and 

late stationary phase. The RPA135-IGS1 interaction frequency was determined by qPCR and 

compared to the wild-type interaction level at the same growth phase/time point (Figure 5.14).  

The RPA135-IGS1 interaction frequency during growth in the replacement strains is dynamic 

(Figure 5.14-A). Replacement I strain exhibited similar RPA135-IGS1 interaction levels to 

wild-type, albeit its large variability (comparable to Figure 4.6) throughout the first three time 

points and got reduced once it entered late stationary phase (Figure 5.14-A).  Replacement III 

strain was slightly different, displaying a decreasing tendency in the RPA135-IGS1 interaction 

frequency when compared to wild-type level in respective time point, except in the early 

stationary phase where it is at wild-type level (Figure 5.14). The reduction in RPA135-IGS1 

interaction frequency observed in Replacement III strain were significant (p<0.05, two-tail, 

Student-t test) when compared to wild-type at mid-log and late stationary phase (Figure 5.14-
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A). Fluctuations in the RPA135-IGS1 interaction frequency were also observed for 

Replacement VII strain (Figure 5.14-A). The RPA135-IGS1 interaction frequency observed 

for Replacement VII strain was significantly (p<0.05, two-tail, Student-t test) reduced 

compared to wild-type at mid-log phase but not at early log phase (Figure 5.14-A). All 

RPA135-IGS1 interaction data at mid-log phase (Figure 5.14-A) are in agreement with the 

q3C data for replacement strains measured at the same growth phase (Figure 4.6).  

The distribution of the RPA135-IGS1 interaction data throughout the different growth phases 

(time points) and for different replacement strains (groups) can be analysed by a mixed model 

statistic. This model checks for the fixed effects of independent variables (i.e. growth phase, 

strain) as well as random effects from any correlative interaction between the two. Interaction 

data were analysed by SAS program (version 9.4) using script generated by Yannan Jiang 

(Appendix G; personal communication). The effects of the variables are presented in Table 5.2 

and more complete data output are in Appendix G.  

Table 5.2 Effects of growth phase and replacement strain types on the RPA135-IGS1 interaction 
(Mixed Model Statistics) 

Replacement Strain Series 
Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 
Growth phase 3 24 8.36 0.0006 
Replacement Strain  3 24 0.19 0.9010 
Growth phase*Strain 9 24 0.64 0.7512 

 

There is a significant (p<0.001, mixed model) effect of growth phase to the RPA135-IGS1 

interaction compared to the effect exerted by different strain types (Table 5.2). There is also no 

significant random effect of the interaction between growth phase and strain to the RPA135-

IGS1 interaction (Table 5.2). Thus, the RPA135-IGS1 interaction is growth phase sensitive for 

all the strains tested. Generally, the effects of growth phase (when compared to the mid-log 

phase as the reference point) strongly come from the early and late stationary phase; 

differences are more significant between mid-log phase and early or late stationary phase 

(details in Appendix G).  
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Figure 5.14 RPA135-IGS1 interaction frequency throughout growth. 3C libraries were generated as 
in Figure 3.2 and the RPA135-IGS1 interaction and IGS1 copy number measured by qPCR. (A) The 
RPA135-IGS1 interaction levels in Replacement I, III and VII at mid-log phase (OD600=~0.6) are 
comparable to Figure 4.6 with significant (p<0.05, two-tail, Student-t test) interaction reduction in 
Replacement III and VII strains as a result of region III deletion. (B) IGS1-rDNA copy number of the 
replacement strains is generally not different to wild-type, except the significant (p<0.05, two-tail, 
Student-t test) reduction of Replacement III strain in late stationary phase. Error bars denote 
standard errors of the mean, n=3 biological replicates; *, p<0.05 (two-tail, Student-t test). 
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In general, the rDNA copy number of Replacement I and VII strains did not deviate largely 

from the wild-type levels throughout the growth phase (Figure 5.14-B). However, 

Replacement III strain had a significant (p<0.05, two-tail, Student-t test) decrease in rDNA 

copy number at late stationary phase (Figure 5.14-B). Replacement VII strain maintained the 

wild-type level of rDNA copy number throughout growth (Figure 5.14-B). This does not 

contradict previous data as Replacement VII strain was shown to have fluctuating rDNA copy 

numbers at different times (batches) of experiment (Figure 5.4 and Figure 5.5-B) including 

wild-type level.  

The RPA135-IGS1 interaction was also measured throughout growth phase in the msn2Δ, 

rph1Δ and sir2Δ deletion mutant strains (Figure 5.15-A). In these mutants, the RPA135-IGS1 

interaction frequencies throughout growth (relative to wild-type) generally show less 

fluctuations (Figure 5.15-A) compared to the replacement strains (Figure 5.14-A). Deletion of 

Msn2 reduced the RPA135-IGS1 interaction at mid-log phase, albeit only approaching 

significance (p=0.08, two-tail, Student-t test; Figure 5.15-A). The rph1Δ mutant exhibited a 

significant (p<0.05, two-tail, Student-t test) reduction in RPA135-IGS1 interaction frequency 

at late stationary phase (Figure 5.15-A). 

Table 5.3 Effects of growth phase and deletion strain types on the RPA135-IGS1 interaction (Mixed 
Model Statistics) 

Deletion Strains Series 
Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 
Growth phase 3 18 11.22 0.0002 
Deletion strain 2 18 0.34 0.7157 
Growth phase*Deletion strain 6 18 0.76 0.6123 

 

The fixed and random effects of the protein deletion strains throughout different growth 

phases on the RPA135-IGS1 interaction were analysed by mixed model statistic as for the 

replacement strain data. Again, growth phase was significant (p<0.001, mixed model) for the 

RPA135-IGS1 interaction (Table 5.3). There is no correlation effect from both growth phase 

and deletion strain (Table 5.3). This means that the RPA135-IGS1 interaction frequency is 

different at different stages of the growth phase regardless of the strain, confirming yet again 

the temporal aspect of the interaction (Chapter 3.2.1). 
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Figure 5.15 RPA135-IGS1 interaction throughout growth phase in representative deletion mutant 
strains. 3C libraries were generated as in Figure 4.12 and the RPA135-IGS1 interaction and IGS1 
copy number measured by qPCR. (A) The RPA135-IGS1 interaction leves in msn2Δ mutant at mid-
log phase (OD600=~0.6) is almost significantly reduced (p=0.08, two-tail, Student-t test) compared 
to wild-type. (B) IGS1-rDNA copy number of the rph1Δ and sir2Δ mutants still show large variability 
throughout growth phase, while msn2Δ mutant became siginificantly (p<0.05, two-tail, Student-t 
test) reduced in late stationary phase. Data were all normalized to RPA135 levels. Error bars denote 
standard errors of the mean, n=3 biological replicates; *, p<0.05; **, p<0.01 (two-tail, Student-t 
test). 
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The IGS1-rDNA copy number in the 3C libraries prepared for the msn2Δ, rph1Δ and sir2Δ 

strains (Figure 5.15) shows different dynamics especially for the msn2Δ mutant (Figure 5.15-

B). Deletion of Msn2 was previously shown not to affect rDNA copy number in cultures at 

mid exponential phase (Figure 4.13-B, and Figure 5.15-B). In this assay, the rDNA copy 

number of msn2Δ mutant is not different to wild-type from early log to early stationary phase 

(Figure 5.15-B). However, there is a significant (p<0.05, two-tail, Student-t test) decrease in 

the rDNA copy number when cells enter late stationary phase (Figure 5.15-B). As this 

decrease does not correlate to the RPA135-IGS1 interaction dynamics (Figure 5.15-A), the 

change in rDNA copy number may reflect the pleiotropic effect of the Msn2 protein in 

chronological life span of yeast when many cells enter senescence (236,250).  

The rDNA copy number in the rph1Δ and sir2Δ mutants shows a similar pattern with a higher-

than-wild-type mean trend throughout growth (Figure 5.15-B). At early and mid-log phase, the 

sir2Δ mutant displays large variability; however the mean rDNA copy number is not 

statistically, significantly different from the wild-type levels (Figure 5.15-B). This is also the 

case for rph1Δ mutant at early stationary phase (Figure 5.15-B). However, like the msn2Δ 

mutant, the rDNA copy number of the rph1Δ and sir2Δ mutants slightly decreases to reach the 

wild-type level in late stationary phase (Figure 5.15-B). There has not been much published 

about the effect of the Rph1 deletion on the copy number of rDNA repeats. Thus, this study 

adds information that the Rph1 deletion causes alterations to rDNA repeat stability, either 

directly or indirectly, in a pattern that closely resembles Sir2 deletion.  

The experiments throughout growth phase (Figure 5.14 and Figure 5.15) demonstrate that the 

RPA135-IGS1 interaction is tightly connected to the cell’s stage of growth (Table 5.2 and 

Table 5.3). This reinforces the importance of the time when the RPA135-IGS1 interaction is 

measured, as different growth phases differently affect interaction frequency. 

The RPA135-IGS1 interaction frequencies of wild-type from three experimental batches 

(Figure 3.2, Figure 5.14 and Figure 5.15) are internally normalized by RPA135 copy number 

and compared to the interaction level at mid-log phase (Figure 5.16-A). At a glance, the 

distribution of the interaction data is not similar between experimental batches (Figure 5.16-

A). Mixed-model analysis shows significant fixed effects of both different growth phases 

(p<0.05, mixed model) and batches (p<0.001, mixed model) on the RPA135-IGS1 interaction 

in the wild-type strain (Table 5.4). More specifically, Batch 2 is the most different batch out of 

the three, and early log phase is the most different to late stationary phase, in regards to the 

effects on the RPA135-IGS1 interaction (Appendix G). Random effects from the interaction of 



Interaction Roles 

133 

the experimental variables (i.e. growth phase and batch) on the RPA135-IGS1 interaction 

cannot be completely overruled either (p<0.15; Table 5.4). 

Table 5.4 Effects of growth phase and experimental batches on the RPA135-IGS1 interaction in 
different batches of wild-type BY4741 strain (Mixed Model Statistics) 

Wild Type BY441 Batches 
Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 
Growth phase 3 21 3.18 0.0453 
Batch 2 21 17.72 <.0001 
Growth phase*Batch 6 21 1.89 0.1302 

 

The difficulty of obtaining non-differential batch effects may spring from the fixation time 

points of the experiments (i.e. growth phases). Figure 5.16-B displays the mean values of 

OD600nm at which the cells were fixed for q3C. Although these values are statistically 

distributed around their intended set points (except mid-log phase of Batch 2 is not equal to 

OD600nm=0.6 (p<0.05, two-tail, Student-t test), there was variability in the optical density of 

harvested cultures (Figure 5.16-B). Moreover, the OD600nm=0.9 time point (set as early 

stationary phase) is actually at the transition between exponential and stationary phase (Figure 

5.16-B). Considering the dependence of RPA135-IGS1 interaction on growth phase, variability 

at this fixation time point could contribute to the differences observed between the three 

experimental batches (Table 5.4). The last time point, the late stationary phase, is independent 

of OD600nm measurement as it was set at 36 hours after culture inoculation (Chapter 3.2.1). 

However, variability is also a contributing effect as batches in stationary phase do not 

necessarily have the same proportion of cells in quiescent state (167).  

Among the three q3C experimental batches for wild-type BY4741 (Figure 3.2, Figure 5.14 and 

Figure 5.15), Batch 1 was the most different from the others in terms of experimental setting. 

The replicate cultures in Batch 1 were grown simultaneously, compared to the other batches 

that were grown on different days. Therefore, the q3C data of wild-type growth phase assay in 

Batch 1 are expected to show the least variation; the experimental conditions were the most 

uniform for all of the biological replicates in Batch 1. 
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Figure 5.16 RPA135-IGS1 interaction frequency of different wild-type batches throughout growth 
phase. Wild-type samples from 3C libraries in Figure 3.2, Figure 5.14 and Figure 5.15 are compared 
relative to their respective mid-log phase. (A) Statistical distributions of the RPA135-IGS1 
interaction levels are tested with random mixed model. Both group (batches) and time (growth 
phases) show significant effects on the RPA135-IGS1 interaction (Table 5.4). Data were normalized 
to RPA135 levels. (B) OD600n fixation points for all the cultures in 3C libraries generation displayed 
for three growth phases, i.e. early log, mid-log and early stationary phase. These data are overlaid 
with growth curve of wild-type strain (Figure 3.1) to show where in the growth phase the cultures 
were fixed. Although the fixation points for early stationary phase are not significantly different to 
OD600=0.9, their growth phase status may be markedly different. OD600 for early stationary phase 
is close to the saturation point (OD600=~1.0), thus cells can either be at late log phase or already at 
stationary phase. Error bars denote standard error of the means, n=3 biological replicates; *, 
p<0.05; ***, p<0.001 (two-tail, Student-t test). 
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5.3. Discussion 

 The uncoupling of the RPA135-IGS1 interaction from RPA135 transcription 5.3.1

The functional connection between RPA135 and the rDNA in the RPA135-IGS1 interaction is 

intriguing and resulted in the hypothesis that this interaction could serve to regulate RPA135 

transcription, or even RNAP I regulation. However, the bulk of my data suggest otherwise. 

Observed changes in RPA135-IGS1 interaction frequency did not directly correlate with 

RPA135 transcript levels (Figure 5.1) or 25S RNA (Figure 5.2) levels in replacement strains, 

deletion mutants, or the rDNA copy strains.  

However, this correlation seemed to be justified for the Msn2 protein as its deletion positively 

altered RPA135 transcription (Figure 5.1) and reduced the RPA135-IGS1 interaction (Figure 

4.12). Despite this, I propose that Msn2 regulation of RPA135 transcription is independent of 

its role in the RPA135-IGS1 interaction. It is possible that the Msn2 protein binds to the 

RPA135-tK intergenic region and contributes to the regulation of RPA135 transcription while 

simultaneously facilitating the RPA135-IGS1 interaction. This model of independent RPA135 

transcriptional regulation and RPA135-IGS1 interaction formation by Msn2p is supported by 

the results of the deletion of the Stp1 and Xbp1 transcription factors. Both bind to regions II-

III (Figure 4.12-A), and deletion of Stp1p and Xbp1p significantly increase RPA135 transcript 

levels (Figure 5.1-B) without altering rDNA copy number (Figure 5.9), 25S-rRNA levels 

(Figure 5.2), or RPA135-IGS1 interaction frequencies (Figure 4.12-B). Msn2 is shown to be a 

positive regulator of many RNAP II genes (210,211). However, here it specifically acts as a 

negative transcriptional regulator for RPA135 (Figure 5.1-B). It is possible that the inhibitory 

role of Msn2 on the RPA135 is specifically targeted for gene members of RNAP I subunits 

(236).  

The reduction of RPA135 transcript level following the deletion of the lysine tRNA gene 

(Replacement I strain, Figure 5.1-A) may point to a position effect at the RPA135-tK locus and 

the importance of linear genome organization on RPA135 transcription. A number of RNAP II 

regulators, such as Fkh1, Reb1 and Yap6, are enriched within 100 bp of tRNA transcription 

start site as well as at the promoters of RP genes (207). The promoters of tRNA genes have 

been shown to exert negative transcriptional effects on adjacent RNAP II genes (258). In the 

case of RPA135-tK intergenic region, the presence of these mentioned factors could provide a 

cross-polymerase mechanism; the end goal of which is to coordinate translation through the 

synthesis of ribosomes and tRNAs (207). A histone deacetylase, Hda1, also shows enrichment 

at the tRNA genes (207). As a result of Hda1 action, hypoacetylated chromatin adjacent to 
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tK(CUU)P locus might make this region refractory to RNAP II transcription (207). Therefore, 

I hypothesize that the level of wild-type RPA135 transcription during exponential growth in 

YPD is under repressive regulation, supported by the action of transcriptional repressor of 

RPA135 such as Msn2 (Figure 5.1-B).  

The critical point to note is that the tK(CUU)P gene itself positively regulates RPA135 

transcription (Figure 5.1-A), while Msn2 binding to loci within the RPA135-tK intergenic 

region does the opposite (Figure 5.1-B). Moreover, the RPA135-IGS1 interaction localizes the 

RPA135-tK locus to the nucleolar boundary (133). Localization of genes at the nucleolar 

periphery is associated with transcriptional repression (73,259). This reinforces my hypothesis 

that RPA135 transcription is basally repressed during exponential growth in rich medium. 

Ultimately, spatial organization at the nucleolus can provide robustness for the intricately 

intertwined regulation between the expression of RP genes and ribosome biogenesis. It will be 

enlightening to determine how expressions of these RP genes and ribosome biogenesis 

influence each other and whether there exists self-feedback regulation in these processes. For 

instance, the requirement of RNAP I enzyme for the nucleolar structure (78,97) may be the 

very thing that gives feedback into how RNAP I genes (i.e. including RPA135) are expressed.  

 The role of the RPA135-IGS1 interaction in rDNA stability and at the rDNA locus 5.3.2

The element in region VII within the RPA135-tK intergenic region is involved in a regulatory 

process that stabilizes the rDNA repeats. The deletion of the region in Replacement VII strain 

resulted in rDNA instability in the form of fluctuating repeat numbers (Chapter 5.2.2). It is 

currently unknown how the element in region VII specifically functions to maintain rDNA 

copy number and at which temporal point of the cell life the RPA135-IGS1 interaction occurs 

to play its part (Chapter 5.2.5).  

The RPA135-IGS1 interaction is closely associated with factors and processes that affect the 

rDNA locus, (e.g. Rph1, Sir2, rDNA repeat recombination and bidirectional E-pro 

transcription). Mutant with Sir2 deletion exhibited large variation of rDNA copy number in 

the cell population (i.e. increased rDNA instability) (Figure 4.13). This is because deletion of 

Sir2 eliminates silencing and recombination control at the rDNA locus (117,127,220). By 

contrast, while Replacement VII strain also exhibited fluctuation of rDNA copy number, 

hence rDNA instability, the variations between populations were small (Chapter 5.2.2). This 

implies that once the rDNA instability is triggered in Replacement VII cells, it appears to be 

fixed throughout subsequent generations, resulted in relatively uniform rDNA copy number 

(non-heterodispersed).  
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Unequal sister-chromatid recombination at the rDNA locus also produces extra-chromosomal 

rDNA circles (ERCs). Replacement VII strain seemed to accumulate varying degrees of ERC 

(Figure 5.8 and Table 5.1) in accordance with its fluctuating rDNA copy number. This 

supports the notion that fluctuations in rDNA copy number could be the result of uncontrolled 

recombination at the rDNA locus that associates with DNA repair pathway (86).  

ERC accumulation also relates to the length of life span in yeast, although it is unclear whether 

the ERCs are the cause or consequence of the aging process (111). In the light of this, 

Replacement VII strain showed an association with the aging process, in particular the 

chronological life span/CLS (Chapter 5.2.4). I propose that the effect of region VII 

replacement in CLS is brought about by the resulting instability in the rDNA repeats. 

However, the effect of region VII replacement has not been tested in relation to the replicative 

life span (RLS). This should be further investigated in the future.  

The data presented in this chapter relate the RPA135-IGS1 interaction to processes that 

influence repeat stability at the rDNA locus, such as DSBs formation and repeat 

recombination. I postulated previously that the RPA135-IGS1 interaction occurs with the 

inactive rDNA repeats. To note, transcriptionally inactive rDNA repeats were shown to 

contribute to rDNA repeat stability (260). However, whether the RPA135-IGS1 interaction 

occurs and plays a role in rDNA stability in conjunction with these processes, or 

independently contributes to it remains to be seen.  

 

5.4. Conclusions  

The role of the RPA135-IGS1 interaction was elucidated by investigations into the correlations 

of the interaction with RPA135 and rDNA transcriptions, rDNA copy number, chronological 

life span and ERC production, transcriptional activity of bidirectional E-pro promoter and 

differential growth phases. The RPA135-IGS1 interaction is functionally involved in the 

maintenance of rDNA stability and not (directly) in RPA135 or rDNA transcriptions. The 

RPA135-IGS1 interaction is also influenced by the stage of growth of the cell population. 

Future directions should be aimed at uncovering the precise mechanism and temporal aspect of 

the RPA135-IGS1 interaction involvement within the context of rDNA stability. 
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Chapter 6. Discussion 

In my thesis, I present the characterization of a three-dimensional genomic structure (the 

RPA135-IGS1 interaction) formed between the RPA135-tK intergenic region and the rRNA 

gene (rDNA) locus in Saccharomyces cerevisiae. The two genomic loci involved in the spatial 

interaction are closely linked in function; the RPA135 gene product is the second largest 

subunit of the RNAP I, the enzyme that transcribes the rRNA genes (131,161).  

Characterizing the RPA135-IGS1 interaction reveals that it is dependent on the copy number 

of the rDNA repeats (such that it requires an rDNA copy number threshold), and that it 

functions in rDNA stability. Composite elements within the RPA135-tK intergenic region (i.e. 

region III and VII and the tRNA lysine gene) are required for the RPA135-IGS1 interaction to 

occur at the wild-type level and to affect rDNA stability. Msn2, an RNAP II transcription 

factor that binds within the RPA135-tK intergenic region (207), also contributes to the 

RPA135-IGS1 interaction. In addition, the RPA135-IGS1 interaction is temporal, occurring at 

a particular-as-yet-unknown cell stage. This local-in-scale structure eventually contributes to 

the global genome spatial organization and function; the maintenance of rDNA stability that 

influences genome stability (173). 

Quantitative 3C was used in this project to measure the levels of the RPA135-IGS1 interaction 

in different biological conditions that were hypothesized to perturb the interaction (e.g. 

sequence specificity, rDNA copy number, and protein deletion mutants). The q3C method 

requires prior knowledge of the presence of such interaction (140). Here I have shown the q3C 

assay to be an effective and robust method to investigate specific genomic interaction in the 

context of global genome organization. 

    

6.1. The contribution of sequences in the inter- and intra-chromosomal 

interactions 

Two regions within the 867 bp of the RPA135-tK intergenic region were identified as 

contributing to the RPA135-IGS1 interaction and function. One, region III (Chr XVI: 581,912-

581,986), is a 75 bp sequence located upstream of the tK locus (-75 to -150 of the tK TSS). 

Region III is involved in the formation or maintenance of the RPA135-IGS1 interaction. The 

second region identified, region VII (Chr XVI: 581,457-581,684), is a 228 bp sequence 
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located closer to the RPA135 ORF than tK (-262 to -489 from the RPA135 TSS). Region VII 

contributes to the RPA135-IGS1 interaction function by affecting the stability of rDNA 

repeats. Together, these regions form the first example of a spatial functional connection 

between non-linked loci on two different chromosomes (i.e. trans or inter-chromosomal 

interaction (261)).  

Over the past decade, specific elements or sequences have been discovered to participate in the 

formation of spatial chromosomal interactions. One of the first substantial studies was from 

De Laat group showing β-globin locus looping in mouse (27). Two distant elements located 

tens of kilobases away from the active β-globin genes come in close spatial proximity with the 

active genes and the structure served as a regulatory domain for β-globin gene expression (27). 

This long-range intra-chromosomal interaction is a form of cis spatial interaction (261).  

Another example of a cis spatial interaction involves the long 10 kb sub-telomeric region on 

chromosome VI of S. cerevisiae which has been shown to enhance contact between the 

chromosome’s two telomere ends (i.e. Tel6R and Tel6L), provided the two telomere 

sequences are on the same chromosome (collinear) (262). Besides demonstrating the 

importance of specific sequences, this study also supports the significance of genomic linearity 

in the form of two-dimensional DNA sequence information (position-effect).  

CTCF binding to the Kcnq5 locus, with the assistance of cohesin, is another examples of cis 

interaction that mediates cis contact between repressive chromatin fragments (insulators) and 

regulates the local gene activity (58). In summary, intra-chromosomal interactions aided by 

specific DNA sequences function to bring into spatial proximity the regulatory elements that 

otherwise are linearly spread throughout the chromosome. Many of these revealed interactions 

play roles in transcriptional regulations (27,28,58). 

Prior to the RPA135-IGS1 interaction, other studies had also uncovered three-dimensional 

genomic associations (both intra- and inter-chromosomal interactions) that involved specific 

DNA sequences, albeit lack of detailed characterizations (26,28,125,133,136,263). For 

example, the inter-chromosomal interaction between the promoter region of the IFN-γ gene on 

chromosome 10 and the regulatory regions of the TH2 cytokine locus on chromosome 11 of 

the human T-cell lineage (26). The IFN-γ-TH2 interaction serves as a structure for coordinated 

regulation of mutually exclusive expression of the two loci involved (26). There was also the 

involvement of Ty and Y’ repeated elements in the inter-chromosomal interaction with the 

rDNA to organize genome architecture in yeast (125). Another study from the O’Sullivan 

group showed the importance of the identity of the tRNA gene (sequence-based) and 
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surrounding chromosomal context (position-based) in the tRNA gene association with the 

nucleolus (133,136). These examples show the diverse range of specific DNA sequences that 

can contribute to inter-chromosomal interactions, from promoter, regulatory elements, 

repeated elements to coding sequence.  

Promoter regions are typical sequences largely involved in inter-chromosomal interactions. Li 

et.al comprehensively analysed RNAP II-associated inter-chromosomal interactions using 

Chromatin Interaction Analysis with Paired-End-Tag sequencing (ChIA-PET) (263). They 

discovered extensive promoter-promoter interactions among proximal and distal genes that 

can cooperatively regulate the activity of other promoters in the multigene complexes of 5 

human cell lines (263). In the same year, Dekker’s group interrogated the interactions between 

transcription start sites (TSSs) and distal elements in the human genome (28). It revealed the 

asymmetrical bias for upstream chromosomal interactions in the genome (28). These selected 

studies on both intra- and inter-chromosomal interactions illustrate the influence and value of 

specific DNA sequences in genome spatial organization, especially to generate regulatory 

domains. 

The two regions contributing to the RPA135-IGS1 interaction are located within the intergenic 

region of the converging RPA135 and tK genes (Figure 4.1). However, region III is in the 

RNAP III-promoter region of tK while region VII is upstream of the RPA135 ORF, which is 

an RNAP II-promoter region. This linear arrangement of region III and VII within the 

RPA135-tK intergenic region could serve as contact points for polymerases in regulatory 

multigene complexes, as in the case of the RNAP II-associated chromosomal interactions in 

ChIA-PET study (263). Meanwhile, the IGS1 region of the rDNA also contains an RNAP II 

bidirectional promoter (E-pro) flanked by 5S rRNA gene with an RNAP III promoter (Figure 

5.10-A). By forming multigene complexes, each type of polymerase can simultaneously 

regulate the target genes that contact the RPA135-tK intergenic region and the rDNA locus 

(Figure 6.1). In yeast, a cis interaction between two IGS regions formed by stalled RNAP II 

has previously been proposed to provide specific RNAP I and RNAP III specific domains 

within the active rDNA repeats (96).  This finding supports my hypothesis that the interaction 

between RPA135-tK and the inactive repeats of the rDNA loci may provide similar domain 

separation for polymerases, possibly related to rDNA silencing.  
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6.2. The biological role of the RPA135-IGS1 interaction in rDNA stability   

My data strongly suggest that the RPA135-IGS1 interaction is not associated (at least not 

directly) with RPA135 transcription as hypothesized. Rather, my results suggest that the 

RPA135-IGS1 interaction stabilizes rDNA repeat number. Here I present a model proposing 

how this stabilization is achieved (Figure 6.1 ). In this model, cohesin-dependent tRNA-gene 

clustering and Msn2 binding at region III help to mediate a physical interaction that localizes 

region VII in the spatial vicinity of the IGS1 region. This enables region VII to contribute to 

the stabilization of the Sir2 complex that forms over IGS1 and controls rDNA recombination 

(127).  

Nucleolar organization and tRNA-genes clustering are both facilitated by proteins, including 

cohesin, that are involved in organizing chromosome structure (264,265). Interestingly, we 

found that replacement of the tK gene on the boundary of the RPA135 intergenic region also 

contributed to increased variation in the RPA135-IGS1 interaction frequency. This raises the 

possibility that the RPA135-IGS1 interaction is facilitated in part by tRNA-gene clustering at 

the nucleolar periphery. Therefore, I hypothesize that the chromosome structuring mechanisms 

that contribute to tRNA-gene clustering (134,266) and nucleolar organization may also work 

in conjunction with the factors we identify here (Msn2, elements III and VII) to promote the 

RPA135-IGS1 interaction. 

The multi-copy nature of the rDNA genes coupled with the single copy occurrence of the 

RPA135 gene means that the RPA135-IGS1 interaction could concurrently, or consecutively, 

occur with one or many repeats. However, the 3C assay used can only detect and measure one 

IGS1 region interacting with the RPA135-tK intergenic region at any given moment within a 

single haploid cell. As such, my data are unable to distinguish between the RPA135-IGS1 

interaction occurring with just a single IGS1 repeat (the binary model), or with many IGS1 

repeats (the multiplex model) (Figure 6.1). Despite this, the 20- and 80-copy rDNA strain data 

suggest that there is a threshold of rDNA copy number for the interaction. Moreover, the 

dramatic reduction in interaction frequency observed in the 20-copy rDNA strain suggests that 

the RPA135-IGS1 interaction occurs with the inactive rDNA repeats that are present in the 80 

copy strain, but not the 20 copy strain (123,192). I propose that one role of this interaction is to 

produce an rDNA organization in which at least some inactive repeats are spatially segregated 

from the active repeats within the nucleolus (173). It will be interesting to determine whether 

this interaction contributes to the protection from DNA damage that the inactive rDNA repeats 

provide (243). 
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Figure 6.1 Model for the organization of the RPA135-IGS1 inter-chromosomal interaction The 
RPA135-IGS1 interaction is mediated by Msn2p bound to the RPA135-tK intergenic region (III). The 
interaction localizes a second region of the RPA135-tK intergenic region (VII) in the spatial vicinity 
of the rDNA such that it can mediate rDNA stability. Disruption of the RPA135-IGS1 interaction 
destabilizes the complex and leads to fluctuations in rDNA copy number. In the binary model, only 
one IGS1 repeat interacts at any one time. By contrast, in the multiplex model, more than one IGS1 
repeat is directly involved in the interaction. For illustrative purposes, the Msn2 protein complex is 
shown interacting with three IGS1 repeats in the multiplex model. However, theoretically the 
interaction could involve more IGS1 regions. (tK, tK(CUU)P; III, region III; VII, region VII; Chr, 
Chromosome; SRR, Sir-responsive region (220); RFB, replication-barrier fork; E-pro, bidirectional 
E-pro promoter; Figure not to scale.) 

 

There are different implications that stem from each of the models I am proposing (Figure 

6.1). One implication of the binary model is that a single interaction acts as a master regulator 

of rDNA copy number. The one-to-one interaction in the binary model also implies a rigid 

structure that does not conform well to the current understanding of the dynamic nature of 

genome spatial organization. However, the interacting rDNA unit need not be fixed within the 

binary model; instead, the interaction can occur by a one-at-a-time mechanism that is robust 

and dynamic. By contrast, in the multiplex model, at least two IGS1 repeats are 

simultaneously involved in the RPA135-IGS1 interaction. In this case, the interaction focus is 

spatially restrained but the rDNA repeat clustering is dynamic (267). The repeats that are 

involved in this multiplex interaction need not be adjacent, thereby providing spatial flexibility 

to the regulation and maintenance of rDNA structure. This multiplex model will also be 

dynamic and resembles the replication-factory model proposed by Cook  (51). 

An important point to consider about the RPA135-IGS1 interaction model is how the whole 

complex is assembled. If RNA polymerase is one of the factors involved in the complex (such 

as RNAP II), then the complex could potentially create a regulatory domain for transcription 

that simultaneously bridges gene promoters at the RPA135-tK and rDNA loci (Figure 6.1 ) 

(96,263). Huang et.al demonstrated that the Sir2-containing rDNA silencing complex, RENT, 

is associated not just with IGS1 through Fob1 to repress recombination, but also with (stalled) 

RNAP I at the 35S promoter locus within the IGS2 region (200). The associated members of 

the RENT complex, such as Sir2 and Net1, and its role in the rDNA (200) resemble those 

factors and role associated with the RPA135-IGS1 interaction. Therefore, I hypothesize that 

the effective role of the RPA135-IGS1 interaction in the rDNA stability also links to the 

regulatory RENT-RNAP I complex at the IGS2 region. Altogether, the hypothesized 

multigene complexes can ‘cross-talk’ to each other to serve a co-regulatory function; a 

coupling between the RNAP I and RNAP II transcriptional machineries that was restricted to 

the synthesis of ribosome components was demonstrated in 2006 (268). 
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Although the RPA135-IGS1 interaction lacks a direct correlation with RPA135 and 25S 

(rDNA) transcription, there is an intriguing result emerging from the Replacement VII strain 

data. In Replacement VII strain, the assays of rDNA copy number measured in the q3C assay 

was half of the wild-type, yet the 25S-rRNA level was not different to wild-type (Figure 5.2). 

The two separate assays were measured on samples generated from the same (pair-wise) 

cultures, thus they were from the same cell populations. Therefore, I postulate that this 

phenomenon may result from: 1) an increased rate of RNAP I transcription per repeat unit, 

thereby maintaining 25S-rRNA transcript level at wild-type level; or 2) conversion of inactive 

repeats into active repeats; or 3) a combination of both mechanisms. If it is the last scenario 

(i.e. both mechanisms), then reduction of rDNA copy number (half of wild-type) and the 

RPA135-IGS1 interaction frequency in Replacement VII strain should result in a marked 

alteration of the chromatin state of the rDNA repeats. Here, the RPA135-IGS1 interaction is 

indirectly linked to rDNA transcription by way of regulating the chromatin state of the rDNA 

repeats. 

 

Figure 6.2 Flow-chart depicting the functionality of the RPA135-IGS1interaction in rDNA stability. 
The proposed role of the RPA135-IGS1 interaction is to count the rDNA repeats or specifically, to 
count and cluster the inactive units.  This will enhance the silencing of the repeats that in turn 
stabilizes the interaction. The silenced cluster of the rDNA repeats represses rDNA recombination 
that if uncontrolled may affect rDNA stability.  

 

To put into context all the information about the role of the RPA135-IGS1 interaction in rDNA 

stability, a simplified association scheme is generated and depicted in Figure 6.2. In this 

scheme I propose that the RPA135-IGS1 interaction acts to provide a structure that is able to 

count and/or cluster the inactive rDNA repeats. The RPA135-IGS1 interaction could also 

become a focus at the nucleolar periphery where silencing proteins and silencing complex 

exert rDNA silencing and/or represses rDNA recombination to maintain rDNA stability. The 

structure and mediating complex could collapse when the RPA135-IGS1 interaction is 

disrupted, as in the case of the Replacement mutants. This results in the opening-up of the 
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inactive rDNA repeat cluster that makes the repeatsmore prone/accessible to recombination 

and/or transcriptional stimulation. Consequently, the rDNA repeats become instable. Thus, the 

role of the RPA135-IGS1 interaction in the maintenance of rDNA stability is linked to the 

importance of silenced/inactive rDNA repeats for nucleolar stability.  

 

6.3. Strength in numbers: the significance of composite elements in the 

RPA135-IGS1 interaction 

The DNA elements within region III and VII in the RPA135-tK intergenic region along with 

the tRNA lysine gene are contributing to the RPA135-IGS1 interaction. This demonstrates that 

the three-dimensional genome organization makes use of composite elements distributed 

linearly on the chromosomes. By involving different DNA elements, a spatial structure can 

recruit different proteins, factors and RNAs to form complexes of multifaceted chromosomal 

interactions. In these complexes, a particular cell function can be executed and regulated in a 

coordinated manner (e.g. transcription domain, replication hub and repair machinery).  

Msn2, the transcription factor that is involved in the RPA135-IGS1 interaction, was shown to 

bind at three different sites within the RPA135-tK intergenic region (Figure 4.12-A). It also 

binds to two loci flanking the rDNA array on chromosome XII (207). The binding of Msn2 to 

these regions on Chromosome XII and XVI may serve as anchoring points to reinforce the 

interaction between the RPA135 and IGS1 loci. I hypothesize that these additional potential 

elements on Chromosome XII bound by Msn2 could enrich the growing list of how DNA 

sequences contribute to the RPA135-IGS1 interactions. 

6.4. Future directions 

There are several details of the RPA135-IGS1 interaction that have not been discovered and 

following up on these would add to our understanding of the interaction in the context of 

global genome organization.  

Firstly, several questions relate to the mediating complex: 1) what constitutes the complex that 

bridges the interaction? 2) Where are the Msn2, Rph1 and Sir2 proteins located in the complex 

and interaction? In addition, 3) what other regulatory proteins (e.g. Fob1 and the components 

of the RENT complex) are involved in the interaction? ChIP-based assay and pull-down 

experiments can be used to identify and dissect the RPA135-IGS1 interacting complex. A 
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more specific method is to use a combination of 5C (3C carbon-copy) assay (269) in 

combination with ChIP experiment (6C) that isolate the proteins of interest specifically 

involved in the RPA135-IGS1 interaction. Another approach is to use a combination of 

deletion strategy of the contributing factors in the RPA135-IGS1 interaction and measure the 

interaction levels in the mutants. For instance, Replacement III and VII strains can be used as 

background strains for generating msn2Δ, rph1Δ and sir2Δ mutants or vice versa. In addition, 

strain(s) with altered rDNA copy number could also be included in the generation of the 

mutants. These approaches test whether there is an additional effect on the RPA135-IGS1 

interaction by intentionally and simultaneously altering the rDNA copy number as well as the 

contributing proteins and DNA sequences. 

Secondly, there are a number of questions that relate to the role of the polymerase in the 

interaction: 1) does the exogenous RPA135 ORF and its upstream intergenic region in the 

double RPA135-copy strain (2RPA strain; Chapter 3.2.2) interact with the rDNA locus at all? 

Alternatively, is position effect present in the endogenous RPA135 locus on Chr. XVI? 2) Can 

the second RPA135 copy produce functional protein? Moreover, is there any effect of having 

twice the enzyme sub-unit on the RPA135-IGS1 interaction? The role of the RPA135 locus in 

the RPA135-IGS1 interaction can be further dissected by utilizing the double RPA135-copy 

strain generated in this study. To test whether there is a positon effect exerted by the 

endogenous RPA135 locus, the equivalent of Replacement VII strain but in 2RPA strain 

background can be used (Figure 6.3-a). Larger replacement mapping can also be applied to the 

essential RPA135 upstream region, up to the point of replacing part of the RPA135 ORF 

(Figure 6.3-b and c). These replacement strategies can further map the effects of the whole 

RPA135-tK intergenic region and the RPA135 ORF in the RPA135-IGS1 interaction. 

However, this mapping strategy will only be informative if the exogenous RPA135 copy does 

not participate in the RPA135-IGS1 interaction. Attempts to obtain the latter two strains were 

unsuccessful and this may represent either a technical problem (e.g. transformation efficiency) 

or a real biological situation that needs to be addressed further. However, control 

transformations were successful indicating that this represents a real biological situation that 

needs further exploration.  

Thirdly, several questions should be answered about the transient nature of the RPA135-IGS1 

interaction. 1) When does the interaction occur in the cell cycle? 2) What nuclear functions is 

it involved in, nucleolar recombination, replication or transcription, or something else? The 

transient nature of the RPA135-IGS1 interaction requires further investigation into where in 

the cell cycle the interaction occurs and why it forms at this stage. Because all of the q3C 
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experiments in this study were carried out in unsynchronized populations, it is difficult to 

pinpoint the cell cycle stage where the RPA135-IGS1 interaction occurs. Even during the life 

span experiment, the proportion of cells in senescence (G0-phase) was not uniform throughout 

populations (167). Therefore, measuring the RPA135-IGS1 interaction level in synchronized 

populations is extremely important. Synchronization in S. cerevisiae cells is generally 

achieved by the use of drugs, such as Rapamycin (270). However, this can add another 

uncontrolled factor as drugs can perturb the chemical and biological properties of the cell. 

Safer methods were developed to achieve synchronization, such as isolation of cells in 

quiescent state by gradient-density centrifugation (167). Alternatively,  a relatively new 

method that is able to isolate cells in G1-phase in a non-invasive way using microwell cell-chip 

platform (271) could be implemented.  

 

Figure 6.3 Replacement VII-equivalent in 2RPA strain background (a) was successfully generated 
(green check symbol), but efforts to replace larger regions, i.e. the whole RPA135-tK intergenic 
region and some part of the RPA135 ORF, are still unfruitful (red-cross symbol) (b and c). 

Another key experiment that would provide insight into the role of the RPA135-IGS1 

interaction is one that can distinguish between the binary and multiplex model (Figure 6.1). 

This can be achieved by a combination of locus tagging (e.g. using lacO or tetO (272)) on the 

RPA135 and by cross-linking and digesting the rDNA repeats into single units (i.e. using 

XmaI)  (129). Following digestion, the library is pulled down (e.g. using a tagged lacI) and 

analysed by qPCR. The ratio after normalization to copy number will determine whether the 

RPA135 locus interacts with single unit or multiple rDNA repeat units at a time. The pull-

down library can also be checked for chromatin modifications to confirm the rDNA repeat 

state.   

  



Discussion 

149 

6.5. Final remarks 

To conclude, I have identified a role for the RPA135-IGS1 inter-chromosomal interaction in 

rDNA stability. This functional role is mediated by a composite element, consisting of two 

separate regions within the RPA135-tK intergenic region, and involves the Msn2 protein. The 

significance of this finding lies in the demonstration that non-genetically linked loci can affect 

the stability of repetitive loci – in much the same way an enhancer contributes to 

transcriptional control. This finding adds another level to our understanding of the regulation 

of rDNA stability, and is important given the central and pleomorphic roles that rDNA 

instability plays in eukaryotic cells (119,243,247,273,274). 
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Appendix A. Sequences of Primers and Probes 
 

Primer Name Sequence (5' to 3') 
AC1001-lambda F AGACATCATATGCAGATACTCACCTG 
AC1002-lambda R CATATGATTTCCCGGCCTTTCTGT 
AC1003-A –Section F GCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAACCGT

TAGAACGCGGCTACAAT 
AC1005-B –Section F TAGCATGAAGGGAGGCCGAGAGGCCGCTTCTGCGGTATGATAATTAA

CCTGATTCCAATTTGAG 
AC1009 3C Standard 
Primer Forward 

CGTTAGAACGCGGCTACAAT 

AC1010 3C Standard 
Primer Reverse 

TTTTCGCCTCGACATCATCT 

AC1015 Rpa135 Forward 
ClaI-EcoRI 

GTCGACATCGATCTATTTGGGCTCTACATTATAACGC 

AC1016 Rpa135 Reverse 
ClaI-EcoRI 

AGTGTCGTATATCAACTCAGCAATCT 

AC1017 Rpa135 Forward 
EcoRI-BamHI 

GAGATGCCGGAGCAACAC 

AC1018 Rpa135 Reverse 
EcoRI-BamHI 

TCTAGAGGATCCCTCTTTTGTTGAAATAAAAAACCGA 

GAL1_F TTGCGAACACCCTTGTTGTA 
GAL1_R CGTGCTCGATCCTTCTTTTC 
NC1001 – AF TGATGAAGAAATTTCGATGCGATTAACCGGCAAAATCAGTCGTTAGAA

CGCGGCTACAAT 
NC1001 – AR AAGGCTTTACGTCATAATAGTTCCTGCCCAGCTCTTCTATAATACGCCT

CGTCCCCGCCGGGTCA 
NC1002 – BF CGTTTCCGCAATAAAAGAACCGCTCATCATCATAGCGCCAGGAACCTG

ATTCCAATTTGAG 
NC1024-LEU1-RPA pro Fw TCCACCTTCCAAGAATGAGTATTTCTCTCTTCTCAAAGCTTCGTACTCT

TTTGTTGAAATAAAAAACCGA 
NC1025-LEU1-URA3 pro 
Rv 

TCGACAGACACTTGGTTCATGAAGTCACCTCTCCACAAGCTTTCGTCA
ATTCATCATTTTTTTTTT 

NC1026-LEU1 screen Fw TCCTGGTGGACTTTATCGAA 
NC1043 – LEU1-FragB-Fw TCCACCTTCCAAGAATGAGTATTTCTCTCTTCTCAAAGCTTCGTAAAGT

GGTAGTGCAGAGACTCAA 
NC1046 – tK Kan R CAGCGGTTAAGGGAACCTGATGATAGACCATGCAATAAAAAAGAAGC

CTCGTCCCCGCCGGGTCA 
NC1047 – RPA-A1 Kan F TTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAGCAGGATGG

CGGCGTTAGTATCGAATC 
NC1052 RPA-A2 KanλA F TTACTAATTCACTAATATAGTAATTTTGCTAACCTCTATCGTCATGGCG

GCGTTAGTATCGAATC 
NC1053 RPA-A3 KanλA F ATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAATGG

CGGCGTTAGTATCGAATC 
NC1054 RPA-A4 KanλA F TCGCTGTTAAACGTCGTTGATACAGTCAGTCAATATGAATAGTGTGGC

GGCGTTAGTATCGAATC 
NC1055 RPA-A5 KanλA F TATTCGTTAGATAAAGATGTTTCGGTTTTTTATTTCAACAAAAGAGGC

GGCGTTAGTATCGAATC 
NC1060-ACT1 RNA Fw TGTCACCAACTGGGACGATA 
NC1061-ACT1 RNA Rv GGCTTGGATGGAAACGTAGA 
NC1062-ALG9 RNA Fw TTGCCGTTTTCACTCAACAA 
NC1063-ALG9 RNA Rv CAAAGCCACTATCCGTGACA 
NC1064-UBC6 RNA Fw CCATACAAACCACCGGCTAT 
NC1065-UBC6 RNA Rv ATTGATCCTGTCGTGGCTTC 
NC1066-RPA135 RNA Fw TACCCCAGCCGATTACTTTG 
NC1067-RPA135 RNA Rv ACAGGACCAGTGGAACGAAC 
NC1072-REI1 Fw TTGGCATCGCTACAATTTGA 
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NC1073-REI1 Rv CGAGCCTTTTCTTGTCGAAC 
NC1074-SIR2 Fw TGAGGGAAACCAACACAACA 
NC1075-SIR2 Rv CGACATTGAACCCTGTGATG 
NC1076-STP1 Fw AAGGCAAAGATGCAGCAGAT 
NC1077-STP1 Rv GTGGCAGGAACGAAGGATTA 
NC1078-RPH1 Fw GCCACTGCATTTCAGACTCA 
NC1079-RPH1 Rv CACCAGAGTGGACGGATTTT 
NC1080-XBP1 Fw ACCTCCTCGCTGACAAAGAA 
NC1081-XBP1 Rv TGGATCTCTTGGCCCTATTG 
NC1082-YAP5 Fw GAGTCTGAGGAAAGCCACCT 
NC1083-YAP5 Rv GATGGACCGGATGTCGATAC 
NC1084-MSN2 Fw CGCCTCAAACTTCAAATGGT 
NC1085-MSN2 Rv TTGTTGCAAGAGACGTGGAG 
NC1094 rDNA no. CHEF F ATGACGAGGCATTTGGCTAC 
NC1095 rDNA no. CHEF R GGTACGGACAAGGGGAATCT 
NC1101 Southern rDNA Fw GCATGCCACCTACCGACCAA 
NC1102 Southern rDNA Rv AAGCTTCCCGAGCGTGAAA 
NC2001F CTTTCTGCCGGCATTTTCTA 
NC2002R GCAGCGTACGAAGCTTCAGC 
rDNA+ve460025F CATTATGCTCATTGGGTTGC 
rDNA+ve460025R AGGAAAGCGGGAAGGAATAA 
rDNA+veHindIII_F ACTCATGTTTGCCGCTCTG 
rDNA+veHindIII_R CGATGAGGATGATAGTGTGTAAGA 
rDNAHindIII Probe 56-FAM/CA AAT CCT T/ZEN/T CAC GCT CGG GAA GC/3IABkFQ 
rDNAHindIIIF GCTCCATGAAGCAAACTGTCC 
RPA135+veFrag1_F CTGCAGAAGAAACACCATC 
RPA135+veFrag1_R CCGGATGGAGGTTTGTTAAA 
RT-RPA135Frag1_R CCACTCAATTCTGAAGACGAAA 
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Appendix B. Sequence of pFA6-KanMX2 with λDNA (pλD4) 

 

Sequence of pFA6-KanMX2 (3878 bp) (158) in black letters 

Sequence of λDNA (1395 bp) in red letters 

ATCAGATCCACTAGTGGCCTATGCGGCCGCGGATCTGCCGGTCTCCCTATAGTGAGTCGTATTAATTTCGATAAGC
CAGGTTAACCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCT
CGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTT
ATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAG
GCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGT
GGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGAC
CCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGG
TATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCG
CCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAA
CAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGA
AGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCA
AACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGA
AGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGA
TTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGT
AAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCAT
AGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATA
CCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTG
GTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAA
TAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGC
TCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTC
CGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGT
CATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGA
CCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTG
GAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGC
ACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCA
AAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATC
AGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATT
TCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACG
AGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAG
CTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTG
GCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATCATATGCAGATACTCACCTGCATCCTGAAC
CCATTGACCTCCAACCCCGTAATAGCGATGCGTAATGATGTCGATAGTTACTAACGGGTCTTGTTCGATTAACTGC
CGCAGAAACTCTTCCAGGTCACCAGTGCAGTGCTTGATAACAGGAGTCTTCCCAGGATGGCGAACAACAAGAAACT
GGTTTCCGTCTTCACGGACTTCGTTGCTTTCCAGTTTAGCAATACGCTTACTCCCATCCGAGATAACACCTTCGTA
ATACTCACGCTGCTCGTTGAGTTTTGATTTTGCTGTTTCAAGCTCAACACGCAGTTTCCCTACTGTTAGCGCAATA
TCCTCGTTCTCCTGGTCGCGGCGTTTGATGTATTGCTGGTTTCTTTCCCGTTCATCCAGCAGTTCCAGCACAATCG
ATGGTGTTACCAATTCATGGAAAAGGTCTGCGTCAAATCCCCAGTCGTCATGCATTGCCTGCTCTGCCGCTTCACG
CAGTGCCTGAGAGTTAATTTCGCTCACTTCGAACCTCTCTGTTTACTGATAAGTTCCAGATCCTCCTGGCAACTTG
CACAAGTCCGACAACCCTGAACGACCAGGCGTCTTCGTTCATCTATCGGATCGCCACACTCACAACAATGAGTGGC
AGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTATTGCTGTGTTGCGCTGTAATTCTTCTATTTCTGATGCTGAA
TCAATGATGTCTGCCATCTTTCATTAATCCCTGAACTGTTGGTTAATACGCTTGAGGGTGAATGCGAATAATAAAA
AAGGAGCCTGTAGCTCCCTGATGATTTTGCTTTTCATGTTCATCGTTCCTTAAAGACGCCGTTTAACATGCCGATT
GCCAGGCTTAAATGAGTCGGTGTGAATCCCATCAGCGTTACCGTTTCGCGGTGCTTCTTCAGTACGCTACGGCAAA
TGTCATCGACGTTTTTATCCGGAAACTGCTGTCTGGCTTTTTTTGATTTCAGAATTAGCCTGACGGGCAATGCTGC
GAAGGGCGTTTTCCTGCTGAGGTGTCATTGAACAAGTCCCATGTCGGCAAGCATAAGCACACAGAATATGAAGCCC
GCTGCCAGAAAAATGCATTCCGTGGTTGTCATACCTGGTTTCTCTCATCTGCTTCTGCTTTCGCCACCATCATTTC
CAGCTTTTGTGAAAGGGATGCGGCTAACGTATGAAATTCTTCGTCTGTTTCTACTGGTATTGGCACAAACCTGATT
CCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAACAGAAGATGCTTTGTGCATACAGCCCC
TCGTTTATTATTTATCTCCTCAGCCAGCCGCTGTGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCAT
ATGGACATATTGTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTGAC
ACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgttagtatcgaatcg
acagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgg
gcagatgatgtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaa
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aactatacaaatgacaagttcttgaaaacaagaatctttttattgtcagtactgattagaaaaactcatcgagcat
caaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaaaagccgtttctgtaatgaagga
gaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacatcaa
tacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccgg
tgagaatggcaaaagcttatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatca
ctcgcatcaaccaaaccgttattcattcgtgattgcgcctgagcgagacgaaatacgcgatcgctgttaaaaggac
aattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaacaatattttcacctgaatcagg
atattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcat
tggcaacgctacctttgccatgtttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgc
acctgattgcccgacattatcgcgagcccatttatacccatataaatcagcatccatgttggaatttaatcgcggc
ctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatcctagcaagat
tttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcg
tggggacaattcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgc
ttcgcgccgtgcggccatcaaaatgtatggatgcaaatgattatacatggggatgtatgggctaaatgtacgggcg
acagtcacatcatgcccctgagctgcgcacgtcaagactgtcaaggagggtattctgggcctccatgtcgctggcc
gggtgacccggcggggacgaggcaagcttgat  
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Appendix C. Details of sequences and positions for construction 
of Replacement I to VII strains 

Strain designation Replaced RPA135-tK(CUU)P  region coordinates 
Legends RPA135-tK(CUU)P intergenic region 5’-3’ (Chr XVI: 581196 – 582061)  

AAGCTT : HindIII restriction site 
Replacement I  
 
Chr XVI:  
582062 – 582134  
 
73bp 
 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 

Replacement II  
 
Chr XVI:  
581987 – 582134  
 
148bp 
 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 

Replacement III  
 
Chr XVI:  
581912 –  582134  
 
223bp 
 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 

Replacement IV  
 
Chr XVI:  
581837 –  582134  
 
298bp 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 

Replacement V  
 
Chr XVI:  
581753 –  582134  
 
382bp 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 
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Replacement VI  
 
Chr XVI:  
581685 –  582134  
 
450bp 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 

Replacement VII  
 
Chr XVI:  
581457 –  582134  
 
678bp 

TGC│TTTGAACTCTTGTAGCATGTCTGCTTCTGTAGATATAACACTCTGATGCAGATTT
ATGAATAATTTCATCACTCGATGTCATCAGCGTCTTCCTTCATTTGATGCTTTTTTGAAG
TTTTCATGGCATGATTTAGCATTTGAAATATAATGAGAAAAGAGCCCTTTAAC│TTACA
GAAGTAAATGTACAAAACTTAATCGGAGGAAGAAGCTTAAACATACAAAAACAACAG
CAGGAT│GACTACAAAGAAGCCGTTAAACAAATCTTTTTGTCTCCGTTACTAATTCACT
AATATAGTAATTTTGCTAACCTCTATCGTCAT│TGAAACTGATTTGTCCTCGAGAAGGC
AACAATCAAACTGCAAAAGAAACGTAAAGCAACGACTTGAACAAGTAAT│CGCTAAC
CACATATTGAGATAAGCAGATAATCGCTGTTAAACGTCGTTGATACAGTCAGTCAATA
TGAATAGTGT│AGTATTTTATCGTTAGGTTCACCTTCCAAATATTCGTTAGATAAAGAT
GTTTCGGTTTTTTATTTCAACAAAAGA│GCCTTGTTGGCGCAATCGGTAGCGCGTATGA
CTCTTAATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCT│TTC 

  
Strain designation The replacing λ:KanMX fusion construct 
Legends (λ: all caps; KanMX: small caps, 1387bp; underlined: inter-sequence region;  

AAGCTT: HindIII restriction site) 
Replacement I  
 
1387+38bp  

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 

Replacement II  
 
1387+38bp 

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
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tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 

Replacement III  
 
1387+38bp  

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 

Replacement IV  
 
1387+38bp 

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 

Replacement V  
 
1387+38bp 

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 
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Replacement VI  
 
1387+156bp 

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 

Replacement VII  
 
1387+330bp 

AACCTGATTCCAATTTGAGCAAGGCTATGTGCCATCTCGATACTCGTTCTTAACTCAAC
AGAAGATGCTTTGTGCATACAGCCCCTCGTTTATTATTTATCTCCTCAGCCAGCCGCTG
TGCTTTCAGTGGATTTCGGATAACAGAAAGGCCGGGAAATCATATGGACATATTGTCG
TTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAGGTG
ACACTATAGAACGCGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGtcgacactggatggcggcgtt
agtatcgaatcgacagcagtatagcgaccagcattcacatacgattgacgcatgatattactttctgcgcacttaacttcgcatctgggcagatgat
gtcgaggcgaaaaaaaatataaatcacgctaacatttgattaaaatagaacaactacaatataaaaaaactatacaaatgacaagttcttgaaaac
aagaatctttttattgtcagtactgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaa
aagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacat
caatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagct
tatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcct
gagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaac
aatattttcacctgaatcaggatattcttctaatacctggaatgctgttttgccggggatcgcagtggtgagtaaccatgcatcatcaggagtacgg
ataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatg
tttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatat
aaatcagcatccatgttggaatttaatcgcggcctcgaaacgtgagtcttttccttacccatggttgtttatgttcggatgtgatgtgagaactgtatc
ctagcaagattttaaaaggaagtatatgaaagaagaacctcagtggcaaatcctaaccttttatatttctctacaggggcgcggcgtggggacaat
tcaacgcgtctgtgaggggagcgtttccctgctcgcaggtctgcagcgaggagccgtaatttttgcttcgcgccgtgcggccatcaaaatgtatg
gatgcaaatgattatacatggggatgtatgggctaaatgtacgggcgacagtcacatcatgcccctgagctgcgcacgtcaagactgtcaagga
gggtattctgggcctccatgtcgctggccgggtgacccggcggggacgaggc 
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Appendix D. Predicted motifs in the RPA135-tK intergenic 
region 

 

Table D-1 Proteins with predicted binding motifs within the RPA135-tK intergenic region  
(generated with JASPAR (206)) 

Predicted Transcription Factors on RPA135-tK Intergenic Region 
ABF2  GCR1  PDR1  STP1  
ACE2  GCR2  PDR8  STP4  
ADR1  GIS1  PHD1  SUM1  
ARG80  GLN3  PHO2  SUT1  
ARG81  GZF3  RAP1  TBF1  
ARO80  HAC1  RDR1  TEA1  
ARR1  HAL9  RDS1  TEC1  
ASG1  HAP1  RDS2  THI2  
ASH1  HAP2  REI1 TOD6  
AZF1  HAP4  RFX1  TOS8  
CAD1  HAP5  RGM1  UPC2  
CAT8  HCM1  RGT1  XBP1  
CEP3  HMRA2  RIM101  YAP1  
CHA4  HSF1  RME1  YAP3  
CIN5  IME1  RPH1  YAP5  
CRZ1  INO2  RSC3  YAP7  
CST6  INO4  SFL1  YBR239C  
CUP2  LEU3  SFP1  YDR520C  
CUP9  LYS14  SIG1  YER130C  
DAL80  MAC1  SIP4  YHP1  
DAL82  MATA1  SKN7  YKL222C  
DOT6  MATALPHA2  SKO1  YLL054C  
ECM23  MBP1::SWI6  SNT2  YLR278C  
EDS1  MET28  SOK2  YML081W  
FHL1  MET32  SPT2  YNR063W  
FKH2  MGA1  SPT23  YOX1  
FZF1  MOT3  SRD1  YPR013C  
GAL4  MSN2  STB3  YPR196W  
GAT1  NHP6A  STB4  YRM1  
GAT3  NHP6B  STB5  YRR1  
GAT4  OAF1  STE12   

Relative profile score threshold was 80%. The proteins highlighted in grey are those shown to 

bind in the ChIP-seq data with a normalized occupancy > 1.00-fold background (207). 
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Table D-2 Predicted sites and positions of proteins highlighted in Table D-1 

Model name Score Relative Score End Strand Predicted Site Sequence 
FHL1  8.819  0.883 409  -1  GACGCTGA  
FHL1  7.651  0.883 204  -1  GACGGAAA  
FHL1  7.651  0.883 283  1  GACTCAAA  
FHL1  6.350  0.883 347  -1  GAAGCAGA  
FHL1  6.350  0.883 372  1  GATGCAGA  
MSN2  3.432  0.883 227  1  AAGGG  
MSN2  3.432  0.883 228  1  AGGGA  
MSN2  3.432  0.883 238  1  AGAGG  
MSN2  3.432  0.883 243  -1  AGCGG  
MSN2  3.432  0.883 266  1  AGTGG  
MSN2  3.432  0.883 287  1  AAGGG  
MSN2  3.432  0.883 288  1  AGGGC  
MSN2  3.432  0.883 483  -1  AGGGC  
MSN2  3.432  0.883 484  -1  AAGGG  
MSN2  3.432  0.883 632  -1  AGAGG  
MSN2  3.432  0.883 814  -1  AGGTG  
REI1  3.203  0.737 77  1  CAGCTGA  
REI1  2.382  0.713 228  -1  TCCCTTC  
REI1  3.203  0.737 266  -1  CCACTTA  
REI1  3.203  0.737 486  1  CCCTTTA  
REI1  2.382  0.713 816  1  CACCTTC  
RPH1  6.772  0.883 267  -1  ACCACTTA  
STP1  5.226  0.883 574  -1  AACGGCTT  
XBP1  9.757  0.883 661  -1  CTCGAGG  
XBP1  9.757  0.883 662  1  CTCGAGA  
XBP1  6.937  0.883 397  -1  ATCGAGT  
XBP1  6.502  0.883 398  1  CTCGATG  
XBP1  4.400  0.883 45  -1  CTCAAGA  
XBP1  4.400  0.883 46  1  CTTGAGG  
YAP5  9.428  0.883 427  -1  AAGCAT  
YAP5  8.787  0.883 537  1  AAACAT  
YAP5  8.787  0.883 842  -1  AAACAT  
YAP5  7.933  0.883 342  -1  AGACAT  
YAP5  7.685  0.883 221  1  TAGCAT  
YAP5  7.685  0.883 338  1  TAGCAT  
YAP5  7.685  0.883 457  1  TAGCAT  
YAP5  6.830  0.883 312  -1  TGGCAT  
YAP5  6.830  0.883 447  1  TGGCAT  
YAP5  6.785  0.883 57  -1  AAGCAA  
YAP5  6.785  0.883 698  1  AAGCAA  
YAP5  6.189  0.883 401  -1  TGACAT  
YAP5  6.144  0.883 547  1  AAACAA  
YAP5  6.144  0.883 580  1  AAACAA  
YAP5  5.930  0.883 668  1  AGGCAA  
YAP5  5.289  0.883 592  -1  AGACAA  
YAP5  5.081  0.883 466  1  AAATAT  
YAP5  5.081  0.883 823  1  AAATAT  
YAP5  5.041  0.883 626  -1  TAGCAA  
YAP5  4.235  0.883 14  -1  ACGCAT  
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YAP5  4.226  0.883 356  1  AGATAT  
YAP5  4.106  0.883 451  -1  AATCAT  
YAP5  4.095  0.883 322  -1  AAGCAC  
YAP5  4.095  0.883 346  -1  AAGCAG  
YAP5  4.095  0.883 741  1  AAGCAG  
YAP5  3.978  0.883 795  1  TAGTAT  
YAP5  3.868  0.883 531  -1  AAGCTT  
YAP5  3.868  0.883 531  1  AAGCTT  
YAP5  3.546  0.883 34  -1  TGACAA  
YAP5  3.455  0.883 172  1  AAACAC  
YAP5  3.338  0.883 65  -1  TAATAT  
YAP5  3.338  0.883 613  1  TAATAT  
YAP5  3.251  0.883 560  -1  AGTCAT  
YAP5  3.227  0.883 26  -1  AAACGT  
YAP5  3.227  0.883 86  -1  AAACTT  
YAP5  3.227  0.883 438  -1  AAACTT  
YAP5  3.227  0.883 513  1  AAACTT  
YAP5  3.227  0.883 691  1  AAACGT  
YAP5  3.227  0.883 759  1  AAACGT  
YAP5  3.166  0.883 42  -1  AAGAAT  
YAP5  3.078  0.883 82  1  AAGTAA  
YAP5  3.078  0.883 500  1  AAGTAA  
YAP5  3.078  0.883 714  1  AAGTAA  
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Appendix E. Perl Script 
#!/usr/bin/perl 
use strict; 
use warnings; 
use Getopt::Long; 
 
# A program to compare predicted binding sites found in different genomic regions of the S. cerevisiae 
 
# Usage: $ perl three_way_comparison_of_predicted_binding_sites.pl --predicted-input <INPUT_FILENAME>  
#     --chip-input <INPIT_FILENAME> --p-specific <OUTPUT_FILENAME> --c-specific 
<OUTPUT_FILENAME> 
#    --shared <OUTPUT_FILENAME> 
 
my $predicted_data     = undef; 
my $chip_data          = undef; 
my $predicted_specific = undef; 
my $chip_specific      = undef; 
my $shared             = undef; 
 
GetOptions ('predicted-input=s' => \$predicted_data,     # string 
      'chip-input=s'  => \$chip_data,          # string 
      'p-specific=s'      => \$predicted_specific, # string 
      'c-specific=s'  => \$chip_specific,    # string 
      'shared=s'          => \$shared);            # string 
 
if(!$predicted_data or !$chip_data or !$predicted_specific or !$chip_specific or !$shared){ 
    die "Usage: perl three_way_comparison_of_predicted_binding_sites.pl --predicted-input 
<INPUT_FILENAME>\n".  
  "\t--chip-input <INPUT_FILENAME> --p-specific <OUTPUT_FILENAME> --c-specific 
<OUTPUT_FILENAME>\n". 
 "\t--shared <OUTPUT_FILENAME>\n"; 
} 
 
my $predicted_header   = ''; 
my $chip_header        = ''; 
 
my %predicted_elements = (); 
my %chip_elements      = (); 
 
# Open the predicted TF sites input file 
open(FILE, '<', $predicted_data) ||  
    die "Unable to open the input file: $predicted_data: $!\n\n"; 
 
# Go through the predicted TF sites file. Save the header to a variable and each predicted TF 
# element to a hash 
my $i = 0; 
while(<FILE>){ 
    chomp($_); 
 
    if($i != 0){ 
     if($_ =~ /^([\w\:]+)/){ 
      if(!exists$predicted_elements{$1}){ 
    $predicted_elements{$1} = 1; 
      }else{ 
    print"This element: $1 was already in the predicted elements hash: 
$predicted_elements{$1}\n"; 
      } 
     }else{ 
      print"This row did not match the defined regular expression: $_\n"; 
     } 
    }else{ 
  $predicted_header = $_; 
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    } 
 
    $i++; 
} 
close(FILE); 
 
# Open the ChIP input data file 
open(CHIP_DATA, '<', $chip_data) ||  
    die "Unable to open the input file: $chip_data: $!\n\n"; 
 
# Go through the ChIP data file. Save the header to a verable and the TF and enrichment value in 
# a hash 
my $j = 0; 
while(<CHIP_DATA>){ 
    chomp($_); 
 
    if($j != 0){ 
     if($_ =~ /^([\w\:]+)\t([\d\.]+)/){ 
      my $upper_case_chip = uc($1); 
 
     if(!exists$chip_elements{$upper_case_chip}){ 
   $chip_elements{$upper_case_chip} = $2; 
     }else{ 
   if($chip_elements{$upper_case_chip} < $2){ 
       $chip_elements{$upper_case_chip} = $2; 
   } 
    
   print"This element: $upper_case_chip was already in the chip elements hash.\n"; 
     } 
     }else{ 
      print"This row did not match the defined regular expression: $_\n"; 
     } 
    }else{ 
  $chip_header = $_; 
    } 
 
    $j++; 
} 
close(CHIP_DATA); 
 
# Open the output file for specific predicted TF sites 
open(P_OUT, ">", $predicted_specific) ||  
    die "Unable to open the input file: $predicted_specific: $!\n\n"; 
 
# Open the output file for specific ChIP sites 
open(C_OUT, ">", $chip_specific) ||  
    die "Unable to open the input file: $chip_specific: $!\n\n"; 
 
# Open the output file for shated TF sites 
open(SHARED_OUT, ">", $shared) ||  
    die "Unable to open the input file: $shared: $!\n\n"; 
 
print P_OUT "specific to $predicted_header\n"; 
 
print C_OUT "specific to $chip_header\n"; 
 
print SHARED_OUT "$predicted_header shared with $chip_header\n"; 
 
# Go through the predicted TF hash and see which elements are shared with the chip data. Print the  
# shared elements and the elements specific to the predicted data set to output files 
foreach my $key (keys %predicted_elements){  
    if($chip_elements{$key}){ 
  print SHARED_OUT "$key\t$chip_elements{$key}\n"; 
    }else{ 
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        print P_OUT "$key\n"; 
    } 
} 
close(P_OUT); 
close(SHARED_OUT); 
 
# Go through the chip elements and find which ones are not shared with the predicted elements and  
# print them to a file 
foreach my $key (keys %chip_elements){     
    if(!exists$predicted_elements{$key}){ 
  print C_OUT "$key\t$chip_elements{$key}\n"; 
    } 
} 
close(C_OUT); 
 
__END__ 

(Ralph S. Grand, personal communication) 
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Appendix F. Chronological Life Span Data 
Table F. Values of strain survival (expressed as survival integral/SI in days) 

well name 
survival area (cleaned) t-test (2-tailed) vs 1 

mean stdev percent 
change vs 1 

log2 ratio vs 
1 df t-statistic p-value 

BY4741 10.21924 0.992175 0 0 10 0 1 
Replacement I 9.606092 1.387247 -5.99994 -0.08927 10 0.880601 0.399203 
Replacement III 9.203221 3.546231 -9.94221 -0.15108 10 0.675841 0.514467 
Replacement VII 11.24184 0.860202 10.00661 0.13759 10 -1.90751 0.085555 
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Appendix G. SAS Script and Analyses 

A. Script for SAS analyses 
PROC IMPORT OUT= WORK.mydata  
            DATAFILE= "C:\Users\icah965\Desktop\20141201 SAS data trial.csv"  
            DBMS=CSV REPLACE; 
     GETNAMES=YES; 
     DATAROW=2;  
RUN; 
 
data mydata; 
 set mydata; 
 
 y2=y*1000000000; 
run; 
 
proc mixed data=mydata; 
 class ID Time Group; 
 model y2 = Time Group Time*Group / solution; 
 random ID; 
 lsmeans Time*Group / pdiff cl; 
run; 
 
proc mixed data=mydata; 
 class ID Time Group; 
 model y2 = Time Group / solution; 
 random ID; 
 lsmeans Time Group / pdiff cl; 
run; 

(Yannan Jiang, personal communication) 

 

B. SAS Analyses (Wild type vs. Replacement Strains) 
Time 
t1 : Early Log phase t3 : Early Stationary phase 
t2 : Late Stationary phase t4: Mid log phase (reference time point) 
 
Group 
1 : Replacement VII strain 3 : Replacement III strain 
2 : Replacement I strain 4 : WT BY4741 
 

Least Squares Means 
Effect Time Group Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
Time*Group t1 1 27.9537 26.2768 24 1.06 0.2980 0.05 -26.2789 82.1863 
Time*Group t1 2 19.3939 26.2768 24 0.74 0.4676 0.05 -34.8386 73.6265 
Time*Group t1 3 21.6571 26.2768 24 0.82 0.4179 0.05 -32.5754 75.8897 
Time*Group t1 4 43.9111 26.2768 24 1.67 0.1077 0.05 -10.3215 98.1437 
Time*Group t2 1 17.2352 26.2768 24 0.66 0.5181 0.05 -36.9973 71.4678 
Time*Group t2 2 18.6480 26.2768 24 0.71 0.4847 0.05 -35.5845 72.8806 
Time*Group t2 3 19.3028 26.2768 24 0.73 0.4697 0.05 -34.9297 73.5354 
Time*Group t2 4 25.9789 26.2768 24 0.99 0.3327 0.05 -28.2537 80.2114 
Time*Group t3 1 112.85 26.2768 24 4.29 0.0002 0.05 58.6214 167.09 
Time*Group t3 2 57.8779 26.2768 24 2.20 0.0375 0.05 3.6453 112.11 
Time*Group t3 3 68.5971 26.2768 24 2.61 0.0153 0.05 14.3645 122.83 
Time*Group t3 4 58.5445 26.2768 24 2.23 0.0355 0.05 4.3119 112.78 
Time*Group t4 1 79.8618 26.2768 24 3.04 0.0057 0.05 25.6293 134.09 
Time*Group t4 2 95.4571 26.2768 24 3.63 0.0013 0.05 41.2245 149.69 
Time*Group t4 3 55.5591 26.2768 24 2.11 0.0451 0.05 1.3265 109.79 
Time*Group t4 4 93.6111 26.2768 24 3.56 0.0016 0.05 39.3785 147.84 
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C. SAS Analyses (Wild type vs. msn2Δ mutant) 

Time 
t1 : Early Log phase t3 : Early Stationary phase 
t2 : Late Stationary phase t4: Mid log phase (reference time point) 
 
Group 
1 : msn2Δ mutant 2 : WT BY4741 
 

Least Squares Means 
Effect Time Group Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
Time*Group t1 1 72.5667 90.0793 12 0.81 0.4362 0.05 -123.70 268.83 
Time*Group t1 2 95.3333 90.0793 12 1.06 0.3107 0.05 -100.93 291.60 
Time*Group t2 1 507.00 90.0793 12 5.63 0.0001 0.05 310.73 703.27 
Time*Group t2 2 621.00 90.0793 12 6.89 <.0001 0.05 424.73 817.27 
Time*Group t3 1 372.00 90.0793 12 4.13 0.0014 0.05 175.73 568.27 
Time*Group t3 2 392.67 90.0793 12 4.36 0.0009 0.05 196.40 588.93 
Time*Group t4 1 22.3233 90.0793 12 0.25 0.8085 0.05 -173.94 218.59 
Time*Group t4 2 48.7667 90.0793 12 0.54 0.5982 0.05 -147.50 245.03 

 

D. SAS Analyses (Wild type vs. rph1Δ and sir2Δ mutants) 

Time 
t1 : Early Log phase t3 : Early Stationary phase 
t2 : Late Stationary phase t4: Mid log phase (reference time point) 
 
Group 
a : rph1Δ mutant c : WT BY4741 
b : sir2Δ mutant 
 

Least Squares Means 
Effect Time Group Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
Time*Group t1 a 134.57 107.39 18 1.25 0.2262 0.05 -91.0546 360.19 
Time*Group t1 b 100.07 107.39 18 0.93 0.3638 0.05 -125.55 325.69 
Time*Group t1 c 95.3333 107.39 18 0.89 0.3864 0.05 -130.29 320.95 
Time*Group t2 a 458.67 107.39 18 4.27 0.0005 0.05 233.05 684.29 
Time*Group t2 b 530.00 107.39 18 4.94 0.0001 0.05 304.38 755.62 
Time*Group t2 c 621.00 107.39 18 5.78 <.0001 0.05 395.38 846.62 
Time*Group t3 a 540.33 107.39 18 5.03 <.0001 0.05 314.71 765.95 
Time*Group t3 b 265.23 107.39 18 2.47 0.0238 0.05 39.6121 490.85 
Time*Group t3 c 392.67 107.39 18 3.66 0.0018 0.05 167.05 618.29 
Time*Group t4 a 255.00 107.39 18 2.37 0.0289 0.05 29.3787 480.62 
Time*Group t4 b 216.13 107.39 18 2.01 0.0594 0.05 -9.4879 441.75 
Time*Group t4 c 280.48 107.39 18 2.61 0.0177 0.05 54.8564 506.10 
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Appendix H. Published Manuscript 
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