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Abstract 
 

The genetic information stored in DNA must be faithfully copied and transmitted to the 

next generation of cells at every cell cycle. The replication of this genetic information is 

performed by special multiprotein replication machinery, referred to as “replisome,” which 

synthesizes both daughter duplexes simultaneously. At times, the accurate replication of 

the genome can go awry, causing mutations that can lead to a collection of diseases. In 

eukaryotic cells, detection and response to DNA damage during DNA replication is 

performed by the DNA damage response (DDR) pathway. DDR uses exposed single-

stranded DNA as a signal for DNA damage and proceeds by activation of kinases that 

transmit the signal and change the cell program to respond to the damage. The overall 

purpose of this work is to understand how cells do this initial detection and how they make 

the decision to activate the signalling pathway.  

I used budding yeast (Saccharomyces cerevisiae), a unicellular model organism, to 

understand the eukaryotic genetic architecture because it provides a framework to 

develop and optimize methods to standardize the analysis. I focus on the study of 

dynamics of DNA replication and DDR proteins of cells experiencing DNA damage or 

replication fork stalling using single-molecule microscopy. Although this technique 

provides a high signal-to-noise ratio for visualization while still retaining the integral 

features in the physiological context of biological systems, various factors play a major 

role in attaining such high-quality data for further analysis. In the first part of this work, I 

provide an overview for optimizing the single-molecule techniques while considering 

various factors involved. In the second section, I describe the initial work towards 

visualizing the proteins involved in DNA damage response in HaloTag labelled S. 

cerevisiae.  
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Résumé 
 

L’information génétique enregistrée dans l'ADN doit être fidèlement copiée et transmise 

à la prochaine génération de cellules à chaque cycle cellulaire. La réplication de cette 

information génétique est effectuée par un complexe multiprotéique spécial, nommé 

«réplisome», qui synthétise les deux brins filles simultanément. Parfois, la réplication 

précise du génome peut mal tourner, provoquant des mutations qui peuvent conduire à 

un ensemble de maladies. Dans les cellules eucaryotes, la détection et la réaction aux 

dommages à l'ADN pendant la réplication de l'ADN sont effectuées par la voie de réponse 

aux dommages à l'ADN (DDR, DNA Damage Response). DDR utilise un bri simple d’ADN 

exposé comme un signe de dommage à l'ADN et procède à l'activation de kinases qui 

transmettent le signal et modifient le programme cellulaire pour répondre aux dommages. 

L'objectif général de ce travail est de comprendre comment les cellules effectuent cette 

détection initiale et comment elles prennent la décision d'activer la voie de signalisation. 

J'ai utilisé la levure bourgeonnante (Saccharomyces cerevisiae), un organisme modèle 

unicellulaire, pour comprendre l'architecture génétique eucaryote, car cet organisme 

fournit un cadre pour développer et optimiser des méthodes pour standardiser l'analyse. 

Je me concentre sur l'étude de la dynamique de la réplication de l'ADN et des protéines 

DDR de cellules présentant des dommages à l'ADN ou un blocage de la fourche de 

réplication en utilisant la microscopie à molécule unique. Bien que cette technique offre 

un rapport signal/bruit élevé pour la visualisation tout en conservant les caractéristiques 

intégrales dans le contexte physiologique des systèmes biologiques, divers facteurs 

jouent un rôle majeur dans l'obtention de données de haute qualité pour une analyse 

ultérieure. Dans la première partie de ce travail, j’offre un aperçu de l'optimisation des 

techniques à molécule unique tout en considérant les différents facteurs impliqués. Dans 

la deuxième section, je décris le travail initial visant à visualiser les protéines impliquées 

dans la réponse aux dommages à l'ADN chez S. cerevisiae marqué par HaloTag. 
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Chapter 1: INTRODUCTION 
 

 

Deoxyribonucleic acid, or DNA, is the double-helical hereditary material that stores the 

genetic information within the cells of our body. The amount of DNA duplicated in an 

organism directly relates to the transfer of genetic information. Inevitably the process of 

accurate copying of this genome can go awry, yielding mutations that can affect our lives 

and lead to a collection of diseases. 

The DNA wraps itself around the histone proteins for compaction within the cell’s nucleus. 

The copying process needs to deal with the fact that DNA is folded around these protein 

complexes and cramped into a volume that creates spatial organization problems of 

higher order. The DNA-binding proteins also need to be duplicated along with the copying 

of DNA and the chemical modification concerning DNA and histones. 

Several sub-processes combine to provide efficient genome replication. Central to this 

process is machinery that copies the DNA with high fidelity, including the protein complex 

that initiates the entire process and the protein complex that replicates one helix to two. 

Superimposed to this fundamental process is the mechanism that detects and repairs 

errors and damages to the DNA. In addition, specific specialized proteins in the replication 

apparatus venture the efficient duplication of histone proteins and their chromatin 

modification. Finally, another machinery cooperates with the replication apparatus to 

ensure that the tethering of two sister chromatids together until the replication completes. 

Only by combining these processes can genetic inheritance ensure that each cell has a 

faithful copy of its parents’ genome. 

Initiation of the DNA replication requires the opening of the double-stranded DNA for 

loading of the replisome. In eukaryotes, this would require an origin of replication on DNA, 

the protein complex ORC, and other initiation factors, ultimately loading the MCM. Then, 

after unwinding the helix, the DNA polymerases responsible for DNA synthesis come into 

the picture. Since DNA polymerase cannot initiate copying of the nucleic acid chain, DNA-

dependent RNA polymerase synthesizes primers. Following this, the DNA- dependent 
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DNA polymerase attaches to the 3’ end of this RNA primer and begins DNA replication. 

Thus, the replisome, special multiprotein replication machinery, simultaneously 

synthesizes both daughter duplexes. Replication machines have the same core 

components in all cells: DNA polymerase, circular sliding clamps, a pentameric clamp 

loader, helicase, primase and SSB (Single-stranded binding proteins) [1]. 

 

 

Figure 1.1: The proposed architecture of eukaryotic replisome. The helicase encircles the 

leading strand; the CMG helicase complex is GINS and CDC45 with Mcm2-7 to aid the 

unwinding. The RFC clamp loader repeatedly loads PCNA clamps onto lagging strand primers 

formed by pol α-primase. Next, the leading strand polymerase (Pol ε) is stabilized on DNA by 

Mrc1. Finally, Pol δ replicates the lagging strand [2]. 

 

Usually, when a replisome runs into DNA damage, a strand break, or a protein block, the 

bacterial and eukaryotic cell employ a mechanism to activate stalled DNA replication 

forks. Literature suggests multiple repair mechanisms, for instance, error-free and error-
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prone DNA synthesis at the DNA replication fork. In addition, post-replicative repair by 

nucleotide excision repair or base excision repair is involved in repairing lesions not 

directly blocking the replication fork [3]. 

Significant DNA damage occurring before or during replication in eukaryotes elicits the 

activation of so-called checkpoint mechanisms, signalling to the cell cycle regulatory 

machinery, principally the CDK and DDK protein kinases, that subsequent events in the 

cell cycle should wait until the repair of DNA damage. The biochemistry of these varied 

signalling events is still being worked out, but a standard signal early in the process is the 

stable presence of RPA-coated ssDNA. Usually, ssDNA should be present in small 

quantities in the cell, but its sustained presence signals that a stalled replication fork exists 

due to damage or stress. Timely response to DNA damage is vital during DNA replication 

when the progression of the replication machinery (the replisome) over DNA lesions can 

result in the generation of life-threatening breaks on DNA. Consequently, some of the 

mechanisms that coordinate DNA repair are directly associated with the replisome. 

Research is focused on trying to understand how these two processes influence each 

other. 

The signalling cascade mediated by damaged DNA during fork stalling leads to activation 

of checkpoint kinases, spreading the signals to several effectors that regulate various 

aspects of cell physiology. Factors associated with sensing and transducing the 

checkpoint signals generated at replication forks are highly conserved among eukaryotes. 

At the centre of the checkpoint signalling cascade are the phosphoinositide 3-kinases 

(PI3)-related mec1 and tel1 kinases. PI3-related kinases directly target the highly 

conserved effector kinase rad53 and chk1. Thus, they are responsible for amplifying the 

checkpoint signal and the phosphorylation of essential proteins that govern different 

aspects of cellular physiology [4]. 

The project’s overall objective is to understand the relationship between DNA replication 

and the DNA damage response in eukaryotes using S. cerevisiae as a model organism. 

The project aimed to explore two aspects of this overarching question: the immediate 

response of the replisome to DNA damage; and the dynamics of the proteins that regulate 

DDR. With this intention, the single-molecule live-cell approach recently developed in the 
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Reyes lab was adopted to characterize the binding kinetics and infer the composition in 

the DNA replication machinery of yeast cells. 

 

 

 

Figure 1. 2: Checkpoint activation in response to replication stress. Upon replication fork 

stalling, ssDNA is generated by the replicative helicase-DNA polymerases uncoupling. RPA- 

ssDNA mediated the recruitment of the apical checkpoint kinase Mec1 to replication forks by the 

action of its associated factor Ddc2. Mec1 phosphorylates fork components, including the Mrc1 

transducer and the Rad53 effector kinase. Mrc1 serves as a scaffold promoting Rad53 trans- 

autophosphorylation events and full kinase activation. Rad53 phosphorylates and activates   

Dun1 effector kinase [5]. 

 

Several replisome components, including α and δ subunits of DNA polymerase and MCM 

helicase complexes, are direct targets of Mec1 and Rad53 phosphorylation. Furthermore, 

the association of replicative polymerases and helicase complex to stalled replication fork 

is impaired in checkpoint kinases mutants [6][7]. These observations led to the suggestion 

that checkpoint kinases might regulate the tethering of essential replisome components 

to the DNA. The loss of this tethering could be why the checkpoint mutants’ inability to 
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resume DNA synthesis. This hypothesis led to the project’s first aim to characterize the 

immediate response of replisome to DNA damage (Described in Chapter 4). 

Recent work from our lab has shown that most core subunits in the yeast replisome, 

except the Pol α, which serves as a primase, are stably bound to chromatin during DNA 

replication. This data was used as a starting point to study the replisome after DNA 

damage. The following hypothesis was that the composition and dynamics of the 

replisome change after cells are submitted to stress. Various literature reports 

composition alteration of the replisome after blocking DNA replication that remains 

controversial. The single-molecule approach is more sensitive and has a better time 

resolution than other approaches used in the past to study this question. The dynamics 

of the untreated and cells treated with UV were characterized as a part of aim1 for the 

project. 

As a second aim, I intend to characterize the dynamics of factors, like apical kinase and 

effector kinases, involved in the DNA damage response (Chapter 4). The DNA damage 

checkpoint pathways sense DNA lesions and remodel the signals into relevant biological 

responses. Two key factors controlling this response are the checkpoint kinase, like 

Mec1, and its effector kinase, like Rad53. The model is that Mec1 binds to stalled DNA 

replication forks and mediates the phosphorylation of multiple targets, including Rad53. 

Thus, the question aimed to characterize the binding dynamics of the kinases to 

chromatin in actively growing and stressed cells. 

Numerous pieces of literature articulate the development of fluorescence microscopy. 

This technique has enabled us to study protein kinetics directly in the living cells, with the 

most common techniques being single-particle tracking (SPT), fluorescence recovery 

after photobleaching (FRAP), and fluorescence correlation spectroscopy (FCS). A 

conclusion in the literature states that the data obtained from SPT makes qualitative and 

quantitative interpretation much more effortless than other approaches [2]. 

However, various intrinsic factors constrain yeast’s microscopy, like nuclear movement, 

thicker cell walls, and a higher endogenous fluorescence (compared to bacteria). 

Furthermore, the type of dye could also play a significant role in visualizing the single 

molecules required in the earlier stated hypothesis. Therefore, the study of these factors 
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in single-molecule microscopy of yeast led to the extended third aim of my project. In 

Chapter 5, I characterized different factors affecting the quality of the images obtained 

by SPT. Meanwhile, in Chapter 6, I study the movement of the nucleus in yeast as a 

factor that may impact the study of chromatin-bound proteins by single-molecule 

microscopy. 

Before describing the results obtained in my project, I first provide a literature review 

focused on yeast and microscopy (Chapter 2) and provide details on the methods used 

(Chapter 3). I provide a summary of my work in Chapter 7. 
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Chapter 2: LITERATURE REVIEW 

 

 

Yeast biology and DNA Replication 

Saccharomyces cerevisiae is a species of yeast well suited as a model organism 

for biological research. S. cerevisiae is a unicellular organism of approximately 5-10 μm 

in diameter with a short generation time and proficient gene editing by homologous 

recombination. As a eukaryotic organism, its cellular complexity is closer to animal and 

plant cells. All these features make S. cerevisiae a good model organism to study 

eukaryotic cell biology. 

The nucleus, one of the many membrane-bound organelles of eukaryotic cells, 

contains most of the cell's genetic material and has several vital functions: regulating 

gene expression, the transport of mRNA, separating chromosomes, and ribosome 

assembly. In addition, the cell replicates the DNA and ensures its correct partitioning. 

DNA replication is a complex mechanism that occurs in three main stages: 

initiation, elongation and termination. During these steps, many proteins cooperate in 

carrying out this process. One of the first steps is loading the DNA helicase onto the DNA; 

in S. cerevisiae, this is the Mcm2-7 complex [8]. Six Mcm2-7 subunits form a structure 

around the DNA and move in a 3' to 5' direction separating the double-stranded DNA [9]. 

Two essential proteins of the replisome associated with the Mcm2-7 complex are the 

proteins Cdc45 and GINS that stimulate the helicase [10][11]. Next, replication protein A 

(RPA) binds the single-stranded DNA, stabilizing it and removing secondary structures. 

There are three different DNA polymerases present in the budding yeast replisome. Each 

of these polymerases plays a different role in DNA replication [12]. Pol ε is responsible 

for synthesizing the leading strand, while pol δ is associated with synthesizing the lagging 

strand. Proliferating cell nuclear antigen (PCNA) clamps tightly to the polymerase and 

serves as a processivity factor for Pol δ [13]. PCNA is loaded onto the DNA by the clamp-

loaded Replication Factor C (RFC) [14]. Pol α has a primase subunit and can generate 
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and extend RNA primers but is not suited for extensive DNA synthesis [15]. Ctf4 connects 

Pol α to the helicase [16], but the function of this coupling is still unknown. 

 

DNA stress and DNA damage response 

When a cell encounters stress, it initiates a repair mechanism to handle the 

damage or stress. Various literature indicates that eukaryotic cells respond to DNA 

damage and replication blocks by delaying cell cycle progression through a surveillance 

mechanism known as the DNA damage checkpoint, providing the time to restore the 

correct [63]. Furthermore, this DDR is an evolutionarily conserved process [58]. When 

replication fork stalls, a signalling cascade mediated by damaged DNA leads to activation 

of checkpoint kinases, spreading the signals to several effectors that regulate various 

aspects of cell physiology. Factors involved in sensing and transducing the checkpoint 

signals generated at replication forks are highly conserved among eukaryotes. At the 

centre of the checkpoint signalling cascade are the phosphoinositide 3-kinases (PI3)- 

related mec1 and tel1 kinases. PI3-related kinases directly target the highly conserved 

effector kinase rad53 and chk1. Thus, they are responsible for amplifying the checkpoint 

signal and the phosphorylation of essential proteins that attune various prospects of 

cellular physiology [4]. 

Several replisome components, including DNA polymerase α and δ subunits, as 

well as MCM 2-7 helicase complexes, are direct targets of Mec1 and Rad53 

phosphorylation and the association of replicative polymerases and helicase complex to 

stalled replication fork is impaired in checkpoint kinases mutants [6][7]. These 

observations suggested that checkpoint kinases might regulate the tethering of essential 

replisome components to the DNA. The loss of this tethering could be why the checkpoint 

mutants’ inability to resume DNA synthesis. This hypothesis led to the project’s first aim 

to characterize the immediate response of replisome to DNA damage. 

Various literature describes the induction as conferred by reduced transcription of 

histone genes and globally decreased DNA nucleosome occupancy [58]. This globally 

altered chromatin structure increased the expression of genes encoding enzymes of the 
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tricarboxylic acid cycle, electron transport chain, oxidative phosphorylation, elevated 

oxygen consumption, and ATP synthesis [58]. During the S phase or after DNA damage, 

Dun1p phosphorylates and induces degradation of Sml1p, a protein that binds and 

inhibits the Rnr1p subunit [59][60][61][62]. The researchers describe a model for the role 

of checkpoint kinases involved in DDR, as shown in figure 2.1 below. The figure also 

demonstrates the role of RNR in the synthesis of dNTPs to handle the DNA damage 

during DNA damage response.  

 

 

Figure 2.1: Model depicting the role of checkpoint kinases in DDR, the RNR regulation, 

and synthesis of dNTPs during DDR. DNA damage activates the cascade of checkpoint kinases 

Mec1p, Rad53p, and Dun1p. Dun1p phosphorylates and down-regulates three negative 

regulators of the RNR complex: Crt1p, Sml1p, and Dif1p. Crt1p is a transcriptional repressor 

recruited to the RNR2, RNR3, and RNR4 genes. Phosphorylation of Crt1p derepresses RNR2, 

RNR3, and RNR4 genes by inducing dissociation of Crt1p from the corresponding promoters. 

Sml1p binds Rnr1p and inhibits RNR activity. Sml1p phosphorylation promotes its 

ubiquitylation and degradation by the 26S proteasome. Dif1p regulates nucleocytosolic 

distribution of Rnr2p and Rnr4p. Dun1p-mediated phosphorylation of Dif1p leads to 

redistribution of Rnr2p and Rnr4p from the nucleus to the cytoplasm, where Rnr1p resides, 
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resulting in the assembly of the active RNR complex. The cumulative effect of Dun1p activation 

is increased RNR assembly and activity and increased synthesis of dNTPs [58]. 

 

The cells must be aware of the damage, and of when DNA repair is completed, to 

terminate the checkpoint response and resume cell cycle progression [63]. Repair of DNA 

damage might restore normal cell cycle progression, and/or active mechanisms might be 

required to shut off the checkpoint. [63]. 

 

Importance of the study of DDR 

DDR is responsible for maintaining the integrity of the DNA replication. The role of 

DNA repair in the initiation, promotion, and progression of malignancy suggests that 

deficiencies in DNA repair genes confer an increased cancer risk. Mutations in replisome 

subunits are linked to developmental abnormalities, deficiencies of the immune and 

endocrine systems and predisposition to tumour formation [42][43]. Concisely, failure of 

DNA repair or checkpoint controls can lead to cell lethality, mutations, genome instability 

and cancer [63]. 

Mutations in DDR factors are linked to many different diseases, including 

neurological defects, infertility, immunological defects and premature ageing. DDR is also 

implicated at all stages of cancer [44]. Understanding the relationship between DNA 

replication and DNA damage will likely benefit the prevention and treatment of these 

diseases [45]. 

 

How to study DDR in live cells? 

Single-molecule experiments have become an important tool to study molecular 

dynamics. Over the years, microscopy techniques have evolved to improve the signal-to-

noise ratio, resulting in clearer data. In addition, the use of genetically encoded 

fluorescent tags facilitates the study of various proteins of interest [18]. The use of the 

Total Internal Reflection Fluorescence (TIRF) microscopy technique, where only the 
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surface close to the coverslip was exposed to excitation light by an evanescent wave, 

helped to improve the signal-to-noise ratio. The evanescent wave occurs if the light is 

internal reflected at the interface of the oil and the aqueous solution of the sample hence 

the name total internal reflection microscopy. The oil has a higher refractive index and, 

past a certain critical angle, reflects the light into the oil; Snell’s law governs this 

behaviour. When using TIRF, you can only excite a thin region of the sample adjacent to 

the coverslip [19]. Since only a fraction of the fluorophores is excited, there is a low degree 

of background fluorescence. Since the replisome proteins are in the nucleus - typically 

deeper in the cell than 200nm that can be observed by TIRF - it is impossible to use TIRF 

microscopy to study them. Instead, researchers use a technique derived from TIRF called 

Highly Inclined and Laminated Optical (HILO) sheet microscopy [46]. To increase the 

signal-to-noise ratio, the illuminating beam was inclined to minimize the area of 

illumination. The inclination of the beam by refraction leads it to hit the sample as a thin 

optical sheet. This sheet always passes through the center of the sample, so using this 

technique, it is possible to image the components of the replisome. In combination with 

photoactivatable fluorophores, this can be a powerful tool to study molecule dynamics. 

Photoactivatable fluorophores are fluorophores that photons can activate with a 

wavelength of 405 nanometers. By activating only a small number of proteins, you are 

more easily able to detect single molecules. The photoactivatable fluorescent proteins 

help measure the bound times of specific proteins of the replisome [20]. 

(a)                                                    (b) 
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Figure 2.2: (a) Schematic overview of the light traces while using TIRF and HILO 

microscopy techniques (b) Schematic overview of the thin light sheet passing through a sample 

[17] 

 

Generating a protein with a fluorescent protein tag or performing 

immunofluorescence are common ways to do this. A lesser-known way to tag a specific 

protein is by combining HaloTag and HaloTag ligands [21]. The first thing to take care of 

is the fusion of HaloTag and the protein of interest. Next, a synthetic ligand needs to bind 

to the HaloTag covalently. For microscopy purposes, the most useful HaloTag ligands 

are the various types of fluorescent dyes as listed in Appendix IV. This is a useful tool in 

biology because sometimes it is necessary to image multiple proteins at the same time, 

e.g. study co-localizations. When fusing a protein with HaloTag, a fluorescent dye can be 

chosen so it does not interfere with the excitation-absorption spectra of the other protein 

of interest [21]. This is a clear advantage because this HaloTag fused protein strain can 

be combined with more strains than a regular fluorescent protein strain. Figure 2.3 below 

depicts the interaction of HaloTag and how it helps the dye bond with the protein of 

interest in microscopy. 

 

 

Figure 2.3: HaloTag Fusion with the protein of interest (a) shows the first step of the 

process: fusion of the protein of interest (yellow) with a HaloTag (blue). (b) shows the next step: 
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addition of a synthetic ligand, here fluorescent HaloTag Ligand (Fluorescent Tag in orange), to 

the HaloTag by a covalent bond (black dotted line). 

 

There is a wide range of other fluorescent dyes available, all with different 

fluorescence excitation absorption spectra. This is a valuable tool in biology because 

sometimes it is necessary to image multiple proteins simultaneously, e.g. study co- 

localizations. Furthermore, a fluorescent dye is such that it does not interfere with the 

excitation-absorption spectra of the protein other than the protein of interest, that is, 

HaloTag fused protein and PCNA with mNG labelling [51]. The excitation coefficient, a 

measure of the amount of photon that can be absorbed, and quantum yield, the ratio of 

an absorbed photon over emitted photons, should be as high as possible. The product of 

these measures is called brightness [51]. The fluorescent dyes should be selected based 

on some of these criteria. 

 

Factors affecting Single-Molecule Microscopy in live yeast 

Despite the significant characterization of both prokaryotic and eukaryotic 

replication proteins in vitro, the limitation of study DNA replication dynamics in live cells 

is a longstanding biological and technical obstacle [20]. Various biochemical studies 

performed at the cell population level led to many advances in identifying and 

characterizing the replisome. However, population averaging is limited in its capacity to 

capture the biologically relevant variation in replication dynamics across cells and protein 

subpopulations’ distinct behaviour. Furthermore, established approaches lack the spatial 

and temporal resolution to fully characterize the dynamics of DNA replication within the 

context of a single living cell. Decades of research have contributed to our knowledge of 

replication proteins and the global pattern of DNA replication, primarily through 

biochemical and structural approaches [20][32]. Still, many questions regarding the 

mechanical features, dynamic behaviour and organization of the replisome remain open. 

The development of single-molecule microscopy techniques has provided new and 

exciting opportunities to study the behaviour of single molecules in vivo, overcoming the 
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diffraction limit of light (~250 nm) found in conventional fluorescence microscopy [31][32]. 

However, these methods rely on the illumination of a small fraction of all fluorescently 

labelled molecules in a narrow plane near the coverslip’s surface to improve the signal-

to-noise ratio during imaging. This configuration presents additional challenges for study 

in budding yeast cells, which have a spherical shape and an approximate diameter of 5 

μm, and therefore require a greater distance of light penetration to visualize molecules in 

the nucleus [33]. Thus, single-molecule studies have been limited in yeast despite their 

powerful potential to elucidate the dynamics of fundamental biological processes in the 

cellular context. Being a eukaryotic model, yeast has certain limitations when it comes to 

microscopy, like the thick cell wall, which causes hindrance when illuminated with a laser 

beam [57]. 

Similarly, the selection of fluorescent protein and dye has always been challenging 

[56][57]. If looking at a single fluorophore, a suitable filter that can collect most light is 

recruited for the purpose. Whereas while working with multiple fluorophores, a filter with 

a narrow band of excitation and absorption spectra is used to avoid overlapping [56]. 

Furthermore, the viability of cells can be affected by the growth conditions [57]. These 

need to be taken into consideration while working with yeast microscopy. 

 

Bioinformatics Analysis of proteins involved in DDR 

Lately, many researchers have reached out to bioinformatics or structural analysis 

if a certain known technique does not work the way it was expected to. For instance, 

genome sequencing reveals hundreds to thousands of somatic mutations in each tumour. 

Not all cancer mutations provide a selective (or “driving”) advantage to cancer cells. Many 

mutations are so-called “passengers” because their impact on protein function is either 

insignificant or the affected protein is not important for tumour progression [28]. The 

mutations could alter the stability or the functionality of the genome, resulting in some 

unexpected outcomes. The International Cancer Genome Consortium (ICGC) aims to 

catalogue genomic abnormalities in tumours from 50 different cancer types. Certain 

researchers have compiled the result of discussions within the ICGC on how to address 

the challenge of identifying mutations [28]. 
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Genetic instability is a characteristic of most cancers that may play a critical role in 

driving the accumulation of genetic changes that underlie tumorigenesis. Various 

bioinformatic procedures have been developed using genome-wide functional genomics 

screens to identify and prioritize candidate suppressing genes [29]. The number of known 

suppressors was increased from 75 to 110 by testing 87 predicted genes, which identified 

unanticipated pathways in this process [28][29]. The bioinformatics analysis explicitly 

deals with the lack of concordance among high-throughput datasets to increase the 

reliability of phenotypic predictions. 

Various literature suggests that the mec1 strain is more viable with N-terminal 

fusion [64]. The apical kinase tends to develop variants that are deleterious when 

transformed using C-terminal transformation. Hence the use of CRISPR- Cas9 

technology will provide a marker-free integration of HaloTag to the N terminal of the 

mentioned proteins. 

 

CRISPR-Cas9 for N-terminal fusion of HaloTag 

The CRISPR-Cas9 technology is an essential tool for genome editing because the 

Cas9 endonuclease can induce targeted DNA double-strand breaks. A sgRNA and the 

guide sequence together control the DNA break targeting. A sgRNA is a chimeric RNA 

segment containing a structural component essential for the cas9 binding. The guide 

sequence is a 20mer segment that hybridizes to the genomic DNA target [23]. Previous 

studies have demonstrated that using CRISPR-Cas9 technology makes marker-free 

genome editing in S. cerevisiae more efficient. However, inserting the guide sequence 

into yeast sgRNA vector usually requires cloning procedures that are time-consuming, 

complicated and expensive. Therefore, developing these techniques to simplify the 

sgRNA vector with internal restriction enzyme sites allows fast and directed cloning of the 

guide sequence. Multiple literature works suggest using various adaptable sets of vectors 

for cloning in yeast by using distinctive selectable markers [22]. Literature indicates that 

the Cas9-sgRNA vector and the URA3 selectable marker would prove advantageous for 

yeast genome editing considering the cas9 machinery can be easily removed by counter- 

selection using 5-FOA following successful genome editing [22][23][24]. To accelerate 
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the use of CRISPR-Cas9 technology in yeast genome editing, there is a need for new 

vectors that can simplify and establish the technical steps required for guide sequence 

cloning [24]. 

CRISPR-Cas9 technology was employed for the N-terminal fusion strains as 

described earlier. In the system used, the guide RNA (gRNA) and the Cas9 gene are 

expressed from the same plasmid. Therefore, the first step is to clone a gRNA targeting 

the gene (region) of interest into a plasmid expressing Cas9 [22]. The yeast is then 

transformed with the resulting plasmid, inducing a double-strand break at the targeted 

site. Therefore, if the break is not repaired, all cells expressing this plasmid will die. This 

repair is guided by co-transforming a repair oligo (usually a double-stranded although 

single-stranded oligos should work) or a repair PCR fragment. This repair DNA is 

designed to introduce the desired mutation during the recombination/repair [22]. 

 

 

Figure 2.4: CRISPR-Cas9 technique: Design of new guide RNA expression cassette for 

rapid cloning of 20mer guide sequences. Unique BclI and SwaI sites enable efficient cloning of 

any 20mer guide RNA targeting sequence into the single guide RNA (sgRNA) expression 
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cassette. A plasmid with the guide RNA expression cassette is linearized by digestion with BclI 

and SwaI enzymes. Oligonucleotides are designed to contain a compatible GATC overhang, a 

20mer guide sequence, and the 5' end of the structural segment of the sgRNA. The hybridized 

oligonucleotides are ligated into the digested plasmid, yielding the final complete sgRNA 

expression cassette. The asterisk indicates that BclI cutting is blocked by Dam methylation [22]. 

 

For Cas9 to cut DNA, a protospacer-adjacent motif (PAM) must be present in the 

genomic DNA immediately 3’ to the target site. PAM sequences are either NGG or NAG 

trinucleotides, the latter being less efficient. The presence of PAM sequences in the target 

sequence will therefore guide the design of the gRNA [22][23]. In addition to introducing 

the mutation of interest, the repair DNA will introduce a second mutation that will destroy 

the PAM, preventing Cas9 from entering another round of cutting after the repair process. 

This mutation has to be silent, representing the main limitation in choosing the appropriate 

gRNA, as many gRNA will be associated with PAM sequences that cannot be destroyed 

without introducing a change in amino acid in your protein. When everything works as 

expected, all clones should be positive since the expression of Cas9 is suicidal unless 

the cut is repaired. However, we found that secondary mutations are often introduced, so 

clones should be sequenced carefully. Once a positive clone is identified, it is 

recommended to eject the plasmid, which is quickly done since cells having lost the 

plasmid rapidly take over a liquid culture grown in the absence of selection [22]. 

 

Nuclear movement in yeast 

One of the interesting factors to be considered while working with the nucleus of 

budding yeast is its positioning and movement in the cellular environment. In interphase 

S. pombe cells, the nucleus is positioned in the middle of the cylindrical cell in an active 

microtubule (MT)-dependent process. Literature suggests that interphase MTs are 

organized in three to four antiparallel MT bundles arranged along the long axis of the cell. 

The MT bundles are organized from medial MT-organizing centers that may function as 

nuclear attachment sites. Instead of functioning as tracks, MTs may function in nuclear 

positioning by exerting pushing forces on the nucleus through MT polymerization. The 
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movement of the nucleus in fission yeast is recorded to be constrained and controlled by 

microtubules. A scarce systematic description of the positioning of the nucleus during the 

cell cycle has been done in budding yeast that quantifies its movement. DNA replication 

takes place in the nucleus. Therefore it is important to correct for nuclear drift when 

generating single-molecule tracks of replisome components [37]. 

In contrast to the lack of information on the dynamics of the nucleus, research has 

been carried out to study the effect of stress on chromatin material. Researchers did not 

notice any significant change in the movement when treated with nocodazole, but on 

treating the cell with latA, the chromatin movement was majorly reduced [65]. To test for 

potential participation of the cytoskeleton in the control of nuclear movement, the cells 

are treated with nocodazole to inhibit microtubule and with latrunculin A to inhibit actin. 

Studies from several species show that the baseline movement of chromatin within an 

interphase nucleus occurs with a subdiffusive character. This means that chromatin 

roams within a restricted volume that is significantly smaller than the volume of the 

nucleus. Internal forces, such as nucleosome–nucleosome contacts or sister cohesion, 

constrain free diffusion. The mobility of tagged loci was influenced by ATP levels or DNA 

interaction with fixed elements at the nuclear envelope. This could also be provoked by a 

forced loss of nucleosomes from DNA through mutation or histone shutoff [65]. 

 

Mathematical models for analysis 

The analysis of data plays a major role in understanding or interpreting it. 

Sometimes when unexpected results are encountered, modelling these data can reveal 

unanticipated outcomes. Under similar conditions, SIFT (Sorting Intolerant From 

Tolerant) scoring has been reviewed by many researchers. Literature indicates that SIFT 

scoring can distinguish between functionally neutral and deleterious amino acid change 

[52]. 

Various mathematical models are involved in analyzing the data collected for 

various experiments. One of the techniques mentioned in multiple works of literature is 

the signal-to-noise ratio, and it means squared error to determine the quality of data 
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collected. SNR is the relation of the desired information to the undesired information or 

the power of the background noise. The MATLAB function to calculate the SNR is a 

powerful tool of signal processing library that creates a small mask and runs it over the 

entire array of pixels for all the consecutive frames [50]. The masked region is checked 

for the desired signal that is the single-molecule spots for our experiments, using the 

Gaussian fit, as would be used by the Trackmate plugin of Fiji for track segmentation. The 

desired signal is compared to the unwanted background. This comparison gives an 

estimate or possibility of a disruptive signal in the data that might interfere with legitimate 

data [50]. And for each mask mean squared error is calculated. MSE is the mean of 

squared pixel difference of consequent frames to determine how close they are [49]. The 

squaring is required to eliminate any negative values while taking the difference. The 

lower the average squared difference, the better the image since there is not much 

deviation to be noticed in the background. This is the measure to check how consistent 

or noise-free the background is. 

Literature suggests that the nucleus has sub-diffusive behaviour owing to its 

viscoelastic fluid environment in the cytoplasm, with other membrane-bound organelles 

and proteins that might hinder its free movement. The mean square displacement was 

calculated by 

𝑀𝑆𝐷 = (𝑟(𝑡) − 𝑟(0))
2
 

Where the r0 vector was shifted to gain more data out of the tracks. An average 

was taken over all the individual tracks to get a final MSD curve. The r(t) vector is 

calculated using the x and y coordinates as calculated by MATLAB tracking script by the 

formula 

𝑟(𝑡) = [(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2]
1
2 

Anomalous diffusion is a diffusion phenomenon in which the diffusive process has 

a non-linear relation with time [39]. When analyzing the microscopy data, an interesting 

parameter to resolve is the diffusion coefficient and its dependence on the α coefficient. 

These coefficients are very informative about the movement and characteristics of the 

different molecules. The diffusion coefficient will study the diffusion concerning a mean 
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trajectory x(t), where this mean trajectory is the solution to the deterministic equation of 

motion. Since the diffusion coefficient is the first derivative of the mean square 

displacement with respect to time, it will depart from its theoretical value [66]. But the α 

coefficient characterizes the diffusion of the molecule [41][66]. 

For instance, if α = 1, the process is described by typical diffusion (blue in Figure 

2.5). If α > 1, the diffusion process is termed superdiffusion (green in Figure 2.5). An 

example of a cellular process that has this behaviour is the movement of cargo by a motor 

protein [40]. When α < 1, the movement behaves subdiffusively (red in Figure 2.5), 

chromosomal loci movement has been shown to be subdiffusive [41]. 

 

 

Figure 2.5: The mean square displacement is proportional differently to time for different 

types of diffusion. MSDs of superdiffusion, normal diffusion and subdiffusion are shown in 

green, blue and red, respectively (modified from [40][41]) 

 

Anomalous diffusion can describe more complex physical processes which cannot 

be described by typical diffusion. Some models represent anomalous diffusion. One of 

them is a generalization of Brownian motion, fractional Brownian motion. In fractional 

Brownian motion, the increments do not have to be solely independent. In a biological 

context, it makes sense that anomalous diffusion is observed. When looking at the 
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movement of certain components in cells, it could be that they are embedded in a protein 

polymer network, that they are mechanically coupled or just the inability to freely roam 

around because they are being blocked by the other cellular components. This would 

mean that each increment is not independent anymore, thus corresponding to the 

fractional Brownian motion model. 

The literature proposes that anomalous diffusion found in SPT data results from 

weak and transient interactions with dynamic nuclear substructures and that SPT data 

analysis would benefit from a better description of such structures [55]. 
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Chapter 3: MATERIALS AND 
METHODOLOGY 

 

 

Plasmid Construction 

The plasmids used in this study were maintained in E. coli and were extracted by 

growing in LB then using the Presto Mini Plasmid Kit (Geneaid). Cell pellets are harvested 

from this bacterial culture. Cell pellets are resuspended in 200 µl PD1 buffer with RNase 

A. 200 µl PD2 buffer was added to the mixture gently and avoid shearing the genomic 

DNA. The mixture is set to rest at room temperature for about 2-5 minutes to get 

homogenous consistency. 300 µl of PD3 buffer is added and mixed gently to neutralize 

the mixture. The supernatant from the centrifuged mixture is transferred to a PDH column 

without disturbing the precipitate. The flow-through is discarded, and 400 µl of W1 buffer 

is added to the PDH column. The flow-through is again discarded. 600 µl of wash buffer 

with absolute ethanol is added to the PDH column. Flow-through is again discarded, and 

the column matrix is left at room temperature to dry. 50 µl of elution buffer is added to the 

center of this column matrix and is left to be absorbed entirely for 2 minutes. Then, purified 

DNA is eluted by centrifuging the column at room temperature. 

 

 Primer Designing: C Terminal 

The DNA sequence (with +/- 1kb, also known as flanking genome) for the gene of 

interest is obtained from the yeast genome database (https://www.yeastgenome.org). 

The transformation and screening primer for our gene of interest is designed using serial-

cloner (open-source software). The gene sequence is loaded into the software to identify 

the forward and reverse primer. The gene-specific forward primer is selected by 

identifying 40bp before the stop codon (excluding the stop codon). The reverse primer is 

selected by identifying 40bp after the stop codon (excluding the stop codon). The forward 

screening primer is the 18-20bp fragment followed by the segment of 150-200bp before 

https://www.yeastgenome.org/
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the forward primer insertion. Similarly, the 18-20bp reverse screening primer is followed 

by a segment of 150-200bp after the reverse insertion primer. 

 

Primer Designing: N Terminal 

  The predesigned oligos for cloning a gRNA into pML104 and pMLl107 were 

obtained from an online tool for guide sequence cloning by Wyrick lab. 

(http://wyrickbioinfo2.smb.wsu.edu/crispr.html) The repair oligos should contain the 

desired mutations (including one destroying the PAM) and at least 40 bases on each side 

of the mutation sites. We usually design oligos for both strands. If the distance between 

the PAM and the mutation is too long, oligos may not provide enough homology on each 

side for efficient recombination. In such a case, ordering two convergent oligos (about 

70nt each) overlapping by about 15-20nt could be considered. 

 

Strain Construction/Transformation C Terminal  

The strains used in this study are all from BY4743 background. The plasmid used 

in this study are maintained in E. coli and are extracted by growing in LB then using the 

Presto Mini Plasmid Kit(Geneaid) [35]. 

All PCRs are performed using the Q5 enzyme. PCR mixture is in the volume of 50 

µl with water, 3% DMSO, the reaction buffer, 2.5 mM of each dNTP, 0.2 µM of each 

primer, either 1ng of plasmid DNA (for insertions) or 1 µl of genomic DNA (for screening 

insertions), and 0.5 µl of polymerase [35]. 

Fluorescent fusions are made by PCR amplification from pSJW01 using their 

corresponding primers. PCR products are transformed into wild-type diploid BY4743. A 

single colony was grown at 30°C in 5 ml yeast peptone dextrose (YPD) overnight. It is 

later diluted to 0.1 OD in 10ml of YPD [2]. Cells were taken at OD of 0.5-0.6 and 

centrifuged at 4000 rpm for 5 min. It is then washed twice with 25 ml of sterile deionized 

water and once with 1ml of 100mM lithium acetate. Cell pellets are later resuspended in 

a mixture with the following order and concentration. It has 240 µl of 50% PEG and 50 µl 

http://wyrickbioinfo2.smb.wsu.edu/crispr.html
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of salmon sperm DNA, which is thawed at 95°C for 5min then incubated on ice for at least 

10min. The mixture also contains 50 µl of the PCR product and 36 µl of 1M lithium acetate. 

It is thoroughly mixed by pipetting and incubated on a rotator at 25°C for 45min, followed 

by 30min heat shock at 42°C. The cell pellets are washed in 500 µl of sterile water, then 

resuspended in 200 µl of YPD and plated on YPD agar. After growing at 30°C overnight, 

the cell lawn is replica-plated onto selective YPD agar, either with 100 µl/ml cloNAT 

(Werner) for mNeonGreen or 200 µl/ml Hygromycin B (Life Technologies) for HaloTag. 

The transformants are lastly screened for the presence of an insert by PCR using the 

indicated screening primers. The confirmed clones are later sporulated [2][35].  

In order to sporulate the confirmed clones, 750 µl of a YPD overnight culture is 

washed four times with 1 ml sterile deionized water and washing once with 1 ml of 

potassium acetate sporulation medium (KAc). It is finally resuspended in 2 ml of KAc and 

incubating at 25°C with shaking. After 7-10 days, the sporulating cultures are checked 

using microscopy for the appearance of numerous tetrads, then 750 µl is taken and 

washed three times in sterile water before final resuspension in 1ml water and storage at 

4°C. For dissection, 45 µl of spores is treated with 5 µl of zymolase for 10 min; then, 

tetrads are dissected on YPD plates to isolate haploids with the tagged fusion. Genomic 

DNA is separated from the haploid by vortexing the cells in the presence of zirconia/silica 

beads, followed by phenol extraction and ethanol precipitation. The insertion site is 

amplified using the same screening primers as above, and the PCR product is sequenced 

to confirm that the tag and linker are both mutation-free. The HaloTag haploids are lastly 

combined with PCNA-mNeonGreen (from YTB31) by mating [35].  

 

Strain Construction: CRISPR-Cas9 

  In the case of CRISPR-Cas9 technology, 1.5µl of the two repair oligos of 10µM 

concentration, with 5µl of 10X KOD buffer, 3µl of MgSO4, 5 µl of 2mM dNTPs, 1µl of KOD 

and 33µl of water, giving a 50µl of the reaction mixture that is used in PCR. This reaction 

generates a 120bp long dsDNA fragment that will be later used for repair [22]. The 

extended product is then purified using the Qiagen PCR purification clean-up kit and 

quantified on Nanodrop [22]. 
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Next, we need to anneal the gRNA with the repair oligos. 25 µl of a mixture 

containing each oligo is suspended in 10mM Tris pH8.0 (or water) at 100μM, along with 

37.5 µl of each gRNA oligo. The mixture was thoroughly mixed by pipetting followed by 

heat shock at 95°C for 5min. It is then transferred into a 70°C heat block, and when it 

reaches room temperature, the mixture is allowed to rest at 4C overnight [22]. 

These annealed gRNA oligos are cloned into the two digested plasmids of pML107 

and pML107 using 10x NEB 3.1 buffer and SwaI. These plasmids are incubated overnight 

at room temperature. Later, 1μL BclI is added to the plasmids, followed by a 2-hour 

incubation at 50C. Finally, the plasmids are gel-purified and are ready to be used in 

ligation reaction along with 0.65pmol (i.e. 0.5μL of 1:29) of annealed gRNA oligos, 2μL of 

5x ligation buffer, 0.5μl of Ligase H.C. and water to make a reaction mixture of 10μL 

incubated at 16C for 3 hours. Everything is transformed into DH5α. Plate everything on a 

single LBA plate [22]. The colonies generated are screened by PCR using plasmid 

targeting the vector and the Oligo 2 from the gRNA. Positive clones will develop a 350bp 

amplification. 

The positive colonies are transformed into yeast. 400ng of the plasmid is 

transformed with repair DNA. The repaired DNA can be 300pmol of ds repair oligos, 

300pmol of ss repair oligo, 400ng of PCR-extended oligos or 1μg of repair PCR product. 

Transformation is done using the TRAFO method. Plate 1%, 10% and 90% on Ura- (if 

cloned into pML104) or Leu- plates (if cloned into pML107). The colonies are selected 

colonies, and DNA extracts are prepared and are amplified over the target region by PCR 

using KOD polymerase. Finally, the PCR fragments are sent for sequencing. Lastly, to 

eject the plasmid. The positive clones are grown in YPD liquid for several generations; 

serial dilutions and plating on YPD, YNB complete or any appropriate plate that does not 

select for the CRISPR plasmid is required [22]. If pML104 is used, it can be plated on 

FOA. The final clones that do not grow on Leu- or Ura- plates are re-sequenced. 

 

Sample Preparation for Single-Molecule Microscopy 
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A single colony from a YPD plate is placed in a 5ml synthetic complete (SC) 

medium and grown with shaking at 30°C for around 5–6 hours. This culture is diluted by 

transferring 50μl into 5ml of fresh or filtered SC and grown overnight at 30°C. The 

overnight culture is diluted to 0.15 the next day and grown until the OD reaches 0.30. 

Next, 1ml of this culture is spun down for 1 min at 7000 RPM. The pellet is resuspended 

in 500µl of fresh SC, and a Janelia Farms dye, as listed in Appendix IV, is added to the 

culture for a final dye concentration of 50 nM. The culture of Histone H3 with halo tag 

fusion, a concentration of 10nM, is used to compensate for the higher copy number. The 

culture is placed in a thermomixer at 30°C and 500 RPM for 40 min. After incubation, the 

unbound dye is washed away by three wash cycles using SC. After the final wash step, 

the pellet is resuspended in 20μl of SC, and 3-5μl of the culture is placed on a microscope 

slide prepared either with agarose and gene frame or on coverslip prepared using 

Concanavalin A. 

The agarose pad is made by taking a 2% agarose Optiprep(Sigma) mixture that is 

prepared with 0.02g of agarose in 1 ml Optiprep. It is heated to 90°C and mixing 500 µl 

with 500μl 2×SC, producing a 1% agarose 30% Optiprep SC mixture. Approximately 

140μl of this mixture is placed within the Gene Frame. The excess mixture is removed 

with a KimWipe. Before imaging, it is recommended to wait for about 15min to let any 

unbound dye be released. Another experiment to study the effect of Optiprep on the data 

quality required preparing the agarose pad with filtered SC instead of Optiprep with 

agarose. 

For rapid mounting and imaging of yeast, 20 µl of 0.1% Concanavalin A, commonly 

known as ConA, is pipetted on a high-resolution clean glass coverslip and incubated for 

2-3 min. The coverslip is washed twice with distilled water, and 10 µl of prepared culture 

is spread onto the ConA-coated coverslip. The coverslip is left to incubate for 2 mins and 

later washed twice using SC medium. Finally, the coverslip is mounted on a microscope 

slide, and excess SC is wiped using KimWipe [36]. 

For the experiments to study DDR, the mixture, after being placed onto the gene 

frame, is exposed to UV radiation for 1-5 minutes with a pulse of 5 J/m2. The treatment is 
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supposed to deplete the dNTP pool, leading to ssDNA accumulation, hence initiating DNA 

damage response [25]. 

 

Cleaning Cover Slips 

Coverslips are cleaned with the following steps [35]:  

a. place in 2% VersaClean detergent solution overnight;  

b. wash with MilliQ water 3×;  

c. sonicate in acetone for 30 min;  

d. wash with MilliQ water 3×;  

e. place in methanol and flame coverslips using Bunsen burner;  

f. place in Plasma Etch plasma oven for 10 min. 

 

Single-Molecule Microscopy 

Microscopy is performed at room temperature on a Leica DMi8 inverted 

microscope with a Roper Scientific iLasV2 (capable of ring total internal reflection 

fluorescence (TIRF) and an Andor iXON Ultra EMCCD camera. An Andor ILE combiner 

is used, and the maximum power from the optical fibre was 100 mW for the 405 nm 

wavelength and 150 mW for the 488 nm and 561 nm wavelengths [35]. 

Single-particle photoactivated localization microscopy (sptPALM) experiments are 

performed by activating molecules with low power (0.5-2% in software) 405nm light to 

photoactivate around one molecule/cell, followed by stroboscopic, long-exposure 

(500ms) illumination with 561nm light (5-7% in software) to image primarily bound 

molecules. 

The data acquisition to study the effect of nuclear movement employed different 

software and parameters for microscopy. A drop of yeast cells is put on a 1% low 

fluorescence agarose pad to image yeast strains. Clean coverslips are used to reduce 

background fluorescence. Imaging of the nuclei is performed with a 100x objective lens; 

fluorescent proteins are excited for 50ms by light from a lamp light source. The nuclei are 
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imaged for 25min with a framerate of 1 frame per second. SPC42-HaloTag-PA-JF549 is 

performed with the 60x objective lens and is excited by light from the iChrome Multi-Laser 

Engine. A short pulse of 30ms of the 20% 405nm wavelength laser is used for activation. 

The dye is excited by the 561nm wavelength laser for 300ms. H2B-GFP strains were 

imaged for 500 frames with an activation event every 50 frames.  

The cells are treated with nocodazole or latrunculinA before imaging them under 

a microscope to understand the factors that affect the nuclear movement. In addition, the 

H2B-GFP cells are fixed before imaging under the microscope to test the precision of the 

localization script. 

 

Analysis of Data 

1. SIFT Scoring: It is a program that predicts whether an amino acid substitution 

affects protein function so that users can prioritize substitutions for further study by 

using sequence homology for the prediction. It presumes that important amino 

acids will be conserved in the protein family, and so changes at well-conserved 

positions tend to be predicted as deleterious. If the sequences used for prediction 

are closely related, many positions will appear conserved, and SIFT will predict 

most substitutions to affect protein function. To alert the user to these situations, 

SIFT calculates the median conservation value, which measures the diversity of 

the sequences in the alignment. Conservation, as measured by information 

content [53], is calculated for each position in the alignment, and the median of 

these values is obtained. Predictions based on sequence alignments with higher 

median conservation values are less diverse and will have a higher false-positive 

error. When the sequences in the alignment used for prediction are closely related, 

many positions appear conserved and important for function. Even if there are few 

homologous sequences available, SIFT performs better than predicting non-

conservative amino acid substitutions as deleterious, where non-conservative 

changes are defined as having negative scores in an amino acid substitution 

scoring matrix. When it is not feasible to conduct experiments on all substitutions, 
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SIFT and other similar prediction tools [54] may be useful in prioritizing which 

changes affect protein function and may contribute to phenotypic differences 

2. Tracking: It is done with Trackmate, which is an open and extensible platform for 

single-particle tracking. Spots are localized using the Laplacian of Gaussian (LoG) 

method, with an estimated spot radius of 2.5 pixels. The intensity threshold is set 

a bit lower to prevent track fragmentation due to intensity fluctuations. The linear 

assignment problem (LAP) algorithm is used to form tracks with costs on quality 

ranging from 0.1 to 0.5. The gap frame is set to 1 to allow temporary disappearance 

of the molecule, and track merging and splitting are allowed when multiple 

molecules crossed paths with one another. Binary images are used to locate tracks 

whose mean positions coincided with values of 1 in the binary image to isolate 

tracks found only in cells/nuclei. 

3. Reading the tracking data: The data obtained from Trackmate analysis shows the 

number of spots, the frame number of when it is detected and the X-Y-Z 

coordinates. This data is later used in MATLAB script to determine the length of 

each track by calculating the number of times each spot is detected and visualizing 

it using a histogram plot. The quality of spots is measured as a cost function 

correlated to the size and intensity of spots [48]. The quality of microscopy data is 

also studied by plotting the intensity of each reported frame. 

4. Image segmentation: Nucleus segmentation is achieved in the following way: First, 

a Gaussian filter is used to reduce the noise present on the image. Next, a primary 

binary image is generated based on a more lenient threshold. This binary image 

is then used as a mask over the original image to take out the background. The 

image with the subtracted background is now intensity thresholded to result in the 

segmented nuclei. The last part involves a watershed step to separate nuclei that 

are close together. 

5. Tracking: A MATLAB program is created to extract data out of microscopy time-

lapses. The script loads the raw data into MATLAB. Once the file is imported, a Z 

maximum intensity projection is generated. Next, the nuclei in the movie are 

segmented per frame; this is done to get an idea of where the nuclei are. For each 

nucleus, a region is extracted and saved to store each nucleus in its separate 
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movie. For each nucleus and overall the frames, a Gaussian is fit to the image to 

get a precise localization of the nuclei. The center of mass coordinates of the 

segmented nuclei is used as initial coordinates for the fit to reduce the fitting time. 

In the end, the generated coordinates are corrected for stage drift. Stage drift is 

measured by using the bright field image or fluorescent beads. 

6. Drift: Stage drift is obtained from bright-field images using Fiji. Firstly, the noise is 

reduced using a Gaussian blur. Next, one cell is selected and cut out of the image 

(preferably a single cell). This cell is then segmented over all the frames by 

thresholding. Finally, the coordinates for the center of mass of the segmented cells 

are found using the analyze particles command in Fiji. These coordinates for all 

the frames can then be saved and used for drift correction. 

7. The drift of nucleus: The tracking results generated from MATLAB script are 

imported to python to perform further analysis. In order to get a more detailed 

understanding of nuclear movement, the tracks of nuclei were visualized using a 

2D random walk. The steps of the nuclear movement were also compared using 

histograms to study and compare the step size in various experiments. 

8. MSD: The MSD was averaged over all the tracks to plot the MSD curve of a 

particular experiment. The diffusion coefficient and α coefficients were determined 

from the calculated MSD of the nuclear movement. The relation is given as MSD 

directly proportional to diffusion coefficient times 𝜏𝛼 coefficient. 
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Chapter 4: CHARACTERIZATION AND STUDY 
OF DDR DYNAMICS 

 

 

Experimental Approach and Results 

Earlier work in the lab has established techniques to study replisome subunits 

using single-molecule microscopy techniques [20]. This project aimed at characterizing 

the effect of DNA damage or DNA stress on the binding kinetics of replisome subunits 

and the establishment of DDR. To study the effect of DNA damage on the replisome, the 

replisome subunit Pol δ was studied when cells were treated with UV radiation and 

compared to untreated cells. Preliminary results, shown in figure 4.1a with untreated 

YJL11 and 4.1b with UV treated YJL11, suggest that the number of red spots decreases 

over time, following the initiation of checkpoint signalling, which stops the further 

replication process until the completion of DNA repair. 

It is also expected that RPA bound to ssDNA will increase after UV treatment [5]. 

The accumulation of this ssDNA is the signalling checkpoint to initiate DNA damage or 

stress response [5]. The hypothesis is that increasing amounts of ssDNA after UV 

irradiation will be observable by greater amounts of RPA bound to chromatin. Figures 

4.1c and 4.1d shows preliminary results of the untreated ZEY206 and UV-treated ZEY206 

strains. The presence of the RPA is consistent in figure 4.1d with the accumulation of 

ssDNA, indicating DNA stress that has further obstructed the process of replication. 
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Figure 4.1: The cells entering the S phase shows PCNA mNG in green colour spots, and 

the protein of interest, Pol δ and RPA, is shown in red colour spots inside the cell (a) Untreated 

YJL11 with PA-JF549 fluorophore in agarose pad with Optiprep growth medium, (b) YJL11 with 

PA-JF549 fluorophore in agarose pad with Optiprep growth medium treated with UV light, (c) 

Untreated ZEY206 with PA-JF549 fluorophore in agarose pad with Optiprep growth medium (d) 

ZEY206 with PA-JF549 fluorophore in agarose pad with Optiprep growth medium treated with 

UV light 

 

Once the DDR initiates, multiple kinases associated with the checkpoint response 

interact with the replisome leading to a signalling cascade [5]. To study the establishment 

of DDR, multiple strains were constructed carrying C-terminal or N-terminal fusions. 

Initially, RAD53, DDC2, MRC1 and DUN1 were successfully transformed using BY4743 

wildtype. But the tetrads of MEC1 and TEL1, the apical kinases involved in DDR, could 

not be successfully dissected and gave 2/2 patterns required for selection. Other 

researchers have favoured the N-terminal fusion for MEC1 and TEL1 

[4][6][24][30][38][60]. To test for structural restrictions on the generation of C-terminal 
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MEC1 and TEL1 fusions, I undertook a bioinformatic analysis of these kinases. Assessing 

the possible variants of these kinases led to the possibility of growing deleterious strains 

on transforming them with C-terminal fusion. Additionally, the already constructed strains 

of RAD53, DDC2, MRC1 and DUN1 were also checked, and as expected, their variants 

were more tolerable. The variants mentioned here are the single-point mutated genes 

that were later categorized as tolerant or deleterious based on the calculated SIFT score 

for the missense mutations and applying statistical methods to determine its probability 

of mutation or overrepresentation of functional mutation. Table 4.1 shows the number of 

variants studied against the number of deleterious variants. As described in the literature, 

the apical kinases have low-confidence or deleterious variants that could lead to the strain 

losing its functional impact and it generally has a negative effect on the protein structure 

[22][28][29]. 

 

KINASES NO. OF VARIANTS COMMENTS 

MEC1 14 3 variants are deleterious 

RAD53 8 All variants are tolerable 

TEL1 14 3 deleterious variants, rest 

are low confidence tolerated 

DDC2 17 All tolerated variants 

DUN1 12 All tolerated variants 

Table 4.1: Analysis of variants of all the genes involved in DDR 

 

The successfully transformed strains of RAD53, DDC2, MRC1 and DUN1 were 

confirmed for insertion using the PCR techniques and primers developed for the same. 

On confirmation, the strains were studied under SMM to look for the proteins in the 
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desired wavelength. The untreated strains showed highly diffusing single-molecules on 

being activated by 405 lasers. Figure 4.2 shows the snapshots of these untreated cells 

after a few seconds of bleaching and being activated by the 405 lasers. Photobleaching 

is required to diffuse the excess dye from the background and makes it easier to notice 

the bound fluorescent proteins. The cells have noticeable labelling of the nucleus, which 

confirms the successful insertion of the genes. Figure 4.2(c) and 4.2(d) for RAD53 and 

DUN1 show a heterogeneously tagged nucleus as compared to MRC1 and DDC2 in 

Figures 4.2(a) and 4.2(b). It could be due to various reasons, like the strains required 

more than 40min incubation time, with the fluorescent dye, in the thermomixer at 30°C 

and 500 RPM as stated in Chapter 3: Sample preparation for single-molecule microscopy. 

These strains were finally sequenced to check for any possible mutations. These strains 

will be used in the future to characterize DDR in live cells. Due to time constrain, the 

construction of apical kinases, MEC1 and TEL1, is still under process. However, the 

primers and plasmids required for the procedure are ready for use. 

Mec1 is a member of the PIKK family that has the FATC domain at its C terminus. 

Therefore, many researchers worked on Mec1 alleles that could alter this 30-35 residue 

FATC domain to determine their function at the C-terminal [30]. For instance, changing 

the terminal tryptophan to alanine gave rise to sensitivity to temperature and HU in its 

growth media in vitro. Another example was the cell losing its viability by adding a terminal 

glycine. Additionally, all these Mec1 variants were less stable than wild-type strains that 

depicted minimized nuclear localization [22]. 
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Fig 4.2: The new C terminal strains were constructed and confirmed for insertion by 

taking snapshots of the fluorescent-tagged nucleus and using JF552 dye. (a) MRC1 without 
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bleaching and after 3 seconds of bleaching (b) DDC2 without bleaching and after 3 seconds of 

bleaching (c) RAD53 without bleaching and after 3 seconds of bleaching (d) DUN1 without 

bleaching and after 3 seconds of bleaching 

 

Alteration of the terminal residues results in stress-related phenotypes and partial 

mislocalization of the protein to the cytoplasm because the PIKK molecules have 

hydrophobic terminal residues. Hence researchers worked on the variants altered at C- 

terminal to verify if the FATC domain has any role in regulating the stability of PIKK family 

members [30]. They concluded that the mec1 strain is sensitive to temperature and 

hydroxyurea and shows reduced growth in these conditions. Whereas tagging the wild-

type with Flag5 or eGFP tag at the N-terminal did not affect its growth. [22] 

As mentioned earlier, the MEC1 and TEL1 strain construction is yet to be 

completed. The building blocks for this process have been completed and need to be 

used further to generate N terminal strains. The gRNA and repair or donor oligos for the 

process have been designed and developed. The HaloTag fragment (at 900bp) and kan 

resistant fragments (at 1.5kb) are generated using PCR with the concerned primer and 

pH6HTC, the His HaloTag plasmid, and pKD4, the kan resistant plasmid. The two 

fragments are ligated with the digested vector plasmid, pUC18, for cloning. gRNA oligos 

are annealed into these plasmids and transformed into yeast and the plasmids are lastly 

ejected for a marker-free integration of Halo-tag. The next step in my experiments is to 

complete the annealing and cloning of the gRNA with the plasmids to construct N-terminal 

strains. 
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Figure 4.3: PCR to obtain HaloTag fragments at 900bp and kan resistant fragments at 

1.5kb required for N terminal fusion (a) Scale to check the fragment and its corresponding 

number of base pair (b) PCR electrophoresis gel showing the ladder along with pKD4 and 

pH6HTC 

 

Discussion 

The presence of RPA (the visible red spots) in the treated ZEY206 gives a possible 

indication of the ongoing DDR. Therefore, the quantification of this data could provide 

important information about the onset of this response. Furthermore, a reduction of Pol δ 

spots, shown by the red spots in treated YJL11 at the replication fork, would also support 

the hypothesis that the DDR stops the progress of the replication fork until the damage is 

repaired. 

One of the challenges to study or quantify the DDR using these strains is that after 

some time, the labelled proteins will start diluting as cells grow and divide, resulting in the 

loss of the visible red spots. Since part of my focus is to obtain concrete information about 

the timing after UV treatment for the establishment of DDR. The dilution of labelled protein 

in this scenario makes the process harder. 
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The strain construction was one of the most critical and challenging steps in 

studying the protein dynamics involved in DNA damage response. The strain construction 

has been a big obstacle that delayed the experiments further. So far, RAD53, DDC2, 

MRC1 and DUN1 have been successfully transformed, and the MEC1 and TEL1 N- 

terminal fusion is in process. Additionally, in the entire process of strain construction, the 

dissections of spores proved to be unsuccessful for a few of the proteins. Multiple 

repetitions were needed to be sure of the results. These challenges hindered microscopy 

to a great extent. 

As mentioned earlier, the untreated strains with the successfully transformed C 

terminal proteins had a highly diffusing population of molecules in our experiment using 

500ms capture rates, with no clear spots representing chromatin-bound molecules. This 

supports the literature stating that these proteins bind to the replication fork under stress 

due to dNTP pool depletion on treating with UV [38]. The strains can be later modified to 

have PDR5 gene deletion, which has been reported from the previous work in the lab to 

allow better retention of the dye and makes the imaging with halo ligand much easier [35], 

which can help tackle the heterogeneity of fluorescent noticed in figure 4.2 above. 

Future work for these experiments will include quantifying the data already 

captured, first to determine the onset of DDR on being treated by UV using Pol δ or RPA. 

Few other replisome subunits can also be studied to see if they have a similar response 

to Pol δ. Furthermore, Hydroxyurea or Camptothecin can be used for treating the cells. 

SMM will also be used to study DDR proteins after treating cells with the above-mentioned 

reagents. I expect that continuation of this study will generate critical information to help 

us understand how DDR is established. Simultaneously, the CRISPR Cas9 will be used 

to successfully transform MEC1 and TEL1 to further study DDR dynamics. 

Once all the strains are successfully constructed and tested for insertion, the 

haploid strains need to be mated with the PCNA mNG. This diploid strain will express 

PCNA molecules in the green channel with 488nm laser beam, and HaloTag labelled 

proteins in the red channel with 561nm laser beam on being continuously activated by 

405nm laser beam. Later the dynamics of these HaloTag labelled proteins can be studied 

under the action of UV radiation-induced DNA damage with a similar microscopy protocol. 
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Chapter 5: FACTORS AFFECTING SMM IN 
YEAST 

 

 

Experimental Approach and Results: Choice of Fluorophores 

Work in our lab has used fluorescent tags attached to the proteins in question to 

employ fluorescence microscopy. When attempting to image single molecules, the 

background fluorescence must be low enough to achieve a high signal-to-noise ratio, 

which justifies using the HILO microscopy technique [17]. Additionally, the fluorophore 

used in earlier publications from the lab is the Photoactivable Janelia Farms 549 (PA-

JF549) [20] [35]. However, the choice of the fluorophore is one of the significant factors 

that could affect the quality of data obtained. Hence, using a strain carrying a copy of the 

histone H3 fused to halo tag (YTK1434), I decided to test various fluorescent dyes 

available in the lab: PA-JF549, PA-JF646, JF552 and JF646 (Appendix IV). 

Trackmate, an inbuilt feature of Fiji and is used to track the single molecules for 

our experiment [47]. Expediently, Trackmate has an inbuilt feature to identify the intensity 

spot by fitting the Gaussian model and applying the nearest neighbour approach in terms 

of cost function [48]. Figure 5.1(a) below shows an example of how the spots are detected 

at the 24th frame for YTK1434 strain with JF552 dye and agarose with Optiprep as the 

growth condition. Similarly, upon using Trackmate, the tracks recorded for the same 

example are shown in figure 5.1(b). Later, the cost function applied for these experiments 

was “Quality”, which is correlated to the size and intensity of the identified spot. Figure 

5.2 shows the quality of spots detected against all the tracks detected in the YTK1434 

strain when treated with PAJF549, PAJF646, JF552 and JF646. Similarly, figure 5.3 

shows the track length of all the tracks for the same set of experiments. 
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Figure 5.1: Example demonstrating the working of ImageJ-Trackmate: (a) Spot detected 

at 24th frame for histone H3 with JF552 in Agarose and Optiprep condition, (b) The tracks of all 

the spots detected over the entire 500 frames for histone H3 with JF552 in Agarose and 

Optiprep growth condition 

 

The spot quality for the sample with PA-JF549 shows a wider distribution of spot 

intensity ranging approximately from 0.2X AU 106 to 0.75 X AU 106 compared to all others. 

The histogram for the experiment with PA-JF646 shows a peak at 0.5 X AU 106. The 

experiment with the other non-photoactivable dyes, JF552 and JF646, shows a narrow 

peak at 0.3 X AU 106 with a trailing end. The cells labelled with non-photoactivable dye 

required a longer pre-bleaching step compared to PA dyes before single molecules were 

evident. Consequently, the trailing end in the histogram of figures 5.2c and 5.2d may 

represent spots containing multiple fluorescent molecules. 
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Figure 5.2: Spot quality of the segmented tracks: (a) Histone H3 with JF552, (b) Histone 

H3 with JF646, (c) Histone H3 with PA-JF549, (d) Histone H3 with PA-JF646 

 

The histogram for the calculated track length shows an exponential decay with a 

similar time constant as previously determined for PA-JF549 in our lab [2][35]. The 

majority of tracks in the experiment with PA-JF549 and PA-JF646 are concentrated at the 

extreme left side of the histogram, meaning most of the tracks have a shorter track length. 

JF552 has a gentle exponential decay as compared to the photoactivable dyes but is 

steeper when compared to the experiment with JF646, depicting that the spots are visible 

for a longer time period. 
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Figure 5.3: Spot track lengths and fluorophore used: (a) Histone H3 with JF552, (b) 

Histone H3 with JF646, (c) Histone H3 with PA-JF549, (d) Histone H3 with PA-JF646 

 

Table 5.1 shows the quality of data obtained or spots detected in terms of signal-

to-noise ratio and mean squared error (MSE). As noticeable from the raw data (figure 

5.5), the signal-to-noise ratio was higher for the sample with JF552 dye than all the others. 

From visual inspection of the images, this may be associated with a lower background 

fluorescence in the cell. Cellular background fluorescence in PA dyes may result from 

unspecific binding to cellular structure or from their lower permeability which prevents 

uncoupled dye from diffusing out of cells [67]. However, the track length of PA-JF549 was 
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closer to the mean track length of JF552 owing to a similar emission and absorption 

spectrum. Similarly, the mean track length of PA-JF646 was closer to JF646 and 

comparatively less than the PA-JF549 and JF552. Thus, according to the data obtained, 

the PA-JF549 and JF552 dyes perform better than the PA-JF646 and JF646 dyes, 

regarding background noise interference for tracking the single molecules, since we can 

track single molecules for a relatively good amount of time. 

 

Fluorophore Growth Medium Signal-To-Noise 

Ratio 

MSE Mean track length 

(# frames) 

JF552 Agarose + Optiprep 31.4 1294.9 11.2 

JF646 Agarose + Optiprep 30.9 1160 7.83 

PA-JF646 Agarose + Optiprep 25.2 1636.5 5.38 

PA-JF549 Agarose + Optiprep 25.6 1480.1 15.1 

JF549 Agarose + Optiprep N/A N/A N/A 

 

Table 5.1: Analysis of the quality of raw data of histone H3 with all the fluorescent dyes 

 

I was unable to detect any single-molecule spots in similar experiments using the 

non-photoactivable dye JF549 dye. This is possibly due to the low cell permeability of this 

dye, although I cannot discard other explanations. This dye was removed from further 

studies. 
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Experimental Approach and Results: Autofluorescence, Cell Wall and Choice of 

Growth Conditions 

Yeast exhibits higher autofluorescence background compared to E. coli, as seen 

in figure 5.4. Although multiple factors, such as the difference in their metabolism, 

contribute to the heightened background, here I focused on the contribution from its 

thicker cell wall (~200nm) compare to the ~10nm thick cell wall of bacteria [20]. A thick 

cell wall can contribute to the refraction of the fluorescence light produced in cells, 

resulting in a lower light collection. Optiprep has previously been used to match the 

refractive index of biological samples to improve microscopy [68]. Adding Optiprep to a 

concentration of 30% results in a refractive index similar to that of the cell wall of yeast 

[35]. 

 

Figure 5.4: Background autofluorescence in histone H3 

 

The data collected from the experiments for various fluorophores and varying 

growth conditions were studied for the spot quality and track length, as we can see from 

Appendix VI. For all the four dyes, the spot quality of the sample without using Optiprep 

showed a smaller second peak. In addition, the trailing end of the histogram from the 

experiment with agarose was not detected while using ConA for slide preparation. Thus, 

the experiment with ConA provides a precise, narrow distribution of spot intensity or 
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quality. Additionally, the track length of all these experiments also shows an exponential 

decay in a similar trend. 

When the data were evaluated and compared for all the experiments, it was 

noticed that the ConA gave a higher signal-to-noise ratio with a lower MSE as compared 

to the experiments with agarose. As we can observe from table 5.2, data from 

experiments with agarose and Optiprep showed a similar signal-to-noise ratio to that of 

ConA but presented considerably higher MSE for experiments when agarose and 

Optiprep were used. The mean track length of the single molecules segmented is higher 

for the agarose with SC growth condition than the one with Optiprep and ConA for all the 

dyes. However, for the PA-JF646 and JF646, the mean track length is considerably lower 

for ConA and agarose with Optiprep condition and rises considerably when using SC with 

Agarose. But the PA-JF549 and JF552 dyes have a comparatively similar range of mean 

track length for all three different conditions. 

 

Growth Medium Fluorophore Signal To 

Noise Ratio  

 

MSE in terms 

of intensity 

Mean track 

length 

(# frames) 

Agarose Optiprep JF552 31.4 1294.9 11.2 

Agarose SC JF552 22.58 1968.78 16.7 

ConA SC JF552 37.42 312.01 9.88 

      

Agarose Optiprep JF646 30.9 1160 7.83 

Agarose SC JF646 22.02 3220.037 27.6 

ConA SC JF646 31.93 636.5 13.5 
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Agarose Optiprep PA- JF646 25.2 1480.1 5.38 

Agarose SC PA- JF646 24.99897 2604.539 21.5 

ConA SC PA- JF646 26.82 501.22 6.18 

      

Agarose Optiprep PA-JF549 25.6 1636.5 15.1 

Agarose SC PA-JF549 23.66 2419.1 18.7 

ConA SC PA-JF549 33.08 512.27 10.4 

      

Agarose Optiprep JF549 N/A N/A N/A 

Agarose SC JF549 N/A N/A N/A 

 

Table 5.2: Analysis of the quality of raw data of histone H3 with all the fluorescent dyes 

and different growth conditions 

 

Figure 5.5 below shows an example of the raw data acquired for three different 

growth conditions, namely with ConA with SC, Agarose with Optipre and Agarose with 

SC and for four different fluorophores, i.e., JF552, JF646, PA-JF549 and PA-JF646, at a 

random given time t=52 sec. 
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Figure 5.5: Example of images from experiments with three growth conditions, (top to 

down) ConA+SC, Agarose+Optiprep and Agarose+SC, and four different dyes, (left to right) 

JF552, JF646, PA-JF549 and PA-JF646 

 

Discussion 

The data used in these experiments contain spots that are certainly not single, 

along with other spots that may be from the background or from a cell that does not exhibit 

the single-molecule nature after bleaching. These spots can result in the trailing end that 

we notice in our figures. For future work, these spots can be cleaned for, and the 

scrutinized data can be analyzed only for the spots that are positively from single 

molecules. 

The non-photoactivable dyes require longer pre-bleaching steps during the 

experiments to reduce the density of fluorescent molecules. Detection of single molecules 

was facilitated by a lower background than that when photoactivable dyes were used, 
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during 405nm laser activation. As a result, JF552 is the best performing fluorescent dye 

among all five dyes used in these experiments. 

Similarly, using Optiprep with agarose pad was able to tackle autofluorescence 

compared to experiment with agarose pad without Optiprep. Optiprep removes a shadow 

produced by the thick cell wall of yeast, but agarose too added to background noise. 

Although not very high, this background noise was not noticed when the ConA was used 

for slide preparation. Consequently, these results prompt us to stop using agarose to 

immobilize cells in single-molecule microscopy. 

The long track length when using Agarose and SC for PA-JF646 and JF646 needs 

to be verified with more experiments and quantification to reach a definite conclusion. 

Future studies may combine ConA with Optiprep to test for a potential further 

improvement in the quality of data acquired. This characterization will also be extended 

by testing other imaging protocols (for example, using 10 ms capture rates) and by 

characterizing photoactivatable fluorescent proteins such as mMaple and mEos3.2.  
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Chapter 6: EFFECTS OF NUCLEAR 
MOVEMENT IN YEAST AND OTHER 

BIOLOGICAL FACTOR AFFECTING THE 
MOVEMENT 

 

 

Experimental Approach and Results 

Stage drift usually accounts for the small percentage of drift in the raw data of yeast 

microscopy. But the movement of the nucleus can also cause drift and lead to the 

movement of spots out of the focal plane. Since the replisome subunits are present in the 

somewhat centrally placed nucleus, any movement can result in drifting the data. In 

addition, the nucleus is surrounded by various other cell organelles, like mitochondria, 

ER, cytoskeletal structure, etc. These can either restrict or assist the movement of the 

nucleus. The literature describes that actin and microtubule affect the movement of the 

nucleus in fission yeast, and this movement differs in various stages of the cell cycle [37]. 

To measure nuclear movement in budding yeast, we used a strain carrying a 

fluorescent derivative of the histone H2B (H2B-GFP fusion). A similar strain was used to 

study the nuclear movement in fission yeast. We then took pictures of cells with 1-second 

intervals and tracked the movement of the nucleus by determining the centroid of the 

fluorescent shape generated (Figure 6.1). From this, I generated tracks representing the 

movement of the nucleus over time and calculated the diffusion coefficient and the α 

coefficient (Figure 6.2 and Table 6.1). As can be observed in my results, the nucleus of 

fission yeast showed more constrained movement as compared to the budding yeast, as 

reported from lower values of the diffusion coefficient and α coefficient (Table 6.1). I also 

noticed that both of these parameters were higher in the S/G2 phase compared to the G1 

phase in budding yeast. This comparison can be noticed in Appendix V. 
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Figure 6.1: Depicting the budding yeast cell showing the mNeonGreen fluorescent 

nucleus of budding yeast 

 

To test for potential participation of the cytoskeleton in the control of nuclear 

movement, similarly to fission yeast, budding yeast was treated with nocodazole to inhibit 

microtubule and with latrunculin A to inhibit actin. The 2D random walk graph in figure 6.2 

clearly shows the movement of nocodazole-treated cells against the untreated and 

latrunculin A-treated cells. On average, the tracks for the treated cells explore less space 

than the tracks in untreated cells for the same amount of time. However, the latrunculin 

A-treated cells are far more constrained than the nocodazole-treated cells. Similarly, the 

movement of cells in the G1 phase for all three experiments is less than the S/G2 phase, 

irrespective of the treatment. 

Multiple histograms shown in Appendix V show the average and maximum step 

size of the nuclear movement. The histogram for the untreated cells in the G1 phase has 

a smaller average of step size. The nocodazole-treated cells in both stages show similar 

characteristics as that of untreated cells in the S/G2 phase. A similar trend is noticed in 
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the case of cluster graphs and MSD plots. In the case of latrunculin A-treated cells, the 

average is smaller for both phases. 

 

 

Figure 6.2: 2D random walk graph untreated and treated budding yeast. The first row 

shows all the cells in the G1 phase for all three experiments. The second row shows all the cells 

in the S/G2 phase for all three experiments. The first column shows the experiment of budding 

yeast treated with Nocodazole; the second column is the experiment with untreated budding 

yeast, the third column is the experiment with budding yeast treated with latrunculinA 

 

The diffusion coefficient and MSD yield information about the movement and 

characteristics of the different molecules. Moreover, diffusion has a linear relation with 

time. The mean square displacement can be physically interpreted to measure how much 

space the particle has explored in a specific window of time. When fitting the MSD to the 

function describing the diffusion coefficient, a value of 0.6209 and 0.7727 for G1 and S/G2 

phases was found for α, as shown in figure 6.3, which is expectedly in the range for 

subdiffusive motion. Subdiffusive behaviour by the nucleus agrees with what has been 

reported for other particles in the cell [41]. 
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Figure 6.3: Shows the average MSD of all the tracks, and the red line indicates the fitting 

of the curve to determine its diffusion coefficient and α coefficient 

 

Similarly, as shown in Table 6.1, the α coefficient for the G1 phase for all the 

experiments is lower than that of cells from the S/G2 phase, although the magnitude of 

the difference is smaller than in untreated cells. These results suggest fewer restrictions 

in the movement of the nucleus in the latter phases of the cell cycle, although it may also 

account for an increased cell volume as cells progress through the cell cycle. Additionally, 

on treating the cell with nocodazole and inhibiting the microtubule, the α coefficient of the 

movement remains similar to that of untreated cells. Whereas the α coefficient of 

latrunculin-treated cells decreases considerably, supporting the constrained 2D random 

walk graph. 
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 Phase Sample size α coefficient Diffusion coefficient 

(µm2/sec) 

Budding Yeast G1 31 0.6209 0.0017 

 S/G2 125 0.7727 0.0022 

     

Fission Yeast G1 36 0.4839 0.001 

 S/G2 201 0.5295 0.0011 

     

Nocodazole treated 

budding yeast 

G1 39 0.7678 0.0019 

 S/G2 108 0.7778 0.002 

     

Latrinculin-A treated 

budding yeast 

G1 64 0.2072 0.0002 

 S/G2 173 0.2543 0.0001 

 

Table 6.1: Analysis of sub-diffusive movement of the nucleus budding yeast cells in all 

the experiments for two different stages of cell cycle 

 

H2B-GFP cells were fixed and imaged to test the precision of the generated 

localization scripts. The time-lapses with fixed cells were analyzed through the program 

to see if there are deviations in localizations. A perfect program would locate the fixed 

nucleus at the same x- and y-coordinate, but there are always some tiny deviations in 

reality. Figures in Figure 6.4 show a comparison between a moving nucleus and a fixed 

nucleus. It can be seen that the distance the nucleus moves per frame is more significant 
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for the live cell than the end-to-end distance of the fixed track. This analysis confirmed 

that deviations in localizations caused by the program would not substantially impact the 

generated data. Additionally, the results from the fixed yeast samples were used to 

correct the experimental drift in the measurements for the movement of the live yeast 

samples. 

 

 

 

Figure 6.4: An example of live vs fixed budding yeast nucleus. The spread-out blue 

random walk graph shows the movement of a nucleus of live budding yeast, and the constraint 

red random walk graph shows the movement of the nucleus of fixed budding yeast. 

 

Discussion 

The results indicate that the nucleus of S. cerevisiae is quite mobile. It was shown 

the nucleus has sub-diffusive behaviour and can be modelled as a fractional Brownian 

motion process. Although these results are generated from 2D images, it can be assumed 

that the motion applies in 3D, but this still needs to be verified to be sure. It was found 

that the nucleus moves approximately 400nm in 200sec. 400nm is the focal depth of the 

microscope, so after 200 seconds, the nucleus has, on average, moved out of focus. This 

data is crucial in experiments where bound times are to be determined, and if the bound 

times are close to or over 200 seconds, the resulting data can have a few uncertainties. 
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So for proteins that bind for a long time, for instance, the helicase, it is essential to sample 

at multiple focal planes at the cost of increased bleaching. 

The nuclear movement in all the experiments depicts a subdiffusive regime, i.e. 

below α coefficient of 1, owing to its environment. The nucleus in budding yeast moves 

more freely than in the fission yeast that shows a constrained directional movement. We 

presume that the directional movement is due to the rod shape of fission yeast. My 

analysis of the nucleus in fixed cells showed some error movement, and it was used as 

a reference for the localized precision of the live cells. Furthermore, the untreated cells 

show a noticeable difference in nuclear movement in different phases. One possible 

interpretation of these results is possible changes in the cell environment over the cell 

cycle, resulting in changes in nuclear diffusion. However, future work will explore a 

possible contribution from the cell size in these estimates. 

The treatment with latrunculinA has a significant effect on the nuclear movement, 

suggesting that actin plays a substantial role in the nuclear movement in budding yeast. 

While on the contrary, upon treating with nocodazole to inhibit microtubules, there is no 

significant change in the movement, other than the fact that cells in G1 and G2/S phases 

reported more similar parameters among them, behaving similarly to untreated cells in 

the S/G2 phase. Thus, the nuclear movement doesn’t show much difference in different 

cell cycle stages for nocodazole or latrunculin-treated cells. Although understanding the 

mechanisms behind the dynamics of the nucleus of S. cerevisiae goes beyond the scope 

of my thesis, this is an exciting subject represented only scarcely by the literature. 
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Chapter 7: CONCLUSION 
 

 

This thesis made advances towards characterizing and understanding the 

dynamics of DNA damage response in the eukaryotic replisome of S. cerevisiae. Despite 

many technical difficulties encountered in chapter 4, suitable strains with the desired gene 

and halo tag insertion were constructed and were imaged using suitable conditions for 

the single-molecule microscopy techniques. It appears that this technique is best suited 

for the study of proteins that exhibit an organized structure and concentrated distribution, 

which ensure adequate signal intensity for reliable image reconstruction. Chapter 4 

implemented SMM to determine the binding kinetics of Pol δ, RPA, and a few checkpoint 

mediated kinases in times of DNA damage or stress. This preliminary work suggests the 

treatment of cells with UV leads to the inhibition of the DNA polymerases, resulting in the 

accumulation of ssDNA. RPA binding to the accumulated ssDNA signals the checkpoint 

kinases about the encountered stress. Hence, these RPA can be used to study or quantify 

the onset of DDR. This work also supports the hypothesis that DDR will obstruct the 

process of the replication fork until the damage is repaired. Preliminary characterization 

of the new strains in Chapter 4 also suggests that the DDR proteins are highly diffusive 

and will not bind to the fork unless a DDR is initiated. Future studies, using the improved 

methods described in Chapter 5, will aim at obtaining a clearer description of the 

replisome after DNA damage and of the behaviour of DDR proteins during the 

establishment of DDR. 

Chapter 5 analyzed the effect of various factors like the type of fluorophore, the 

presence of cell wall in yeast, and auto-fluorescence in single-molecule microscopy of 

yeast. Our results are in agreement with previous observations that the presence of a 

thick cell wall of yeast affecting the quality of acquired data. This challenge is overcome 

by using Optiprep in the growth medium. However, an alternative technique by employing 

ConA for slide preparation to avoid using agarose gel proved to be an even more effective 

solution. Chapter 5 also discusses the quality of data with five different fluorescent dyes. 
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These experiments conclude that JF552 is currently the best available dye for single-

molecule data. 

Chapter 6 discusses the effect of nuclear movement in order to avoid drift in the 

data. It also discusses the effect of the cytoskeleton on the nuclear movement within the 

cell. The cytoplasm of the cell is a viscoelastic medium, and given the size scale of the 

nucleus, this results in its constrained movement. The cytoplasm also consists of multiple 

organelles and polymer networks which all probably interfere with the movement of the 

nucleus. The experiment shows that the cell exhibits prominent nuclear movement, and 

inhibiting the microtubule by treating it with nocodazole does not really have any 

significant effect on this movement. But that actin may play a role in controlling nuclear 

movement. 

The research of this thesis holds broader implications for the understanding of 

DNA damage response in yeast and for the improvement of the single-molecule 

microscopy technique for yeast. Characterization of the binding kinetics of DDR factors is 

normally growing, and in cells experiencing DNA damage will allow us to better 

understand how the cell integrates the information on the state of its genome, eventually 

leading to a decision of establishing DDR. By integrating the results of aim3 with aim1 or 

aim2, could lead to clear data and better analysis. Indeed, the optimization of single-

molecule imaging for the yeast system provides a more efficient and powerful approach 

to not only study the eukaryotic replication and DDR but also other processes occurring 

in the nucleus. 
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APPENDICES 
 

 

Appendix I: List of yeast Strains 

 

Name Description Mating Genotype 

WT 
BY4743 

Diploid wild-type MATa/α MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 

met15Δ0/MET15 ura3Δ0/ura3Δ0 

YJL11 
 

Pol32-Halo in PCNA-
mNG and pdr5Δ0 
background, dissected 
from YSW93 

MATα 
 

 

MATαhis3Δ1 leu2Δ0 lys2Δ0 MET15 
ura3Δ0 pdr5Δ0-Kan PCNA-
mNeonGreen-Nat POL32-Halo-HygB 
 

ZEY206 Rfa1-Halo in Δpdr5 
PCNA-mNG, dissected 

from ZEY196 

MATa 
 

MATa his3Δ1 leu2Δ0 LYS2 met15Δ0 
ura3Δ0 RFA1-Halo-HygB POL30-
mNeonGreen-Nat Δpdr5::KanMX 
 

YTK1434 Histone H3 HHT1-
HaloTag::URA3. PDR5-

delta mutation. 

MAT a 
 

MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 pdr5Δ::LoxP-KAN-LoxP 
HHT1-HaloTag::URA3 

YSR18 
 

DDC2-Halo. PCR from 
pSJW01 using 

SR17/SR18 and 
transformed into 

BY4743 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
met15Δ0/MET15 ura3Δ0/ura3Δ0 
DDC2/DDC2-Halo-HygB 
 

YSR19 
 

DUN1-Halo. PCR from 
pSJW01 using 
SR21/SR22 and 
transformed into BY4743 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
met15Δ0/MET15 ura3Δ0/ura3Δ0 
DUN1/DUN1-Halo-HygB 
 

YSR30 
 

TEL1-Halo. PCR from 
pSJW01 using 

SR13/SR14 and 
transformed into 

BY4743 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
met15Δ0/MET15 ura3Δ0/ura3Δ0 
TEL1/TEL1-Halo-HygB 
 

YSR31 
 

DDC2-Halo. PCR from 
pSJW01 using 

SR17/SR18 and 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
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transformed into 
BY4743 

 

met15Δ0/MET15 ura3Δ0/ura3Δ0 
DDC2/DDC2-Halo-HygB 
 

YSR32 
 

DUN1-Halo. PCR from 
pSJW01 using 
SR21/SR22 and 
transformed into BY4743 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
met15Δ0/MET15 ura3Δ0/ura3Δ0 
DUN1/DUN1-Halo-HygB 
 

YSR36 
 

Rad53-Halo. PCR from 
pSJW01 using 
SR05/SR06 and 
transformed into BY4743 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
met15Δ0/MET15 ura3Δ0/ura3Δ0 
RAD53/RAD53-Halo-HygB 
 

YSR37 
 

Rad53-Halo. PCR from 
pSJW01 using 
SR05/SR06 and 
transformed into BY4743 

MATa/α 
 

MATa/α his3Δ1/his3Δ1 
leu2Δ0/leu2Δ0 LYS2/lys2Δ0 
met15Δ0/MET15 ura3Δ0/ura3Δ0 
RAD53/RAD53-Halo-HygB 
 

Table A1: List of all the strains used for all the above-mentioned experiments with their 

genotype and description 

 

 

Appendix II: List of Plasmids 

 

Plasmid Description 

pSJW01 HaloTag Gene with HygB selectable marker 

pH6HTC Histone HaloTag Plasmid 

pKD4 Kanamycin resistant gene Plasmid 

pUC18 Vector Plasmid 

pML104 Cas9-sgRNA expression vector with the URA3 selectable marker 

pML107 Cas9-sgRNA expression vector with the LEU2 selectable marker 

Table A2: List of all the plasmids for the strain construction and their description 
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Appendix III: Oligonucleotides Sequences 

 

• For plasmid cloning 

 

Name Description Sequence 

Halo C-ter-

F 

Cloning Halo tag for 

C-ter fusions through 

l-red 

AGGAGCTCGGCTGGCTCCGCTGCTGG
TTCTGGCGCAGTCGGATCCGAAATCG
GTACTGG 
 

Halo C-ter-

R 

Cloning Halo tag for 

C-ter fusions through 

l-red 

TTTaccggtTTAACCGGAAATCTCCAGAG
TAG 
 

Halo seq3' Screening integrated 

halo gene-fusions  

AAGCCTGCCTAACTGCAAGG 
 

Halo seq5' Screening integrated 

halo gene-fusions  

CATCGCGCGGACCAACATC 
 

Halo_NF For cloning  FPs for 

N-terminal fusions 

for Histone HaloTag 

Plasmid 

TTTaccggtATGGGATCCGAAATCGGTAC

TGG 

Halo_NR For cloning  FPs for 

N-terminal fusions 

for Histone HaloTag 

Plasmid 

AGGAGCTCGCGCTGCCAGAACCAGCG

GCGGAGCCTGCCGAACCGGAAATCTC

CAGAGTAG 

Kan_nfus_

R 

For cloning  FPs for 

N-terminal fusions 

TTAGGATCCTGTAGGCTGGAGCTGCTT

CG 

Kan_nfus_

F 

For cloning  FPs for 

N-terminal fusions 

TTACCCGGGCATATGAATATCCTCCTT

AG 

Table A3: List of all the oligonucleotides required for Plasmid cloning 
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• For strain construction 

 

Name Description Sequence 

SR05 Forward primer to 

tag RAD53 with FP 

GGACCAAACCTCAAAAGGCCCCGAGAATT

TGCAATTTTCGggtgacggtgctggtttaat 

SR06 Reverse primer to 

tag RAD53 with FP 

TTAAAAAGGGGCAGCATTTTCTATGGGTAT

TTGTCCTTGGcagtatagcgaccagcattc 

SR07 Forward primer to 

ampllify C-ter 

insertion at RAD53 

locus. 

CGATACAAATAATAACGGC 

SR08 Rev primer to 

ampllify C-ter 

insertion at RAD53 

locus. 

AACTAAAACTGAAAATCAAAAC 

SR09 For primer to tag 

MEC1 with FP 

CAATCTAAGCAAGATGTATATTGGTTGGCT

TCCATTTTGGggtgacggtgctggtttaat 

SR10 Rev primer to tag 

MEC1 with FP 

AAGAGGAAGTTCGTCTGTTGCCGAAAATG

GTGGAAAGTCGcagtatagcgaccagcattc 

SR11 For primer to 

ampllify C-ter 

insertion at MEC1 

locus. 

GCGTTGATGAATGTGATCG 

SR12 Rev primer to 

ampllify C-ter 

insertion at MEC1 

locus. 

GCTTGATTAGGTTGTTTCTC 

SR13 

For primer to tag 

TEL1 with FP 

AAATTTGAGTGTTATATATATGGGATGGTC

ACCTTTTTATggtgacggtgctggtttaat 



- 70 -  

SR14 

Rev primer to tag 

TEL1 with FP 

TATAAACAAAAAAAAGAAGTATAAAGCATC

TGCATAGCAAcagtatagcgaccagcattc 

SR15 

For primer to 

ampllify C-ter 

insertion at TEL1 

locus. 

AAGTAACAACGACAGGAACG 

SR16 

Rev primer to 

ampllify C-ter 

insertion at TEL1 

locus. 

CCAAATCTGCGTAGTGAGTC 

SR17 

For primer to tag 

DDC2 with FP 

ACTAGAGGAGGCCGATTCATTATATATCTC

AATGGGACTGggtgacggtgctggtttaat 

SR18 

Rev primer to tag 

DDC2 with FP 

TTCTATAAAGCGTTGACATTTTCCCCTTTTG

ATTGTTGCCcagtatagcgaccagcattc 

SR19 

For primer to 

ampllify C-ter 

insertion at DDC2 

locus. 

GCCTTTGAGGATTTACCAGA 

SR20 

Rev primer to 

ampllify C-ter 

insertion at DDC2 

locus. 

GAAGTTGTTCTGAATCCAGC 

SR21 

For primer to tag 

DUN1 with FP 

CAATAAAATACCCAAAACATACTCAGAATT

ATCTTGCCTCggtgacggtgctggtttaat 

SR22 

Rev primer to tag 

DUN1 with FP 

CCAGATTCAAACAATGTTTTTGAAATAATG

CTTCTCATGTcagtatagcgaccagcattc 

SR23 

For primer to 

ampllify C-ter 

insertion at DUN1 

locus. 

TCTTACAAGCTAAGTATGCG 
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SR24 

Rev primer to 

ampllify C-ter 

insertion at DUN1 

locus. 

CGTTGAGGAAAGGTGAAGG 

SR29 

N Terminal gRNA 

for mec1 

GGCAATAAAAGACCTGAACTCGG 

SR30 

N Terminal Oligo1 

for Mec1 

GATCGGCAATAAAAGACCTGAACTGTTTTA

GAGCTAG 

SR31 

N terminal Oligo2 

for Mec1 

CTAGCTCTAAAACAGTTCAGGTCTTTTATT

GCC 

SR32 

N terminal gRNA for 

Tel1 

TATATAACACTCAAATTTGATGG 

SR33 

N terminal Oligo1 

for Tel1 

GATCTATATAACACTCAAATTTGAGTTTTAG

AGCTAG 

SR34 

N terminal Oligo2 

for Tel1 

CTAGCTCTAAAACTCAAATTTGAGTGTTAT

ATA 

Table A4: List of all the nucleotides required for strain construction 

 

 

Appendix IV: HaloTag Fluorescent dyes 

 

1. PA-JF549 

2. PA-JF646 

3. JF552 

4. JF646 
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Appendix V: Analysis of Nuclear Movement in Budding Yeast 

 

Budding yeast VS Fission yeast 

 

 

 

App V (a): Cluster graph 
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App V(b): Average step size 

 

 

App V(c): Maximum step size 
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App V(d): Maximum distance travelled 

 

Untreated and Treated Budding Yeast 

 

App V(e): Average step size 
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App V(f): Maximum step size 

 

 

App V(g): Maximum distance travelled 
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App V(h): MSD 
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Appendix VI: Analysis of experiments with different fluorophores and different 

growth conditions 

 

 

App VI (1): JF552 Track Length Analysis (a) ConA growth condition (b) Optiprep with 

Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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App VI (2): JF552 Spot qulaity Analysis (a) ConA growth condition (b) Optiprep with 

Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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App VI (3): JF646 Track Length Analysis (a) ConA growth condition (b) Optiprep with 

Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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App VI (4): JF646 Spot Qulaity Analysis (a) ConA growth condition (b) Optiprep with 

Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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App VI (5): PA-JF549 Track Length Analysis (a) ConA growth condition (b) Optiprep 

with Agarose Growth Condition (c) Optiprep with SC Growth Condition 

 



- 82 -  

 

 

App VI (6): PA-JF549 Spot Quality Analysis (a) ConA growth condition (b) Optiprep with 

Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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App VI (7): PA-JF646 Track Length Analysis (a) ConA growth condition (b) Optiprep 

with Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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App VI (8): PA-JF646 Spot Quality Analysis (a) ConA growth condition (b) Optiprep with 

Agarose Growth Condition (c) Optiprep with SC Growth Condition 
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Appendix VII: DDR variants Bioinformatic Analysis 

 

SIFT Scoring: Mec1 

Variant ID sift_class SIFT 

s02-507058 deleterious 0.02 

s02-507213 tolerated 0.26 

s02-507268 tolerated 0.66 

s02-507661 tolerated 0.43 

s02-507790 tolerated 0.6 

s02-507802 tolerated 0.78 

s02-508249 deleterious 0.03 

s02-510134 tolerated 0.54 

s02-510231 tolerated 1 

s02-510351 tolerated 0.96 

s02-510427 tolerated 1 

s02-510436 tolerated 0.56 

s02-510694 tolerated 0.5 

s02-512080 deletorious 0.01 

 

 

SIFT Scoring: RAD53 

Variant ID sift_class SIFT 

s16-261905 tolerated - low confidence 0.84 
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s16-262451 tolerated 0.58 

s16-262501 tolerated 0.67 

s16-263633 tolerated 0.63 

s16-263634 tolerated 0.2 

s16-263634 tolerated 0.2 

s16-263647 tolerated 0.14 

s16-263732 tolerated 0.76 

 

 

SIFT Scoring: TEL1 

Variant ID sift_class SIFT 

s02-53145 tolerated - low confidence 1 

s02-53150 tolerated - low confidence 0.82 

s02-53579 tolerated - low confidence 0.31 

s02-53582 tolerated - low confidence 0.5 

s02-53799 deleterious - low confidence 0 

s02-53850 deleterious - low confidence 0.02 

s02-54054 tolerated - low confidence 0.82 

s02-54153 tolerated - low confidence 0.88 

s02-54264 tolerated - low confidence 1 

s02-54335 tolerated - low confidence 0.33 
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s02-59043 tolerated - low confidence 0.5 

s02-59188 tolerated - low confidence 1 

s02-59196 tolerated - low confidence 0.2 

s02-59274 deleterious - low confidence 0 

 

 

SIFT Scoring: DDC2 

Variant ID sift_class SIFT 

s04-1447829 tolerated - low confidence 0.81 

s04-1447869 tolerated - low confidence 0.46 

s04-1447935 tolerated 0.09 

s04-1447951 tolerated 0.75 

s04-1447954 tolerated 0.81 

s04-1448092 tolerated 0.27 

s04-1448333 tolerated - low confidence 0.34 

s04-1448512 tolerated 0.33 

s04-1448578 tolerated 0.19 

s04-1448737 tolerated 1 

s04-1448837 tolerated 0.74 

s04-1449115 tolerated 1 

s04-1449164 tolerated 0.34 

s04-1449398 tolerated 0.59 

s04-1449421 tolerated - low confidence 0.68 

s04-1449917 tolerated 0.64 

s04-1450033 tolerated 0.59 

 


