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Abstract 

The replication of DNA is a critical step that every cell needs to complete once every cell cycle. 

Repercussions from errors in DNA replication can be very costly to the cell, from simple DNA 

repair to cell death. The multi-protein complex known as the replisome is responsible for 

completing DNA replication faithfully. Recent data have refuted the belief that the replisome is a 

stable assembly in Escherichia coli (E. coli); instead, it is highly dynamic. However, it is unclear 

in this new model how the replisome maintains its integrity when some of its subunits turnover 

every few seconds. To address this question, I used fluorescent microscopy to directly assess what 

happens to replisome components when they encounter DNA damage and identify factors required 

for the replisome’s dynamic behaviour. 

  

In this work, I first investigate the effect of DNA damage caused by ultraviolet (UV) light on the 

replisome. I reveal that the activity of the replisome continues after UV irradiation, albeit at a 

reduced rate. The active DNA polymerase may stall at the site of DNA damage, but because of its 

dynamicity, another DNA polymerase continues with DNA replication after the lesion on DNA is 

skipped. I show that additional copies of DNA polymerase are recruited elsewhere on the 

chromosome, presumably to aid in DNA repair. This recruitment is independent of ongoing DNA 

replication but requires χ, a clamp loader accessory protein. This finding led me to investigate the 

role of χ during normal DNA replication. I show that χ increases the DNA-bound proportion and 

allows for more efficient recycling of the DNA polymerase and the clamp loader (together called 

Pol III*), most likely by reducing the time needed to search for the replication fork. My data 

suggests the Pol III* uses the interaction between χ and SSB to increase the binding surface during 

its search. This work exposes the strategies that a dynamic replisome uses to keep its integrity 

during DNA replication, providing clues on how all bacteria preserve their DNA’s integrity during 

this essential cellular process. 
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Résumé 

La réplication de l’ADN est une étape critique que toutes les cellules doivent compléter une fois 

par cycle cellulaire. Les conséquences des erreurs dans la réplication de l’ADN peuvent être très 

coûteuses pour la cellule, pouvant aller jusqu’à la mort de celle-ci. En fait, le complexe multi-

protéines connu sous le nom du réplisome est responsable de compléter fidèlement la réplication 

de l’ADN. Des données récentes ont réfuté la croyance selon laquelle, chez Escherichia coli (E. 

coli), le réplisome est un assemblage stable. Au contraire, le réplisome serait plutôt très 

dynamique. Toutefois, il n’est pas clair dans ce nouveau modèle comment le réplisome maintient-

il son intégrité lorsque certaines de ses sous-unités sont échangées après quelques secondes. Afin 

de répondre à cette question, j’ai utilisé la microscopie fluorescente pour évaluer directement ce 

qui arrive aux composantes du réplisome lorsqu’il rencontre une partie endommagée de l’ADN et 

pour identifier les facteurs requis pour maintenir le comportement dynamique du réplisome. 

  

Dans ce travail, j’étudie d’abord l’effet des dommages causés à l’ADN par la lumière ultraviolette 

(UV) sur le réplisome. Je révèle que l’activité du réplisome se poursuit après une irradiation UV, 

mais à une vitesse réduite. Le Pol III HE actif peut s’arrêter au site endommagé sur l’ADN mais 

en raison de sa dynamique, une autre copie de Pol III* continue la réplication d’ADN après avoir 

passé la lésion. Je démontre aussi que des copies supplémentaires de Pol III HE sont recrutées 

ailleurs sur le chromosome, probablement pour aider à la réparation de l’ADN. Ce recrutement est 

indépendant de la réplication de l’ADN, mais nécessite la présence de χ, une protéine accessoire 

du chargeur de clamp. Cette constatation m’a amené à étudier le rôle de χ pendant la réplication 

normale de l’ADN. Je montre que χ augmente la proportion de Pol III* liée à l’ADN et l’efficacité 

du recyclage du Pol III* et ce, probablement en réduisant le temps nécessaire à la recherche de la 

fourche de réplication. Mes résultats suggèrent que le Pol III* utilise l’interaction entre χ et le SSB 

pour augmenter la surface de liaison pendant sa recherche pour la fourche. Ce travail expose les 

stratégies qu’un réplisome dynamique utilise pour maintenir son intégrité pendant la réplication 

de l’ADN, fournissant des indices sur la façon dont toutes les autres bactéries préservent leur ADN 

intact au cours de ce processus cellulaire essentiel. 
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Chapter 1 

Introduction 

For cells, deoxyribonucleic acid or DNA is the molecule that stores all information needed for 

their survival. Changes (mutations) to that code can provide a cell with an advantage over others 

of its species. However, most of the time, mutations lead to problems that, in the wrong conditions, 

can, in turn, lead to cell death. Cells are particularly exposed to acquire mutations during DNA 

replication. DNA replication is a process where the parental DNA is replicated in a semi-

conservative matter [1]. The result is two sets of DNA double strands, half of the strands coming 

from the parent and the other half newly replicated DNA. DNA replication requires unwinding the 

double-stranded parental copy into single-stranded DNA, which is catalyzed by the replicative 

helicase. Then a DNA polymerase faithfully copies the parental strand to generate a 

complementary strand. Other proteins are needed to ensure coordination between the helicase and 

DNA polymerase. These proteins assemble into a multiprotein molecular machinery called the 

replisome [1]. 

 

 The replisome of Escherichia coli (E. coli), a gram-negative bacterium, has been the focus 

of intense study for at least half a century, using genetic manipulation, biochemical assays, and, 

more recently, single-molecule fluorescent microscopy techniques. Single-molecule fluorescent 

microscopy techniques like stepwise photobleaching or single-particle tracking photoactivatable 

localization microscopy (sptPALM) have brought new insight into the behaviour of the bacterial 

replisome [2-7]. A recent development has been the discovery of the dynamicity of replisome 

components. Multiple labs have shown in vivo and in vitro that the DNA polymerase is highly 

dynamic, with exchanges happening on the order of seconds amounting to anywhere between 3 – 

10 kilobase pairs (kbp) of replicated DNA [2, 3]. Previous biochemical data had pointed toward a 

stable binding of the DNA polymerase, on the order of minutes and replicating an average of 70 

kbp of DNA [8, 9]. The subunit exchange at the replisome has provided a new lens to examine old 

questions in the field and has opened a new set of questions on its underlying mechanisms. 

 

Copying of the sequence of DNA during replication is done with exquisite fidelity. In 

bacteria, it is estimated that the mutation rate is 10-11 per nucleotide (nt) per round of replication 

[10]. In great part, this is due to the low mutation rate of the catalytic subunit (α) of the Pol III 
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DNA polymerase. The e subunit of Pol III, which is a proof-reading exonuclease, reduces the 

mutation rate even more. Factors contributing to the low mutation rate also include components 

that are not part of the core replisome [10]. For example, the Mismatch Repair (MMR) pathway 

removes mutations in the newly synthesized DNA [10].  

 

However, most mutations do not arise from errors by the replication machinery. External 

mutagens like UV irradiation or chemical products also cause mutations to the DNA template [11]. 

If the DNA lesion is bulky enough to interrupt the DnaB helicase progression, a cascade of DNA 

repair mechanisms, like homologous recombination repair, are activated, usually through the SOS 

response [12]. Nevertheless, what about when the helicase can bypass the DNA lesion without 

destabilizing it? Two divergent models have been proposed, either the DNA polymerase is stalled 

by the DNA damage [13] or the DNA polymerase hops over the DNA damage and continues its 

replication [14]. Based on data in this work, I propose that the replisome's dynamic nature confirms 

both models. The DNA polymerase's dynamicity allows the original Pol III* to be stalled and a 

new copy of Pol III* to replace it. 

 

 Chapter 2 will provide a review on DNA replication and DNA repair during replication to 

give context for this thesis. This context will be in the E. coli organism, which was the model 

system used for the work presented in Chapters 3 - 4 

 

           Chapter 3 will describe what happens to the DNA replication machinery when it encounters 

UV damage. Unexpectedly, I found that DNA replication continues, albeit at a reduced rate. I also 

found that the Pol III HE is recruited elsewhere on the chromosome, that this recruitment is 

independent of DNA replication, and that χ, a clamp loader accessory protein, was needed for that 

recruitment. This work was published in Proceedings of the National Academy of Science (2019), 

where I am the first author. 

 

 

           Chapter 4 builds on the previous chapter by investigating the role of χ in normal DNA 

replication using single-molecule fluorescence microscopy techniques and degradation 

techniques. I found that χ is an essential piece in maintaining a dynamic replisome. It increases 
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the bound proportion of the DNA polymerase while also increasing the active site's competition at 

the replication fork. The presence of χ also increases the rate of rebinding of the Pol III*, most 

likely by reducing the search time. It does this through its interaction with SSB, which provides a 

larger binding surface. 

 

Lastly, chapter 5 will serve as a summary and a discussion of the results presented in the 

thesis. Included will be an outlook into future work. 
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Chapter 2 

Introduction to DNA Replication and Repair 
This literature review will focus on E.coli DNA replication and repair, specifically how the 

replication machinery is built to adapt to any change quickly. 

 

2.1 Deoxyribonucleic Acid 

One of the essential molecules in life is deoxyribonucleic acid or DNA. All known non-viral 

organisms are coded in DNA, and even most viruses deal with DNA at some point of their life 

cycle; only viruses in classes 3-5 viruses never have a DNA intermediate [15]. For all other life 

forms, DNA is the code for all other biological molecules. Since 1869, in which chemist Friedrich 

Miescher first described “nuclein,” the scientific community has been studying DNA [16]. 

Tremendous progress has been made since its discovery. In the first part of the 20th century, 

Oswald Avery and Frederick Griffith to understand pneumococcal infections led to the surprising 

discovery of DNA as the hereditary material [17-20]. From then on, the work done to understand 

DNA has been countless. There were many open questions then, and still today, the study of DNA 

reveals new data.  

 

The description of the double helix structure of DNA proposed by Watson and Crick was 

a ground-breaking achievement. They built off work done by Erwin Chargaff, Rosalind Franklin 

and Maurice Wilkins [21-23]. Their model had four major features (later scientists have made 

some minor changes): 1. DNA is a double-stranded helix connected by hydrogen bonds. Adenine 

bases pair with thymine bases, and cytosine pairs with guanine. 2. The double-stranded helices are 

almost always right-handed. 3. The double-strand helix is anti-parallel; the 5’ end of one helix is 

matched with the 3’ end of the other helix. 4. The nitrogen-containing outer edges of each base 

provide another scaffold for hydrogen bonds, providing easy access for proteins to the DNA [24]. 

They even hypothesized on how DNA was copied, “It has not escaped our notice that the specific 

pairing we have postulated immediately suggests a possible copying mechanism for the genetic 

material” [24]. The structure was well described with their seminal work, but it took a few years 

before we understood how to replicate that DNA into two strands. 
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  From the structure, three models for replication had been stipulated. The first that 

replication was semi-conservative, where the parental strands would separate, and a copy of itself 

would be made. After replication, the daughter strands contained each an old and new strand of 

DNA. The second model stipulated that replication was conservative, where the parental DNA 

molecule would be replicated so that after replication, there would be that parental DNA molecule 

and a completely new DNA molecule. In the last model, the dispersive model, DNA from the 

parental strands is distributed randomly in both daughter strands. Matthew Meselson and Franklin 

Stahl decided to test these models by using isotope labels. The idea was good, as it was able to test 

these three models by distinguishing new and old DNA utilizing isotope labelled DNA. Using 15N 

and 14N nitrogen with Escherichia coli or E. coli, they discovered that newly synthesized DNA 

was semi-conservative [25, 26]. Following this discovery, many other scientists confirmed their 

results in many other species as well.  

 

2.2 Organising DNA in Bacteria 

Though Watson and Crick discovered the structure of DNA, information on how that DNA was 

organized in cells was provided much earlier. In the 19th century, Walther Flemming developed a 

new microscopy technique to describe the fibrous network within the nucleus, coined chromatin 

[27]. This discovery was in a eukaryotic cell as eukaryotic cells happen to have a striking 

metaphase plate. In 1910, Thomas Hunt Morgan connected heredity and the chromosome. He 

stipulated that “material common” to both the parent and offspring was responsible for the 

transmission of “characters” [28]. Prokaryotic cells being much smaller, took till the work from 

Avery, previously mentioned above, in the 1940s for a scientist to discover that bacteria also 

undergo mutation, thus had mutable genes and some form of a chromosome. This discovery was 

highlighted by the finding that DNA was the transmitted molecule [19]. By 1952, the nucleoid was 

first seen in living cells. By the early 1970s, whole compact chromosomes were being isolated for 

biochemical studies [29]. 

 

 Bacterial chromosomes, differing from eukaryotic chromosomes, can be found in either 

circular or linear form. Many bacteria carry all of their genes on a single circular chromosome, 

like E. coli, while others carry their essential genes on numerous chromosomes, like Vibrio 

cholerae, which has two chromosomes. Some Agrobacterium species contain one circular- and 
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one linear-mapping chromosome [29]. While linear chromosomes and the presence of multiple 

chromosomes per cell have usually been associated with eukaryotes, what distinguishes bacterial 

and eukaryotic chromosomes is the coupling between replication and segregation; it is flexible in 

bacteria while tight among eukaryotes. For eukaryotes, a nuclear chromosome never contains more 

than one genome equivalent of DNA as it segregates to daughter cells. In bacteria, there can be 

one or many genome equivalents of DNA even during segregation, especially in optimal 

conditions. 

 

 

 E. coli, a rod-shaped, Gram-negative bacteria, has one singular circular chromosome about 

4.6 million base pairs (Mbp) long (Figure 2.1). That is equal to a contour length of 1.6 mm in a 

cell of < 6 µm long [30]. DNA is contained in the nucleoid in a negative supercoiled state [31], 

and can contain up to 4-fold this amount that as the cell grows [32]. More than just DNA, the 

nucleoid also contains all of the DNA-binding proteins. At the electron microscope, the nucleoid 

appears as a fine compact structure surrounded by the cytoplasm and polyribosomes [29]. This 

structure seems to be maintained by molecular crowding caused by polyribosomes, 

polyribosomes-associated proteins, RNA and other proteins [29, 33, 34].  

 

Inside the nucleoid, the chromosome is organized by nucleoid-associated proteins (NAPs) 

like the structural maintenance of chromosome (SMC) complex, MukBEF, the histone-like 

structures (H-NS), the Histone-like protein HU, the Integration Host Factor (IHF), and the Factor 

for Inversion Stimulation (Fis), among others [35]. For example, MukBEF binds and bridges 

distant DNA segments, organizes the chromosome [36], and H-NS proteins are tasked with DNA 

compaction and inhibiting transcription [33].   

Figure 2.1: Schematic of the E. coli cell. Not shown are pili and capsule, as pili are only formed when 
the conjugation apparatus is expressed, and the capsule is not present in most lab grown strains.  
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In addition to NAPs, DNA supercoiling and molecular crowding serve to compact and 

organize the chromosome [37]. Understanding the organization of the chromosome in cells has 

been dramatically advanced by applying Hi-C, a Chromosome Conformation Capture (3C)-based 

method. Results in E. coli and Caulobacter crescentus help disentangle the relationship between 

chromosome organization, NAPs and transcription at these different scales[38].  

 

Fluorescence microscopy has shown that, at the beginning of the cell cycle of slow-

growing cells, the origin of replication oriC is located mid-cell [39, 40]. The chromosome then has 

a left arm, a right arm and the terminus of replication, ter, located opposite the oriC. The oriC is a 

central figure on the chromosome as it is the only site where replication can begin. The termination 

of replication does not occur at a specific spot on the chromosome but more in a general area. At 

the genetic level, the chromosome maintains a precise organization, where genes are oriented in a 

defined manner to minimize replication and transcription conflicts along with regulating 

expressions level [41].  

 

  The E. coli cell cycle is dependent on its growth conditions. In slow-growth 

conditions, this cycle is well defined. The first stage is the B period. This stage starts at the birth 

of the new cell and ends at the initiation of DNA replication. The complete process of DNA 

replication is done during the C period. Between the end of DNA replication and bacterial division 

is the D period. Slow growth is marked by the generation time being longer than the combined C-

D periods [42]. The generation time is shorter in fast growth than the combined C-D periods, as 

multiple DNA replication events are overlapped [43-45]. In this case, there is no B period. In 

general, the cell cycle is defined by replication initiation and bacterial division. Both of those 

processes seem to be regulated by cell size. Three interrelated principles describing the cell cycle’s 

connection to cell size and DNA replication emerged from this early work. First, the bacterial cell 

volume depends exponentially on the growth rate and increases exponentially as growth proceeds 

[43]. Second, when the generation time is shorter than the replication time, the C and D periods' 

combined time is constant and independent of the growth rate [44]. Third, DNA replication 

initiation occurs at a fixed cell volume per origin [45]. Newer methods have added to these three 

principles. Seemingly, DNA replication initiation is a reset point in the cell cycle regulation, as the 
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initiation of E. coli DNA replication occurs at a fixed cell volume per origin (oriC), independent 

of birth size and growth rate in individual cells [32, 46-48].  

 

2.3 Structure of the E. coli replisome 

For all bacterial species, the replication of their chromosome is an important event. This event will 

lead to the generation of daughter cells and the survival of their species. However, mistakes or 

some events that may occur during the replication event can threaten the survival of the individual. 

Thus, the cell must achieve high fidelity, processivity, and efficient repair to ensure DNA 

replication is a successful event. DNA replication starts at the oriC, from where two replication 

forks originate. One replication fork will travel down the chromosome's left arm, making this 

section of the chromosome the left replichore. The other down the right, making it the right 

replichore. A multi-protein complex known as the replisome is in charge of replication each of the 

two replichores. Each replisome has the same template, a duplex strand of DNA where the leading 

strand goes from the 5’ to 3’ orientation, while the lagging strand goes in the opposite direction, 

3’ to 5’. 

 

 

In E.coli, the replisome consists of six different protein complexes with various 

stoichiometries (Figure 2.2). The helicase, DnaB, is a homohexameric protein situated on the 

lagging strand. The job of the helicase is to unwind the DNA into ssDNA through a steric exclusion 

Figure 2.2: Model of the architecture of an active replisome. DNA is unwound by the DnaB 
helicase. DnaG primase binds to DnaB. Pol III and the clamp loader bind each other through 
the τ subunit of the clamp loader, which also mediates binding to the DnaB helicase. The β-
clamp is left behind the fork after the completion of an Okazaki fragment at the lagging strand. 
SSB covers ssDNA produced during the cycle of lagging strand synthesis. 
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model. SSB, a single-stranded binding protein, protects the DNA from degradation and serves as 

a recruitment hub, as it can bind many proteins and bind the available ssDNA. The helicase directly 

interacts with DnaG, the primase, an RNA polymerase that creates a small 12 nt RNA primer 

needed to initiate DNA replication. The clamp loader complex also has a direct interaction with 

the helicase. It is a complex built by seven subunits, τ3δδ’ψχ. Both DnaB and Pol III α directly 

interact with the C-terminal domain of τ; the clamp loader also provides an architectural function, 

physically coupling template unwinding with DNA synthesis. The ψχ heterodimer directly 

interacts with SSB. Another function of the clamp loader complex is to load the β-clamp onto 

DNA. The β-clamp, which binds directly to the DNA polymerase, is required to achieve the 

processivity needed to synthesize a whole chromosome. The β-clamp can also bind multiple DNA 

polymerases, giving the replisome the flexibility needed during DNA repair [49].  

 

Last but not least, the replisome contains a DNA polymerase. In E. coli, this is the DNA 

Pol III, a type C polymerase only found in bacteria. It consists of αεθ, where α is the catalytic 

subunit, ε is the proofreading exonuclease and θ, a poorly understood non-essential subunit [50]. 

 

The minimal core of an active replisome is the helicase. The helicase is the most stable 

subunit of the replisome, bound for tens of minutes (913 ± 508s) [2, 51]. There is one helicase per 

fork. The helicase has three binding sites for the DnaG primase. This does not necessarily mean 

that all three sites are occupied. Changing the concentrations of DnaG results in changes to 

Okazaki fragment length, which are in the range of 0.5-2kb [8]. There is no current published dwell 

time for DnaG, but it is thought to be a protein that is relatively dynamic and acts in a distributive 

fashion [4]. The clamp loader complex also binds to the helicase but has no physical interaction 

with the primase. Estimates of the stoichiometry in live cells have shown that there is one copy of 

δ, one copy of δ’ and four copies of both ψχ [6] in a given replisome. The τ subunit that relays the 

helicase to the DNA polymerase has three copies, just like three copies for the DNA Pol III [6, 52, 

53]. Together the clamp loader complex and the DNA Pol III form the Pol III*, bound to DNA for 

approximately 10s [2]. Lastly, the β-clamp is bound to DNA for longer, ~50s, as it is routinely left 

behind the replication fork [2]. There are more than 20 copies of this subunit near the replication 
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fork [54]. When β-clamp binds with the Pol III*, a new complex is formed called the Pol III 

holoenzyme (Pol III HE). 

 

2.4 Initiation of DNA replication in E. coli 

At the oriC is where a replisome’s journey through the bacterial chromosome begins. DnaA, a 

AAA+ protein, recognizes and melts the oriC  [55]. DnaA bound to adenosine triphosphate is the 

only active form for DNA replication. Despite huge progress, the molecular basis of this process 

is not so well understood. The current model proposes that DnaA oligomerizes into a helical 

filament wrapping around the oriC  [56]. This torsion destabilizes the neighbouring duplex 

unwinding element or DUE, leading to the DNA melting [57]. The resulting bubble of SSB-coated 

ssDNA is where two helicases are loaded onto DNA [58]. This activity is not, however, 

spontaneous; it is dependent on DnaC [1]. DnaC has been shown to interact both with DnaB and 

DnaA. DnaC is structurally similar to DnaA and will also form a helical filament around the 

ssDNA [59]. This configuration enables DnaC to break open the DnaB ring and placing DnaB 

around the ssDNA [60]. Once around the ssDNA and associated with the DnaG primase, the 

helicase is activated, allowing for the start of replisome assembly [61, 62]. The loading of DnaB 

onto ssDNA is done sequentially. Two replication forks will be originating from the oriC (Figure 

2.3) [58]. To explain how a single DnaA filament can direct the loading of two DnaB hexamers, 

an asymmetric model of DnaB loading has been proposed, where DnaC-DnaB is loaded on one 

Figure 2.3: In E. coli, two separate helicase loadings direct bidirectional replication at oriC unwound 
by DnaA-ATP binding. The schematic on the right outlines the processes that control DnaA-ATP. 
Synthesis of DnaA and binding of DnaA-ADP to DnaA-reactivation sequences (DARS) promote the 
accumulation of DnaA-ATP, whereas Hda-mediated activation of DnaA ATPase during regulatory 
inactivation of DnaA (RIDA) decreases the concentration of DnaA-ATP. Figure taken with permission 
from [36] 
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strand via the interaction of DnaA with DnaC and on the other strand an interaction between DnaA 

and DnaB [59]. 

The regulation of DnaA is essential to prevent reinitiation (Figure 2.3). First, the rebinding 

of DnaA to the oriC is blocked by DNA adenine methylase (DAM), which methylates the A 

residues in GATC sequences. There are 11 such sequences in the oriC  [63]. SeqA, a replication 

initiation inhibitor, binds hemimethylated DNA, blocking the docking of DnaA-ATP. 

The dnaA gene, which likewise contains multiple GATC sequences, is also bound by SeqA, 

resulting in inhibition of transcription of DnaA [63]. Secondly, during initiation, DnaA-ATP will 

also bind its own promoter, blocking its own transcription [63]. Next, the DnaA-ATP form is 

reduced once replication starts through the DnaA (RIDA) system's regulatory inactivation. This 

system relies on the β-clamp, DnaA homologue protein (Hda), and ADP. Hda has a β-clamp 

binding site and an AAA+ domain that interacts with DnaA. This interaction stimulates the 

hydrolysis of DnaA-bound ATP [63] With less DnaA-bound ATP, there is less chance of 

reinitiation. Lastly, DnaA binding sites within the datA locus titrate away DnaA from 

the oriC  [63]. This site is part of the DDAH pathway, which stimulates DNA-ATP hydrolysis 

independent of the RIDA system [64].  Once the cell is ready to start a new cell cycle, DnaA-

reactivating sequences (DARS) reactivate DnaA for replication initiation by exchanging bound 

ADP with ATP. Deleting DARS sites results in impaired replication initiation; only de novo DnaA 

synthesis and possibly regeneration by alternative pathways can provide the minimum amount of 

ATP-DnaA required to initiate replication [65]. 

2.5 Chromosome Replication 

The prokaryotic DNA polymerase C is unique within the family of DNA polymerases. The 

eukaryotic polymerase, a B family polymerase, copies DNA at a rate between 17 - 33 base pairs 

per second (nt s-1) [66]. Most other families copy DNA near the same rate and always in the same 

order of magnitude. The E. coli DNA polymerase replicates DNA at astounding rates, ranging 

from 200-1800 nt s-1  [9, 67, 68]. Experiments in vivo and in vitro agree that prokaryotic 

replisomes copy DNA at a rate at least one order of magnitude faster than eukaryotes. This rate 

cannot be explained by any individual subunit but rather by their interaction at the replisome. This 

explains why in the absence of the interaction between τ with the helicase, the helicase and DNA 

polymerase move at a rate of only ~ 35 nt s-1 [69]. Uncoupling of the helicase and Pol III HE can 
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lead to a replication slowdown, more on that in Chapter 3 [70]. The interaction between the τ 

subunit of the clamp loader and the helicase seems essential for fast replication, coupling 

unwinding and DNA synthesis [69]. 

 

 When a replisome is in action, one DNA polymerase, deemed the leading strand 

polymerase travels in the 5’ to 3’ direction with the helicase (Figure 2.2). The other strand is the 

lagging strand; the polymerase replicating this strand is playing catch up as the DNA polymerase 

III only replicates in the 5’ to 3’ direction. All of this is arranged symmetrically through their 

interaction with the clamp loader. The replisome has evolved to ensure that DNA unwinding and 

synthesis proceed uninterrupted by allowing the accumulation of ssDNA loops between Pol III 

and the helicase on the lagging strand. These loops are rapidly bound by SSB, which protects them 

from damage. The cyclical assembly, growth and disassembly of these loops, which accompanies 

the synthesis of each Okazaki fragment, has been compared to the slide of a trombone, hence the 

trombone model of DNA replication [71]. Interestingly, the presence of such trombone loops has 

been directly observed in simpler bacteriophage replisomes by electron microscopy and single-

molecule biophysical studies [72, 73] but not yet in E. coli replication.  

 

Multiple activities need to occur to synthesize the lagging-strand: first, a 12 nt RNA primer 

synthesis by DnaG, then loading of the clamp onto primer-template by the clamp loader, next is 

the loading of Pol III onto the template, and finally the release of Pol III from both the clamp and 

DNA upon competition of an Okazaki fragment. DnaG, however, dissociates after synthesizing an 

RNA primer leaving an exposed primer-template. The δ subunit of the clamp loader breaks open 

the β clamp ring through ATP hydrolysis, allowing the clamp to be loaded onto the primer-

template [74]. The τ subunit of the clamp loader helps recruit Pol III to the β clamp at the primer-

template, then DNA synthesizing begins [74, 75]. Given that the lagging-strand polymerase is 

recycled to the next primer-template upon completion of an Okazaki fragment, how is the 

polymerase removed from both DNA and β clamp? There are two common models on Pol III 

release, the collision-release model and the signal-release model. The first is that Pol III and the τ 

subunit can sense the rapidly diminishing ssDNA during synthesis, which triggers the release of 

Pol III, and the second states that a signal triggers the release of Pol III when a new primer is 

synthesized by the primase [76, 77]. It is inconclusive as to which model is correct, although the 



 13 
 

Pol III release may result from other factors discussed below. Finally, for Okazaki fragment 

maturation, the RNA left from the primer is removed by Pol I, which substitutes the RNA with 

DNA, and the DNA ligase ligates the left-over nick [75]. This process is facilitated by the β clamp, 

which has been reported to bind both Pol I and ligase and is left behind on the DNA after being 

used by Pol III. 

 

Currently, there are two models for the interconnectedness of replisomes after initiation 

(Figure 2.4). The first model is that DNA replication occurs in factories [78, 79]. This model 

stipulates that sister replisomes remain spatially co-localized as the replicating DNA is moved 

towards the stationary replication factory [79]. Two replication foci are only seen during 

termination and re-initiation of replication in sister cells [78, 79]. The second model, which is 

currently favoured, is that sister replisomes translocate independently along with the slowly 

diffusing DNA. In this model, the replisomes are completely independent [6, 39, 48, 80-82].  

 

For a long time, the replisome was thought to be very stable; due to the replication rate and 

the extent of DNA replication one replication fork must complete. This was supported by in vitro 

data showing that a single purified replisome, once assembled on DNA, can synthesize 70 kbp of 

DNA without requiring replacement of the Pol III* subassembly or DnaB [8, 83]. Even greater 

stability has been inferred from in vivo experiments that suggest replication fork collapse is rare 

during chromosome replication in E. coli [84]. In general, chromosomal DNA presents multiple 

potential blocks to replisome progression. DNA lesions can result in the replisome stalling due to 

Pol III’s inability to use damaged DNA as a template [85]. In any case, the replisome frequently 

encounters DNA-bound proteins, potentially resulting in pausing or fork disassembly [86, 87]. 

Figure 2.4: Schematic diagrams for the factory and track models. Most bacteria have a single circular 
chromosome (left), with a single origin (red dot), positioned roughly opposite the terminus (green dot). 
The left and right arms of the chromosome are colored pink and green, respectively. In the factory model 
(center), DNA is pulled through the replisomes (black dots) in the direction indicated by the red arrows. 
In the track model (right), replisomes translocate along the template DNA. Red arrows indicate the 
direction of replisome motion. Figure taken with permission from [70] 
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Multiple mechanisms have been proposed to safeguard replisome integrity during bypass of such 

obstacles [88-90] and remove bound proteins from DNA [91]. In cases where these strategies are 

not enough, the cell also has mechanisms to mediate the replisome's reassembly at specific DNA 

structures that arise following replisome collapse [92]. The mechanisms to safeguard the replisome 

integrity and replisome reassembly will be discussed further later in the text. 

 

The frequency at which replisomes encounter these obstacles and the efficiency of the 

bypass mechanisms are still unclear. However, the realization that the replisome, specifically the 

Pol III*, maybe dynamic has provided an additional mechanism to bypass obstacles [2, 3, 70]. The 

Pol III* is surprisingly dynamic, with exchanges occurring between 4 – 10s in in 

vivo concentrations (Figure 2.5) [2, 3]. In contrast, the helicase is stably bound to DNA for periods 

of at least tens of minutes. The dynamic binding of Pol III* is concentration-dependent; at low 

concentrations, 0.03 nM Pol III* exchanges take ~ 40s [3]. This exchange rate is also variable 

depending on what condition the cells find themselves in, as exchange happens with a rate of ~16s 

after UV irradiation [70]. The cell can use the dynamic behaviour of the Pol III* as a switch to 

ensure chromosome integrity. Multiple questions remain open on the dynamic behaviour of Pol 

III*, including what the basis for the rapid exchange is and what are their functional advantages, 

if any. Given the low copy number of Pol III* in the cell, assuming three copies of Pol III per Pol 

III* less than 26 copies can be present in the cell [6], recruitment of a new copy of Pol III* after 

the active copy unbinds needs to be efficient enough as to maintain a DNA replication rate of 1kb 

per second. How recruitment of Pol III* occurs is the question explored in Chapter 4.  

 

 

Figure 2.5: Model for the dynamic replisome. The active replisome is only bound for ~10s before it is 
replaced by another. Mechanism for replacement not known. 
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2.6 Termination of Replication 

The finale to the replisome’s journey is termination, a not well-understood process leading to its 

disassembly. The E. coli replisome does not encounter one hard stop but has multiple terminations 

sites, known as Ter sites. These sites are located near the midpoint of the chromosome, opposite 

the oriC. Each site has polarity in its sequence, giving them a permissive (P) and non-permissive 

face (NP) (Figure 2.6.A) [93]. Once the monomeric Tus protein binds the Ter site, they form a 

barrier to impede the replication fork if it approaches the non-permissive face. This barrier is 

significant enough to stall the replication fork until the other replication fork approaches from the 

permissive side, resulting in fork fusion and finally disassembly [94]. The polarity of the Tus-

Ter interface is due to conformational changes from the unwinding helicase. At the NP interface, 

the Tus-Ter interface is locked, meaning the helicase cannot pass through it. From the P interface, 

the helicase can rapidly and easily displace Tus (Figure 2.6.B) [95].   

 

Nevertheless, in vivo, Tus can be displaced by ~50% of replication forks at the NP interface 

[96, 97]. Replication speed is an essential determinant in the efficiency of the Tus-Ter interface. 

Faster replisomes can pass through the Tus-Ter block before adopting the “locked” conformation, 

while slower ones get trapped [67]. Either way, a tus deletion indicated that the Tus-Ter interface 

is not essential [93]. This, combined with other recent data, indicated that the Tus-Ter interface 

limits over-replication, rather than being a definitive termination site [98]  
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2.7 DNA Damage Repair 

As expected, the replisome has high fidelity. In general, the estimation of the mutation rate in 

bacteria is 10-9 – 10-11 errors per base pair per round of replication [10]. The DNA polymerase 

III and its exonuclease are responsible for keeping the mutation rate as low as 10-6 – 10-7 errors 

per base pair per round of replication, where mismatch repair (MMR) lowers the mutation rate by 

an additional 10-3. DNA mutations are gained not only by mistakes made by the polymerase but 

replisome–protein collisions and external mutagens like UV irradiation. How those mutations are 

repaired is a well-studied field in E. coli. Here, I will focus solely on repair mechanisms active 

during replication. 

 

Figure 2.6: Termination of replication (A) Depiction of the Escherichia coli chromosome, including the 
origin of replication oriC, and the ten ter sites (A–J) shown as red and blue arrowheads. The termination 
zone is underlined in red. The ter sites are oriented such that the leftward fork can pass the first five ter 
sites that it encounters (red arrowheads), but stalls at the next five sites. Conversely, the rightward fork 
passes through the ter sites marked as blue arrowheads and stalls at the following sites. In the box, the 
green arrow represents a replication fork passing through a ter site in the permissive orientation, and the 
red arrow represents a fork stalling at a ter site in the non-permissive orientation. (B) Two scenarios of 
fork stalling in the termination zone. (Ba) The rightward fork (fork 1) arrives first and stalls at terC, 
followed by the arrival of the leftward fork (fork 2). (Bb) The two forks arrive at the termination zone 
simultaneously and meet between terC and terA. Part of figure taken with permission from [87] 
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 One of the best ways not to accumulate DNA damage is to prevent DNA damage. In E. 

coli, cells possess a variety of mechanisms to facilitate replication through blocks on DNA. 

Accessory helicases like Rep, UvrD and DinG, can remove structures from DNA [99]. Rep is 

especially a vital candidate as it is known to interact directly with the replication fork [99]. 

Transcription is an excellent example of a replication block. Orientational bias plays a significant 

role in the outcome of transcription – replication conflicts. Co-oriented conflicts reduce the number 

of replisome-stalling, replisome restart and DNA break events. It is thought that this is the reason 

why a high number of highly transcribed and essential genes are placed in a co-oriented direction. 

Head-on conflict cause replisome disassembly, DNA break and local mutation rate twice as 

frequently as co-oriented conflicts [100]. Not only is the RNA polymerase a block to replication, 

but so are the R-loops formed by the transcription machinery. RNase HI, a ribonuclease that 

hydrolyzes RNA in RNA: DNA hybrids, is highly colocalized with the replisome (See Annex 1) 

[7]. In the cases of Rep, RNase HI and many proteins involved in DNA repair, SSB is crucial [7, 

101]. Both Rep and RNase HI bind to SSB, and due to the nature of the replisome, constantly 

creating a pool of SSB, concentrations of Rep and RNase HI are kept near the replication fork. 

Figure 2.7: Schematic model for RNase HI and Rep helicase localization and action at sites of 
replication/transcription collision. RNase HI (purple) is localized to the DNA replication fork by 
interaction with SSB (yellow). Rep helicase (gray) is localized by interaction with DnaB (orange). SSB-
Ct tails are shown explicitly for only one SSB tetramer for clarity. DNA strands are shown in blue, RNA 
strands are shown in red, and DNA polymerases are shown in green. Several replisome components have 
been omitted or separated for clarity. Figure taken with permission from [7] 
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 DNA replication can also run into a significant block caused by the process of replication 

itself, supercoiling. Due to the helical structure of DNA, when the replisome is advancing, it 

generates massive amounts of positive supercoils ahead of the fork. In covalently closed DNA 

molecules, the decrease of DNA twist by the strand separation done by the helicase is compensated 

by increasing writhe [102]. At some point, the stress caused by the unwinding helicase will be less 

than the need of the DNA to release this torsional stress. At that point, the replisome will be 

inhibited. Two type II topoisomerases solve this topological problem: DNA gyrase and DNA 

topoisomerase (topo) IV. These are essential enzymes that change DNA topology by introducing 

transient double-stranded breaks into DNA and pass a second double-stranded DNA segment 

through the break before resealing it [103]. Because of the negative supercoiling state of the DNA, 

the positive supercoiling being added to the front of the replisome and the fact that DNA gyrase is 

the only topoisomerase that adds negative supercoiling, it plays a prominent role in both DNA 

replication and transcription (Figure 2.8.A-C) [104-107]. The DNA gyrase is not specific to the 

replisome or transcription bursts. In general, half of the DNA gyrase in a cell is bound to DNA 

somewhere. The DNA gyrase is also colocalized to the replisome, but that does not form a majority 

[103]. The gyrase functions by first binding the positive supercoiled DNA (Figure 2.8.A); next, it 

will bind the segment to be transported to release the torsional stress. The DNA is cleaved, and the 

other segment of DNA will be passed through the gyrase. The cleaved DNA is then resealed. 

Currently, it is believed the DNA gyrase near the replisome will complete multiple rounds of 

catalytic activity before unbinding [103]. How the DNA gyrase is recruited to the replication fork 

supercoils is still a mystery. 

Figure 2.8: The activity of gyrase. (A) DNA gyrase catalytic cycle. (B) Replication introduces (+) 
supercoils ahead and precatenated DNA behind. Gyrase acts ahead of the fork while topo IV removes 
precatenanes behind. (C) Gyrase removes (+) supercoiling from ahead of RNAP to ensure unperturbed 
transcription. Figure taken with permission from [96] 
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 If the DNA polymerase does make a mistake in the newly synthesized DNA, DNA 

mismatch repair is usually used. There are varying types of mismatch repair, but the most often 

used methyl-directed MutHLS mismatch repair will be briefly described in this report. When the 

replisome makes a mismatch, the mismatch is bound by MutS and MutL, activating the MutH 

endonuclease, which can cleave at either side of the mismatch at a methylated site. The UvrD 

helicase displaces the MutH and unwinds the DNA towards the mismatch. Depending on the side, 

various exonucleases like RecJ, ExoI, ExoVII or ExoX will digest the single-strand end, leaving 

naked ssDNA to be bound by SSB and the gap is filled by the DNA Pol III HE. The repair tract 

for mismatch repair is up to 2kb [108].  

 

The repair tract for base excision repair (BER) and nucleotide excision repair (NER) is 

much smaller, only 1-2 nt or 12-16 nt [108, 109]. While BER is mainly tasked with replacing uracil 

or repairing oxidative damage [110, 111], NER is a more prominent player in DNA repair. NER 

is tasked with removing environmentally induced DNA damage, such as the DNA lesions resulting 

from sunlight exposure or chemical carcinogens (Figure 2.9) [112]. UvrABCD, Cho and Pol I are 

the proteins involved. UvrA identifies the putative lesion, which recruits UvrB to confirm that the 

distortion is due to a damaged nucleotide. UvrB then enlists either UvrC or Cho, both 

endonucleases. UvrC contains two endonucleases domains which cut two nicks 12 nt apart [112]. 

Cho, however, will be used in conjunction with UvrC when more than 12 nt need to be excised. In 

that case, UvrC will make a nick, and Cho will make another nick about 16 nt apart [112, 113]. 

The UvrD helicase then removes the DNA between the two nicks. Lastly, Pol I fills in the empty 

ssDNA, and the DNA is ligated by the DNA ligase [112, 114].  
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 If there is any extensive ssDNA or replisome collapse, the next step in DNA repair is the 

SOS response [115]. The LexA repressor regulates the SOS response. LexA is a transcriptional 

repressor of multiple genes coined SOS genes. This keeps their transcriptional levels low during 

normal growth. After DNA damage leading to excessive ssDNA, RecA is activated to become a 

co-protease by forming a filament of RecA on ssDNA. This leads to the self-cleavage action of 

LexA. As the levels of LexA degrade and diminish, the transcription of SOS genes increases. RecA 

and Lexi have an intertwined cycle, where Lexi is heavily favoured in normal condition. However, 

as more and more ssDNA is made available by DNA damage or the dissociation of the Pol III HE 

from the helicase, RecA is activated, reducing LexA and increasing SOS genes' transcription. 

Figure 2.9: Model for excision repair in E. coli. UvrA dimerizes in solution and interacts with UvrB to 
form an A2B1 heterotrimer, the damage recognition subunit. UvrA delivers UvrB to the damage site (black 
triangles) and then dissociates (molecular matchmaker). UvrC recognizes and binds to the UvrB–DNA 
complex, which is bent and locally unwound. ATP hydrolysis introduces irreversible intermediates at steps 
along the pathway leading to dual incision and the reaction may be aborted at any step (kinetic 
proofreading). Dual incisions excise the damage in a 12–13 nucleotide-long oligomer. UvrD (Helicase II) 
displaces UvrC and the excised oligomer, and then DNA polymerase I displaces UvrB during resynthesis 
to fill in the gap; newly synthesized DNA (thick gray bar) is ligated to complete the repair reaction. Figure 
taken with permission from [107] 
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However, if the amount of ssDNA is slowly reduced by DNA repair, the scales tip again, and the 

LexA gradually increases. These SOS genes that Lexi represses are specific to DNA repair, 

tolerance of DNA damage and delay of the cell cycle [12, 116]. Notably, Sula is one of the early 

proteins produced. Its role is to inhibit cell division, providing the cell more time to repair [116]. 

Another notable product is the translesion polymerases (TLS), Pol II (PolB), Pol IV (DinB) and 

Pol V (UmuD’2C) [12, 117]. It has been shown that, though the DNA Pol III in normal conditions 

has a monopoly on the β-clamp and the DNA, during DNA damage conditions where the Pol III 

will stall, Pol IV will get access to the β-clamp. Failure of TLS will quickly allow for repriming, 

allowing the Pol III access to the β-clamp and the DNA, with a cost of extra ssDNA. TLS at the 

fork prevents the creation of ssDNA gaps by outcompeting repriming [117-119]. RecA is not only 

needed to activate the SOS response, but it is a crucial cog in homologous recombination repair of 

DNA. 

 

 In general, the response to DNA damage during DNA replication is dependent on what 

happens to the DnaB helicase. If the DNA damage does not inhibit the helicase, then the repair of 

that damage is very different from if it inhibits the helicase, causing pausing of the replication fork 

or, worse, replication fork collapse. 

 

 When the replisome encounters DNA damage, it results in an enzymatic train wreck 

referred to as either replication fork demise or inactivation [120].  The first evidence that a 

replication fork might be inactivated at the site of a strand break came in 1966 from work by P.C 

Hanawalt [11]. From there, immeasurable work has been done to understand how a cell would fix 

a stalled replication fork. Two pathways have emerged from that work. For either pathway, RecA 

is an essential step (Figure 2.10).  
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If a strand-break is what the replication fork encounters, a double-strand break will be 

generated. The double-strand break is repaired by the RecBCD recombination pathway (Figure 

2.10). RecBCD first converts the blunt dsDNA end into a duplex DNA molecule possessing a 3’-

terminated ssDNA tail using the Chi sequence as a marker. The RecBCD enzyme then directs the 

RecA protein onto this ssDNA [121]. This RecA filament promotes DNA pairing and formation 

of a Holliday junction. RuvO, RucB and RecG proteins bind the Holliday junction and promote 

branch migration [122-127]. The Holliday junction is then resolved by at least two Holliday 

junction resolvases, RuvC and Rus [128-131]. 

 

If an unrepaired DNA lesion is encountered, a significant DNA gap will be created by the 

RecQ helicase [132], followed by RecJ who will degrade the unwound DNA [133]. The role of 

this pathway's unique components, the RecF, RecO, and RecR proteins, is up for debate (Figure 

Figure 2.10: The pathways shown illustrate two of the important situations during normal cell growth 
that may result in replication fork demise, encounter with a DNA lesion or a DNA strand break. 
Reactivation involves the two main homologous genetic recombination pathways. The processes shown 
are broadly based on some published studies and discussions at recent national meetings; however, many 
of the details shown are speculative. The configurations of DNA strands shown in the intermediates are 
neither representative of all the proposals for fork reactivation nor intended to represent anyone's ideas 
of the most likely paths. Figure taken with permission from [112] 
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2.10) [134]. It is known that the RecF protein stays relatively close to the replisome during 

replication at all times [135]. The RecO and RecR proteins function together and are both 

necessary and sufficient for the nucleation of RecA on SSB-coated ssDNA in vitro [136, 137]. 

Once RecA is loaded, strands are paired, and a Holliday junction is formed, the RecBCD and 

RecFOR pathways look very similar, with a few exceptions not discussed here. 

 

 
Figure 2.11: DNA replication restart pathways in Escherichia coli. E. coli and related bacteria possess three 
functional pathways for DNA replication restart, with the fourth column likely only occurring in vitro. All 
pathways serve to reload the replicative helicase DnaB on sites far removed from the origin of replication 
in a DNA structure-dependent manner. Key steps in the process are separated by row. Abandoned 
replication forks (various forms depicted in top row, depending on whether the strands are dsDNA or SSB-
coated ssDNA gaps) are recognized by either by PriA or PriC (second row; SSB-interaction/remodeling 
not shown). Remodeling of the fork through helicase activity (third row) or SSB-interaction may allow for 
or/and proceed subsequent protein-protein interactions (fourth row). Replication restart ends with DnaB 
loading (bottom). Note that for simplicity PriA and PriC recognition of a select/preferred fork type is shown. 
PriA helicase activity is not required on many fork types and two PriA molecules could be shown on a fork. 
Rep helicase may function before PriC recognition on the first/left fork type. Helicase activity likely does 
not function exactly in this order and could occur during all steps. Taken with permission from [138] 
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In prokaryotes, replication can restart after it was stopped. This replication restart can 

happen in a few ways, through PriA or PriC (Figure 2.11). The dominant restart pathway is the 

PriA/PriB pathway, where PriA recognizes the forked DNA. This forked DNA can take many 

forms, with and without gaps on leading and/or lagging strands, including D-loops formed during 

homologous recombination or R-loops [139-141]. PriA can also remodel the fork, including SSBs 

arrangement on DNA, as it has been shown to interact with SSB [139, 142, 143]. The binding of 

PriA to ssDNA conformationally changes the PriB binding site. PriB stimulates PriA’s helicase 

activity facilitating the formation of a ternary complex with DNA. Once DnaT has bound, PriB is 

released, giving space for the DnaB helicase. The PriA-DnaT ternary complex is thought to load 

the DnaB-DnaC complex though the mechanism remains undefined [138, 144]. PriC can also bind 

the lagging strand replacing PriB in that case. PriC preferentially binds ssDNA from replication 

works that include more than a 7 nt gap between the leading strand and the replication fork in 

another pathway. Those types of substrates would be formed when the leading strand is blocked 

coupled with continued helicase unwinding. In this PriA independent pathway, the Rep helicase 

must remove nascent lagging strand DNA to enable PriC-mediated loading of DnaB. DnaT may 

play a role in this pathway as PriC can interact directly with DnaT [138].  

 

A generation-old question in the field of DNA repair is what happens to the DNA 

polymerase when it encounters small DNA damage. At first, in 1968, when Rupp and Howard-

Flanders were looking at the effects of DNA damage on the product of DNA replication, the DNA 

Pol III was not discovered until 1970 [14, 145]. To study this, they used the most popular and still 

widespread DNA damaging reagent, UV light. UV light (190 – 290 nm) is known to cause two 

major products on DNA, cyclobutene pyrimidine dimers (CPDs) and, to a lesser extent, 6-4 

photoproducts [146]. From this seminal work, they realized that DNA replication continued after 

UV irradiation, even without NER. Their data has been classically interpreted as the result of Pol 

III hoping over CPDs [14].  

 

Furthermore, DnaG was reported to prime both strands ahead of a lesion that would block 

Pol III [88, 147],  providing a mechanism by which continued progression of the DnaB helicase 

would mediate recruitment of Pol III HE downstream of the lesions, effectively resulting in lesion 

hopping. However, other older works reported the replisome was stalling shortly after a lesion on 
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the leading strand, which does not agree with the hopping model [148-150]. Lastly, different in 

vivo studies have led to different fates for the replisome, based on either stable binding of the DnaB 

helicase or the complete disassembly of the replisome after UV [151, 152]. Interestingly, If UV 

irradiation happens during DNA replication, CPDs have been shown to inhibit Pol III activity 

[153] but should allow progression of the DnaB helicase as CPDs fit through its central pore [154]. 

Consequently, what happens to DNA Pol III when it encounters DNA damage that has passed the 

helicase? Does it hop over the damage, or does it stall at the damage? Chapter 3 will discuss what 

happens to the replisome components when they encounter DNA damage caused by UV 

irradiation. 

 

2.8 Fluorescence Microscopy 

Since 1994, when wtGFP was seen to function in E. coli and Caenorhabditis elegans, fluorescence 

microscopy has an exceptional tool for researchers to investigate gene expression and protein 

localization[155].  Due to the size and shape of E. coli cells, fluorescence microscopy has been 

one of the most used techniques to determine the role of individual proteins. Combining genetic 

tools like point mutations to genes, deletions of proteins, protein degradation or increasing the 

copy number of expressed proteins with fluorescence microscopy allows the direct visualization 

of the relationships between two proteins. 

 

           Typically, the first approach used in fluorescence microscopy is taking snapshots of proteins 

in cells. This allows researchers to determine the localization, stoichiometry and copy number of 

a protein at its interaction site. The first step is tagging the protein of interest (POI) with a 

fluorescent protein (FP). Commonly, tagging generates N- or C-terminal fusions of the POI with 

the FP. Using a microscope with an appropriate light source and filters, pictures of cells carrying 

these fusions are taken. For proteins that bind DNA, the resulting images may look like spots of 

light (foci) within a cell (Figure 2.12.A). For some proteins, like those in the replisome, it is 

customary to observe more than one focus per cell. The localization of those foci can give essential 

information about the protein’s behaviour. For example, if fluorescence is only observed in the 

cell’s periphery, then it most likely binds the cellular membrane. The stoichiometry and copy 

number can be gleaned by quantifying the intensity at those spots of light. 
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  By analyzing the integrated intensity in single spots and displaying them in a histogram, 

one can determine if there is more than one copy of a protein in individual spots to give a rough 

estimate of the stoichiometry of that protein. To determine the exact stoichiometry of a protein 

within a complex, the most commonly used in vivo method is Stepwise Photobleaching (SPB) [6, 

156]. SPB uses the decrease of fluorescence over time, resulting from photobleaching, to detect 

the bleaching of individual FPs. The step size represents the single-molecule intensity. The 

complete cellular intensity is compared to a negative control like a cell without a fluorescent 

protein to determine the copy number. That is then compared to the intensity of a single fluorescent 

protein. The result is a rough estimate of the copy number within the cell [7]. 

 
Figure 2.12: Useful fluorescent microscopy for the bacterial model. (A) Raw fluorescent microscopy 
snapshot image. Cells outlines are highlighted in red. (B) Two-colour snapshot experiment. (C) Diagram 
illustrating the sptPALM experimental design. Top displays long exposure time experiments, ~500ms, and 
the parameters that this technique elucidates. Bottom displays short exposure time experiments, ~20ms, 
and the parameters that this technique elucidates 

 

Another valuable use of snapshots is to have two separate proteins tagged with two 

different fluorescent proteins that do not have overlapping spectrums (Figure 2.12.B). By 

measuring the distance between both protein localizations, one can determine if those proteins are 

colocalizing and thus most likely interacting. To measure the actual distance between two proteins, 

one may use fluorescence resonance energy transfer (FRET) [157]. FRET work by the energy 

transfer between two fluorophores (distanced by less than 8nm) with overlapping fluorescence 

spectra. 



 27 
 

 In the past, in vitro studies were used to study factors affecting the processivity and rates 

of individual replisomes. Fortunately, new advances in fluorescence microscopy, specifically 

single-particle tracking photoactivated localization microscopy (sptPALM), Fluorescence 

Recovery After Photobleaching (FRAP) and SPB, have been used to probe the dynamics and 

architecture of proteins in their native cellular context [6, 158-160]. The ability to see how proteins 

move in their native environments has changed long-held beliefs on the behaviour of proteins in 

cells [2, 6]. 

 

 One of these methods, sptPALM, is a valuable tool as it has the advantage of being able to 

directly observe the dynamics of single copies of proteins [161]. In this technique, the POI is 

tagged with either a photoactivatable (PA) or photoconvertible (PC) protein. In most cases, a PC 

is used as it is easier to measure the protein tag's presence. An often-used PC is the mMaple protein 

[162, 163].  This PC is natively green, but upon excitation with low power of 405nm wavelength 

light, a small subpopulation of PCs will stochastically convert to a red fluorescent state (Figure 

2.12.C). By utilizing this photoconversion, PA/PC-FPs have the advantage of allowing single 

molecules of high copy-number proteins to be tracked [164].  

 

Depending on the objective of the experiment, different exposure times are used for the 

imaging of single molecules. Long exposure blurs diffusive molecules, allowing the user to 

determine residence times, search time and rebinding of the bound molecules (Figure 2.12.C). 

The residence time is measured by looking for how many frames the single-molecule is immobile. 

The search time and rebinding of a molecule are determined by; how many frames it takes before 

the single molecule is immobile again and how many immobile events there are for every 

molecule. Shorter exposure times allow visualization of the diffusion coefficient, proportions of 

different diffusive states and determine if multiple bound behaviours exist (Figure 2.12.C). By 

looking at both the fast-diffusing molecule and the slow-diffusing molecules, one can determine 

the apparent diffusion coefficient of each track utilizing the mean-squared displacement method. 

Then by analyzing the total population of apparent diffusion coefficients and displaying them in a 

histogram, one can determine if there are multiple diffusive states. Chapter 3, Chapter 4 and 

Appendix 1 will illustrate these methods in more detail. 
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There are still many unanswered questions on how replisomes function in vivo, but these 

recent advances in microscopy and genetic methods could provide new and exciting ways to 

answer them.  
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Chapter 3 

 

Replisome activity slowdown after exposure to ultraviolet light in 

Escherichia coli 
 

This chapter is based on a published manuscript: Soubry, N., Wang, A., and Reyes-Lamothe, 

R. Replisome activity slowdown after exposure to ultraviolet light in Escherichia coli. 

Proceedings of the National Academy of Sciences 2019;201819297 

 

 

As highlighted in chapter 2, work in our lab has shown that the replisome is a dynamic structure. 

Furthermore, there were mixed opinions in the field on what happens to the replisome when it 

encounters DNA damage. Either the replisome skips or is stalled at DNA damage. I used 

fluorescent microscopy techniques previously described by the lab and new techniques I developed 

to measure replication speed and measure bound proportions using single-molecule microscopy to 

identify novel replisome behaviours. In this manuscript, I first show that after UV damage, the Pol 

III * is recruited to sites of the chromosome far from the replication fork in a way dependent on 

the χ clamp loader subunit. Secondly, I show that the replication fork slows down to one-fifth of 

its regular replication rate immediately after UV damage. Lastly, I propose that the apparent DNA 

lesion skipping done by the DNA polymerase is likely the result of independent binding events by 

multiple copies of Pol III *, efficiently recycled after encountering lesions on DNA.  
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3.1 Abstract 

The replisome is a multiprotein machine that is responsible for replicating DNA. During active 

DNA synthesis, the replisome tightly associates with DNA. In contrast, after DNA damage the 

replisome may disassemble, exposing DNA to breaks and threatening cell survival. Using live cell 

imaging we studied the effect of ultraviolet (UV) light on the replisome of E. coli. Surprisingly, 

our results showed an increase in Pol III holoenzyme (Pol III HE) foci post-UV that do not co-

localize with the DnaB helicase. Formation of these foci is independent of active replication forks 

and dependent on the presence of the χ subunit of the clamp loader, suggesting recruitment of Pol 

III HE at sites of DNA repair. Our results also showed a decrease of DnaB helicase foci per cell 

after UV, consistent with the disassembly of a fraction of the replisomes. By labeling newly 

synthesized DNA, we demonstrated that a drop in the rate of synthesis is not explained by 

replisome disassembly alone. Instead, we show that most replisomes continue synthesizing DNA 

at a slower rate after UV. We propose that the slowdown in replisome activity is a strategy to 

prevent clashes with engaged DNA repair proteins and preserve the integrity of the replication 

fork.  

 

3.2 Significance Statement 

A multi-component molecular machine, called the replisome, mediates high fidelity genome 

duplication, but requires error-free DNA as its template. Presence of lesions on DNA, like those 

generated after UV, halt replisome activity and can lead to replisome disassembly, a potentially 

life-threatening situation to the cell. Here we show that, in cells exposed to UV, parts of the 

replisome independently localize at sites far from the place of DNA synthesis. In addition, we 

provide evidence that the replisome responds to UV by slowing down its rate of synthesis on the 

damaged DNA template. Modulation of the rate of DNA replication may be a general strategy 

used by other organisms to minimize the impact of DNA damage on the duplicating genome.  

 

3.3 Author Contributions  

N.S. and R.R.-L. designed research; N.S. and A.W. performed research; N.S., A.W., and R.R.-L. 

analyzed data; and N.S. and R.R.-L. wrote the paper. 
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3.4 Introduction 

DNA replication is carried out by a multiprotein machine called the replisome. In E. coli, the 

replisome is composed of the DnaB helicase, the DnaG primase, the DNA Pol III (αεθ), the 

processivity factor β clamp (β2), the clamp loader (τ3δδ’ψχ), and the single strand binding protein 

SSB (Figure 3.1A) (1, 2). Multiple protein-protein interactions exist among these subcomplexes. 

DnaB and DnaG interact with each other (3, 4). Pol III and clamp loader are physically coupled 

by the interaction between α and τ , forming the Pol III* subcomplex (5). Pol III* and β clamp 

form the Pol III HE (6). Finally, the τ subunit mediates the interaction between DnaB helicase and 

Pol III HE (7). Once in every cell cycle, DNA replication is initiated with the assembly of two 

replisome in opposite orientations at a specific locus of the chromosome, the oriC. Each replication 

fork duplicates half of the 4.6 Mbp circular chromosome at rates between 0.6-1 kbp s-1 at 37 oC 

(8), completing replication as the two of them meet at the region opposite from oriC.  

 

Successful genome duplication is dependent on undamaged template DNA. Modifications in 

the chemistry of DNA and the presence of strand discontinuities can inhibit the progression of the 

replisome or lead to its disassembly, potentially generating double strand DNA (dsDNA) breaks 

and life-threatening consequences to the cell (9). Specialized DNA repair systems continually act 

on lesions to restore DNA (10-12). Prolonged replisome stalling and replisome disassembly trigger 

the activation of specialized mechanisms that correct dsDNA breaks and restore the replication 

fork – the DNA structure on which the replisome acts – followed by mechanisms to re-assemble 

replisome at those sites (13-15). The frequency at which the replisome disassembles during normal 

growth and the timing required for replisome reassembly have not been well established. 

 

The effect of UV-C light (190-290 nm) on DNA and DNA replication has been widely studied. 

UV-C generates cyclobutane pyrimidine dimers (CPDs), and to a lesser extent 6-4 pyrimidine 

adducts (6-4 PA), on DNA (16). CPDs have been shown to inhibit the activity of Pol III (17), but 

should allow progression of the DnaB helicase as they fit through its central pore (18). Shortly 

after UV treatment the rate of DNA replication significantly drops in E. coli, an effect lasting for 

tens of minutes (19, 20). The reduced DNA synthesis is produced in short fragments on both 

strands (21, 22), which was classically interpreted as the result of Pol III hopping over CPDs (21). 

In agreement with this model, DnaG was reported to prime both strands ahead of a lesion that 
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blocks Pol III (23, 24), providing a mechanism by which continued progression of the DnaB 

helicase would mediate recruitment of Pol III HE downstream of the lesions, effectively resulting 

in lesion hopping. However, previous works that reported replisome stalling shortly after a lesion 

on the leading strand have not yet been fully reconciled with this data (25-27). In addition, different 

live cell studies have led to opposing conclusions on the fate of the replisome, suggesting either 

stable binding of the DnaB helicase or the complete disassembly of the replisome after UV (28, 

29).   

 

 

We used fluorescence microscopy to directly test the effect of UV on the replisome and DNA 

synthesis at a single-cell level. We used slow-growth conditions, with generation times above 100 

minutes, to minimize convolution of our data by new rounds of DNA replication, as reported 

previously (29). Our results lead us to conclude that most replisomes remain active, although 

progressing at a diminished rate, after exposing cells to UV at doses where CPDs decorate DNA 

at every few kilobases. Our data is consistent with the capacity of the replisome to skip over lesions 

on DNA. In addition, we show that the Pol III HE can act independently of the DnaB helicase and 

the replication fork after being recruited to other sites of the chromosome in a manner dependent 

of the χ subunit. Pol III HE activity outside the fork may contribute to filling DNA gaps, and in 

conjunction with its β-clamp loading activity, may influence other processes like translesion DNA 

synthesis 
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Figure 3.1. Unbinding of replisome subunits at an UV lesion. (A) Model of the architecture of an active 
replisome. DNA is unwound by the DnaB helicase. DnaG primase binds to DnaB. Pol III and the clamp 
loader bind each other through the τ subunit of the clamp loader, which also mediates binding to the DnaB 
helicase. The β-clamp is left behind the fork after the completion of an Okazaki fragment at the lagging 
strand. SSB covers ssDNA produced during the cycle of lagging strand synthesis. (B) Representative images 
of cells carrying YPet-DnaB or ε-YPet before and 5 minutes after exposure to 25 J/m2 UV dose. White 
arrows mark the location of foci. Scale bar 1µm. (C) Average number of the foci per cell of YPet-DnaB or 
ε-YPet 5 minutes after exposure to different UV doses. (D) Distribution of the number of foci per cell in 
cells carrying YPet-DnaB or ε-YPet 5 minutes after exposure to UV. (E) Average number of foci for all the 
replisome subunits tested: YPet-DnaB, YPet-DnaG, YPet-β, ε-YPet, τ-YPet, χ-YPet and SSB-
YPet. Pictures were taken 5 minutes after exposure. Error bars represent SE.  
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3.5 Results 

3.5.1 Pol III Holoenzyme is Recruited to Multiple Sites in the Nucleoid after Exposure to UV 

Light.  

To test directly for replisome subunit stability after UV treatment, we used fluorescence 

microscopy in live cells. We studied the replisome by using previously characterized E. coli strains 

carrying derivatives of replisome components fused to the yellow fluorescent protein YPet (30, 

31). We grew cells in conditions where they undergo a single replication event, and have at most 

2 replication forks, which translate into cells with 0, 1 or 2 fluorescent spots for DnaB and the 

proof-reading exonuclease subunit of Pol III, ε (Figure 3.1 B) (30). 5 minutes after exposing cells 

to UV at a dose of 25 J/m2, we observed a small decrease in the average number of YPet-DnaB 

foci, going from 1.57 ±0.02 (SE) before to 1.39 ±0.03 spots per cell after treatment (Figure 3.1B 

& 2D). Disappearance of DnaB spots supports the idea that the replisome has disassembled in 

those cells. In unexpected contrast, ε-YPet showed an increase in the number of spots per cell, 

going from 1.64 ±0.03 before to 2.10 ±0.03 spots per cell after treatment. Notably, this included a 

significant increase in the percentage of cells with 3 and 4 spots, from 8.4% to 29.5% (Figure 

3.1D). The effects of UV on the distribution of DnaB and ε spots correlated with the UV dose used 

(Figure 3.1C).  

 

Further characterization of replisome subunits corroborated the existence of two different 

behaviors in the subcomplexes of the replisome. YPet-DnaG showed a slight reduction in the 

number of fluorescent spots per cell, similar to DnaB but to a lower extent, going from 1.61 ±0.04 

to 1.52 ±0.05 before and after treatment, respectively. Whereas reminiscent of the results for ε, the 

number of fluorescent spots increased after UV for β-clamp from 1.9 ±0.03 to 2.53 ±0.08; for τ 

from 1.59 ± 0.04 to 2.06 ± 0.03; for χ from 1.55 ±0.02 to 2.19 ±0.04; and for SSB from 1.57 ±0.03 

to 2.40 ±0.07 (Figure 3.1E, Figure A2.2.3.A). These results match the architecture of the 

replisome, as DnaG needs to interact with DnaB for recruitment to the replication fork, and β-

clamp, clamp loader and Pol III form the Pol III HE (Figure 3.1A). In addition, our data agrees 

with studies on the replisome dynamics, where we and others showed that Pol III and the clamp 

loader frequently unbind from the replication fork, while the DnaB helicase is stably bound (32, 

33).   
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To characterize the two binding regimes in the replisome, we imaged cells carrying both 

YPet-DnaB and ε-mTagRFP (Figure 3.2). In untreated cells we expected to observe co-localizing 

foci for both subunits as the replisome should contain both of them. Our results confirm this 

Figure 3.2. DnaB remains in proximity to Pol III after UV. (A) Representative images of a strain carrying YPet-
DnaB and ε-mTagRFP, before and at various times after UV treatment. White arrows mark co-localization of foci in 
the two channels. Scale bar 1µm. (B) Distribution of apparent distances between a YPet-DnaB focus and the closest 
ε-mTagRFP focus in a cell. The untreated sample is compared with the results at 10, 30 and 60 minutes after UV. 
The median (M) of each population is shown. (C)  Average number of foci per cell for YPet-DnaB and ε-mTagRFP 
before (0 minutes) and at various times after treatment. (D) Number of cells with at least one fluorescent focus for 
YPet-DnaB or ε-mTagRFP at various times after treatment. (E) Estimation of helicase disassembly at various times 
after UV treatment. Numbers are based on the difference between a simulated growth of foci, assuming no 
disassembly, and the data of YPet-DnaB from Figure 3.1C and Figure 3.2C (Inset). (F) Number of PriA-mNeonGreen 
(green) and YPet-DnaC (yellow) foci per cell before (0 minutes) and at various times after exposure to UV. Error 
bars represent SE.  
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expectation, the median distance between DnaB and the closest ε spot was 0.151µm (Figure 3.2A 

& 2F). In agreement with the results described above, the number of DnaB spots decreased and 

the number of ε spots increased after UV (Figure 3.2C-D, Figure A2.2.3.B). The greatest contrast 

in the spot distribution of these two subunits was reached 30 minutes after UV exposure, after 

which we observed a trend of recovery towards the pretreated state (Figure 3.2C-D). Despite the 

difference in abundance, the distance between DnaB and the closest ε spot did not dramatically 

change, having a median of 0.178µm after 30 minutes. Therefore, our results suggest that all 

replisome subunits remain in the proximity of the replication fork after UV treatment, although 

they may not be active – as they might be binding to gaps behind the replication fork. They also 

suggest the recruitment of additional copies of the Pol III HE and SSB at other sites on the 

chromosome, perhaps participating in DNA repair or as a result of DNA processing caused by UV 

lesions.  

 

3.5.2 Slowdown in the Rate of DNA Synthesis is Only Partially Explained by Replisome 

Disassembly. 

Our initial estimates of replisome disassembly, as measured by the disappearance of YPet-DnaB 

foci, did not account for the elongation of cells after UV. In UV treated cells, cell division is 

inhibited but initiation of DNA replication continues (29). To obtain an accurate assessment of the 

frequency of replisome disassembly, we simulated the expected number of replisomes per cell in 

a scenario where no disassembly occurs, making the assumption that UV inhibits cell division but 

that the rate initiation of DNA replication remains unchanged (29), resulting in an increase in the 

number of replisomes per cell over time (Figure 3.2E). Comparing our results to the simulated data 

showed that replisome disassembly continued for about 30 minutes, plateauing at an average of 

0.8 replisomes lost per cell, when >30% of the replisomes are lost (Figure 3.2E). Recovery of 

replisomes is not observed even after 60 minutes.  

 

To complement these observations, we monitored DnaB re-loading using a mNeonGreen 

fusion to the reloading protein PriA (Figure 3.2F, Figure A2.2.3.B). PriA is a crucial component 

of the protein complex that loads the helicase-loader DnaC-DnaB helicase in an oriC-independent 

manner (34). The fraction of cells with PriA spots increased after UV treatment from 7 ±0.2% 

(SE), and an average of 0.067 ±0.021 spots per cell, in untreated cells, to 78.9 ±0.5%, and an 



 37 
 

average of 1 ±0.05 spots per cell, 60 minutes after UV treatment (Figure 3.2F), closely matching 

the estimated replisome loss. We observed a similar trend for cells carrying a YPet derivative of 

the helicase loader DnaC, where the frequency of cells with spots increased after UV treatment 

from 14.20 ±3.1% (SE), and an average of 0.19 ±0.05 spots per cell, in untreated cells, to 61.61 ± 

5%, and an average of 0.92 ± 0.03 spots per cell, 60 minutes after UV treatment (Figure 3.2F, 

Figure A2.2.3.B). However, these results reported a lower frequency of cells with DnaC foci 

compared to PriA, despite the role of DnaC in both oriC-dependent and -independent initiation. 

This may suggest a significant time delay between PriA binding and DnaC recruitment during 

reloading of the replisome.  

 

We then estimated the rate of DNA synthesis at a single cell level by fluorescently labeling 

newly replicated DNA through a 2-minute pulse of ethyl deoxyuridine (EdU) and azide-coupled 

Fluor 545 (35). The number of cells with EdU fluorescent foci dropped slightly, from 93.8 ±0.05 

(SE) before UV to 82.5 ±8.4 after 30 minutes (Figure 3.3A-B), indicating that DNA synthesis 

continued in most cells after UV treatment. We estimated the rate of new DNA incorporation based 

on the integrated intensity of detected spots in a given cell. DNA synthesis sharply decreased after 

5 minutes of UV treatment, resulting in only 16.2 ±5.8% (SE) of the incorporation in untreated 

cells, and progressively increasing reaching 81.9 ±13.8% of the original incorporation after 60 

minutes (Figure 3.3C, ‘observed’). This decrease in DNA synthesis could be due to the fewer 

number of replisomes in cells following UV-induced replisome disassembly. To test this 

hypothesis, we calculated the predicted rate of synthesis based on our estimates of replisome loss, 

assuming unimpeded DNA synthesis with the same constant rate as before treatment (Figure 3.3C, 

‘Expected’). Interestingly, replisome loss could only account for a small part of the observed 

decrease in DNA synthesis, raising the possibility that the remaining replisomes act more slowly 

after UV.  We used this ‘expected’ rate to normalize the observed EdU incorporation, so we could 

assess the relative synthesis rate per replisome (Figure 3.3D). The corrected rates of synthesis 

showed that replisomes progress at 18.7% and 84.7% of their unperturbed rate 5 and 60 minutes 

after UV, respectively. Since replicating the entire chromosomes takes 65 minutes at 37oC (30), 

we estimate that the rate of replication goes from ~600 bp s-1 before to ~114bp s-1 5 minutes after 

UV. These results show that a considerable proportion of replication forks progress at a diminished 

average rate after UV treatment. 
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3.5.3 Recruitment of the Pol III HE does not Require Active Replication.   

Copies of Pol III HE subunits at sites outside of the replication fork may mark points of DNA 

repair. Alternatively, they may represent new DNA replication events from oriC or mark sites 

behind the replication fork. To test these later models, we targeted an inactive copy of Cas9 

Figure 3.3. Persistence of DNA synthesis after UV. (A) Representative images of a strain carrying 
∆yjjG ∆deoB after EdU labeling. A 2-minute pulse of EdU, followed by fixation and coupling of 
fluorescence through click chemistry. Cells were sampled at various times after UV. Scale bar 5µm. 
Contrast and brightness have been normalized.  (B) Percentage of cells with at least one focus for EdU 
before (0 minutes) and at various times after UV. Error bars represent SE. (C) Estimated normalized 
DNA synthesis at various times after UV (Observed), as measured by the integrated intensity of all spots 
in a cell. Compared to the expected synthesis if all remaining DnaB foci in Figs. 1 and 2 were fully 
functional replisomes (Expected), and to the expected synthesis in cells with fully functional replisomes 
and no replisome disassembly (Simulated unperturbed). Error bars represent SE. (D) Mean rate per 
replisome obtained by re-normalizing the ‘Observed’ data using the ‘Expected’ data in C. The estimated 
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(dCas9) to oriC, which has previously shown to inhibit initiation of DNA replication  (36) (Figure 

A2.2.1.B). We then waited for a period of 2 hours to allow completion of ongoing DNA replication 

events. In these conditions, we observed a relatively high background of DnaB spots. We speculate 

that this is because the inhibition of initiation by dCas9 may still permit binding, but not activation, 

of DnaB at the oriC. But consistent with the results above, the number of spots in arrested cells 

did not change substantially after UV, going from 0.64 ±0.05 to 0.58 ±0.07 (Figure 3.4A-B). In 

contrast, the number of ε-YPet foci went from 0.29 ±0.02 to 1.25 ±0.08 after UV in the induced 

cells (Figure 3.4A-B). As an independent confirmation of these results, we used previously 

characterized strains carrying a dnaC2 temperature sensitive allele to block initiation of DNA 

replication (30). As before, we allowed completion of ongoing replication events by incubating 

cells at the restrictive temperature (37oC) for 2 hours. Similar to the results above, we observed a 

relatively high background of DnaB spots, but consistent with previous experiments the number 

of spots in arrested cells changed only slightly after UV, from 0.87 ± 0.08 to 0.98 ± 0.05 (Figure 

3.4C-D). In contrast, the number of ε-YPet foci went from 0.10 ± 0.02 to 0.80 ±0.04 after UV 

when cells were incubated at the restrictive temperature (Figure 3.4C-D). Thus, we determined 

that the additional Pol III HE foci are not due to new initiation events. In addition, our results also 

demonstrate that additional Pol III HE foci can form even in conditions where there are no 

replication forks. Hence, even if some of these foci may be produced by Pol III HE binding behind 

the replication fork during active synthesis, a fraction of them are likely to bind elsewhere in the 

chromosome.  
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3.5.4 Recruitment of the Pol III HE Outside the Replication Fork Depends on the χ Subunit 

of the Clamp Loader. 

Pol III HE interacts with the DnaB helicase at the replication fork, but our data suggested that it 

can also be at other sites independently of DnaB. To explain this observation, we hypothesized 

that SSB serves as an anchor for the Pol III HE at these extra sites, as this protein binds to ssDNA, 

and SSB interacts with the χ subunit of the clamp loader (37). We tested this idea by inducing 

rapid depletion of the χ subunit in a strain carrying a degron-tagged version of this protein (Figure 

3.4E-F) (31, 38). Imaging was done 45 minutes after arabinose induction. We observed a sharp 

Figure 3.4. Pol III HE recruitment is independent of ongoing replication and dependent on the χ 
subunit. (A) (Left) Description of the system to stop initiation of DNA replication. IPTG-inducible 
CRISPR-dCas targets the oriC to prevent new replication round. (Right) Cells were induced for 3 hours. 
Average number of foci per cell of YPet-DnaB and ε-YPet before and after treatment with UV 5 minutes 
after exposure in conditions where initiation proceeds unimpeded (-IPTG) or when it is blocked (+IPTG). 
(B) Representative images of cells carrying YPet-DnaB or ε-YPet and the oriC blocking CRISPR-dCas 
system. Arrows marks position of fluorescent foci. Scale bar 1µm. (C) Cells were incubated at the 
restrictive temperature for 3 hours. Average number of foci per cell of YPet-DnaB and ε-YPet in a dnaC2 
temperature sensitive background at permissive and non-permissive temperature. (D) Representative 
images of cells carrying YPet-DnaB or ε-YPet in a dnaC2 temperature sensitive background at non-
permissive temperature. Scale bar 2µm. (E) (Left) Description of the degron system used in this work. 
(Right) Average number of foci per cell of YPet-DnaB and ε-YPet before and after treatment with UV 5 
minutes after exposure in conditions where χ is present (-Ara) or after χ has been degraded (+Ara). (F) 
Representative images of cells carrying YPet-DnaB or ε-YPet and a degradable copy of the χ subunit. 
Scale bar 1µm. 
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decrease in the number of ε-YPet spots after UV, going from 1.22 ± 0.04 before to 0.63 ± 0.05 

spots per cell after UV (Figure 3.4E-F). Depletion of χ had a smaller effect on YPet-DnaB after 

UV, where the number of foci decreased from 1.39 ± 0.04 to 1 ± 0.04, showing a similar trend as 

in conditions where χ is present (Figure 3.4E-F). These results are consistent with the idea that χ 

helps to recruit Pol III HE at other sites of the chromosome. Nonetheless, the χ subunit has also 

been reported to have a role in replisome stability (39). Consequently, an alternative interpretation 

of these results is that UV further destabilizes the weakened χ-depleted replisome. Indeed, we 

observed a drop in ε-YPet foci in χ-depleted conditions before UV, compared to control cells 

(Figure 3.4E-F), which agrees with a role for χ in retaining Pol III HE at the fork. Consequently, 

at present we cannot rule out a contribution of the stabilizing role of χ in our results.  

 

3.5.5 Exposure to UV Light Changes the Binding Dynamics of the Pol III HE.  

To further characterize the role of the additional Pol III HE spots in the cell, we studied the binding 

kinetics of the DNA Pol III using single-molecule experiments. We used a fusion of ε with the 

photoconvertible fluorescent protein mMaple (32, 40), and the technique of single-particle tracking 

Photoactivated Localization Microscopy (sptPALM) to determine the average residence time 

(bound-time) of this subunit as previously described (Figure 3.5A) (32). Between 15 and 30 

minutes after UV, we observed an increase in the bound-time going from 10.80s ± 0.94 before 

treatment, consistent with previous results (32), to 16.18s ± 2.11 after treatment (Figure 3.5B). 

These results are reminiscent of the increased bound-time observed for Pol III* after treatment 

with the DNA polymerase inhibitor hydroxyurea (32).  

 

We also determined the proportion of ε bound to DNA before and after UV by sptPALM. 

Capturing pictures at 20 ms rates under low-intensity continuous 405 nm-laser activation, resulted 

on average in a single fluorescent spot per cell per frame. We characterized the behavior of DNA-

bound molecules by studying a strain carrying LacI-mMaple and a lacO array, where most of the 

molecules are bound to the chromosome (Figure 3.5C) (32). The distribution of apparent diffusion 

coefficients for ε-mMaple before treatment showed at least two fractions, one of which represented 

the DNA-bound molecules – overlapping with the LacI data –, and a second showing the diffusive 

fraction (Figure 3.5C). Using a Gaussian mixture model to estimate the fraction of DNA-bound 

molecules in the population, we estimated that the proportion increased from 16.4% before 
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treatment, to 35.5% between 15-30 minutes after UV treatment (Figure 3.5C). This data supports 

the idea that the Pol III HE bound to DNA is not always active after UV. It also shows that exposure 

to UV increases the length and the frequency of the binding events of Pol III* to DNA. 

 

 

Figure 3.5. UV irradiation affects the dynamics of the replisome. (A) Representative images of  ε-
mMaple in an sptPALM experiment to characterize its binding kinetics. (B) Representative examples 
of the distribution of fluorescent foci life-spans (blue bars) for Pol III ε subunit, before and after UV, 
showing fitting of a single-exponential decay model (purple line), the estimated bleaching rate in the 
same conditions (yellow line) and the corrected estimated bound-time (red line). PDF stands for 
probability density function. Numbers indicate bound time in seconds with the SE in parenthesis. (Left) 
Pol III ε subunit before UV. (Right) Pol III ε subunit after UV (C) The distribution of the logarithm of 
the apparent diffusion coefficient (blue bars) for Pol III ε subunit and LacI bound control (grey bars), 
before and after UV, showing the fitting of a gaussian mixture model (red and grey line). Percentage 
indicates the proportion of diffusing molecules. (Left) Pol III ε subunit before UV. (Right) Pol III ε 
subunit after UV. Y-axis represents probability density function. (D) Model for the replisome 
slowdown. After encountering an UV lesion on the leading strand, the helicase continues unwinding 
through this site, but the Pol III is stalled, leading to the uncoupling between the Pol III HE and the 
helicase. This in turn results in a decrease translocation rate of the helicase. Priming by DnaG 
downstream of the lesion on the leading strand leads to the recruitment of a new copy or the same copy 
of Pol III to resume DNA synthesis causing replisome lesion-skipping.  
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3.6 Discussion 

We have investigated the fate of the replisome after encountering a DNA lesion capable of 

inhibiting Pol III activity, but that in principle does not threaten DnaB helicase integrity. A large 

body of literature that studied the effect of UV on DNA replication, spanning the last 50 years, 

precedes our work. However, this is the first report that focuses on the effect of UV on the 

replisome subunits, resulting in unique insight into response of the replisome to DNA damage, and 

the dynamics of DNA synthesis on a damaged DNA template. We expect that our conclusions will 

be also valid to other non-bulky DNA modifications that do not hinder helicase translocation. 

 

Contrary to the long-held belief that the replisome subunits remain bound during long 

periods of the replication cycle, recent data from our group and other groups have demonstrated 

much more frequent turnover in this complex. Single-molecule in vivo data from the Bacillus 

subtillis and E. coli have shown that the active replicative DNA polymerase is replaced every few 

seconds (32, 41). Similar observations were made in an independent study using a reconstituted E. 

coli replisome in vitro (33). Replisome disassembly exposes DNA structures sensitive to breakage, 

which can occur independently of external aggressions such as UV. It is therefore unclear why a 

stable replisome complex was not favored in evolution. 

 

Our work unveils potential advantages of a dynamic replisome. The data is consistent with 

the recruitment Pol III HE to sites other than the replication fork in a DnaB-independent manner. 

This is a striking result, as these two subcomplexes were assumed to be found only at the 

replisome. We favor the model that Pol III HE is recruited at ssDNA gaps, given the presence of 

SSB. Polymerization activity at these sites is also likely and agrees with reports that established 

Pol III activity at ssDNA gaps (42, 43). Pol III HE might also contribute to loading of β-clamp at 

these sites which could then serve for the recruitment of Pol V translesion polymerase. Some of 

these sites are likely to be found behind the replication fork, resulting from the replisome skipping 

over UV lesions. But since Pol III HE foci formed after UV even when cells are not replicating 

(Figure 3.4A-D), our data suggests that there are other recruitment sites in the chromosome which 

are independent of the replication fork. Loading of β-clamp away from the DNA replication fork, 

and subsequent unbinding of the clamp loader, would agree with a lack of overlap in the 

localization of the clamp loader and the translesion polymerases Pol IV and Pol V during DNA 
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repair (44-46). Though we note that the presence of the Pol III HE at those sites may facilitate 

resuming DNA synthesis after bypass by Pol V.  

 

3.6.1 A Fast-Acting Rate Switch Strategy as Response to DNA Damage.  

A much clearer advantage of a dynamic Pol III* binding is an almost immediate slowdown of the 

rate of DNA replication in response to DNA damage. Such strategy would reduce the probability 

of encounters between the DnaB helicase and the engaged NER system, which may lead to helicase 

disassembly. It is unlikely that the rate change is due to competition of Pol III with the translesion 

polymerases, as this effect should increase with the induction of the SOS response, and should be 

minimal at 5 minutes after UV. Instead, we propose that Pol III disengages from DnaB after 

encountering a CPD, triggering a change in DnaB translocation rate (Figure 3.5D). Previous 

reports show slower DnaB helicase translocation in the absence of Pol III* (47, 48). Our results 

show that shortly after treatment with UV the replisome proceeds at about 114 bp s-1  (30) (Fig 

3D). This is just slightly higher than the ~80 bp s-1 single-molecule estimates of the DnaB helicase 

activity when it uncouples from DNA synthesis (49, 50). Thousands of CPDs are generated in the 

chromosome after a 25 J/m2 UV dose –we estimate one every ~9 kbp on the leading strand based 

on Courcelle et al. (51). The rate of DNA synthesis progressively increased, reaching >80% of the 

original rate 60 minutes after UV, in agreement with the proposed dynamics of CPD removal after 

exposure to UV  (52). The DNA replication averages described above using 2-minute pulses of 

EdU labeling would then be the result of multiple cycles of engagement and disengagement, each 

lasting few seconds. As such, the rate of replisome progression reflects the density of lesions on 

DNA.  

 

A much greater number of replisomes simultaneously acting on the genome in eukaryotic 

cells, although progressing at slower rates, should increase the rate of clashes with the DNA repair 

systems. As in bacteria, a mechanism to rapidly modulate the rate of replisome progression has 

been proposed. Binding of the Mrc1-Tof1-Csm3 (MTC) complex in budding yeast has been shown 

to be needed for a maximal rate of DNA synthesis (53-55). In addition, the interaction between the 

replisome and MTC is highly dynamic, making it a good candidate to mediate a fast response to 

DNA damage (56). As such, fast modulation of DNA synthesis by the replisome seems to be a 

common strategy evolved in both eukaryotes and prokaryotes. It is tempting to speculate that 
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replisome slowdown in eukaryotes precedes the global DNA damage response (DDR), mediated 

by protein kinases, which should take more time to be established (57). 

 

3.6.2 Continued DNA Replication After UV Supports a Replisome Lesion Skipping Model.  

A classical model suggests that after UV, DNA Pol III can hop on DNA to avoid prolonged stalling 

at lesions (21). A mechanistic explanation was provided by data showing that helicase progression 

provides a platform for priming on both strands, mediating polymerase lesion skipping after UV 

treatment (23, 24). We note that the original envisioning of this model, where the same copy of 

the DNA polymerase resumes synthesis after skipping a DNA lesion, is unlikely to occur in cells 

given that Pol III* is frequently exchanged (see above). Hence, it is more probable that the 

resumption of DNA synthesis occurs after a different copy of Pol III* is recruited from the 

diffusing pool. However, consistent with the idea of lesion skipping by the replisome, our data 

provides yet another set of evidence by showing that even though the rate of DNA synthesis drops 

after UV exposure, DNA synthesis continues (Figure 3.5D). Previous reports were not able to 

distinguish between replisome slowdown, disassembly and cell heterogeneity as they were based 

on population averages. Furthermore, we show that β-clamp continues to accumulate at sites 

containing DnaB helicase (Figure A2.2.3.), and that the DnaB helicase remains in proximity of ε 

at all times after UV (Figure 3.2), further supporting the idea that the activities of priming and 

DNA elongation continue after UV.  

 

3.7 Experimental Procedures 

Detailed description of the experimental procedures used are available in SI Materials and 

Methods. In brief, strain construction was done using P1 transduction or lambda red recombination 

in an AB1157 background (58). Cells were routinely grown in LB or in M9 glycerol. For 

microscopy, cells were grown overnight in M9 glycerol, then diluted in the same medium and 

grown to an OD600 between 0.1-0.2. For degron experiments cells were induced with 0.5% 

arabinose at an OD600 of 0.1 after the dilution in M9 and grown for 45-60 minutes before imaging. 

For degron CRISPR experiments cells were induced with 0.5mM IPTG 45 minutes after the 

dilution in M9 and grown for 2 hours before imaging. DnaC2 strains were incubated at 37oC for 2 

hours before UV treatment. Cells were spotted on a 1% agarose pad in M9-Glycerol. UV 

irradiation was performed in a UV Stratalinker 2400 (Stratagene) at the dose specified in the text 
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before placing the coverslip. Images were taken exactly at minutes 5 to 10 after irradiation unless 

stated otherwise. For single molecule experiments, collection of images started at 15 minutes and 

ended at 30 minutes post-irradiation. Imaging was performed at room temperature on an inverted 

Olympus IX83 microscope from a single-line cellTIRF illuminator (Olympus). For EdU 

incorporation, all cells were grown overnight in M9 glycerol at 37oC, then diluted in the same 

medium and grown to an OD600 between 0.1-0.2. A sample of cells was put aside as an untreated 

control while the rest of the liquid culture was put in a sterile petri dish and then UV irradiated. 

EdU to a concentration of 20 µg/mL was added for 2 minutes before fixation at specified times 

after UV exposure. Fixing and labelling was done using a modified protocol described by (59). All 

analysis was done using custom Matlab scrips and TrackMate software in ImageJ. A custom 

Matlab script was used to simulate the increase in the number of copies of replisome per cell when 

cell division is inhibited and replication proceeds at a slower rate. Number of repeats, sample size, 

and statistical tests for pairwise comparisons for all microscopy analysis presented in the figures 

can be found in Table A2.4.  

 

3.8 Supplemental Information  

Supplemental Information (Appendix 2) includes the SI Materials & Methods, six figures and 

four tables.  
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Chapter 4 

 

The χ Subunit of the Clamp Loader Promotes Fast Search Times and 

Increases Local Concentration of DNA Polymerase in Escherichia 

coli 
 
This chapter is based on a manuscript in preparation: Soubry, N., Lopez Jauregui, C. V., 

Rascon Perez, J.P., and Reyes-Lamothe, R. The χ Subunit of the Clamp Loader Promotes Fast 

Search Times and Increases Local Concentration of DNA Polymerase in Escherichia coli 

 

 

With the surprising finding that χ, a clamp loader subunit, mediates the Pol III HE recruitment 

independently of the replication fork, I decided to test the hypothesis that χ has a role in 

maintaining the dynamic replisome. I used fluorescence microscopy techniques to determine the 

effect of χ on the dwell time, the DNA-bound proportion, and the DNA polymerase Pol III's search 

time. I found that depletion of χ resulted in less Pol III* bound to DNA as reported by the number 

of spots per cell, the fluorescence intensity of spots, and the frequency of immobile single-

molecules in the cell. I also found that χ increased the frequency of observed consecutive unbinding 

and binding (rebinding) events by single copies of Pol III*. However, my results showed only 

minor differences in the dwell times of Pol III* and time between rebinding events (effectively Pol 

III* search time) in the absence of χ, suggesting incomplete χ depletion or the presence of 

additional factors. I propose that the association of χ with SSB bound to ssDNA is used to modulate 

the rate at which Pol III* is recruited to the replication fork. The initial capture of Pol III* by SSB 

would be followed by the interaction with other replisome subunits and the growing DNA chains. 

I also suggest that extended periods without Pol III* at the replication fork, observed in χ-depleted 

cells, results in replisome disassembly and fork collapse. Hence explaining previous observations 

of χ in the stability of the replication fork.   
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4.1 Abstract  

The replisome is a dynamic multiprotein machine that is responsible for replicating DNA. During 

active DNA synthesis, The Pol III* is constantly exchanging. This exchange is beneficial for the 

cell as it can respond quickly to its surrounding environment by either slowing down its rate or 

exchanging for translesion polymerases. Previous work has shown that the χ subunit of the clamp 

loader can recruit the Pol III holoenzyme independent of active replication forks. The χ subunit 

has been shown to tether the clamp loader to SSB. Using a degradation technique, we removed χ 

and investigated how that affected the Pol III*. Our results show that χ is crucial to replisome 

stability. Degradation of χ results in 50% less Pol III DNA-bound in the cell, affecting half of the 

replisomes. Our results also show that χ helps reduce the search time of Pol III*, increasing the 

probability a single molecule of Pol III* will bind more than once. We propose that χ provides 

stability to the replisome by reducing the search time and increasing the local concentration of Pol 

III* near the replication fork. 

 
4.2 Introduction 

DNA replication is an important activity carried out by every cell type. In Escherichia coli, this 

process is carried out by the replisome, a multifunctional machine composed of more than twelve 

proteins (Figure 4.4.1. A). The DNA polymerase, Pol III, which performs the DNA synthesis, 

comprises three subunits [1-3], αεθ. Three DNA Pol III copies are incorporated into the 

polymerase through an interaction with the τ subunit of the clamp loader complex (τ3δδ’ψχ) to 

make the Pol III* ((αεθ)3 τ3δδ’ψχ). The clamp loader is also responsible for loading the β-clamp 

dimer onto DNA, which is required for processive synthesis by Pol III. The addition of β-clamp 

to Pol III* forms the Pol III holoenzyme (Pol III HE). At the center of the replisome is the 

replicative helicase, DnaB, which unwinds the parental DNA. Located on the lagging strand, the 

DnaB helicase recruits the primase, DnaG, which synthesizes the RNA primers needed by the 

DNA Pol III. The DnaB complex is tied to the Pol III HE via its interaction with τ of the clamp 

loader complex. Once in every cell cycle, DNA replication is initiated with the assembly of two 

replisomes in opposite orientations at a specific locus of the chromosome, the oriC [4]. Each 

replication fork duplicates half of the 4.6-Mbp circular chromosome at rates between 0.6 and 1 
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kbp·s−1 at 37 °C [5], completing replication as the two of them meet at the region opposite 

from oriC. 

 
           Each replisome is committed to replicating half of the 4Mbp chromosome. Hence in the 

past, it was assumed that the replisome needed to be a stable entity. This was supported by 

previous in vitro data where a single purified replisome assembled on DNA synthesized on 

average 70 kbp of DNA without requiring any additional or replacement DNA Pol III [6, 7]. This, 

combined with data showing that replisomes undergo one disassembly event every five replication 

cycles, indicates that replisomes are very stable and processive [8]. However, when individual Pol 

III* dwell times* were investigated in vivo, the Pol III* was shown to exchange every 10s, a stark 

difference from the previously estimated average [9]. This finding was confirmed independently in 

vitro in conditions where Pol III* was in excess, suggesting competition between active and 

diffusive subunits [10]. 

 

It is still unclear how does the replisome maintains rates of 1kb per second under fast Pol 

III* turnover. However, recent work in our lab hinted at the role of the χ subunit in this process. 

In the study in question, an interaction between the χ and SSB resulted in Pol III HE's recruitment 

to DNA away from the replication fork after UV exposure [11]. Also, removing χ in these 

experiments resulted in a decrease in the number of Pol III molecules bound to DNA in cells not 

exposed to UV. 

 

 The ψχ complex forms a bridge between the τ3δδ’pentamer and SSB (Figure 4.4.1.A) [12-

18]. ψ interacts with τ/γ and χ, and χ interacts with SSB. Furthermore, the ψ-τ interaction favours 

the assembly of the τ3δδ’pentamer in conditions limiting δδ’ concentrations [19, 20]. It stabilizes 

an ATP-activated DNA-high affinity conformation of the clamp loader and facilitates the clamp 

loading reaction in vitro [21, 22]. The absence of χ severely impairs growth, particularly at high 

temperatures. Cells are also usually elongated due to the activation of the SOS response. A 

duplication of the ssb gene partly restores the viability of the χ and ψ when either is depleted [23]. 

SOS is constitutively expressed in the ψ (holD) mutant due to the accumulation of single-stranded 

DNA gaps in lagging strands [24]. 
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We used fluorescence microscopy to test the effect of depleting χ on the binding replisome 

components. Our results lead us to conclude that χ increases the recruitment of Pol III to the fork. 

In our model, the function of the ψχ complex is to reduce the search time and maintain a higher 

concentration of the Pol III* near the replication fork. The higher concentration of the Pol III* near 

the replication fork creates a competition for the elongating 3’ end DNA chain. This ensures that 

if there is any stalling of the active Pol III* or damage to the active replisome, a new Pol III* or a 

translesion polymerase can easily be incorporated. Our data provides a mechanistic explanation of 

the previously described role of χ as a stabilizing factor of the replication fork. 

 

4.3 Results 

4.3.1 The χ subunit contributes to the recruitment of the Pol III* to the replisome  

To determine the χ subunit's role in DNA replication, we used fluorescence microscopy to visually 

determine how the removal of χ alters replisome subunit stability during replication. First, we tried 

to produce a strain carrying ∆holC (coding for χ); however, these cells had a complicated elongated 

morphology under the microscope, removing the possibility of fluorescence microscopy (data not 

shown). We then used a previously described χ degradation system to remove χ during growth 

[11]. This system was added to strains carrying derivatives of replisome components fused to the 

yellow fluorescent protein YPet [2, 25]. We used slow-growth conditions, with generation times 

above 100 min, to minimize convolution of our data by new rounds of DNA replication, as reported 

previously. In these conditions, cells undergo a single replication event and have at most two 

replication forks, translating into cells with zero, one, or two spots for fluorescently tagged 

replisome subunits. We tagged the proof-reading exonuclease subunit of Pol III, ε. When imaging, 

we used exposure times of 5 seconds to determine the average behaviour of each component. After 

1 hour of χ degradation, we saw a decrease in the average number of ε-YPet foci per cell from 

1.34 before treatment to 0.48 after treatment (Figure 4.1. C, Figure S4.1). This decrease in foci 

number suggests that there are replisomes without DNA Pol III for periods of few seconds or a 

decline in the number of replisomes in the cell. Alternatively, these results could also suggest a 

spatial rearrangement of the pair of replisomes in the cell without decreasing their number. 
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To test if we were observing a decrease in the number of active replisomes, we then looked 

at the intensity of individual spots. We reasoned that a higher intensity would mean a higher 

stoichiometry of ε at the replication fork. Surprisingly the degradation of χ did not affect the 

intensity of single foci. The average intensity of foci went from 15895 ± 1853 iu (intensity units) 

before treatment to 15497 ± 2160 iu after treatment (Figure 4.1. D). Thus, it seemed as if χ was 

Figure 4.1 (A) Model of the architecture of an active replisome. The DnaB helicase unwinds DNA. 
DnaG primase binds to DnaB. Pol III and the clamp loader bind each other through the clamp loader's t 
subunit, which also mediates binding to the DnaB helicase. The β-clamp is left behind the fork after the 
completion of an Okazaki fragment at the lagging strand. SSB covers ssDNA produced during the cycle 
of lagging strand synthesis. (B) Sample images of cells carrying ε-YPet with the addition of HU and/or 
0.5% Arabinose. (C) Distribution of the number of foci per cell in cells carrying ε-YPet with the addition 
of HU and/or 0.5% Arabinose. (D)  Distribution of individual spot intensity in cells carrying ε-YPet 
with the addition of HU and/or 0.5% Arabinose. 
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leading to replisome instability, but individual replisomes did not display a change in 

stoichiometry.   

 

Our results suggested that χ and SSB may help recruit Pol III* to the replisome. Hence, we 

wondered if increasing the amount of ssDNA at the replication fork could increase the number of 

Pol III* copies observed. To test this, we looked at the intensity of these spots after the addition of 

hydroxyurea (HU). HU inhibits the ribonucleotide reductase, leading to a depletion of the 

deoxyribonucleoside triphosphate pools [26]. This, therefore, stalls the DNA polymerase but 

leaves the helicase unaffected, creating long ssDNA stretches where SSB binds. Adding HU did 

cause an increase in the intensity of the ε-YPet foci. As before, χ degradation resulted in a decrease 

in foci' average intensity, going from 17029 ± 3039 iu and after χ degradation, 15845 ± 2093 iu 

(Figure 4.1. D). The average number of foci for the post-HU cells was similar to the pre-HU cells. 

Though using a rough estimate, this data indicates that during normal replication, the stoichiometry 

of ε-YPet at the foci is similar, regardless of χ. However, this imprecise measurement of 

stoichiometry hints that stalled replication forks, χ can recruit more Pol III*. The data above 

supports the role of χ as a recruiter of the DNA polymerase to SSB at the replication fork. 

 

4.3.2 The χ subunit contributes to the probability of recruitment and the length of Pol III* 

binding to the replisome 

To further characterize the role of χ in the replisome, we studied the binding kinetics of the DNA 

Pol III with or without the presence of χ using single-particle tracking Photoactivatable 

Localization Microscopy (sptPALM) [11]. We first tested for a decrease in the number of copies 

of Pol III* bound to the replisome when χ is not present. We used a previously characterized fusion 

of ε with the photoconvertible fluorescent protein mMaple [27]. We used exposure times of 20-

ms and continuous low-intensity activation with the 405-nm laser. This resulted in low rates of 

stochastic photoconversion and about one fluorescent molecule per cell at any given time point 

during a 5000-frame movie. Single molecules were tracked and classified as either bound or 

diffusing inside cells based on their diffusion coefficients. In conditions where χ was present, the 

DNA-bound proportion of ε-mMaple was 20.12 ± 0.08 % (Figure 4.2. A). After treatment, the 

DNA-bound proportion dropped to 12.51 ± 0.18 % (Figure 4.2. A). Thus, this data supports the 
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conclusion of a more significant number of copies of ε at replication forks when χ is present and 

with the loss of about half of the active replisomes. 

 

 We then applied sptPALM using different imaging parameters to determine how the 

removal of χ would affect the residence time of ε. In this technique, we used longer exposure times 

(500ms) to blur diffusing molecules. Then we measured the lifetime of single particles after a 

single activation. To get an accurate assessment of the dwell time, we then compared the track 

duration to a photobleaching control, LacI-mMaple bound to a lacO array [9]. With χ present, the 

dwell time of ε-mMaple was 5.85 s (Figure 4.2. B). This dwell time is significantly shorter than a 

previously counted number. We determined this shorter dwell time due to improvements to the 

filtering process that now uses machine learning to sort out noise [28]. When χ was degraded, the 

dwell time was slightly longer, 8.19 s (Figure 4.2. B). Combined, these results indicate that χ 

increases the amount of DNA polymerase bound to DNA and slightly reduces the dwell time of 

bound DNA polymerase molecules. 

 

 

Figure 4.2 (A) The distribution of the logarithm of the apparent diffusion coefficient (blue bars) for Pol 
III ε), before and after χ degradation, showing the fitting of a gaussian mixture model (red and grey line). 
Percentage indicates the proportion of diffusing molecules. (Left) Pol III ε subunit. n = 235 cells(Center) 
Table with results shown in both table for both conditions (Right) Pol III ε subunit after χ degradation.  
n = 357 cells (B) Representative examples of the distribution of fluorescent foci life-spans (blue bars) 
for Pol III ε subunit, before and after χ degradation, showing the fitting of a single-exponential decay 
model (purple line), the estimated bleaching rate in the same conditions (yellow line) and the corrected 
estimated dwell-time (red line). (Left) Pol III ε subunit. n = 512 cells  (Center) Table with results shown 
in both table for both conditions (Right) Pol III ε subunit after χ degradation. n = 337 cells   
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4.3.3 The χ subunit enables rapid rebinding of Pol III* molecules to the replisome. 

When examining long capture videos to determine the dwell times, it was frequently observed that 

individual copies of Pol III* undergo multiple binding events. However, after the depletion of χ, 

these events became less frequent. We attempted to quantify the number of rebinding events to 

replication fork sites that would provide us with the frequency, length, and time between these 

events. Rebinding events were classified as multiple bound events for a single molecule (Figure 

4.3. A). It is worth noting that the time between consecutive rebinding events of single copies of 

ε-mMaple is a direct measurement of the Pol III* search time for the replication fork. However, to 

detect these rebinding events, often separated by only a few frames, we did two changes in our 

tracking analysis: first, we removed the memory parameter that allows for the disappearance of 

the spot for a single frame and still be joined as a track; second, we shortened the required number 

of localizations for a track from 4 to 3. These changes, although required for the detection of 

rebinding events, also generated false positives. To quantify our measurements' basal error, we 

used DnaB-mMaple, which has dwell times of several minutes and should not rebind in our 

experiments. Using this strain, we estimated that the rebinding error in our analysis occurred 15.21 

± 7.01 % of the time (Figure 4.3. B). When χ was present, there was a rebinding event, 40.19 ± 

2.26 % of the time, compared to 28.94 ± 5.48 % when χ was degraded, confirming our hypothesis 

(Figure 4.3. B). The higher incidence of rebinding when χ was present demonstrated the ability of 

χ to reduce the search time of the Pol III*. We emphasize, however, that these numbers likely 

underestimate the frequency of rebinding in the presence of χ.  

 

 The results above showed that the presence of χ has a significant impact on the time 

between consecutive ε-mMaple binding events. In χ-depleted cells, this time was sufficiently long 

to miss the detection of many of them in our experiments. To better quantify the difference in the 

search time of ε-mMaple, we then looked to measure the interval time between consecutive 

binding events in the presence or absence of χ. In normal conditions, the search time of ε-mMaple 

was 9.22 s (Figure 4.3. C), whereas, without χ, the search time was only slightly longer, 11.71 s 

(data not shown). The single exponential fit for the χ-degraded cell was not ideal, so a two-

exponential model was tested for all three conditions. The two-exponential fit for the DnaB control 

and ε-mMaple with χ had a low goodness-of-fit (data not shown). However, for our χ-degraded 
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condition, the goodness-of-fit was better with the two-exponential fit.   This fit indicated two 

behaviours, with one with a track interval of 2.38 s and the other with a track interval of 14.45 

(Figure 4.3. C).  For both of these results, the search time was longer than in our control, DnaB, 

which was dominated by track fragmentation caused by fluctuations in the intensity of spots. 

However, the difference between the wt and the χ-depleted cells is smaller than what we expected 

from our rebinding frequency results. In our search time estimate in χ-depleted conditions, the 

caveat is that we may be measuring cells where degradation did not occur or was incomplete. 

Overall, our results support that χ has an active role in recruiting the Pol III* by reducing the search 

time. Still, currently, we cannot confidently quantify the reduction in the search time mediated by 

χ. 
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4.4 Discussion 

Recent work from our group and other groups has dramatically changed our understanding of what 

is happening to the replisome components during DNA replication. The replisome for an extended 

time was thought to be a stable and progressive entity. With the emerging use of single-molecule 

fluorescence microscopy techniques in vivo and in vitro, multiple groups have described a greater 

exchange rate of replisome subunits. This report focuses on how the replisome can keep its 

integrity while being dynamic (Figure 4.4). By keeping a higher local concentration, this dynamic 

molecular machine can maintain a copy of Pol III* at the replisome most of the time. 

 

A dynamic replisome may be more adaptive to its surrounding environment. For example, 

when encountering DNA damage, using its dynamic behaviour and low copy number, the 

replisome can slow down its replication rate to give the repair mechanisms time to fix the DNA 

damage before the replisome encounters or bypasses many lesions. In wild-type situations, a 

dynamic replisome would also allow for the bypass of DNA-interacting proteins. However, when 

the SOS response is activated, and the translesion polymerases' concentration increases 

dramatically, the translesion polymerases can take over. Seemingly, the cell uses a concentration-

based approach to give itself flexibility and speed in its response to outside influences.  

 

 Multiple groups have suggested a link between the χψ subunits and the stability of the 

replication fork. However, the mechanism by which they acted was unclear. Here we define that 

the cy subunits' interaction with SSB allows SSB to serve as a recruiting platform for Pol III* 

(Figure 4.4). This interaction provides the replisome with a tunable approach to recruit the Pol 

III*. It is interesting to highlight that without a copy of Pol III* at the replisome, the helicase would 

Figure 4.3 (A) Representative examples of videos for both ε-mMaple and ε-mMaple with the addition 
of 0.5% arabinose. Green asterisks represent spots part of a track classified as bound. (B) Representative 
examples of the distribution of fluorescent foci rebinding events (blue bars) for Pol III ε subunit and 
DnaB bound control (grey bars), before and after χ degradation. (Left) Pol III ε subunit. n = 317 cells   
(Center) Table with results shown in both table for both conditions (Right) Pol III ε subunit after χ 
degradation. n = 309 cells (C) Representative examples of the distribution of fluorescent foci time 
interval between foci tracks (blue bars) for Pol III ε subunit, before and after χ degradation, showing 
the fitting of a single-exponential decay model (red line) or a two-exponential decay (green line). (Left) 
Pol III ε subunit. n = 317 cells (Center) Table with results shown in both table for both conditions (Right) 
Pol III ε subunit after χ degradation. n = 309 cells   
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continue unwinding DNA and contribute to the accumulation of bound SSB. This, in turn, should 

increase the likelihood that a Pol III* would be recruited to continue replication. We hypothesize 

that DnaB may be less stable without Pol III*, leading to the eventual disassembly from DNA. An 

additional contributing factor to fork instability is the potential runout of available SSB to cover 

ssDNA in cases of prolonged uncoupling between helicase and polymerase. Our work suggests 

that, despite the poor evolutionary conservation of χψ, equivalent strategies should be found in all 

bacteria. 

 

4.4.1 χψ are the hub needed to maintain a dynamic replisome 

SSB is known as a master recruiter, recruiting multiple different proteins to aid in cell survival. Its 

interaction with χ provides it with another role as an essential cog in maintaining a healthy 

replisome. Recent data from our group demonstrated that the χ could recruit the Pol III* to other 

sites on the chromosome immediately after DNA damage. The Pol III* bound to additional sites 

was entirely dependent on the presence of χ. When we degraded χ in wild-type conditions, our 

results show us that, like previous reports, the stability of the replisome was significantly reduced 

(Figure 4.1. C).  Furthermore, fewer Pol III* were bound to DNA. Those bound, presumed active, 

maybe bound longer, but this difference was not statically significant (Figure 4.2). In vitro data 

where the replisome works in conditions without excess subunits replicated 85 kb of DNA 

fragments, equivalent to a dwell time of 185s in our conditions [5, 6]. Our results are much shorter 

than that number, possibly meaning there `are still other elements causing shorter dwell times we 

see in vivo. This may indicate that competition between multiple Pol III* is only one of the factors 

that determine its dissociation rate in the cell. Competition for binding with other partners of β 

clamp and DNA supercoiling are additional factors that may influence Pol III* binding kinetics. 
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However, we found conflicting results when investigating the role of χ in reducing the Pol 

III* search time (Figure 4.4.3. B). When removing χ, the bound proportion of the Pol III* was 

significantly lower, indicating that χ was responsible for keeping a certain fraction of Pol III* at 

the replication fork (Figure 4.2.A). This result is substantiated by the HU experiments, which show 

a larger pool of Pol III* bound in the presence of χ (Figure 4.1.C).  Lastly and most importantly, 

the frequency of rebinding events was higher with χ present, meaning it facilitates recycling of Pol 

III* (Figure 4.3.B). These results indicate that χ is reducing the search time of Pol III*; however, 

in our data, the increase of time seen in our track interval data (Figure 4.3.C) is confusing with two 

modes, one acting almost like track fragmentation seen with DnaB and the other significantly 

longer than when χ is present, but not as long as we had anticipated. We believe that this is 

presumably due to background χ caused by its incomplete degradation. 

 

The survival of holC or hold mutant strains is dependent on various suppressor mutations. 

Our results can explain those results. The first of those mutations is a suppressor mutation 

inactivating the SOS response [24]. The SOS response is activated in response to DNA damage. 

The SOS response activates many repair genes, especially three different translesion polymerases; 

Pol II, Pol IV and Pol V [20, 29]. The SOS response is activated in a holD mutant as there is an 

accumulation of ssDNA. Pol II and Pol IV contribute to the mutant's low viability by outcompeting 

Figure 4.4. Model for the role of χ in the replisome. (Left) When χ is present, the active replisome is 
bound for approximately 6 seconds, there is more Pol III* bound to the fork, and the search time for Pol 
III* is around 9 seconds. (Right) When χ is not present, the active replisome is bound for a longer time, 
approximately 8 seconds, there is less Pol III* bound to the fork, and the search time for Pol III* is more 
prolonged around 12 seconds. 
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the native Pol III* at the replication fork [24, 30]. By removing χψ, the Pol III* recruitment takes 

longer, thus allowing the wrong polymerases to continue replication, increasing the mutation rate. 

Another mutation is the duplication of ssb. The authors proposed that the amount of SSB protein 

favours a replicative mode of SSB binding to DNA, which stabilizes ψ-less Pol III HE [23]. We 

suggest that with a duplication of SSB, there will be more SSB to protect ssDNA accumulated by 

the inefficient exchange of the Pol III*. Mutations affecting potassium import (trkA, trkE, sapC, 

rfaP) also restored viability as an increase of intracellular potassium strengthens the electrostatic 

interaction between replisome proteins and between the replisome and DNA [12, 31]. With the 

recruitment of the Pol III* affected in these mutants, stabilizing the replisome to DNA ensures 

DNA replication will continue. This would be less of a burden on SSB to cover ssDNA caused by 

the inefficient exchange of the Pol III*.  Cells with χ can also overcome or avoid conflicts between 

the replisome and transcription machinery [32]. Generally, when the cell cannot efficiently recruit 

Pol III*, the cells generate other mutations to ensure that no conflict would lead to an increase in 

ssDNA. 

 

Further work needs to be done to confirm these results in conditions where χ is wholly 

removed. We suspect that some molecules of χ have not yet been degraded in our assays, leading 

to ambiguity in the track interval analysis (Figure 4.3.C). Despite this limitation, we demonstrate 

that χ is an essential factor in the dynamics in the replisome. Our data favours a model where 

χ serves as a recruiter to increase the recycling of the Pol III* and increase the local concentration 

of the Pol III* near the replication fork. Our work hints at the use of fast search times and high 

local concentrations as general strategies to maintain dynamic molecular machines in the broader 

scope. 

 

 

4.5 Experimental Procedures 

4.5.1 Strains and growth conditions  

All strains used are derivatives of AB1157. Cells were routinely grown in LB or M9 minimal 

media. M9 was supplemented with glycerol (final concentration 0.2%); 100 µg/ml of amino acids 

threonine, leucine, proline, histidine and arginine; and thiamine (0.5 µg/ml). When required, 

antibiotics were added at the following concentrations: ampicillin (100 µg/ml), kanamycin (30 
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µg/ml), and chloramphenicol (25 µg/ml). Chromosomal replacement of replisome genes by 

fluorescent derivatives, degron-tagged alleles or deletions was done by P1 transduction. These 

include; WM32. Strain list is available in Table 4.1.    

 

Before imaging, cells were grown in LB for at least 5 hours then transferred to M9 media 

via a 1:1000 dilution. After being grown overnight, cells were diluted again in M9 and grown to 

an OD600 between 0.1- 0.2 before being used for imaging. For degron experiments, cells were 

induced to a concentration of 0.5% arabinose at an OD600 of 0.1 after the second dilution in M9 

and grown for 45 minutes to an hour before imaging. For hydroxyurea experiments, treatment with 

100mM hydroxyurea was done on the agarose pad by mixing HU with media and agarose. 

 

4.5.2 Imaging 

Imaging was performed at room temperature on an inverted Olympus IX83 microscope using a 

60x oil objective lens (Olympus Plan Apo 60X NA 1.42 oil) or 100x oil objective lens (Olympus 

Plan Apo 100X NA 1.40 oil). Images were captured using an Andor Zyla 4.2 sCMOS camera. Z-

stacks were done using a NanoScanZ piezo by Prior Scientific. Excitation was done from an 

iChrome Multi-Laser Engine from Toptica Photonics and a 405/488/561/640nm laser set (Chroma) 

or X-Cite 120LED lamp using the ET – ECFP/EYFP/mCherry filter set (Chroma). Laser triggering 

was done through a real-time controller U-RTCE (Olympus). Experiments were done from a 

single-line cellTIRF illuminator (Olympus). Olympus CellSens 2.1 imaging software was used to 

control the microscope and lasers. 

 

  For microscopy, cells were spotted on a 1% agarose pad in M9-Glycerol. A 32-frame Z-

stack of brightfield images was taken for each fluorescent image. 

 

4.5.3 Spot counting analysis  

All analysis was done using custom scripts written in MATLAB (Mathworks). A 32-frame bright 

field Z-stacks was compressed to create a black and white phase-contrast image for cell 

segmentation [33]. Spots were counted using a modified version of a previously developed 

tracking software [34]. Spots were determined using an intensity threshold then further processed 

using a 2D-elliptical Gaussian fit. The extracted fitted parameters were: x-position, y-position, x-
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standard deviation, y-standard deviation, intensity and background. For cells with only one spot, 

the intensity of the spot minus the background was recorded. For cells with multiple spots, the 

intensity of each spot minus the background was added together to get the integrated intensity of 

all spots within a cell. 

 

4.5.4 Single-molecule experiments and analysis 

We determined the dwell times using a modified protocol described in our lab [28]. Briefly, cells 

were harvested from early log-phase cultures in M9-Glycerol (OD600 0.1-0.2), concentrated and 

spotted onto a pad of 1% agarose in M9-Glycerol, contained in a gene frame. Coverslips cleaned 

with versa-clean, acetone and methanol were used to minimize fluorescent background. A single 

405nm wavelength activation event, typically lasting less than 20ms, was followed by multiple 

561nm wavelength excitation events with camera captures of 500ms spaced by 1s intervals. 

Analysis of this data was done as previously described [28]. To characterize the rate of bleaching 

of mMaple, we analyzed the lifetime of LacI-mMaple foci, which on average should bleach before 

unbinding.  

 

 Rebinding was determined using a similar protocol as the dwell time protocol. A single 

405nm wavelength activation event, typically lasting less than 20ms, was followed by multiple 

561nm wavelength excitation events with camera captures of 500ms with no interval. We used the 

same analysis pipeline mentioned above [28]. However, instead of measuring the track length and 

comparing it to a bleaching control, we looked at the number of "bound" tracks per activation and 

the amount of time between each "bound" track. Since we are looking at single molecules, this 

time becomes analogous to the search time. 

 

Bound proportions were determined using a similar protocol as described in our lab [11]. 

Briefly, we took 5000 frames of continuous illumination of 561 nm wavelength at capture rates of 

20ms with an interval time of as fast as possible under continuous 405-nm activation.  For analysis, 

images were first segmented to remove out-of-cell noise coming from contaminants on the 

coverslip. Binary masks were created using MATLAB from the green fluorescent channel of 

mMaple. PALM tracking was performed using the TrackMate software in ImageJ [35]. Tracks 

were then filtered using the binary masks. We quantified the diffusion of each track using a 
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previously described method [34]. We then used the Gaussian mixture modelling function found 

in Matlab to determine bound and diffusing proportions. 
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4.8 Tables 

Table 4.1. Stains used for this study. 

 

Strain Relevant genotype Source 

AB1157 thr-1, araC14, leuB6(Am), 

DE(gpt-proA)62, lacY1, tsx-

33, qsr'-0, glnV44(AS), 

galK2(Oc), LAM-, Rac-0, 

hisG4(Oc), rfbC1, mgl-51, 

rpoS396(Am), rpsL31(strR), 

kdgK51, xylA5, mtl-1, 

argE3(Oc), thi-1  

Dewitt and Adelberg, 1962 

TB80 ∆sspB::frt, nocus-PBAD-sspB 

frt, dnaQ-ypet frt, holC-

degron kan 

Soubry et al. (2019) 

WM7 frt mMaple-DnaB Beattie et al. (2017) 

WM32 ∆sspB::frt, nocus-PBAD-sspB 

frt, dnaQ-mMaple frt, holC-

degron kan, ∆arabad CM 

This study 
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Chapter 5 

Conclusions 
Preserving the integrity of the replisome is a crucial task for life. Fortunately, the replisome has 

been modified over generations upon generations to become an efficient and reliable machine. The 

bacterial replisome is a highly dynamic machine capable self-regulating its function to ensure cell 

survival [2]. This work exposes the strategies that the dynamic replisome in bacteria uses to keep 

its integrity through the cell cycle and when DNA is damaged. 

 

 We investigated the fate of the replisome after encountering a DNA lesion capable of 

inhibiting Pol III activity, but that in principle does not threaten DnaB helicase integrity (Chapter 

3). Being the first to focus on the effect of UV on the replisome subunits, resulted in unique insight 

into the response of the replisome to DNA damage, and the dynamics of DNA synthesis on a 

damaged DNA template. This work unveils potential advantages of a dynamic replisome, as there 

is an almost immediate slowdown of the rate of DNA replication in response to DNA damage. 

This slowdown enables the replisome to continue to function even when there is DNA damage. 

Such strategy would reduce the probability of encounters between the DnaB helicase and the 

engaged NER system, which may lead to helicase disassembly. Further work needs to be done to 

test if this is a general strategy for all DNA damage able to bypass the helicase. 

 

 When the DNA Pol III does encounter DNA damage, our data suggests that it may stall. 

However due to the dynamic nature of the replisome, a new Pol III HE will engage and continue 

replication. This finding resolves a long debate between two models. The first model stipulated 

that the DNA polymerase hops over DNA damage and continues synthesis [14]. The second 

dictates that the DNA polymerase stalls [13]. Our data would propose a model where both findings 

make sense.  

 

We also identified the recruitment of Pol III HE to sites other than the replication fork in a 

DnaB-independent manner. Previously, these subcomplexes were assumed to be found only at the 

replisome. We support a model where the Pol III HE is recruited at ssDNA gaps, given the presence 

of SSB. This recruitment is dependent on χ a subunit of the clamp loader. It is still unknown if the 

DNA Pol III at these sites is involved in filling in the ssDNA or if the recruitment of the Pol III 
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HE at these sites is for the loading of the β-clamp away from the DNA replication fork and 

subsequent unbinding of the clamp loader. This last possibility would agree with a lack of overlap 

in the localization of the clamp loader and the translesion polymerases Pol IV and Pol V during 

DNA repair [118, 165, 166]. The cause of these ssDNA gaps away from the replication fork is still 

a mystery. Unpublished data has shown that by removing components in either NER or MMR 

removes part of the Pol III HE recruitment away from the replication fork. More work is needed 

to understand this Pol III HE recruitment. Specifically, if NER sites may be recruiting the Pol III 

HE, how is SSB, which bind a minimum 35 nt of ssDNA [167], binding to the maximum 16 nt site 

created during NER [112, 113]? Also, why is MMR being recruited during UV damage repair? Is 

it just an all hands-on deck stochastic process, where all repair mechanisms are recruited? If so, is 

the recruitment of MMR possibly causing helicase disassembly?   

 

The role of χ in recruiting the Pol III HE to SSB sites during DNA damage, led us to 

question its role during normal DNA replication. The role of χ as a stability factor for the replisome 

[168-171] seemed to contend with recent data that the replisome was dynamic [2, 3]. So how was 

χ stabilizing the dynamic replisome? Here we define that the interaction of the χψ subunits with 

SSB, allows SSB to serve as a recruiting platform for Pol III* (Chapter 4). When we removed χ, 

like previous reports, we noticed a loss of replication forks indicating a loss of replisome stability. 

Consequentially, fewer Pol III* were bound to DNA and those bound, presumed active, were 

bound for slightly longer. This may indicate that in the cell, competition between multiple Pol III* 

is only one of the factors that determine its dissociation rate. Competition for binding with other 

partner of β clamp and DNA supercoiling are additional factors that may influence Pol III* binding 

kinetics. Furthermore, the use of a degron tag may not provide us with consistent removal of χ, 

muddying our interpretation. Further work using one of the previously characterized χ mutants or 

a catalytically inactive CRISPR-dCas9 targeting holC may provide more discernable results. 

 

We suggest that an essential role of χ is reducing the Pol III* search time through its use 

of SSB as a recruiting platform. This interaction provides the replisome a tunable approach to 

recruit the Pol III*. It is interesting to highlight that without a copy of Pol III* at the replisome, 

the helicase would continue unwinding DNA and hence contribute to the accumulation of bound 

SSB. This in turn, should increase the likelihood that a Pol III* would be recruited to continue 
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replication. We hypothesize that DnaB may be less stable without Pol III*, leading to the eventual 

disassembly from DNA. An additional contributing factor to fork instability is the potential runout 

of available SSB to cover ssDNA in cases of prolonged uncoupling between helicase and 

polymerase. In our data we clearly observed a higher frequency of rebinding events and higher 

stoichiometry in cells with χ. The search time of cells with and without χ was different, cells 

without χ seem to have a longer binding time but also have two behaviors. More work needs to be 

done to clearly understand SSBs role as a recruiter. Recent data has shown that SSB may phase 

separate [172]. It may be possible that replisome recruitment is due to the association of the clamp 

loader with a SSB phase separated condensate. 

 

In conclusion, the work presented in this thesis offers a new understanding of how a highly 

dynamic replisome can keep its integrity during ongoing DNA replication or through DNA 

damage. It provides insight into what happens to the replication machinery when faced with DNA 

damage too small to block the helicase. The dynamic features of the replisome allow it to quickly 

adapt to its environment and provide it with an extra layer of protection to properly complete the 

replication cycle. An exciting prospect in the future is the substantiation of SSB phase separation 

in vivo and how that would corroborate with our dynamic replisome model. 
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Appendix 1 

Methods 

 
A1.1 Experimental Model and Subject Details 

Bacterial strains were made in the AB1157 background. Details on their genotype can be found 

in Table A1. Strains were grown at 37 ˚C. Exceptions were made for temperature-sensitive 

mutants such as RRL93 and RRL497 that were grown at 30 ˚C. Microscopy was done at room 

temperature, i.e., 23 ˚C.  

 

A1.2 Method Details 

A1.2.1 Strains and construction 

The strains used in this thesis are all from an AB1157 background and are shown in Table A1. 

Chromosomal replacement of replisome genes by fluorescent derivatives was done by lambda red 

or transduction [81, 173].  

 

For lambda red, plasmids carrying a copy of YPet [81, 174], mCherry [175], mNeonGreen 

[176] and mMaple [162] followed or preceded by a kanamycin resistance cassette flanked by frt 

sites were used as PCR templates. Flexible peptides with sequences SAGSAAGSGEF (YPet, 

mNeonGreen and mTagRFP C-ter fusions) or SAGSAAGSGSA (mCherry and YPet N-ter 

fusions) were used as a linker between the fluorescent protein (FP) and the protein targeted. 

Primers carrying 40-50 nt tails with identical sequences to the chromosomal locus for insertion 

were used to amplify the linker-FP-kanR from template plasmids. The resulting PCR product was 

transformed by electroporation into a strain carrying the lambda red-expressing plasmid pKD46. 

Colonies were selected by kanamycin resistance and ampicillin sensitivity, screened by PCR using 

primers annealing to regions flanking the insertion and sequencing. In the N-terminal fusion 

RRL388 and RRL396, to minimize the effect of the insertion on the gene expression levels, the 

kanamycin cassette was removed by expressing the Flp recombinase from the plasmid pCP20 

[173]. Gene fusions did not have any apparent detrimental effect on cell growth. 
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The dCas9 under the PLlac promoter with constitutive LacI expression was inserted into 

the attB site using the pTB35 plasmid expressing the lambda integrase. The sgRNA pROD166 

was inserted into the argE site by lambda red recombination. pROD166 plasmid contains sgRNA 

that binds to oriC (AGCTTATACGGTCCAGGATC).  

 

Other strains were created using P1 transduction [177]. A phage is grown in a strain 

containing a resistant marker flanking a deletion, degron-tagged or fluorescent protein to be moved 

in this strategy. The resulting phage lysate is used to infect the recipient strain. This lysate contains 

both the phage and bacterial DNA. The recipient strain incorporates the bacterial DNA into its 

chromosome through genetic recombination and selection pressure due to an antibiotic. 

 

A1.2.2 EdU Incorporation 

For EdU incorporation, both VC1 (Figure 3.3 & Figure A2.2.5) and NPS30 were used (Figure 

A2.2.5). For both strains, an overnight culture in M9-Glycerol was diluted in the same medium. 

All cells were grown to an OD600 in a 37˚C incubator between 0.1- 0.2 before EdU was added. 

Once EdU was added, the cells were placed in a 37˚C incubator for a specified amount of time. 

When testing for linear incorporation, EdU was added to a concentration of 10, 20, 40 and 160 

µg/mL. Cells were then fixed after varying times (2m, 4m, 6m, 8m, 10m, 20m, 40m, 60m). For 

incorporation after UV, cells were UV irradiated with 25 J/m2 once the OD600 of 0.1 was reached. 

Then at different times after UV (5m, 10m, 20m, 30m, 60m), EdU was added to a concentration 

of 20 µg/mL for 4 minutes of incorporation at 37˚C for VC1 cells and 20 µg/mL for 2 minutes of 

incorporation at 37˚C for NPS30 cells. Lastly, cells were fixed. Fixing and labelling were done 

using a modified protocol described by (3). TBS was used instead of PBS. The Click-iT reaction 

mixture was contained 100mM tris, 1mM CuSO4, 100mM ascorbic acid and 25 mM Azide-Fluor 

545 (Sigma). Cells were then washed in a 0.5% Triton X-100 in TBS. 

 

A1.2.3 Dilution Plating 

Dilution plating was done by growing cells in LB overnight. Then a log-dilution of the overnight 

cultures was done seven times. 5 µL of the overnight and its subsequent seven dilutions were plated 

twice. The first plate was placed in a 37˚C incubator, while the second plate was placed in the 

Stratagene UV Stratalinker then UV irradiated at 25 J/m2. 
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A1.2.4 Microscopy 

Before imaging, cells were grown in LB for at least 5 hours then transferred to M9 media via a 

1:1000 dilution. After being grown overnight, cells were diluted again in M9 and grown to an 

OD600 between 0.1- 0.2. For degron experiments, cells were induced to a concentration of 0.5% 

arabinose at an OD600 of 0.1 after the second dilution in M9 and grown 45 minutes to an hour 

before imaging. For degron CRISPR experiments, cells were induced to a concentration of 0.5mM 

IPTG 45min after the second dilution in M9 and grown for 2 hours before imaging. Cells were 

spotted on a 1% agarose pad in M9-Glycerol within a Gene Frame (Thermo Scientific). The pad 

was made by mixing 100 µl of 5x M9-Glycerol with 400 µl of boiling 2% agarose. 113 µl of this 

mixture was pipetted in the gene frame. Quickly a clean coverslip was placed on top and flattened 

by pressing on all four corners. Once dry, the coverslip was removed, and the cells were placed on 

this pad, and a new clean coverslip was placed on top. If cells were exposed to either arabinose or 

IPTG, the 1% agarose pad contained the concentration mentioned above for each chemical. 

Coverslips were cleaned with the following steps: 1) Place coverslips in 2% Versa Clean detergent 

solution overnight. 2) Wash with MilliQ water 3x. 3) Sonicate in acetone for 30 minutes. 4) Wash 

with MilliQ water 3x. 5) Place coverslips in methanol and flame coverslips using Bunsen burner. 

6) Place coverslips in Plasma Etch plasma oven for 10 minutes 

 

For UV irradiated experiments, cells were irradiated in the UV Stratalinker 2400 (254-nm 

UV light bulbs, 15 watts each) (Stratagene) at the dose specified in the text before placing the 

coverslip. Images were taken precisely at minutes 5 to 10 after irradiation. For time-course 

experiments, images were taken at indicated times.  

 

Imaging was performed at room temperature on an inverted Olympus IX83 microscope 

using a 60x oil objective lens (Olympus Plan Apo 60X NA 1.42 oil) or 100x oil objective lens 

(Olympus Plan Apo 100X NA 1.40 oil). Images were captured using a Hamamatsu Orca-Flash 4.0 

or Andor Zyla 4.2 sCMOS camera. Z-stacks were done using a NanoScanZ piezo by Prior 

Scientific. Excitation was done from an iChrome Multi-Laser Engine from Toptica Photonics and 

a 405/488/561/640nm filter set (Chroma) or X-Cite 120LED lamp using the ET – 

ECFP/EYFP/mCherry filter set (Chroma). Laser triggering was done through a real-time controller 
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U-RTCE (Olympus). Experiments were done from a single-line cellTIRF illuminator (Olympus). 

Olympus CellSens 2.1 imaging software was used to control the microscope and lasers. 

 

For snapshots, if the image was taken with the laser, the laser power was set to 15% for an 

exposure of 1s. If the snapshot was taken with the lamp, the lamp power was set to 100% for an 

exposure of 5s. In both cases, a 32-frame Z-stack of brightfield images was taken after the 

exposure. For each experiment, 5 to 10 images were taken for each condition. 

 

In the fast capture sptPALM experiments, 5000 frames were taken in the 561nm channel 

with a 20ms exposure. The 561nm laser was set to 9% for the entirety of the video. The 405nm 

laser was set to 15% in the Olympus software. However, in the Toptica Photonics software,  the 

405nm laser strength was set to 1% at the start of acquisition. If no photoconversion was seen in 

the live video, the Toptica Photonics software 405nm laser strength was increased by 1% till 

activation was seen. After each video, a 32-frame Z-stack of brightfield images was taken after the 

exposure. For non-UV experiments, 5 to 10 images were taken for each condition. For UV 

experiments, videos were taken for 15 minutes, if the 5-video minimum was not reached in that 

time, then a new slide with fresh cells would be made, and the slide would UV irradiated. 

 

In long capture sptPALM experiments, 450 frames were taken in the 561nm channel with 

a 500ms exposure. The 561nm laser was set to 12% for the entirety of the video. Before frames 1, 

150 and 300, the 405 nm laser would be activated for two pulses of 5-10 ms at 15-20% power to 

photoconvert the mMaple protein. A 150-frame interval between reactivation was used as it was 

determined that all mMaple photoconverted proteins were photobleached after 150 consecutive 

frames of illumination. Three more pictures were taken after each video: first, the 405nm laser was 

activated for 100ms at 20% to photoconvert many molecules. Second, a picture was captured in 

the native 488nm channel where the non-converted molecules are. Lastly, a 32-frame Z-stack of 

brightfield images was taken after the exposure. If using long-capture videos to evaluate the 

rebinding of the test protein, no interval was used. For dwell time experiments, an interval of 1 

second or 2 seconds was used. The interval includes the previous exposure. 
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For the experiments done using a quartz coverslip, cells were grown in the same manner 

described previously. Then cells were spotted on a 1% agarose pad in M9-Glycerol, and the quartz 

coverslip was placed. Cells were imaged for the untreated control. The slide with the quartz 

coverslip was placed in the Stratagene UV Stratalinker then UV irradiated at 25 J/m2. The images 

were taken at indicated times. A 32-frame Z-stack of brightfield images was taken after the 

exposure. 

 

A1.2.5 Image analysis 

All analysis except for tracking was done using custom scripts written in MATLAB (Mathworks). 

Tracking was done in Fiji using Trackmate [178]. 

 

A1.2.5.1 Spot counting and colocalization analysis 

The 32-frame bright field Z-stacks were compressed to create a black and white phase-contrast 

image for cell segmentation [179].  Cells were then segmented using SuperSegger [180]. Spots 

were counted using a modified version of a previously developed tracking software [109]. Spots 

were determined using an intensity threshold then further processed using a 2D-elliptical Gaussian 

fit. The extracted fitted parameters were: x-position, y-position, x-standard deviation, y-standard 

deviation, intensity and background. For cells with only one spot, the intensity of the spot minus 

the background was recorded. For cells with multiple spots, the intensity of each spot minus the 

background was added together to get the integrated intensity of all spots within a cell.  

 

Colocalization analysis was done by measuring the distance between the positions of the 

least abundant protein to a second protein in two-colour experiments. If cells had multiple foci of 

the same protein, then the shortest distance was recorded, and the two spots measured were 

removed so their positions would not be used again in further calculations. For the EdU 

experiments, spots were determined using the same method described above. For cells with only 

one spot, the intensity of the spot minus the background was recorded. For cells with multiple 

spots, the intensity of each spot minus the background was added together to get the integrated 

intensity of all spots within a cell. 
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A1.2.5.2 Diffusion analysis 

The 32-frame bright field Z-stacks were processed in the same way as 

above[180][180][179][180][179][178][177][176][176][175][175][179][179][178][177][176][176

][175][174][173][172][171][188][187][186]. The fast capture videos were imported into 

MATLAB and segmented cell by cell. When segmenting the cells, a rectangular video was made 

from a cylindrical cell. To remove the chance that nearby cells would not affect our tracking, every 

pixel outside of the cell was simulated using a range of intensities between the 20th dimmest pixel 

within a cell to the 80th brightest pixel within the cell. A Gaussian filter was applied to remove 

bright pixels. These videos were then imported into Fiji. Tracking was done using Trackmate. 

Spots were localized using the differences of the gaussian (DoG) method with a spot diameter of 

4. The intensity threshold was set a bit lower to prevent track fragmentation due to intensity 

fluctuations. For each video, an individual quality factor was used to remove spots that were most 

like due to bright pixels remaining from the simulated outside of cells. The linear assignment 

problem (LAP) algorithm was used to form tracks from spots. Spots formed tracks if they were 

located within 15 pixels from one frame to the next. A gap frame of 1 was allowed for the 

temporary disappearance of the molecule due to blinking. Tracks needed to be longer than five 

spots long to be recorded. Track data was then transferred to MATLAB for further analysis. The 

apparent diffusion coefficients (D*) were estimated from individual tracks by calculating the mean 

squared displacement (MSD). The equation used was modified from [109]: 

𝐷𝐷∗ =
MSD
4 Δ𝑡𝑡

− 𝜎𝜎𝑙𝑙𝑜𝑜𝑜𝑜2/Δ𝑡𝑡 

 

To classify tracks using their D* estimates, GMM fitting was performed on the distribution 

of D*, with two components, and clustered tracks according to their D* to assign them as a bound 

or diffusive state. The bound proportion was measured from the percentage of total tracks that 

were bound. 

 

A1.2.5.3 Dwell time analysis 

The dwell time analysis was done using similar methods described in [181]. Modification to the 

published methods is described below. The 32-frame bright field Z-stacks, segmentation of single 

cells from long capture videos and the simulation of the background in segmented cells were 
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processed in the same way as above. These videos were imported into Fiji. Tracking was done 

using Trackmate.  

 

Spots were localized using the differences of the gaussian (DoG) method with a spot 

diameter of 4. The intensity threshold was set a bit lower to prevent track fragmentation due to 

intensity fluctuations. For each video, an individual quality factor was used to remove spots that 

were most like due to bright pixels remaining from the simulated outside of cells. The linear 

assignment problem (LAP) algorithm was used to form tracks from spots. Spots formed tracks if 

they were located within 3 pixels from one frame to the next. A gap frame of 2 was set to allow 

for the molecule's temporary disappearance due to blinking. Tracks needed to be longer than three 

spots long to be recorded. A cost on quality ranging from 0.3 to 1 was used to split up tracks where 

the size and intensity of spots differed. Track data was then transferred to MATLAB for further 

analysis.  A machine-learning algorithm was incorporated to filter our remaining tracks to remove 

tracks that either did not behave like a bound molecule or the brightness of the spot within the 

track indicated multiple molecules within a spot in the track. This machine-learning algorithm was 

trained on both LacI and DnaB bound molecules. After this final classification, the remaining 

tracks were analyzed to determine the dwell times. The track duration of the resulting tracks was 

fit with a truncated exponential model to compensate for discarding short duration tracks, using 

Maximum Likelihood Estimation (MLE) through Matlab’s “mle” function, to calculate the mean 

track duration. Dwell times were calculated using the following equation after combining data 

from multiple experiments collected with the same time interval. 

 

𝑇𝑇𝑏𝑏𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡 ∗ 𝑇𝑇𝑏𝑏𝑙𝑙𝑏𝑏𝑡𝑡𝑜𝑜ℎ/(𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡 − 𝑇𝑇𝑏𝑏𝑙𝑙𝑏𝑏𝑡𝑡𝑜𝑜ℎ) 

 

Lastly, to calculate the errors on the estimate, bootstrap sampling was performed on the track 

duration. A 10% variation for the Tbleach estimate was allowed to ensure our results incorporated 

biologically relevant error. 

 

A1.2.5.4 Rebinding analysis 

The rebinding analysis was done almost exactly like the dwell time analysis described above. Here 

tracks with only three spots were allowed. After the data was filtered using the machine learning 
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algorithm, the number of classified bound tracks per photoconversion was measured. To ensure 

that only binding events at the replication fork were being analyzed, the spot counting analysis 

described above was used on the overactivated 561nm channel image, the 488nm channel image, 

and a standard deviation z-projection of the complete long capture video. Then all the spots found 

for each channel in one cell were combined into one MATLAB variable. The maximum number 

of spots observed after a combination of these three channels was three spots. For most cells, using 

this method, one spot was detected. After having combined spot variables, how many tracks from 

the video fall within a 3-pixel radius from all spots found within that combined spot variable. If 

there were two tracks, then that would count as one rebinding event, and the time between binding 

events is then the track interval or search time. If there were more than two tracks, then the number 

of tracks minus 1 is the number of rebinding events. The track interval is calculated chronologically 

so that the end of one track is only compared to the next track's start. A single exponential and a 

two-exponential decay fit were used to determine the average track duration. To determine which 

exponential was used, the sum of squares due to error and the degree-of-freedom adjusted 

coefficient of determination (adjusted R-squared) was used. The fit which had better values in 

these goodness-of-fit statistics was used. 

 

A1.2.6 Simulation of cell cycle progression 

A custom MATLAB script was used to simulate the increase in the number of copies of replisome 

per cell when cell division is inhibited, and replication proceeds at a slower rate. We first generated 

a population of cells with ages from 1 to 190 minutes exponentially distributed following the 

equation: 

𝑓𝑓(a) = 2a𝑒𝑒−𝛼𝛼a 

described by Koch and Schechter [182] where f(a) is the frequency distribution of cell ages, α is 

the log(2)/τ, and τ is the generation time (190 minutes at room temperature). The starting 

population contained 0 or 2 replisomes, depending on their age. We assumed that cells initiate 

DNA replication at minute 1 and that the C-period lasts for 160 minutes at full replication rate [2]. 

Based on the results using EdU, we estimated the relation between the rate of DNA replication and 

time after treatment with UV, which we incorporated in the model. Conversion number of 

replisomes to observed foci was done using a probability of 35% that two replisomes are observed 

as one focus, obtained from our experiments 
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A1.3 Strain List 

Table A1 Stains used for this study. 
 

Strain Relevant genotype Source 
AB1157 thr-1, araC14, leuB6(Am), 

DE(gpt-proA)62, lacY1, tsx-
33, qsr'-0, glnV44(AS), 

galK2(Oc), LAM-, Rac-0, 
hisG4(Oc), rfbC1, mgl-51, 

rpoS396(Am), rpsL31(strR), 
kdgK51, xylA5, mtl-1, 

argE3(Oc), thi-1  

Dewitt and Adelberg, 1962 

AW1 dnaQ-mtagRFP kan 
frt-ypet-dnaB 

This thesis 

AW13 dnaQ-ypet frt, ∆recF::kan This thesis 
NPS25 Placq-lacI PLlac-s-dCas9 

cat::ΔattB, oriC13 sgRNA 
cm, ypet-dnaB kan 

This thesis 

NPS26 ∆sspB::frt, nocus-PBAD-sspB 
frt, holC-degron kan 

This thesis 

NPS28 Placq-lacI PLlac-s-dCas9 
cat::ΔattB, oriC13 sgRNA 

cm, dnaQ-ypet kan   

This thesis 

NPS30 ∆deoB ∆yjjG This thesis 
NPS31 ∆sspB::frt, nocus-PBAD-sspB 

frt, ypet-dnaB frt, holC-
degron kan 

This thesis 

RRL27 holC-ypet kan Reyes-Lamothe et al. (2008) 
RRL32 ssb-ypet kan Reyes-Lamothe et al. (2008) 
RRL93 dnaC2, thr::tn10 dnaQ-ypet 

kan 
Reyes-Lamothe et al. (2008) 

RRL183 frt pBAD-sspB Reyes-Lamothe et al. (2010) 
RRL187 frt dnaQ-ypet  Reyes-Lamothe et al. (2008) 
RRL196 frt ypet-dnaN  Reyes-Lamothe et al. (2010) 
RRL203 frt dnaG-ypet Reyes-Lamothe et al. (2010) 
RRL280 dnaX(τ)-ypet kan Reyes-Lamothe et al. (2010 
RRL368 frt ypet-dnaB Reyes-Lamothe et al. (2010) 
RRL369 frt ypet-dnaC This thesis 
RRL388 frt mCherry-dnaN This thesis 
RRL396 mCherry-dnaN kan frt ypet-

dnaB  
This thesis 

RRL497 dnaC2, thr::tn10 ypet-dnaB Reyes-Lamothe et al. (2008) 
RRL551 priA-mNeonGreen kan This thesis 
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TB80 ∆sspB::frt, nocus-PBAD-sspB 
frt, dnaQ-ypet frt, holC-

degron kan 

This thesis 

VV13 kan dnaQ-mNeonGreen frt 
mCherry-dnaN 

This thesis 

WM6 frt dnaQ-mMaple Beattie et al. (2017) 
WM7 frt mMaple-DnaB Beattie et al. (2017) 
WM32 ∆sspB::frt, nocus-PBAD-sspB 

frt, dnaQ-mMaple frt, holC-
degron kan, ∆arabad CM 

This thesis 
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Appendix 2 

Supplementary Information for Replisome activity slowdown after 

exposure to ultraviolet light in Escherichia coli 
 
A2.1 Supplementary Experimental Procedures 

A2.1.1 Strains and growth conditions  

All strains used are derivatives of AB1157. Cells were routinely grown in LB or in M9 minimal 

media. M9 was supplemented with glycerol (final concentration 0.2%); 100 µg/ml of amino acids 

threonine, leucine, proline, histidine and arginine; and thiamine (0.5 µg/ml). When required, 

antibiotics were added at the following concentrations: ampicillin (100 µg/ml), kanamycin (30 

µg/ml), and chloramphenicol (25 µg/ml). Chromosomal replacement of replisome genes by 

fluorescent derivatives, degron-tagged alleles or deletions was done by P1 transduction. These 

include; AW1, AW13, NPS25, NPS26, NPS28, NPS30, NPS31, RRL396, TB80 and VV13. 

 

 Strains used for CRISPR experiment were constructed via lambda red integration (1, 2). RRL 

369 strain was constructed using lambda red recombination with the pROD44 plasmid containing 

N-terminal YPet. RRL388 strain was constructed using lambda red recombination with the 

pROD84 plasmid containing a copy of mCherry to generate N-terminal fusions. RRL 551 strain 

was constructed using lambda red recombination with the pVV04 plasmid containing a copy of 

mNeonGreen to generate C-terminal fusions.  The dCas9 under the PLlac promoter with 

constitutive LacI expression was inserted into the attB site using the pTB35 plasmid expressing 

the lambda integrase. The sgRNA pROD166 was inserted into the argE site by lambda red 

recombination. pROD166 plasmid contains sgRNA that binds to oriC, 

(AGCTTATACGGTCCAGGATC). Strain list (Table S1), plasmid list (Table S2) and primer list 

(Table S3) are available in the supplemental information.    

 

Before imaging cells were grown in LB for at least 5 hours then transferred to M9 media 

via a 1:1000 dilution. After being grown overnight cells were diluted again in M9 and grown to an 

OD600 between 0.1- 0.2. For degron experiments cells were induced to a concentration of 0.5% 

arabinose at an OD600 of 0.1 after the second dilution in M9 and grown for 45 minutes to an hour 
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before imaging. For degron CRISPR experiments cells were induced to a concentration of 0.5mM 

IPTG 45min after the second dilution in M9 and grown for 2 hours before imaging. 

 

A2.1.2 EdU Incorporation 

For EdU incorporation we used both VC1 (Figure 3.3 & Figure A2.2.5) and NPS30 (Figure 

A2.2.5). For both strains, an overnight culture in M9-Glycerol was diluted in same medium. All 

cells were grown to an OD600 in a 37˚C incubator between 0.1- 0.2 before EdU was added. Once 

EdU was added, the cells were placed again in a 37˚C incubator for a specified amount of time. 

When testing for linear incorporation, EdU was added to a concentration of 10, 20, 40 and 160 

µg/mL. Cells were then fixed after varying times (2m, 4m, 6m, 8m, 10m, 20m, 40m, 60m). For 

incorporation after UV, cells were UV irradiated with 25 J/m2 once the OD600 of 0.1 was reached. 

Then at different times after UV (5m, 10m, 20m, 30m, 60m) EdU was added to a concentration of 

20 µg/mL for 4 minutes of incorporation at 37˚C for VC1 cells and 20 µg/mL for 2 minutes of 

incorporation at 37˚C for NPS30 cells. Lastly cells were fixed. Fixing and labelling was done using 

a modified protocol described by (3). TBS was used instead of PBS. The Click-iT reaction mixture 

was contained 100mM tris, 1mM CuSO4, 100mM ascorbic acid and 25 mM Azide-Fluor 545 

(Sigma). Cells were then washed in a 0.5% Triton X-100 in TBS. 

 

A2.1.3 Imaging 

Imaging was performed at room temperature on an inverted Olympus IX83 microscope using a 

60x oil objective lens (Olympus Plan Apo 60X NA 1.42 oil) or 100x oil objective lens (Olympus 

Plan Apo 100X NA 1.40 oil). Images were captured using a Hamamatsu Orca-Flash 4.0 sCMOS 

camera. Z-stacks were done using a NanoScanZ piezo by Prior Scientific. Excitation was done 

from an iChrome Multi-Laser Engine from Toptica Photonics and a 405/488/561/640nm filter set 

(Chroma) or X-Cite 120LED lamp using the ET – ECFP/EYFP/mCherry filter set (Chroma). Laser 

triggering was done through a real-time controller U-RTCE (Olympus). Experiments were done 

from a single-line cellTIRF illuminator (Olympus). Olympus CellSens 2.1 imaging software was 

used to control the microscope and lasers. 

 

  For microscopy, cells were spotted on a 1% agarose pad in M9-Glycerol. UV irradiated in 

the UV Stratalinker 2400 (254-nm UV light bulbs, 15 watts each) (Stratagene) at the dose specified 
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in the text before placing the coverslip. Images were taken exactly at minutes 5 to 10 after 

irradiation. For time course experiments, images were taken at indicated times. A 32-frame Z-

stack of brightfield images was taken for each fluorescent image. 

 

For the experiments done using a quartz coverslip (Figure A2.2.4.A), cells were grown in 

the same manor described previously. Then cells were spotted on a 1% agarose pad in M9-Glycerol 

and the quartz coverslip was placed. Cells were imaged for the untreated control. Then the slide 

with the quartz coverslip still on was placed in the Stratagene UV Stratalinker then UV irradiated 

at 25 J/m2. Then images were taken at indicated times. A 32-frame Z-stack of bright field was 

taken for each fluorescent image. 

 

A2.1.4 Spot counting and colocalization analysis 

All analysis was done using custom scripts written in MATLAB (Mathworks). A 32-frame bright 

field Z-stacks was compressed to create a black and white phase contrast image for cell 

segmentation (4). Spots were counted using a modified version of a previously developed tracking 

software (5). Spots were determined using an intensity threshold then further processed using a 

2D-elliptical Gaussian fit. The extracted fitted parameters were: x-position, y-position, x-standard 

deviation, y-standard deviation, intensity and background. Co-localization analysis was done by 

measuring the distance between the positions of the least abundant protein to a second protein in 

two-colour experiments. If cells had multiple foci of the same protein, then the shortest distance 

was recorded, and the 2 spots measured were removed so their positions would not be used again 

in further calculations. Sample size and number of repeats for the data presented in here can be 

found in Table S4 in the supplemental information. For the EdU experiments, spots were 

determined using the same method described above. For cells with only one spot, the intensity of 

the spot minus the background was recorded. For cells with multiple spots, the intensity of each 

spot minus the background was added together to get the integrated intensity of all spots within a 

cell. 

 

A2.1.5 Single molecule experiments and analysis 

We determined the bound times using a modified protocol described in our lab (6). Briefly, Cells 

were harvested from early log-phase cultures in M9-Glycerol (OD600 0.1-0.2), concentrated and 
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spotted onto a pad of 1% agarose in M9-Glycerol, contained in a gene frame. For UV treated cells, 

they were imaged starting at 15 minutes after irradiation with the last timelapse finishing before 

the 30-minute mark. Coverslips cleaned with versa-clean, acetone and methanol were used to 

minimize fluorescent background. Imaging was performed at room temperature on an inverted 

Olympus IX83 microscope using a 100x oil objective lens (Olympus Plan Apo 100X NA 1.40 oil). 

Images were captured using a Hamamatsu Orca-Flash 4.0 sCMOS camera. Excitation was done 

from an iChrome Multi-Laser Engine from Toptica Photonics. Laser triggering was done through 

a real-time controller U-RTCE (Olympus). Experiments were done using HiLo illumination setup 

(7) from a single-line cell^TIRF illuminator (Olympus). Olympus CellSens 2.1 imaging software 

was used to control the microscope and lasers. A single 405nm wavelength activation event, 

typically lasting less than 20ms, was followed by multiple 561nm wavelength excitation events 

with camera captures of 500ms spaced by 2s intervals. Analysis of this data was done as previously 

described (6). To characterize the rate of bleaching of mMaple, we analyzed the lifetime of LacI-

mMaple foci, which on average should bleach before unbinding.  

 

Bound proportions were determined using a similar protocol as described above. However, 

we took 5000 frames of continuous illumination of 561 nm wavelength at capture rates of 20ms 

with an interval time of as fast as possible under continuous 405-nm activation.  For analysis, 

images were first segmented in order to remove out-of-cell noise coming from contaminants on 

the coverslip. Binary masks were created using Matlab, from the green fluorescent channel of 

mMaple. PALM tracking was performed using the TrackMate software in ImageJ (8). Tracks were 

then filtered using the binary masks. We quantified the diffusion of each track using a previously 

described method (5). We then used Gaussian mixture modelling function found in Matlab to 

determine bound and diffusing proportions. 

 

A2.1.6 Dilution Plating 

Dilution plating was done by growing cells in LB overnight. Then a log-dilution of the overnight 

cultures was done 7 times. 5 µL of the overnight and its subsequent 7 dilutions were plated twice. 

The first plate was placed in a 37˚C incubator while the second plate was was placed in the 

Stratagene UV Stratalinker then UV irradiated at 25 J/m2. 
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A2.1.7 Simulation of cell cycle progression 

A custom Matlab script was used to simulate the increase in the number of copies of replisome per 

cell when cell division is inhibited and replication proceeds at a slower rate. We first generated a 

population of cells with ages from 1 to 190 minutes exponentially distributed following the 

equation: 

f(a)=2ae-αa 

described by Koch and Schechter (9) where f(a) is the frequency distribution of cell ages, α is the 

log(2)/τ, and τ is the generation time (190 minutes at room temperature). The starting population 

contained 0 or 2 replisomes, depending on their age. We assumed that cells initiate DNA 

replication at minute 1 and that the C-period last for 160 minutes at full replication rate (6). Based 

on the results using EdU, we estimated the relation between rate of DNA replication and time after 

treatment with UV which we incorporated in the model. Conversion number of replisomes to 

observed foci was done using a probability of 35% that two replisomes are observed as one focus, 

obtained from our experiments.   
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A2.2 Supplemental Figures 

 
Supplementary Figure A2.2.1. 25 J/m2 of UV exposure mildly affects fluorescent-fusion cell 
viability. (A) Serial 10-fold dilutions of liquid bacterial cultures with fluorescent protein fusions 
plated on LB. Plates were exposed with 25 J/m2 of UV exposure. (B) Serial 10-fold dilutions of 
liquid bacterial cultures with the oriC blocking CRISPR-dCas system and the dnaC2 temperature 
sensitive background plated on LB. 
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Supplementary Figure A2.2.2. Characterization of strains at the microscope. (A) 
Representative Z-stack images and a max projection of 2, 1, 0 foci cells of an SSB- YPet strain. 
Focused slice taken at 0 nm. (B) Average number of the foci per cell of an SSB- YPet strain when 
the focused slice is taken compared to the max projection. (C) Average cell intensity before and 
after exposure to UV for all the replisome subunits tested: YPet-DnaB, YPet-DnaG, YPet-β, ε-
YPet, τ-YPet, χ-YPet and SSB-YPet. Note that since microscope acquisition settings varied across 
experiments with different strains, these results do not represent relative copy numbers among 
subunits. (D) Average cell intensity for YPet-DnaB and ε-mTagRFP before (0 minutes) and at 
various times after treatment.   
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Supplementary Figure A2.2.3. Distribution of foci per cell. (A) Distribution of the number of 
foci per cell for Fig. 1D, 5 minutes after exposure to UV. (B) Distribution of the number of foci 
per cell for Fig. 2C. and Fig. 2F. (C) Distribution of the number of foci per cell for Fig. 4A. and 
Fig 4E. 
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Supplementary Figure A2.2.4. Recruitment of ε after UV. (A) Average number of foci per cell 
for YPet-DnaB and ε-mTagRFP before (0 minutes) and at various times after treatment. 
Independent set of experiments to those in Fig. 2C. The samples were imaged before and after 
exposing to a dose of 25 J/m2 of UV through a quartz slide.  Error bars represent SE.  (B) Average 
number of foci for ε-YPet in a ∆recF background. Pictures were taken 5 minutes after exposure. 
Error bars represent SE. 
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Supplementary Figure A2.2.5. Replisome components remain in vicinity to each other after 
UV exposure. (A) Distribution of apparent distances between a mCherry-β focus and the closest 
ε-mNeonGreen focus in a cell. The untreated sample is compared with the results at 10, 30 and 60 
minutes after UV. The median (M) of each population is shown. (B) Distribution of distances 
between a mCherry-β focus and the closest YPet-DnaB focus in a cell. (C) Cumulative distribution 
function plots of the distances between YPet-DnaB focus and the closest ε-mTagRFP focus, 
mCherry-β focus and the closest YPet-DnaB focus, and mCherry-β focus and the closest ε-
mNeonGreen focus, all in cells. In each panel, the untreated sample is compared with the results 
at 10, 30 and 60 minutes after UV. 
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Supplementary Figure A2.2.6. Persistence of DNA synthesis after UV. (A) EdU incorporation 
control of a strain carrying ∆yjjG where 3 different concentrations of EdU (10, 20 and 40 µg/ml) 
were tested. For each concentration, a pulse of 2, 4, 6, 8, 10, 20, 30, 60 were done to determine the 
linear increase of EdU over time. Inset shows a zoomed in view of 2, 4, 6, 8 and 10 is what is 
shown in inset. (B) A 4-minute pulse of EdU, followed by fixation and coupling of fluorescence 
through click chemistry. Cells were sampled at various times after UV. Percentage of ∆yjjG cells 
with at least one focus for EdU before (0 minutes) and at various times after UV. Error bars 
represent SE. (C) Estimated normalized DNA synthesis at various times after UV (Observed), as 
measured by the integrated intensity of all spots in a cell. Compared to the expected synthesis if 
all remaining DnaB foci in Figs. 1 and 2 were fully functional replisomes (Expected), and to the 
expected synthesis in cells with fully functional replisomes and no replisome disassembly 
(Simulated unperturbed). Error bars represent SE. (D) Mean rate per replisome obtained by re-
normalizing the ‘Observed’ data using the ‘Expected’ data in C. The estimated rates in bp s-1 are 
shown as reference. (E) Serial 10-fold dilutions of liquid bacterial cultures plated on LB. Plates 
were exposed to 25 J/m2 of UV exposure. 
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A2.3 Supplemental Tables 
Table A2.3.1. Stains used for this study. 
 

Strain Relevant genotype Source 
AB1157 thr-1, araC14, leuB6(Am), 

DE(gpt-proA)62, lacY1, tsx-
33, qsr'-0, glnV44(AS), 

galK2(Oc), LAM-, Rac-0, 
hisG4(Oc), rfbC1, mgl-51, 

rpoS396(Am), rpsL31(strR), 
kdgK51, xylA5, mtl-1, 

argE3(Oc), thi-1  

Dewitt and Adelberg, 1962 

AW1 dnaQ-mtagRFP kan 
frt-ypet-dnaB 

This study 

AW13 dnaQ-ypet frt, ∆recF::kan This study 
NPS25 Placq-lacI PLlac-s-dCas9 

cat::ΔattB, oriC13 sgRNA 
cm, ypet-dnaB kan 

This study 

NPS26 ∆sspB::frt, nocus-PBAD-sspB 
frt, holC-degron kan 

This study 

NPS28 Placq-lacI PLlac-s-dCas9 
cat::ΔattB, oriC13 sgRNA 

cm, dnaQ-ypet kan   

This study 

NPS30 ∆deoB ∆yjjG This study 
NPS31 ∆sspB::frt, nocus-PBAD-sspB 

frt, ypet-dnaB frt, holC-
degron kan 

This study 

RRL27 holC-ypet kan Reyes-Lamothe et al. (2008) 
RRL32 ssb-ypet kan Reyes-Lamothe et al. (2008) 
RRL93 dnaC2, thr::tn10 dnaQ-ypet 

kan 
Reyes-Lamothe et al. (2008) 

RRL183 frt pBAD-sspB Reyes-Lamothe et al. (2010) 
RRL187 frt dnaQ-ypet  Reyes-Lamothe et al. (2008) 
RRL196 frt ypet-dnaN  Reyes-Lamothe et al. (2010) 
RRL203 frt dnaG-ypet Reyes-Lamothe et al. (2010) 
RRL280 dnaX(τ)-ypet kan Reyes-Lamothe et al. (2010 
RRL368 frt ypet-dnaB Reyes-Lamothe et al. (2010) 
RRL369 frt ypet-dnaC This study  
RRL388 frt mCherry-dnaN This study 
RRL396 mCherry-dnaN kan frt ypet-

dnaB  
This study 

RRL497 dnaC2, thr::tn10 ypet-dnaB Reyes-Lamothe et al. (2008) 
RRL551 priA-mNeonGreen kan This study 
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TB80 ∆sspB::frt, nocus-PBAD-sspB 
frt, dnaQ-ypet frt, holC-

degron kan 

This study 

VV13 kan dnaQ-mNeonGreen frt 
mCherry-dnaN 

This study 

WM6 frt dnaQ-mMaple Beattie et al. (2017) 
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Table A2.3.2. Plasmids used for this study 
Plasmid Description 
pROD44 Plasmid containing N-terminal YPet with 

kanamycin resistance 
pROD84 Plasmid containing N-terminal mCherry with 

kanamycin resistance 
pROD166 Plasmid containing sgRNA with target to oriC 

pTB35 Plasmid containing dCas9 under PLlac with 
constitutive lacI. For integration at attB with 

chloramphenicol resistance 
pVV04 Plasmid containing C-terminal mNeonGreen 

with kanamycin resistance 
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Table A2.3.3. Primers used for this study. 
Primer Sequence Description 
λ priA-F cggattcccgtaaggtgaaatgggtgctggatgttgatccgattgag

ggtTCGGCTGGCTCCGCTGCTGG 
Forward primer to 

mNeonGreen attachment to 
priA by lambda red 

λ priA-R aaagtgtgatgaatattgaatttttcgatccgcctcgcatcgtgagcg
gtCTTATGAATATCCTCCTTAG 

Reverse primer to 
mNeonGreen attachment to 

priA by lambda red 
dnaN-NF tatcaaagaagatttttcaaatttaatcagaacattgtcatcgtaaacc 

TGTAGGCTGGAGCTGCTTCG 
Forward primer to mCherry 

attachment to dnaN by 
lambda red 

dnaN-NR acctgttgtagcggttttaataaatgctcacgttctacggtaaatttcat 
CGCGCTGCCAGAACCAGC 

Reverse primer to mCherry 
attachment to dnaN by 

lambda red 
NdnaC_F acggtcagcgaacctgacagccaaattccaccaggattcagaggg

taacgTGTAGGCTGGAGCTGCTTCG 
 

Forward primer to YPet 
attachment to dnaC by 

lambda red 
NdnaC_F gcaggcatcattttttgcaggcgttgcatcaggtcgccaacgtttttca

tCGCGCTGCCAGAACCAGC 
 

Reverse primer to YPet 
attachment to dnaC by 

lambda red 
TB200 ataaatactgcatgaatattgatactatcatgaccagaggtgtgtcaa

caTTTCGCTAAGGATGATTTCTGG 
For primer to insert sgRNA 

into argE by lambda red 
TB201 cggatgcggcgcgagcgccttatccggcctacgttttaatgccagc

aTATCCTCCTTAGTTCCTATTCC 
Rev primer to insert sgRNA 

into argE by lambda red 
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Table A2.3.4. Number of repeats and total cell count for each Figure. 

Figure Strain Treatment 
Number 

of 
Repeats 

Total 
Number of 

Cells 

Average 
± 

SE 
P-Value 

1       
C RRL368 UT 3 196 1.58±0.06 0.30   10 J/m2 3 323 1.51±0.08 
  25 J/m2 3 191 1.27±0.09 3.11E-05 
  50 J/m2 3 321 1.21±0.07 1.01E-06 
 RRL187 UT 3 296 1.52±0.02 5.71E-03   10 J/m2 3 370 1.69±0.04 
  25 J/m2 3 300 1.88±0.04 3.46E-06 
  50 J/m2 3 351 1.95±0.02 1.03E-06 

E RRL368 UT 3 1294 1.59±0.02 5.16E-10   25 J/m2 3 2088 1.27±0.06 
 RRL203 UT 3 1419 1.56±0.08 0.14   25 J/m2 3 1709 1.48±0.11 
 RRL196 UT 3 1511 1.89±0.06 1.72E-08   25 J/m2 3 1490 2.55±0.13 
 RRL187 UT 3 1766 1.59±0.06 1.12E-17   25 J/m2 3 2599 2.06±0.06 
 RRL280 UT 3 1036 1.57±0.08 5.81E-09   25 J/m2 3 1201 2.02±0.09 
 RRL27 UT 3 2014 1.55±0.03 4.80E-14   25 J/m2 3 1261 2.16±0.08 
 RRL32 UT 3 1868 1.58±0.06 1.20E-10   25 J/m2 3 1104 2.42±0.11 
2       
C AW1 UT 3 449 1.52±0.07 4.74E-03  dnaQ 10 Minutes 3 387 1.77±0.06 
  30 Minutes 3 452 2.02±0.10 4.15E-04 
  60 Minutes 3 382 1.87±0.06 1.26E-03 
 AW1 UT 3 449 1.61±0.11 1.97E-05  dnaB 10 Minutes 3 387 1.20±0.05 
  30 Minutes 3 452 1.09±0.07 4.29E-07 
  60 Minutes 3 382 1.39±0.08 4.59E-03 

F RRL551 UT 3 318 0.07±0.02 1.52E-14   10 Minutes 3 369 0.47±0.07 
  30 Minutes 3 407 0.71±0.06 5.92E-24 
  60 Minutes 3 368 1.00±0.05 9.34E-25 
 RRL369 UT 2 352 0.19±0.05 8.89E-08   10 Minutes 2 384 0.64±0.05 
  30 Minutes 2 426 0.78±0.04 8.86E-10 
  60 Minutes 2 422 0.92±0.03 1.57E-12 



 100 
 

3       
B NPS30 UT 2 220 

 

  5 Minutes 2 252 
  10 Minutes 2 258 
  20 Minutes 2 204 
  30 Minutes 2 342 
  60 Minutes 2 290 
4       
A NPS25 UT 3 735 1.27±0.04 1.43E-07   25 J/m2 3 1041 0.93±0.04 
  UT IPTG 3 1572 0.64±0.05 4.81E-01   25 J/m2 IPTG 3 1773 0.58±0.07 
 NPS28 UT 3 661 1.33±0.03 3.24E-10   25 J/m2 3 1198 1.77±0.04 
  UT IPTG 3 902 0.29±0.02 1.73E-12   25 J/m2 IPTG 3 1350 1.25±0.07 

C RRL497 UT 30˚C 3 306 1.61±0.11 0.45   25 J/m2 30˚C 3 294 1.20±0.05 
  UT 37˚C 2 561 1.09±0.07 0.20   25 J/m2 37˚C 2 739 1.39±0.08 
 RRL93 UT 30˚C 3 566 1.49±0.20 4.20E-03   25 J/m2 30˚C 3 258 1.97±0.15 
  UT 37˚C 2 561 0.11±0.02 1.17E-14   25 J/m2 37˚C 2 739 0.80±0.04 

E NPS31 UT 3 1051 1.31±0.04 2.62E-05   25 J/m2 3 913 0.92±0.06 
  UT ARA 3 615 1.39±0.04 4.00E-07   25 J/m2 ARA 3 719 1.00±0.04 
 TB80 UT 3 1036 1.61±0.02 1.62E-06   25 J/m2 3 770 1.91±0.04 
  UT ARA 3 1079 1.23±0.04 9.04E-10   25 J/m2 ARA 3 1229 0.63±0.05 
5       
B WM6 UT 2 219 

 

  25 J/m2 2 223 
C WM6 UT 2 146 
  25 J/m2 2 233 

S2     
B RRL32 UT 1  
S4       
A AW1 UT 2 1699   
  5 Minutes 2 201   
  10 Minutes 2 247   
  15 Minutes 2 347   
  20 Minutes 2 305   
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  25 Minutes 2 283   
  30 Minutes 2 185   
  35 Minutes 2 222   
  40 Minutes 2 303   
  45 Minutes 2 313   
  50 Minutes 2 205   
  55 Minutes 2 209   
  60 Minutes 2 196   

B AW13 UT 2 275 1.41 2.95E-03   25 J/m2 2 233 2.07 
S5       
A RRL396 UT 3 352 

 

  10 Minutes 3 437 
  30 Minutes 3 538 
  60 Minutes 3 480 

B VV13 UT 3 235 
  10 Minutes 3 589 
  30 Minutes 3 544 
  60 Minutes 3 484 

S6     
A VC1 10 µg/ml 2 2 234 
  10 µg/ml 4 2 234 
  10 µg/ml 6 2 254 
  10 µg/ml 8 2 222 
  10 µg/ml 10 2 230 
  10 µg/ml 20 2 372 
  10 µg/ml 30 2 260 
  10 µg/ml 60 2 248 
  20 µg/ml 2 2 230 
  20 µg/ml 4 2 266 
  20 µg/ml 6 2 288 
  20 µg/ml 8 2 288 
  20 µg/ml 10 2 208 
  20 µg/ml 20 2 276 
  20 µg/ml 30 2 240 
  20 µg/ml 60 2 262 
  40 µg/ml 2 2 322 
  40 µg/ml 4 2 250 
  40 µg/ml 6 2 290 
  40 µg/ml 8 2 374 
  40 µg/ml 10 2 284 
  40 µg/ml 20 2 336 
  40 µg/ml 30 2 266 
  40 µg/ml 60 2 282 

B VC1 UT 2 405 
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  5 Minutes 2 324 
  10 Minutes 2 352 
  20 Minutes 2 444 
  30 Minutes 2 467 
  60 Minutes 2 357 
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Annex 1 

Interaction with single-stranded DNA-binding protein localizes ribonuclease 

HI to DNA replication forks and facilitates R-loop removal 

 
Christine Wolak, Hui Jun Ma, Nicolas Soubry, Steven J. Sandler, Rodrigo Reyes-Lamothe and 

James L. Keck. Interaction with single-stranded DNA-binding protein localizes ribonuclease HI 

to DNA replication forks and facilitates R-loop removal Molecular Microbiology 2020 

Sep;114(3):495-509 

 

This work contributes to the understanding of the role of RNase HI during DNA replication. RNase 

HI is a ribonuclease tasked with resolving R-loops. My contribution to this work was Figure 1. I 

imaged RNase HI and an RNase HI mutant (rnhAK60E) that cannot interact with SSB. I noticed 

that RNase HI forms foci similar to those seen with the replication fork protein. The RNase HI 

mutant was not able to bind DNA. I then did a colocalization analysis between RNase HI and the 

β-clamp. Not only did the distribution of spots per cell closely match but also the distance between 

the proteins were similar to distance seen between replisome components.  
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