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General Introduction 
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1.1 Organization and conservation of the 

Genome  

The genome is the building block of life for every living organism. It contains all the 

genetic information needed to build that organism, allowing it to grow, develop and 

function. It is composed by DNA, a polymer consisting of two polynucleotide chains 

that coil around each other to form a double helix (Fig. 1). The entire human genome 

resides in 23 pairs of chromosomes within the nucleus of all our cells. Each 

chromosome contains hundreds to thousands of genes, which carry the instructions 

for making proteins.  

To be able to develop and grow, every organism must replicate its entire genome 

whenever a cell divides so that each daughter cell obtains a complete set of genetic 

information herself.   

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 1. The compaction of DNA. To fit all the DNA in the nucleus, it is compacted 

in multiple steps. In the first level of compaction, DNA is wrapped around 

nucleosomes to form a beads-on-a-string conformation. Subsequently, the 

nucleosomes interact to form chromatin fibers. Ultimately, during mitosis chromatin 

fibers can interact and condense to form chromosomes, the highest level of 

compaction.  
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DNA is replicated to make almost perfect copies of itself, which is a remarkable task 

considering that in humans there are almost three billion base pairs of DNA to be 

copied.  

It is vital that DNA is protected from errors or mutations that could otherwise have 

deleterious effect on the cell's development and growth. This is observed in some 

human diseases like cancer or neurodegenerative diseases that can be caused by 

the accumulation of errors in DNA resulting in the altered behavior of cells.  

Nevertheless, changes in DNA are not always damaging. In fact, mutations are 

essential for evolution. Every genetic feature in every organism is the result of an 

initial accidental mutation. If a trait given by a new mutation is advantageous and 

helps the organism to survive and reproduce, the genetic variation is more likely to 

be passed on to the next generation. Over time, as generations of individuals with 

the trait continue to reproduce, the advantageous trait becomes increasingly 

common in a population, making the population different from the ancestral one.  

Therefore, during DNA replication there needs to be a delicate balance between 

DNA preservation and insertion of mutations.   

1.2 DNA replication  

DNA replication is the biological process in which two identical copies of DNA are 

produced from one original DNA molecule. After the discovery of DNA structure by 

Watson and Crick1, it was possible to unveil its replication mechanism. DNA was 

shown to be a right-handed helix consisting of two anti-parallel strands of 

deoxyribonucleotides (Fig. 2a). During DNA replication inside each cell the double 

stranded DNA is unwound and separated into two single strands. Each of the two 

DNA strands serves as a template for the formation of an entire new strand (Fig. 

2b). The replication of each individual strand is performed by proteins called DNA 

polymerases that are molecules specifically dedicated to copying DNA by using 

deoxyribonucleoside triphosphates.  

Because the genomic information for which the DNA codes has to be duplicated 

correctly for the next generation of healthy cells, the DNA polymerases act with a 

very high fidelity. They produce an error in the daughter strand with a frequency of 

10-6 2. Daughter strand errors originate from the incorrect selection of base pair, 

leading to point mutations if not corrected. To avoid this, associated with the 

replicative polymerases there is a 3’ to 5’ replicative exonuclease (reviewed in 3). 

This class of proteins excise the misincorporated nucleotide before the polymerase 

will resume DNA synthesis. If this process fails, a post replicative mismatch repair 

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5862/
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system (MMR) is available to the cell to remove mistakes on the daughter strand 

after the polymerase has finished its synthesis task (reviewed in 4).  

Overall, DNA replication occurs in three coordinated steps: initiation, elongation and 

termination. The process begins at specific points in the DNA sequence known as 

origins of replication (ori) (reviewed in 5). Here different proteins act to initiate DNA 

replication. In E. coli a protein called DnaA recognizes the origins of replication and 

starts to unwind them6–9. Next, DnaA interacts with the helicase DnaB and with the 

helicase loader DnaC by loading one DnaB-DnaC complex on each separated DNA 

strand10–13. Afterwards the interaction of the primase DnaG14 with the helicase DnaB 

leads to the first primer formation, which is required for DNA elongation to start.  

During elongation, while the original strands get separated, the two daughter 

strands are synthetized by the replicative DNA polymerases. Since the two parental 

strands run in an antiparallel direction, continuous DNA synthesis of the two new 

strands would require one strand to be synthetized in the 5’ to 3’ direction and the 

other in the 3’ to 5’ direction.  

However DNA polymerases can synthetize DNA only in a 5’ to 3’ manner15,16. Hence 

one strand of DNA is synthetized in a continuous manner, the leading strand, while 

the other one, the lagging strand, is formed in short pieces of DNA called Okazaki 

fragments17,18(Fig. 2b). Moreover, as DNA polymerases cannot start DNA synthesis 

de novo, every DNA fragment is started with an RNA primer previously synthetized 

by an RNA primase19.  

Termination of the DNA replication process requires the blocking of the progress of 

the replication fork. This occurs at special termination sites in the DNA sequence 

(reviewed in 20) where a specific protein binds to the DNA and blocks the replication 

process. In E. coli this task is performed by the Tus protein that recognizes and binds 

to the specific Ter termination sites 21.  

1.2.1 The E. coli replisome 

DNA replication is conserved between species, and it is mostly studied in the E. coli 

system. The work in this thesis is focused on E. coli, therefore the discussion will 

continue only about the E. coli replisome.  

One of the key players of bacterial DNA replication is the replicative DNA 

polymerase, that has first been identified and described in the 1970's22–24. In E. coli 

it is called the α subunit of the DNA polymerase III (Pol III) holoenzyme (Fig. 3), a 

complex of at least ten proteins that together orchestrate the synthesis of a new 

DNA strand25. 
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Figure 2. The structure of DNA reveals its copying mechanism. (a) Schematic 

representation of the antiparallel double helical structure of DNA showing the sugar-

phosphate backbone and complementary base pairing between bases. (b) Schematic 

representation of the DNA replication mechanism. In black are the two old DNA 

strands and in purple the newly synthetized ones.  

 

Pol III, the E. coli replicative polymerase, is able to synthetizes DNA at speeds of up 

to 1000 base pairs (bp) per second with an error rate of 10-6 errors per base per 

round of replication2,26. To synthesize very long stretches of DNA it needs to 

associate with a DNA sliding clamp, called β, that helps the polymerase remain 

attached to the DNA, enhancing the processivity of the polymerase27.The β clamp is 

a ring-shaped homo-dimeric protein28. Because of its structure, it needs to be loaded 

onto the DNA by the clamp loader complex29, which is a pentameric complex that 

consists of three copies of τ and one δ and one δ’ subunit30. The clamp loader 

complex is an ATPase that uses ATP hydrolysis to disrupt one β clamp dimer 

interface to break its ring structure to enclose it on DNA29. The complex plays an 

important role in coordinating the different subunits present in the holoenzyme by 

connecting the leading and lagging strand DNA polymerase to the DNA helicase, in 

addition to its clamp loading function (reviewed in31). Its subunit τ is connected to 

Pol IIIα and the helicase via separate domains32,33. By doing so, it ensures that the 
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individual activities performed by the holoenzyme are coupled together to achieve 

a greater efficiency in DNA synthesis. 

 

 

 

 

 

 

 

 

 

 
Figure 3.  DNA replication in E. coli. Scheme showing leading and lagging strand 

synthesis with the involved proteins.  

 

However, Pol III can’t synthesize polynucleotides de novo, i.e. linking two 

nucleotides to start a strand, and thus requires an already existing stretch of 

nucleotides from which it can elongate34. To overcome this problem, a primase 

called DnaG, which is attached to the helicase, will synthetize small stretches of 

ribonucleic acid (RNA), which serve as starting points for DNA synthesis performed 

by the DNA polymerase35. 

Finally attached to α is the replicative exonuclease, the ε subunit, which removes 

nucleotides that are misincorporated by Pol IIIα25,36. By doing so, it helps the 

polymerase to maintain its high fidelity by cleaving the newly inserted error from 

the newly synthetized strand.  

 

1.2.2 The ‘roadblock remover’ exonuclease ε  
Genome integrity is crucial to all forms of life and a mechanism to preserve it is vital. 

To avoid the insertion of mistakes into the DNA, replicative DNA polymerases are 

high fidelity enzymes. As a result, when they do make a mistake, they are not able 

to continue their DNA synthesis. Therefore, there are replicative exonucleases to 

remove the mistake and act like “roadblock removers”.  

Exonucleases remove an error as soon as it is inserted into the newly synthesized 

double stranded DNA by cleaving the phosphodiester bond of nucleic acids from a 

free 3’ or 5’ end. 
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In E. coli the replicative exonuclease ε is essential for the bacterium's survival3,37. It 

binds to the replicative polymerase Pol IIIα with which, together with θ, it forms the 

so-called Pol III core25. While α synthetizes DNA and ε removes any mistake made 

by the polymerase in a 3’ to 5’ direction, θ has no other known activity other than 

stabilizing ε38,39. 

When in complex with α, ε activity was shown to be 18 times higher on a 

mismatched termini compared to its activity in isolation40. On the other hand ε has 

been shown to stimulate Pol IIIα activity41,42 and to help to achieve a high fidelity 

DNA synthesis. Therefore, the activity of the two proteins is closely intertwined and 

dependent one another.  

In the rare occasions in which an incorrect nucleotide is incorporated during DNA 

synthesis, the distorted geometry of the mismatched base pair prevents further 

extension of the DNA strand43. Given the stall of Pol IIIα, the new error should be 

corrected to prevent its incorporation in the double stranded DNA. However, the 

exonuclease active site is ~60 Å away from the polymerase active site44. The 

comparison between the DNA synthesis conformation and the nucleotide removal 

conformation (Fig. 5) shows us a drastic conformational change of the DNA, that 

leads to the positioning of the 3’ end of the new DNA strand in the exonuclease 

active site45. This dramatic change whereby the 3' end of the newly synthesized 

strand moves over 50 Å raises the question how the DNA moves from the 

polymerase active site to the exonuclease site when a mismatch is encountered. 

Chapter 2 describes our analysis of the movement of DNA during exonuclease 

activity, which reveals that the DNA is guided by a predefined path between the 

polymerase and exonuclease active site. 

 

 

 

 

 

 

 

 

 

 
Figure 5. Structures of Pol IIIα (in orange), exonuclease ε (in yellow) and β clamp (in 

green) in synthesis mode (a) and correction mode (b). (c) Difference between the 
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DNA conformation in the DNA synthesis and correction modes. Structures from 

Fernandez Leiro et al., NSMB, 2017 45 

 

1.2.3 Lagging strand synthesis  
As described above, because of the opposite directionality of the two DNA strands, 

the leading and lagging strand have to be synthetized in different ways. While the 

leading strand can be synthesized continuously, the lagging strand has to be 

synthesized in small segments called Okazaki fragments17,18. Each fragment consists 

of a short stretch of RNA (8-15 bp)46 and a much longer stretch of DNA (between 

1000 and 2000 bp in bacteria)47.  

Polymerase Pol IIIα starts its DNA synthesis activity from an RNA primer but it comes 

to a halt when it encounters the next one due to its intrinsically low DNA binding 

affinity48–51. However, the RNA primers embedded into the lagging strand have to 

be removed in order to have a continuous double stranded DNA.  

DNA polymerase I (Pol I), is a polymerase that together with Pol IIIα works on the 

synthesis of the DNA lagging strand. Contrary to Pol IIIα, Pol I is able to continue 

DNA synthesis despite the presence of a block due to its ability of displacing and 

removing the RNA primers present on the DNA lagging strand52,53. Pol I was the 

first nucleotide polymerizing enzyme ever discovered in 195715. Since then, it has 

been revealed that it performs four distinct enzymatic activities: DNA synthesis, 3’ 

to 5’ exonuclease activity, primer displacement and primer removal. To do so, Pol I 

contains multiples domains (Fig. 4). Three of these domains are referred to as 

thumb, fingers and palm domains that together perform DNA polymerase activity54. 

A fourth domain next to the palm domain contains the 3' - 5' exonuclease active site 

that removes incorrectly incorporated nucleotides55–57. Finally, a fifth domain 

contains the endonuclease activity that removes the single stranded DNA or RNA 

flap that is created by the polymerase during strand displacement activity58,59.  

Once the RNA primer has been removed by the Pol I strand displacement and 

endonuclease activity, a ligase, called LigA has to seal the nick left on the DNA in 

order to create a continuous lagging strand60. LigA catalyses the formation of a 

phosphodiester linkage between 5'-phosphoryl and 3'-hydroxyl groups in double-

stranded DNA using NAD as a coenzyme and energy source61.  

  

 

 

 

 

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5567/
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5137/
https://en.wikipedia.org/wiki/Exonuclease
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Figure 4. Crystal structure of E. coli Pol I. The endonuclease is not present in the 

original structure because of its flexible nature. Structure from Ollis et al., Nature, 

198554.  

Surprisingly, even though the activity of the individual proteins involved in the 

Okazaki fragment maturation has been described extensively, how they work 

together is still poorly understood. In Chapter 3, I will present our structural analysis 

of Pol I and our biochemical analysis of the coordination between Pol I, Pol IIIα, β 

clamp and the ligase LigA.  

 

1.3 Drug resistance  

While DNA replication avoids errors, at the same time errors are needed for an 

organism to evolve. For example, point mutations in the DNA can cause antibiotic 

drug resistance in bacteria by altering the target site of an inhibitor, thus enabling 

the bacterium to survive in the presence of drugs developed against them (reviewed 

in62). In recent years drug resistance became a worldwide concern (Fig. 6) and it has 
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forced the scientific community to try to urgently find new drug targets. Among the 

antibiotics already discovered, some inhibit RNA transcription, other RNA 

translation or DNA replication. Transcription and translation are inhibited directly 

by targeting the RNA polymerase or ribosome, respectively. DNA replication, in 

contrast, is inhibited indirectly through targeting of DNA gyrases63. Therefore, there 

are currently no antibiotics inhibiting DNA replication by directly targeting the 

replisome.  

However, in recent years, several replisome proteins have been targeted to find 

novel inhibitors that may potentially evolve to become novel antibiotics. Some 

examples include the DNA helicase DnaB, the sliding clamp β, the RNA primase 

DnaG, the DNA ligase LigA and the replicative DNA polymerases Pol C and DnaE64–66. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Drug resistance is becoming a major treat for humanity. (a) Predicted 

deaths attributable to antibiotic resistance by 2050. (b) Deaths attributable to 

antibiotic resistance compared to other major causes of death. Data from ‘Review 

on Antimicrobial resistance 2014’ 67.  

 

1.3.1 DNA exonucleases as a drug target  
The biological targets for antibiotics should be essential enzymes for bacterial 

growth and propagation but distinct enough from the ones in humans. In this way 

the inactivation of these enzymes doesn’t have any consequence in humans65. New 

antibiotics with novel modes of action are required to combat the growing threat 

posed by drug resistant bacteria. Because of their fundamental role in DNA 

replication57,68, exonucleases are potentially attractive targets for novel antibiotics. 

As every cell starts its growth with the replication of its genome, the inhibition of 

DNA replication is, quite literally, the most direct way to prevent the growth of a 
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new cell. It has been shown that when exonuclease activity is deleted in E. coli, 

Salmonella typhimurium or M. tuberculosis, the bacteria become compromised with 

strongly reduced growth rates and increased mutation rates69–71.  

Recently, novel inhibitors have been discovered that target directly the exonuclease 

domain of the M. tuberculosis replicative DNA polymerase DnaE172. Inhibition of the 

M. tuberculosis DnaE1-exonuclease is especially attractive as it is structurally distinct 

from the human exonuclease and their active site consists of a deep pocket that is 

well suited for binding of inhibitors73.  

Therefore, to find novel inhibitors it would be a valuable tool to have a fast and 

efficient way to monitor the exonuclease activity in presence of possible inhibitors. 

However, up to now, no suitable exonuclease assays exist. 

In Chapter 4 I introduce the 2-AP assay, a novel high throughput screening assay 

that will permit us to follow exonuclease activity in real time.  

 
1.4 A single molecule approach to biology 

The visualization and consequent interpretation of microscopic worlds has often 

fueled revolutionary discoveries in our journey throughout the understanding of 

nature. From the very first microscopes built in the 16th and 17th centuries to the 

modern Electron microscopes, scientists have always tried to push the limit of our 

understanding of the microscopic world. Following this desire, a large range of so-

called single molecule techniques have been developed since the 1970s. They have 

since then contributed to our understanding of important biological processes like 

protein folding74,75, molecular motors76,77 and gene expression78,79.  

The advent of single molecule techniques have been revolutionary in the molecular 

biology field and it has changed the way we understand biological processes: instead 

of thinking in terms of group behaviors, we can now understand biological processes 

at single molecules level. For example, this is important to understand multi-step 

enzymatic reactions or ensembles with heterogeneous behaviors. In the first case 

by using single molecule techniques, we will be able to distinguish the sequential 

enzymatic steps involved in the process. In the second one we will be able to reveal 

a distribution of different behavioral states rather than a single state resulting from 

the average of all the different proteins behaviors (Fig. 7).  
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Figure 7. Single molecule methods reveal underlying protein dynamics. In the 

ensemble experiment the two different protein conformations have been averaged 

out while the single molecule experiment reveals the transition between the two 

states. Figure taken from Kapanidis and Strick, 2009 80. 

 

The existing single molecule techniques can be broadly divided into two main 

categories: force-based and fluorescent-based and the combination of the two. 

Protein dynamics on DNA have been studied using both force-based and 

fluorescence-based techniques, each with their advantages and detriments. By 

using a force-based technique, which include optical and magnetic tweezers, we 

would be able to manipulate single molecules to interrogate and alter the energy 

landscape of reactions, therefore directly examining elusive structural elements like 

transition states81–83. By using a fluorescence-based technique such as single 

molecule FRET and multi-color co-localization single molecule spectroscopy 

(CoSMoS), we would have the advantage of directly visualize the DNA and proteins 

in real time, monitoring their location, their structure and dynamics84–87.  

The E. coli replisome is composed of many different proteins that act as a team to 

catalyze multi-step enzymatic reactions. Even if its activity is known from decades 

(reviewed in 88), many questions remain unanswered. Our final goal is to understand 

the molecular details of how the transition between different steps occur and how 

they are temporally organized. Specifically, we would like to study the organization 

of the different proteins that are part of the Okazaki maturation process. For this 

we decided to use a single molecule fluorescence technique, CoSMoS89–91. In 
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Chapter 5 I introduce the technique and show how I have implemented and 

employed it to initiate single molecules studies of the behavior of the polymerase 

Pol I and the ligase LigA on a DNA molecule.    
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