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PREFACE TO THE THESIS 
 

Deoxyribonucleic acid (or DNA) was first isolated by the Swiss physician Friedrich 

Miescher in 1869 (Dahm, 2008; Miescher, 1871). Later work helped in identifying the 

chemical composition and finally in 1953, James Watson and Francis Crick unveiled its 

structure: two helical chains each coiled round the same axis. […] Both chains follow right-

handed helices (Watson and Crick, 1953). Each chain, now commonly called strand, is 

composed of simpler unit bricks, named nucleotides. The chemical composition and 

structure of a nucleotide can be divided into three groups: a deoxyribose molecule, a 

phosphate, and a base (Nelson and Cox, 2008). The alternating phosphates and deoxyribose 

units define the backbone of each strand and provide it with a polarity, while the bonding 

between bases pairs two strands together. Nucleotides are unequivocally identified by their 

bases with four options: adenine (A), guanine (G), cytosine (C), and thymine (T). The 

interaction (by hydrogen bonds) between strands limits the pairing of bases to A binding 

specifically with T, and G with C.  

Essentially, the DNA is a long chain composed of combinations of four letters. 

However, what might appear as a random sequence is in reality a linear code. It contains 

the instructions that regulate any aspect of the life cycle of any living cell on Earth. 

Essentially, the DNA is the ultimate handbook of life. And, as such, it is passed on from any 

cell to its offspring. This process of genetic transmission occurs through the production of a 

perfect replica of the parental cell’s DNA. It is essential that this process of DNA replication 

occurs in an as error-free manner as possible. When errors occur, they result in mutations. 

A low frequency of mutations are an essential step in evolution and survival (MacLean et 

al., 2013). However, more often they have lethal effects. The need to duplicate DNA with a 

minimum of errors is why organisms have evolved sets of proteins and enzymes dedicated 

to the reliable duplication of genomic DNA. Without them, life would not be preserved. 

Molecular understanding of the replication process would enable, ideally, the possibility of 

intervening and solving some of the biggest health-related challenges. For example, 

bacterial replication proteins could be selectively targeted during infections, opening a 

potential route towards the development of a desperately-needed new family of 

antibiotics.  

It is a long process though, because the DNA-replication machinery, named the 

replisome, is a multi-protein complex that relies on a large network of physical interactions 

among its components that controls the function of the larger structure. Interestingly, 

despite some remarkable differences, replication in all three domains of life follows a set of 

highly conserved principles (Barry and Bell, 2006; Benkovic et al., 2001; Hamdan and 

Richardson, 2009; Kurth and O’Donnell, 2013) (Figure P.1). A protein called the helicase 

unwinds the parental DNA molecule (Patel and Donmez, 2006), thus allowing each strand to 

be copied by proteins called polymerases (Joyce and Benkovic, 2004). The polarity of DNA 

creates a directionality problem: the polymerase can add nucleotides to a primer only in the 

5’-to-3’ direction. Therefore, only one strand can be synthesized continuously (the leading 
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strand), while in the other strand the copying process must be discontinuous (the lagging 

strand). The so-called “trombone model” explains how replication of the two strands could 

be coordinated (Alberts et al., 1983; Duderstadt et al., 2016; Hamdan et al., 2009). The 

directionality problem on the lagging strand is proposed to be dealt with by looping of the 

DNA, so that the lagging-strand polymerase can copy in the required 5’-to-3’ direction while 

staying physically associated with the replisome. An enzyme called primase enables the 

priming of DNA synthesis on the lagging strand. The primase is an RNA polymerase (Frick 

and Richardson, 2001) that synthesizes short RNA segments (primers; four to fifteen 

nucleotides long) on the lagging-strand template, which, in turn, are extended by the 

replicative polymerase into the so-called Okazaki fragments (Okazaki et al., 1968). These 

Okazaki fragments are 1–2 kbp in length and are the product of repeated cycles of priming 

and extension on the lagging strand. The replication loop that is formed on the lagging 

strand grows and collapses with each cycle of Okazaki-fragment synthesis. Single-stranded 

DNA binding protein (SSB) coats the exposed single-stranded DNA, protecting it and aiding 

coordination between the different enzyme activities of the replisome (Hamdan and 

Richardson, 2009; Shereda et al., 2008).  

 

 
Figure P.1: The Escherichia coli replisome 

Schematic representation of the E. coli DNA-replication machinery. The 

helicase unwinds the double-stranded DNA so that the core polymerases 

within the holoenzyme can replicate separately each strand. The leading 

strand can be synthesized continuously whereas the lagging strand requires 

frequent priming by the primase. Coordination between the two strands is 

preserved by looping the DNA. SSB protects single-stranded DNA and aids 

coordination. 

 

The replisome could be looked at as a finely tuned machine. However, the high level 

of coordination between the different enzymatic activities should not be interpreted in a 
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deterministic way. In contrast to man-made machines, complex protein machineries do not 

follow one single pathway. The introduction of single-molecule manipulation and imaging 

techniques has driven a change in our thinking about the operating principles of 

multiprotein complexes. By removing the averaging effect of traditional ensemble-

averaging methods and, instead, observing the activity of individual biomolecules, we 

obtain a unique molecular-level view of cellular processes. An increasing number of single-

molecule investigations suggest that multiprotein complexes have access to a multitude of 

pathways, each made available by the clusters of weak and strong interactions that hold 

such a complex together and the microscopic reversibility of these interactions. These 

studies have led to a refined model of multi-protein complexes in which the plasticity and 

malleability produced by these networks of reversible interactions lead to an adaptability 

that allows molecular processes to deal with a great deal of different cellular conditions. 

Chapter 1 reviews single-molecule tools and how they led to new insights into the dynamic 

behaviour of complex molecular systems such as cytoskeletal motors and replisomes 

(Monachino et al., 2017).  

Single-molecule resolution often comes at a cost of a very limited experimental 

throughput, sometimes as limited as only a single molecule per experiment. In order to gain 

the statistical confidence to characterize multiple pathways, hundreds or thousands of 

observations are needed. Only in this way, rare events and subpopulations can be reliably 

sampled. For this reason, there has been a recent push in the field to improve single-

molecules techniques and their throughput. Chapter 2 reviews the results of these efforts, 

focussing on methods that visualise DNA-protein interactions (Hill et al., 2017). In 

particular, this section describes improvements in both fluorescence and force-based 

methods and draws attention to the challenge of analysing large amounts of data. One 

successful approach has been the production of DNA curtains, in which long DNA templates 

are aligned in rows on the surface of a microscope cover slip. High throughput is achieved 

by improving spatial control of DNA template immobilisation and by increasing local surface 

density. DNA curtains are successfully employed in several protein-nucleic acids 

investigations. Chapter 3 describes a further improvement to the approach by binding the 

DNA curtain to a gold nanowire bisecting a microfluidic flow channel (Kalkman et al., 2016). 

In this way, the DNA molecules and the proteins interacting with them are far away from 

any wall of the flow cell, thus preventing nonspecific surface binding. In addition, the 

throughput can also benefit from improving reaction efficiency in utilizing the DNA 

template. Chapter 4 introduces a method to construct a DNA rolling-circle template with a 

controlled fork topology. Rolling-circle substrates are commonly used to study DNA 

replication because their amplification scheme helps the detection of the long replication 

products. An accurately tailored fork topology improves the efficiency of the replication 

reaction. This DNA template was extensively used in Chapters 5–7, where ensemble-

averaging and single-molecule techniques were employed to study the Escherichia coli 

replisome.  
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E. coli is a Gram-negative bacterium that is commonly found in the lower intestine of 

warm-blooded organisms (Singleton, 1999). It is frequently used as replication model 

system (Lewis et al., 2016). A fully functional E. coli replisome can be reconstituted in vitro 

with a limited number of purified key proteins: the DnaB helicase, the DnaG primase, the 

 DNA polymerase III core (Pol III), the 2 processivity clamp, the n3-n’ clamp 

loader complex (n = 1–3), and the SSB. Pol III is physically clamped by 2 onto the DNA, thus 

enhancing its stability during translocation, and it is strongly associated with the clamp-

loader complex through the  subunit. The Pol III, 2, and the clamp-loader complex are 

collectively referred to as the Pol III holoenzyme. Even though the enzymatic activities of 

each protein are well understood, their dynamics are not. In this thesis, the nature of the 

physical coupling between the Pol III holoenzyme and the DnaB helicase during replication 

plays a central role (Chapters 5–7). According to the textbook model, the Pol III holoenzyme 

is stably associated within the replisome through a contact between its  subunits and 

DnaB. In contrast, the DnaG primase needs to transiently bind to DnaB to prime the lagging-

strand template. Chapter 5 shows that Pol III* (the holoenzyme minus 2) exchanges 

quickly at the replication fork in a concentration-dependent manner (Lewis et al., 2017). 

Two other research groups also recently reported Pol III* exchange (Beattie et al., 2017; Q. 

Yuan et al., 2016). The common conclusion was that Pol III* turnover confers flexibility to 

the replisome, providing a pathway for replacement of replisomal components according to 

the environment and a mechanism for dealing with obstacles and roadblocks. However, Pol 

III* exchange at the fork raises questions about the role of the DnaB helicase and what 

mechanism regulates the process, especially in light of the stable association of DnaB with 

the replisome (Beattie et al., 2017). Furthermore, a recent study suggested that leading- 

and lagging-strand polymerases are not replicating DNA in a coordinated fashion (Graham 

et al., 2017). 

In Chapter 6, the interaction between Pol III* and DnaB is investigated in detail using 

a combination of ensemble-averaging and single-molecule fluorescence techniques. During 

replication, DnaB binds typically weakly with Pol III*, thus favouring polymerase turnover. 

However, upon binding with the primase, DnaB undergoes a conformational switch that 

greatly increases its affinity for the clamp-loader complex and results into promoting the 

recruitment of multiple Pol III*s at the fork. The presence of more than one Pol III*, during 

the priming process, suggests different pathways for the primer handoff and provides a 

molecular mechanism for Pol III* turnover. Chapter 7 further investigates the contact 

between CLC and DnaB. So far, only a weak interaction between DnaB and domain IVa in 

the  subunit of CLC has been identified (Gao and McHenry, 2001a). We prove, though, that 

the transition of DnaB to its dilated state reveals a cryptic -binding pocket for further 

contact with a region of  whose involvement in protein-protein interactions has never 

been identified before. 

 

In conclusion, this thesis focusses on the dynamics at the replication fork. The key 

outcome of this work is that replication is much more fluid and “chaotic” than anticipated. 
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Remarkably, though, replication in E. coli is very efficient and reliable, and proceeds at rates 

that are virtually unmatched by replisomes from other organisms. This thesis shows that 

the intrinsic stochasticity that underlies replisome function follows a well-defined design: 

the replisome evolved to be flexible and, ultimately, capable to react and adapt. 
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