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Chapter 1: Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Great discoveries often result from a combination of 

serendipity and an openness to accept (and follow up on) an 

unexpected result. However, the breakthroughs in thought that 

follow great discoveries depend both on a mind prepared to 

change previously held concepts and a context of preexisting 

knowledge.” 

Ralph Dahm, (2005) Developmental Biology 278: 274-288 
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1.1 On the discovery of DNA 

1.1.1 Towards the understanding of heritable traits 

For a long time, mankind has been curious how traits are transmitted from parents 
to their offspring. Children seemed to have overlapping characteristics with their 
parents, but how are those passed on? Already centuries before Christ, the 
philosophers Hippocratus (circa 460 – 370 BC) and Aristotle (384 – 322 BC) set out 
their thoughts on heredity, which became guidelines for later theories. In the 
Generation of Animals (1), Aristotle suggested that both the mother and father have 
a significant, genetic contribution to their offspring. He stated that in the act of 
reproduction, the phenotype (‘κινήσεις’) of an organism derives from its genetic 
nature (‘δυνάμεις’) (2), a very progressive thought for that time.  

Only millennia later, in 1869, the young Swiss physician Friedrich Miescher was the 
first to extract and purify material that forms the chemical basis of heredity (3,4). 
Miescher found that a molecule containing carbon, hydrogen, oxygen, nitrogen and 
unusually high phosphorus content played a fundamental role in cell growth and 
fertilization. Since he only found this molecule in the nuclei of cells, he called it 
nuclein. Further analysis of nucleins from salmon sperm showed Miescher that the 
nuclein must be a phosphoric acid, which he later refined to a ‘multibasic acid’ (5), 
‘at least a three basic acid’ (6) and finally as ‘at least a four basic acid’ (7). Richard 
Altmann, Miescher’s student, altered the name ‘nuclein’ later to ‘nucleic acid’ (8), 
which is still used nowadays. 

Following up, Phoebus Levene showed in 1919 that a single DNA strand exists of 
nucleotide components that are linked together through phosphate groups forming 
the ‘backbone’ of the molecule (9). The nucleotide components comprise a 
deoxyribose, triphosphate, and a heterocyclic base. The bases were known to be 
from the purine (adenine (A) and guanine (G)) or pyrimidine family (cytosine (C) and 
thymine (T)). Later on, Erwin Chargaff provided a critical contribution to the 
unraveling of the overall DNA structure by showing that the proportion of A in any 
DNA molecule was equal to the proportion of T and, likewise, the amount of G and 
C always corresponded (10). 
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Figure 1: Visualization of the 

structure of DNA. a) Rosalind 

Franklin’s X-ray image of a 

fiber of DNA molecules. The X 

pattern hinted towards a 

double-stranded helical form 

of DNA. The distance 

between the upper and lower 

black spots indicates the 

distance between base pairs. 

Image is copied from ref 11. 

b) Schematic view of the 

structure of DNA. On the left, 

the double helix as was 

proposed by Watson and 

Crick in 1953 (12). On the 

right, the chemical structure 

of the two phosphate 

backbones held together by 

hydrogen bonds between the 

bases of the DNA, is depicted.   

  



13 
 

Eventually, the atomic-level DNA structure was established by the combined efforts 
of Maurice Wilkins, Rosalind Franklin, James Watson and Francis Crick. In 1951, 
Wilkins and Franklin were able to produce the best X-ray diffraction images of DNA 
fibers so far (see Figure 1a). Although those images do not reveal the structure of 
molecules directly, patterns on the images determined the position of atoms within 
the DNA molecule, enabling Franklin to determine that DNA is a helix in which ten 
nucleotides form a helical turn (13). Though, the structure of DNA became finally 
clear when Wilkins showed the X-ray images to Crick and Watson. Wilkins pointed 
out that the images suggested a helical structure (14). This was the missing piece of 
information which enabled Crick and Watson to complete their DNA model with a 
helix consisting of two phosphate backbone strands twisted about each other and 
held together by hydrogen bonds between paired up nucleotides (see Figure 1b) 
(12). The Watson and Crick DNA model proposed an antiparallel structure based on 
the asymmetric ends of the DNA. The antiparallel structure of the DNA has major 
implications for biological processes involving DNA, which I will discuss later in this 
introduction. With the discovery of their DNA structure, Crick and Watson 
immediately saw the great potential of the structure to be copied given by their 
famous statement at the end of their paper: 

“It has not escaped our notice that the specific pairing we have 

postulated immediately suggests a possible copying mechanism 

for the genetic material.” 

Francis Crick and James Watson 

In the next section, I will further elaborate on the duplication mechanism of DNA, 
the biological process that has been central to my research. 

 

  



14 
 

1.2 DNA replication 

With the elucidation of the mechanisms underlying inheritance of an organism’s 
genotype and the structure of DNA, big steps were taken in the understanding of 
the hereditary of traits from parents to their offspring. However, transmission of 
parental DNA to offspring cells requires the parental DNA to be duplicated into two 
identical daughter strands. During this replication process, the double-helical DNA 
is unwound and each separate strand functions as a template for DNA replication 
(15), causing each daughter DNA molecule to contain one of the parental DNA 
strands and one newly synthesized strand (16) (see Figure 2). Over the past years, I 
have been highly interested in how this DNA replication process works at the 
molecular level and have chosen this to be the main topic of my PhD work. In the 
next sections of this chapter, I will further elaborate on the existing knowledge of 
DNA replication and how my work contributes to that.  

 

Figure 2: Schematic overview of the inheritance of parental DNA strands during DNA 

replication. Each daughter DNA molecule contains one of the parental DNA strands (in grey) 

paired with a newly synthesized strand (in white). 
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The replication of DNA is accomplished with a remarkable speed but without losing 
accuracy. To provide the reader a sense of scale, a human body contains 
approximately 2·1014 cells which each divide, averaged over different cell types, 50 
times (17). For every cell division, the full parental DNA sequence of around 6·109 
bp (18) needs to be copied and transmitted to both daughter cells. Therefore, over 
the lifespan of an average person, a total amount of approximately 1016 meters of 
DNA is synthesized, equal to the distance of one light year! 

1.2.1 DNA replication directionality 

The faithful duplication of large amounts of genomic DNA requires an intricate series 
of enzymatic steps. With the publication of the Watson-Crick model of DNA, the 
question immediately arose which enzymes are responsible for the duplication of 
the duplex. A couple of years after the DNA structure was published, Arthur 
Kornberg and coworkers were able to purify the enzyme (19) that incorporates 
nucleotides on a DNA template (20), which they named the DNA polymerase. DNA 
polymerases polymerize nucleotides by catalyzing the formation of a covalent 
phosphodiester bond between the 5’-phosphate group of the incoming nucleotide 
and the 3’-OH group of the preceding nucleotide (21), as is shown in Figure 3a. The 
template-directed fashion of DNA polymerization gives rise to a replication 
directionality of the DNA, going from the 5’ end to the 3’ end. In addition, nucleotide 
incorporation by a DNA polymerase requires the availability of a 3’OH group 
exposed from a previously synthesized DNA or an RNA primer. Note that duplex DNA 
has its two strands running in opposite directions and as such is anti-parallel: the 5’ 
end of one strand is paired with the 3’ end of the complementary strand (see Figure 

1). Thus, this anti-parallel nature of DNA causes the two complementary DNA 
strands to be synthesized in opposite directions. 

Nevertheless, replication of DNA is carried out not by polymerases alone, but by the 
combined action of several DNA replication proteins that are complexed into a 
replication machinery, also known as the replisome. A central component of the 
replisome is a helicase protein that opens up the parental double-stranded DNA 
(dsDNA), exposing two single-stranded DNA (ssDNA) strands that function as a 
template for the DNA polymerases. As a consequence of the necessity of 
polymerases to synthesize in the 5’ to 3’ direction, one of the polymerases 
synthesizes DNA along with the replisome (on what is called the leading strand), but 
the other polymerase incorporates nucleotides in the reverse direction of replisome 
progression. In 1968, Okazaki et al. found evidence for this latter polymerase to 
synthesize its DNA template strand, called the lagging strand, discontinuously in 
short DNA stretches of 1,000-2,000 nucleotides, which were later named Okazaki 
fragments (22). Dictated by the requirement of a pre-existing terminal 3’-OH group 
for extension by the polymerase, Okazaki-fragment synthesis is initiated from a 
ribonucleotide sequence, the primer, which is synthesized by a primase enzyme in 
a template-directed manner. 
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Figure 3: Nucleotide incorporation by enzymatic activity of the replisome. a) The 

incorporation of a cytosine nucleotide is established by formation of a phosphodiester bond 

between the 3’ OH group of the preceding nucleotide and the 5’ phosphate group of the 

incoming cytosine (the numbers mark the atom numbers of the deoxyribose parts of the 

molecules). Hydrolysis of the bond between the alpha and beta 5’-phosphate group of the 

incoming nucleotide provides the energy necessary for nucleotide incorporation. b) The 

mechanism of coordinated DNA replication by coupled DNA polymerases as proposed by 

Sinha, Morris and Alberts (23). The directionality of nucleotide incorporation cause the 

leading strand to be replicated continuously, but the lagging-strand to be discontinuously 

replicated in fragments (see figure above). In order to prevent the lagging strand to be 

synthesized in the opposite direction of replisome progression, the lagging strand is looped 

around into what’s called a replication loop (see below).  
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But how can integral parts of the replisome move in opposite directions on a fixed 

DNA track? This apparent dilemma was elucidated in 1980 by Alberts and 

coworkers. They proposed that spatial coupling of the leading- and lagging-strand 

polymerases causes the DNA at the replication fork to adopt a folded conformation 

(23). This looped DNA conformation temporarily allows the lagging-strand 

polymerase to synthesize DNA in the same direction as the replisome progression 

until it finishes the synthesis of the Okazaki fragment (see Figure 3b). During Okazaki 

fragment synthesis, however, the helicase continues unwinding parental dsDNA 

causing a buildup of ssDNA behind the primer. The accumulated ssDNA forms 

together with the (partly) synthesized Okazaki fragment a so-called replication loop 

(24,25). After Okazaki fragment completion, the lagging-strand polymerase was 

proposed to be recycled to synthesize the next Okazaki fragment on the readily 

available ssDNA stretch.  Upon this recycling, the replication loop is thought to be 

released and the utilization of the next primer is hypothesized to give rise to the 

next replication loop. 

1.2.2 The T7 DNA replication machinery 

The composition and complexity of the replisome differs starkly from organism to 
organism, but the overall working principle shows remarkable resemblances (26,27). 
In order to get insight into the basic biomolecular mechanisms and dynamic features 
of the replisome, I have studied the replisome of the T7 bacteriophage. T7 
bacteriophages infect and subsequently kill their host organism, Escherichia coli 
(E.coli). T7 phages possess a protein capsid (also referred to as the ‘head’) and a tail, 
as can be seen in Figure 4a. The tail is generally involved in anchoring the phage on 
the E. coli cell wall and securing the entry of the viral DNA into the host cell. The 
replisome of the T7 bacteriophage offers a nice model system since it is one of the 
least complex replisomes; it can be reconstituted in vitro from just 4 proteins. The 
T7 replisome is comprised of the gene 5 product (gp5; the DNA polymerase), 
thioredoxin (trx; the polymerase processivity factor) - which is provided by the host 
organism E. coli, the gene 4 product (gp4; the helicase/primase), and the gene 2.5 
product (gp2.5; the single-stranded DNA-binding protein) (see Figure 4b). Chapter 2 
gives a more detailed description of the experimental procedure to study the 
functions of the T7 replisome in vitro. 
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Figure 4: a) Electron micrograph of bacteriophage T7 (left). On the right, a general structure 

of the bacteriophage is sketched out for orientation purposes. The figure was obtained from 

ref 28. b) Schematic overview of the T7 bacteriophage replisome. The replisome comprises a 

helicase (red) and primase (blue) which are combined in the gp4 protein, polymerases which 

are constituted of gp5 (green) and thioredoxin (yellow), provided by the host organism E.coli, 

and single-stranded binding proteins (gp2.5) which are depicted in the lower right corner. 

Figure was obtained from ref 26. 
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T7 DNA polymerase and its processivity factor 

The T7 gp5 protein catalyzes the incorporation of deoxynucleotides by undergoing 
multiple conformational changes as it travels from one nucleotide position to the 
next on the growing chain. These conformational transitions allow the polymerase 
to sense if the incoming nucleotide correctly fits with the nucleotide of the DNA 
template. However, the gp5 non-processively synthesizes DNA, incorporating only a 
few nucleotides per binding event. However, gp5 forms a very stable complex with 
trx (29), which holds the polymerase physically close to the DNA and boosts its 
processivity approximately 100-fold (30). In addition, the interaction between gp5 
and trx also exposes multiple binding sites for other T7 replication proteins (31).  

T7 helicase and primase 

The gp5/trx complex incorporates nucleotides on an ssDNA template, but is unable 
to perform strand-displacement synthesis on dsDNA. The conversion from duplex 
DNA to the ssDNA polymerase templates is accomplished by the C-terminal half of 
the gp4 protein (32). The gp4 assembles as a hexameric ring on DNA (33,34) and 
unwinds the duplex DNA while translocating along one of the two strands of ssDNA 
in a 5’ to 3’ direction. Nucleoside triphosphate-dependent conformational changes 
of the helicase domain cause the ssDNA to be transferred through the gp4 central 
core providing the movement of the helicase (35,36). The helicase domain also 
provides binding places for both the leading- and lagging-strand polymerases (37), 
and thereby plays an essential role in coordination of DNA replication. 

To replicate the exposed lagging strand behind the moving helicase, the lagging-
strand polymerase requires a RNA primer to initiate Okazaki-fragment synthesis. 
RNA primers are synthesized by the N-terminal domain of the gp4 (38,39,40) at 
specific DNA sequences. The primase domain has two major subdomains, namely a 
zinc-binding motif that recognizes the specific priming-site sequences and a catalytic 
site that incorporates the ribonucleotides and holds a recently synthesized primer 
in place until a lagging-strand polymerase extends it (41). 

Single-stranded binding proteins 

Gene 2.5 ssDNA-binding proteins bind the exposed lagging-strand ssDNA (42) and 
play a role in coordinating protein-protein interaction essential for leading- and 
lagging-strand synthesis (43,44). In particular, gp2.5 binds to T7 DNA polymerase in 
a 1:1 ratio and stimulates both the activity and processivity of the polymerases (45).  
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1.2.3 Acrobats of the DNA replication process 

Originally, the replisome was depicted as a very robust machinery in which the 
replication proteins are stably bound and re-used for many cycles of Okazaki-
fragment synthesis. Such a mechanism provides an attractive model for coordinated 
synthesis of both strands. Dilution experiments of T7 DNA replication reactions 
showed that both leading- and lagging-strand synthesis are resistant to dilution 
confirming the recycling of replication proteins by the T7 replisome (46). In addition, 
kinetic studies demonstrated that the T4 replisome is highly processive and 
potentially able to replicate the entire T4 genome (172 kilobases (kb)) without 
dissociation (47). Therefore, release of the polymerase from a completed Okazaki 
fragment must be a controlled process.  

Recently, single-molecule approaches have been developed to study the molecular 
mechanisms underlying DNA replication, in particular lagging-strand polymerase 
recycling and loop-release mechanisms. Those experiments have begun to elucidate 
that the replisome is far more dynamic than we have ever thought to be possible. 
Loparo et al. showed that as many as three polymerases are tethered to the T7 
replisome during leading-strand synthesis (48). Similarly, the E. coli replisome has 
been found to bind three polymerases both in vitro (49) and in vivo (50). The 
presence of not only the DNA synthesizing polymerases (the leading- and lagging-
strand polymerases) but also an additional one (in reverse) would allow rapid 
exchange of the polymerases that synthesize the lagging strand; this calls into 
question the necessity of lagging-strand polymerase recycling. In chapter 3, I 
elaborate on how the presence of multiple binding sites for a replication protein 
within the replisome complex allow for a very stable association of the protein with 
the replisome in the absence of a competitor protein, and also for rapid exchange 
in the presence thereof. In chapter 4, I describe my findings on the dynamic behavior 
of T7 lagging-strand polymerase exchange and how the kinetics of the T7 lagging-
strand polymerases are modulated during DNA synthesis. 

Furthermore, evidence was found recently that replication loops are released upon 
completion of an Okazaki fragment or upon synthesis of a new primer (51). Leading-
strand synthesis was demonstrated to pause during primer synthesis to accomplish 
successful hand-off of the lagging-strand polymerase to the newly synthesized 
primer (52). More recently, a second lagging-strand loop was found to be formed 
between the helicase and the primase domains of gp4 (53). This priming loop allows 
the helicase to keep unwinding DNA during primer synthesis, which would allow the 
helicase to load off lagging-strand polymerases on synthesized primers resulting in 
lagging-strand synthesis progressing outside of the replisome context. In chapter 5, 
I will further elaborate on our work to understand these apparent contradictions. 
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1.3 Single-molecule characterization of 

the replisome 

1.3.1 The advantages of single-molecule investigation 

Thanks to extensive biochemical, genetic and structural investigation of the 
replisome over the past 60 years, we now have a solid understanding of the 
structural and functional properties of the replication proteins. However, important 
questions on the dynamic behavior of individual molecules and of the interactions 
between them still remain. Ensemble-averaging biochemical techniques have been 
developed that provide great detail on the molecular mechanisms of replication, but 
their averaging makes it challenging to visualize unsynchronized, stochastic events 
within the replisome. Recently, biophysicists developed single-molecule techniques 
that allow for direct observation of activities of biomolecules with extreme precision 
and without the need for population averaging. As a result, single-molecule 
experiments provide new insights on important kinetic and physical parameters 
involved in the DNA replication process.  

Typically, we differentiate between two experimental ways to probe, at the single-
molecule level, interactions between DNA and DNA interacting proteins. On the one 
hand, mechanical manipulation experiments on DNA utilize the observation of 
changes in elastic properties of the DNA. These properties are altered upon protein 
binding or conversion of dsDNA to ssDNA, or vice versa, as a result of protein activity. 
On the other hand, single-molecule imaging experiments employ the visualization 
of the DNA template or individual proteins on them to study kinetics and localization 
of the proteins on DNA. In the next sections, I will describe the different single-
molecule mechanical manipulation and imaging techniques (see also Figure 5).  
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Figure 5: Schematic overview of different single-molecule techniques. a) Optical tweezers 

trap beads that are coupled to a DNA molecule serving as a probe to detect the transduction 

of nanometer scale DNA movement and picoNewton range forces of DNA-binding molecules. 

b) Magnetic tweezers manipulate beads, which are surface tethered by a DNA molecule, 

allowing for the observation of applied forces of DNA-interacting proteins as well as the 

detection of torque on the DNA template by rotation of the magnetic field. c) In flow-stretch 

experiments, solution flow applies a controllable drag force on the DNA-tethered beads. 

Changes in DNA template length as a result of DNA-interacting proteins can be directly 

detected by the movement of the beads. d) Electron microscopy allows for the visualization 

of the surfaces of biological materials by detecting the scattering of electrons after they 

passed through the biological sample. e) Fluorescence microscopy employs the detection of 

fluorophores coupled to molecules of interest to localize those molecules in time. f) In Förster 

(fluorescence) resonance energy transfer, short range energy transfer is used to probe the 

distance and changes in distances of specifically labeled positions within one molecule or 

molecular complex.  
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1.3.2 DNA mechanical manipulation techniques 

At the molecular level, biological processes are controlled by many types of physical 
interactions and mechanisms. The development of tools that enable the exertion of 
force on individual molecules has allowed researchers to probe interactions 
between macromolecular biomolecules and to modulate those interactions. Here, I 
briefly describe the most commonly used single-molecule manipulation approaches 
and how they have been applied to the study of replication proteins. 

1.3.2.1. Optical tweezers 

Optical tweezers utilize a tightly focused laser beam to generate a strong focus with 
a restoring force directed towards the focal point, enabling stable trapping of 
microscopic dielectric particles in three dimensional spaces (54). In addition, 
splitting the laser beam into two perpendicularly polarized beams enables the 
creation of two foci that can both trap particles. Small displacements of the trapped 
object out of the laser focus are directly proportional to an applied force, enabling 
the simultaneous measurement of picoNewton-level forces and nanometer-range 
displacement by detection of the trapped particle. The biomolecule of interest is on 
one end coupled to the trapped particle and on the other end to either a fixed 
partner or another trapped particle. Observation of the displacement of the trapped 
object thereby enables the measurement of specific interactions between trapped 
biomolecules and their binding partner as well as the transduction of force and 
displacement on a probe as a result of protein activity. A typical example of the latter 
assay is the read out of translocation and force generated by individual T7 DNA 
polymerases showing that mechanical force is generated during the rate-limiting 
step in DNA replication (55).  

1.3.2.2. Magnetic tweezers 

Magnetic tweezers employ a similar concept as the optical tweezers. A permanent 
magnet is placed above the sample allowing trapping of super-paramagnetic 
particles that are typically tethered to a surface-bound DNA molecule. The applied 
external magnetic field orients the magnetic domains of the particle with the field 
resulting in a pulling force in the direction of the gradient of the magnetic field (54). 
However, the magnetic domains of the particle do not perfectly align as some of the 
domains are rotationally constrained, giving rise to a preferential polarization axis 
of the particle. Rotation of the external field can therefore rotate the magnetic 
particle, enabling the generation of torque in the tethered DNA molecule. Magnetic 
tweezers experiments on the subassembly of bacteriophage T4 helicase and 
primase showed its ability to simultaneously perform unwinding and priming activity 
through disassembly and DNA looping mechanisms (56). 
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1.3.2.3. DNA flow-stretch experiments 

Applying a laminar flow of aqueous buffer parallel to the surface of a flow cell 
introduces a drag force on objects that are tethered to the surface (57). By anchoring 
DNA templates to the flow cells surface at one end and to a polystyrene bead on the 
other, the drag force on the bead causes the DNA to be stretched out in the direction 
of flow. The displacement of the bead is proportional to changes in the force 
experienced by the DNA template, and can be visualized with low-magnification 
wide-field microscopy for multiple DNA-bead tethers simultaneously. Though the 
force and spatial resolution is not as high as for optical or magnetic trapping, this 
technique is especially valuable to probe conversions of ssDNA to dsDNA, or vice 

versa, since the elastic properties of single- and double-stranded DNA diverge 
largely. During my PhD work, I have used DNA flow-stretch experiments to probe 
the synthesis of lagging- and leading-strand in a fully reconstituted T7 bacteriophage 
replisome (see chapter 4). For a detailed description on how these experiments are 
performed, see chapter 2. 

1.3.3 Imaging techniques 

1.3.3.1. Electron microscopy  

Electron microscopy (EM) can obtain molecular images with very high resolutions in 
the nm range (10-9 m) (29,39,43). Irradiation of a biological sample with an electron 
beam under high vacuum causes the electrons to scatter upon passing through the 
sample. The scattered electrons are focused by electromagnetic lenses of the 
microscope and provide a direct read-out of the surface roughness of the biological 
specimen (58). Imaging requires that the specimen is thin enough to transmit the 
incident electron beam, typically not much more than approximately 0.5 μm. 
Though, care should be taken of the extensive damage caused by the electron 
irradiation breaking chemical bonds and creating free radicals. Electron microscopy 
measurements on DNA replication products have provided the first visualization of 
replication loops during T7 bacteriophage DNA synthesis (see Figure 6) and 
determined them to be ~ 1 kb in length, on average (25). 
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Figure 6: Electron microscopic visualization of a DNA replication loop. An M13 rolling circle 

template was replicated by the T7 bacteriophage replisome for one minute at 30 °C and 

prepared for EM imaging afterwards. The inset is a higher magnification of the complex as 

indicated by the black arrow. The figure was obtained from ref 53. 

1.3.3.2. Single-molecule fluorescence  

Fluorescence is the property of some molecules to absorb light at a particular 
wavelength and to subsequently emit light of longer wavelength. In particular, the 
absorption of the specific wavelength of light causes an electronic transition in those 
molecules, resulting in an excited state (59). Over time, the molecules recover their 
ground state by emitting light with a longer wavelength than the excitation 
wavelength, which is called the Stokes shift. The category of molecules that are 
capable of fluorescence are known as fluorophores or fluorescent dyes. By making 
use of a fluorescence microscope, the excitation of the fluorophores can be carefully 
controlled while the emitted light can be simultaneously detected. Multiple 
wavelengths can be used to simultaneously visualize the fluorescence from different 
fluorophores, which are coupled to different molecules to observe co-localization of 
those specific molecules.  

During my PhD work, I have extensively employed fluorescence imaging 
experiments to study the dynamical behavior of T7 bacteriophage polymerases 
within the replisome (see chapter 4) and the spacing between polymerases left 
behind on the replicated DNA template (see chapter 5). A detailed description of the 
way I performed these experiments can be found in chapter 2.  
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In order to be able to resolve single molecules using single-molecule fluorescence 
microscopy, fluorophores have to be spaced farther apart than the diffraction limit. 
This theoretical limit is given by the properties of the microscope (the numerical 
aperture of the microscope’s objective and the wavelength of the used laser) and 
covers approximately 250 nm in the lateral and 500 nm in the axial direction. 
Separation of molecules beyond the diffraction limit implies a maximum 
concentration in the order of tens of nM for which single molecules can still be 
detected, far less than the dissociation constant of many biochemical interactions 
(60).  

Several techniques have been employed to break the diffraction limit. Most of them 
reduce the fluorescent excited volume. We typically make use of Total Internal 
Reflection Fluorescence (TIRF) microscopy. In TIRF microscopy, an evanescence 
wave excites those molecules that are close to the surface, with a maximum distance 
of ~ 100 nm in the lateral direction (61,62). As a result, the concentration limit of 
the fluorophores is boosted up to hundreds of nM. However, this concentration still 
lies drastically below concentrations that can be found in vivo. I have worked on a 
new method to visualize single-molecule interactions in the presence of high 
fluorophore concentrations in solution by selectively exciting dyes in proximity of 
their interaction partner. This new technique is described in chapter 6. 

1.3.3.3. Fluorescence Resonance Energy Transfer 

Fluorescence (Förster) resonance energy transfer (FRET) relies on the transfer of 
energy from a donor fluorophore, which is excited by incident light, to an acceptor 
fluorophore in close proximity. Förster (63) showed that the efficiency of this 
transfer (E) depends strongly on the distance between donor and acceptor (R):  

� =
�

��(
�

��
)	

 , where R0 is the distance between donor and acceptor for which half of 

the energy is transferred. As a consequence, the distance between the donor and 
acceptor fluorophores can be experimentally determined when E is measured and 
R0 is a known variable. Coupling the donor and acceptor fluorophore to positions 
within a biological sample of interest can therefore unravel nanometer scale 
distances and changes in distances within this sample, both in vitro and in vivo. T7 
DNA replication of a DNA template labelled with a well-known donor (Cy3) and 
acceptor fluorophore (Cy5) pair enabled the visualization of the absence of pausing 
during primer synthesis and the existence of priming loops (53). In chapter 5, I will 
further elaborate on these findings and how they compare to our flow-stretch 
experiments.  


