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“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.   
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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. 
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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. 



16 
 

 

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. 

  



19 
 

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.  
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Chapter 2: Single-molecule 

observation of prokaryotic DNA 

replication 
 

 

 

 

 

ABSTRACT: Replication of DNA requires the coordinated activity of a 

number of proteins within a multiprotein complex, the replisome. 

Recent advances in single-molecule techniques have enabled the 

observation of dynamic behavior of individual replisome components 

and of the replisome as a whole, aspects that previously often were 

obscured by ensemble averaging in more classical solution-phase 

biochemical experiments. To improve robustness and reproducibility 

of single-molecule assays of replication and allow objective analysis 

and comparison of results obtained from such assays, common 

practices should be established. Here, we describe the technical 

details of two assays to study replisome activity. In one, the kinetics 

of replication are observed as length changes in DNA molecules 

mechanically stretched by a laminar flow applied to attached beads. 

In the other, fluorescence imaging is used to determine both the 

kinetics and stoichiometry of individual replisome components. These 

in vitro single-molecule methods allow for elucidation of the dynamic 

behavior of individual replication proteins of prokaryotic replication 

systems.  
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2.1 Introduction 

DNA replication requires the coordinated activity of multiple proteins complexed 
within the replisome (27). 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 most replisome 
components. At the replication fork, the junction of double-stranded DNA (dsDNA) 
and single-stranded DNA (ssDNA), sits the helicase, which catalyzes the opening of 
parental dsDNA to expose two single strands that function as templates for 
nucleotide incorporation by polymerases. Since polymerases can only incorporate 
nucleotides in one direction (polymerizing nucleotides from the 5’ to 3’ end of the 
DNA), one of the strands is synthesized continuously, while the other must be 
synthesized discontinuously in so-called Okazaki fragments. Synthesis of the Okazaki 
fragments starts at primer templates that are synthesized at specific priming 
sequences by the activity of the primase. Single-stranded DNA binding proteins bind 
the exposed single-stranded DNA during DNA replication for protection and to 
coordinate interactions between the replication proteins.  

Although the functions of individual replisome components are known, important 
questions remain regarding the dynamic behavior of individual molecules and the 
interactions between them. Single-molecule experiments enable the kinetics of 
individual molecules to be determined directly, which is information that is not 
accessible by conventional ensemble averaging experiments. Single-molecule 
dynamics of replication proteins are generally studied by either probing mechanical 
length changes in individual DNA templates as a consequence of replisome activity 
or by using fluorescence microscopy. For example, DNA length changes monitored 
by tracking the movement of a bead coupled to the end of a flow-stretched DNA 
template revealed that primer synthesis causes pausing of leading-strand synthesis 
(52) and triggers replication loop release (51) in the T7 bacteriophage replisome. In 
addition, the same technique was used by Tanner et al. (64) to observe that binding 
of primase to the helicase causes stalling of leading-strand synthesis by the E. coli 

replisome. Single-molecule fluorescence microscopy has enabled the visualization 
of elongation events through the appearance of fluorescently stained DNA due to 
replisome activity and the study of fluorescently labeled replication proteins within 
replisomes. For example, observation of the T7 bacteriophage polymerases within 
the replisome elucidated the exchange kinetics of both the leading- and lagging-
strand polymerases as well as the stoichiometry of polymerases at the replication 
fork (48 ,65). In addition, single-molecule fluorescence imaging of the DNA template 
during E. coli replication showed that E. coli replisomes containing three 
polymerases are more processive and leave fewer gaps in the DNA than replisomes 
with two polymerases, indicating an important role for an additional third 
polymerase within the replisome (49). Further, following the replication of Xenopus 

egg sister replisomes unraveled that the replisomes are autonomously functioning 
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and have no physical relationship (66). Thus, recent single-molecule experiments are 
providing new insights on important kinetic and physical parameters involved in the 
DNA replication process.  

To improve comparison of results from studies of DNA replication processes, it is 
important to set out a common practice for performing single-molecule DNA 
replication experiments. In this chapter, we describe the technical details of single-
molecule experiments on the replication of individual DNA templates by T7 
bacteriophage and E. coli replication machineries. DNA templates are anchored to 
the bottom glass surface of flow cells allowing for their extension in the direction of 
flow. Subsequently, the activity and dynamics of the replisome and replisome 
components are observed by mechanical manipulation of the DNA template or 
fluorescence imaging. First, the observation of DNA length changes as a 
consequence of replisome activity monitored by tracking the movement of a bead 
coupled to the end of a flow-stretched DNA template, is described. Second, we 
describe a fluorescence imaging assay to observe DNA lengthening as a result of 
DNA replication and the exchange of individual replisome components during 
replication.  

2.2 Bead assay 

In this section, we describe how individual DNA molecules are mechanically 
stretched and their lengths used as a probe to determine enzymatic activity of the 
replisome. Linearized λ DNA is modified to have a biotin on one end and a 
digoxigenin moiety on the other end. The biotinylated end is attached to a 
functionalized coverslip and the digoxigeninated end to a small bead. Assembly of 
these DNA-bead tethers on the surface of a flow cell allows a drag force to be 
exerted on the bead by laminar flow. As a result, the DNA is stretched out parallel 
to the surface of the coverslip at a force that is determined by the flow rate. The 
length of the DNA is monitored by measuring the position of the bead. Length 
differences between single- and double-stranded DNA are utilized to obtain real-
time information on the activity of the replication proteins at the replisome.  

2.2.1 Materials 

2.2.1.1 Surface functionalization 

1. Microscope coverslips (borosilicate glass, #1), staining jars.  
2. Ethanol, absolute anhydrous.  
3. 1 M potassium hydroxide.  
4. Acetone.  
5. 3–aminopropyltriethoxysilane.  
6. Functionalized PEGs, here succinimidyl propionate-PEG (M-SPA-5000) 

and Biotin- PEG-CO2NHS-5000 (NektarTM).  
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7. PEG coupling buffer: 100 mM NaHCO3, pH 8.2.  
8. Oven (110 °C).  
9. Bath sonicator.  
10. Compressed N2 or Ar gas.  

2.2.1.2 Lambda DNA preparation 

1. Bacteriophage λ DNA (14 nM stock; New England Biolabs; see Note 1).  
2. Oligonucleotides (100 μM stocks, see Fig 1C): biotinylated fork arm (A: 5′-

biotin- 
AAAAAAAAAAAAAAAAGAGTACTGTACGATCTAGCATCAATCACAGGGTCAGGTT
CGTTATTGTCCAACTTGCTGTCC-3′); λ-complementary fork arm (B: 5′-
GGGCGGCGACCTGGACAGCAAGTTGGACAATCTCGTTCTATCACTAATTCACTAAT
GCAGGGAGGATTTCAGATATGGCA-3′); fork primer (C: 5′-
TGCCATATCTGAAATCCTCCCTGC-3′); λ-complementary digoxigenin end (D: 5′-
AGGTCGCCGCCCAAAAAAAAAAAA-digoxigenin-3′).   

3. T4 DNA Ligase (New England Biolabs).  
4. T4 Polynucleotide Kinase (New England Biolabs).  
5. Ligase/Kinase Buffer (10X): 500 mM Tris-HCl pH 7.5, 100 mM DTT, 100 mM 

MgCl2, 10 mM ATP.  
6. Heat block (up to 65 °C).  
7. Dialysis cassettes - Float-A-Lyser G2 1000 kD molecular weight cut-off  

(Spectrum Labs). 

2.2.1.3 Bead functionalization 

1. Paramagnetic beads (Dynal 142.03, tosyl activated, 2.8 μm diameter, 2×109 

beads/mL) 
2. Antibody solution (here, α-digoxigenin Fab 1 mg/mL, Invitrogen).  
3. Buffer A: 0.1 M H3BO3, pH 9.5. 
4. Buffer B: 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na-phosphate), pH 7.4, 

0.1% w/v BSA. 
5. Buffer C: 0.2 M Tris-HCl, pH 8.5, 0.1% w/v BSA.  
6. Magnetic Separator (e.g. Dynal MPC).  

                                                           

1 When used in a single-molecule experiment, observation of tethered λ DNA serves as an internal 

control that the substrate is assembled properly. As the biotinylated oligo does not complement the λ 

itself but rather the other fork arm, if DNA is attached to the surface it immediately shows correct fork 

assembly. Any bead attached similarly confirms annealing of the digoxigenin oligo. As a caveat, the fork 

oligos are present at a high concentration and can anneal without the λ DNA to form small forks which 

can bind to the surface. This is typically not a matter of concern, but for troubleshooting or adapting 

the technique to higher resolution experiments or other protein systems this fact should be considered. 

Eliminating the excess forks is simply a matter of reducing the oligonucleotide ratios in substrate 

construction or purifying the free oligos away after preparation of the DNA constructs. 
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7. Rotator (e.g. HulaMixer Sample Mixer from Invitrogen). 

2.2.1.4 Experimental setup 

1. Functionalized coverslip (see Subheading 1.1).  
2. Double Y PDMS flowcell lid with a 3 mm wide, 100 μm tall channel with two 

inlet and outlet channels having 1.2 mm diameter holes. 
3. Custom PDMS flowcell holder with frame. 
4. Tubing, IntramedicTM PE60 (polyethylene 0.76 mm inner diameter, 1.22 mm 

outer diameter).  
5. Blocking buffer (5X): 20 mM Tris-HCl pH 7.5, 2 mM EDTA, 50 mM NaCl, 1 

mg/mL BSA, 0.025% Tween-20.  
6. Working buffer (1X): 20 mM Tris-HCl pH 7.5, 2 mM EDTA, 50 mM NaCl.  
7. Streptavidin (Sigma S4762), 1 mg/mL in PBS pH 7.3.  
8. Permanent rare-earth magnets (National Imports).  
9. Inverted optical microscope (Olympus IX-51) with 10X objective and heated 

stage insert.  
10. Syringe pump (Harvard Apparatus 11 Plus).  
11.  Vacuum desiccator.  
12.  5 mL syringe with 21-gauge needle.  

2.2.2. Experiment and data analysis 

2.2.2.1 Surface functionalization 

To minimize nonspecific interactions between the glass coverslips and proteins, we 
coat the glass surface with high-molecular-weight polyethylene glycol (PEG). First, 
the glass is covalently coupled to the 3-aminopropyltriethoxysilane, rendering a 
surface with reactive amine groups that can react with a polymer of choice. In our 
experiments, a mixture of biotinylated and non-biotinylated succinimidyl 
propionate-PEG is coupled to the amine-functionalized glass, coating the coverslip 
with a layer of PEG displaying a mixture of biotin and nonreactive methyl groups. 
Subsequently, the biotin is used to tightly bind to streptavidin, which can 
additionally bind biotinylated DNA to the surface.  

1. Clean commercial available glass coverslips in a staining jar or equivalent, by 
sonicating for 30 min in ethanol (EtOH) followed by 30 min sonication in 1 M 
KOH. Repeat both steps, rinsing in Millipore water between each step. 
Afterwards, remove all traces of water from the coverslips and their 
containers since the silanization reagent rapidly hydrolyzes in the presence of 
water by washing the coverslips 2-3 times with acetone, sonicating after the 
last wash.  

2. Prepare the 3-aminopropyltriethoxysilane solution in acetone and pour into 
containers (we typically used a 2% silane solution, but other amounts can be 
introduced to reach the desired surface group density). Vigorously agitate the 
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containers for 2-3 min manually or on a rocker and quench the reaction by 
pouring a large excess of water (10-15 volumes) directly into the container. 
Place the coverslips in the oven on aluminum foil or baking sheet at 110 °C for 
30 min to cure the silane and dry the coverslips for addition of PEG.   

3. Remove the PEG from the freezer and allow to warm up to room temperature. 
Mix the methylated (M-SPA-5000) and biotinylated (Biotin- PEG-CO2NHS-
5000 (NektarTM)) PEG at a ratio of 50-100:1, respectively, in PEG coupling 
buffer to a final concentration of 0.2% w/v biotinylated PEG. The ratio 
between methylated and biotinylated PEG can be adjusted to achieve an 
optimal density of functional groups to reach the desired amount of DNA 
molecules bound in the flow cell. Note that the mixed PEG solution has to be 
introduced to the glass coverslips rapidly, since hydrolysis will occur on the 
min timescale (see Note 2). Pipette 50-100 μL of the PEG solution on the 
silanized surface, using the silanized side facing up. Place another 
functionalized coverslip with the silanized side down on top of the coverslip 
with the PEG solution, making a slip-solution-slip sandwich. In order to 
separate the two slips more easily later, nonfunctionalized coverslips can be 
placed along the edge between the two silanized coverslips. Allow the PEG 
solution to incubate for three hours at room temperature. Then, peel the slips 
apart and rinse thoroughly (at least 3 times) with Millipore water and dry 
under a flow of dry nitrogen gas. The dry coverslips can be stored at room 
temperature under vacuum for at least one week without loss of quality.  

2.2.2.2 Lambda DNA preparation 

Bacteriophage λ DNA is 48.5 kb of double-stranded DNA readily purchased from 
suppliers, providing an ideal scaffold for single-molecule DNA manipulation. The 
linearized DNA has 12-base single-stranded overhangs at each end, to which we 
attach modified and unmodified oligonucleotides using standard annealing and 
ligating techniques. The following steps describe in detail how to prepare a DNA 
substrate with a primed replication fork at the surface-attached end and a site for 
bead attachment at the other (see Figure 7c). The following protocol will result in 
0.5 mL of DNA substrate at a concentration of 1.4 nM. 

 

1. Phosphorylate the 5′ ends of oligos A, λ-complementary fork arm, and D, λ- 
complementary digoxigenin end. For each of the two oligos, add 2.0 μL of 
oligonucleotide (100 μM stock), 15.5 μL of H2O, 2 μL of 10X ligase/kinase 
buffer, and 0.5 μL of T4 Polynucleotide Kinase (PNK) and incubate at 37°C for 

                                                           

2 The PEG powders and silane solutions are extremely sensitive to hydrolysis, and care must be taken to 

prevent their degradation. Immediately after use, place containers in a desiccator and remove air. 

Replace with inert atmosphere (N2 or Ar) and seal lid with plastic wrap until next use. Batches of 

functionalized coverslips that display poor tethering capability are frequently due to degraded reagents. 
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1 hour. This procedure yields a final concentration of 10 μM phosphorylated 
oligo for the next steps.  

2. Next, the fork oligos (A, B, and C) are annealed to the λ DNA in one step. Fork 
arm (A) anneals directly to its complementary end of the λ DNA, fork arm (B) 
anneals to its complementary sequence on arm (A) and primer (C) anneals to 
the end of arm (A) (See Figure 7c). Mix 51 μL of 10× ligase/kinase buffer in 
400 μL H2O, then add 56 μL of λ DNA (14 nM stock), 1.0 μL of oligo A (from 10 
μM solution), 1.0 μL of oligo B (from 10 μM solution), and 2.0 μL of oligo C 
(from 10 μM solution). This provides a 10X excess of fork oligos (and 10:1 
primer: fork) to ensure that all λ DNA molecules are annealed to a fork and all 
forks are primed. To anneal, incubate at 65°C for 5 min and allow to cool to 
room temperature slowly by simply turning the power of the heat block off. 
Allow at least 30 min for the solution to gradually cool down. The resulting 
nicks between the oligos and the λ DNA are ligated by addition of 2.0 μL of T4 
DNA ligase and incubating at room temperature for at least 2 h.  

3. Finally, the digoxigenin end oligo (D) is annealed to the end of the λ DNA 
opposite the fork by adding 10 μL of phosphorylated (D) from the first step 
(~100× excess with respect to λ DNA). Incubate at 45 °C for 30 min and cool 
to room temperature slowly by turning off heat block. Ligate the 
digoxigeninated oligo to the λ DNA by adding 2 μL of T4 Ligase and incubating 
at room temperature for at least 2 h. The final DNA construct is now ready for 
use at a concentration of 1.4 nM.  

(Optional) Excess oligos and buffer components can be removed from the final λ 
DNA construct using dialysis. Complete removal is achieved by dialyzing 0.5 mL of 
final DNA construct against 1 L of desired buffer in 2-3 separate steps of 8 h each. 
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Figure 7:  Single-molecule experimental setup for bead experiments. a) Flow cell constructed 

using a PDMS lid with a 3-mm wide, 100-μm tall channel. Tubing is inserted through 1.2 mm 

holes in the PDMS. Custom holder compatible with Olympus heated stages (lower right) 

applies tension from the four screws on an aluminum frame, creating a sealed chamber 

between the PDMS and a functionalized coverslip. b) Bead-DNA assemblies are stretched 

using laminar flow of buffer and imaged using wide-field optical microscopy. By tracking the 

positions of the beads over time, while maintaining a constant stretching force, the lengths 

of the DNA constructs can be monitored. c) Duplex λ DNA (48.5 kb) is attached to the surface 

of the flow cell via the 5’ end of the fork using a biotin-streptavidin interaction, and the 3’ 

end is attached to a bead using a digoxigenin anti-digoxigenin interaction. A primed 

replication fork is formed at the end opposite of the bead to allow loading of the replication 

proteins. d) Extension profile of ssDNA (filled circles) and dsDNA (open circles) under low 

forces. Dashed line shows the crystallographic length of fully double-stranded λ DNA, 16.3 

μm. The large difference in length between ssDNA and dsDNA at forces around 2 pN allows 

a direct observation of conversions between ss- and dsDNA by monitoring changes in the 

DNA length. The simultaneous visualization of large numbers of DNA-coupled beads allows 

for the study of many individual replisomes in one experiment. Figure adapted from Tanner 

et al. (64). 
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2.2.2.3 Bead functionalization 

In the flow-stretching single-molecule experiment, we measure DNA length change 
by observation of the position of a small bead bound to the end of the λ DNA. To 
achieve this, the beads are functionalized with a Fab fragment with specificity for 
the digoxigenin. Activated beads can then be attached to tethered DNA and used to 
manipulate the DNA. The following protocol will result in 1.0 mL of functionalized 
beads (1–2×109 beads/mL for 2.8 μm diameter beads). 

1. Resuspend the stock beads and transfer 0.4 mL to a 1.7 mL tube. Place tube 
into slot of magnet until solution clears, then remove supernatant by 
pipetting. Add 1.0 mL buffer A, which will activate the tosyl groups for 
antibody coupling. Mix gently by pipetting, clear solution using magnet, and 
remove buffer. 

2. Add 0.4 mL of buffer A and 240 μL of Fab solution (1.0 mg/mL, gives 20 μg 
Fab/mg beads). Resuspend thoroughly, and incubate 16–24 h at 37 °C using 
rotator. 

3. After incubation, pull down beads using magnet and remove buffer. Add 1.0 
mL of buffer B and incubate at 4 °C for 5 min. Remove the buffer again and 
repeat buffer B wash and removal. 

4. Add 1.0 mL of buffer C and incubate at 37 °C for 4 h to block free tosyl 
groups. Pull down beads using magnet, remove buffer, add 1.0 mL of buffer 
B and incubate at 4 °C for 5 min. 

5. Remove buffer, resuspend beads in 1.0 mL of buffer B and aliquot for use. 
Beads can be stored at 4 °C for several months without loss of quality. 

2.2.2.4 Assembly of DNA-bead tethers in flow channel 

Once the DNA and functionalized beads have been prepared and microscope 
coverslips have been functionalized, a flow cell can be assembled and single-
molecule experiments performed. Here we describe how a flow chamber is 
prepared with the functionalized coverslip and PDMS lid, and how the substrate is 
constructed in situ by flowing λ DNA fork substrates and functionalized beads. 

1. Immediately before assembling the flow cell, incubate a functionalized 
coverslip with streptavidin solution, 25 μL (1 mg/mL) in 100 μL of PBS. Spread 
the solution across the surface and leave at room temperature for 30 min. 
During incubation, place the slip in a humid atmosphere to prevent drying out 
of the solution. A simple way to achieve this is to place the slip in a covered 
and empty pipette-tip box, with some water on the bottom of the box to keep 
the air saturated with moisture.  

2. Dilute 5 mL of 5X blocking buffer into 20 mL of working buffer. Degas the 
solution by placing it, with loosely screwed cap, in a vacuum desiccator.  

3. For experiments with beads, it is advisable to use two inlet and two outlet 
channels, as the possibility to switch inlets after flowing beads reduces the 
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amount of washing needed to remove free beads from the tubing (see Figure 

7a).  
4. Holes punched in the PDMS should be only slightly smaller than the outer 

diameter of the tubing (1.2 mm), allowing the tube to remain fixed in the hole 
once pushed in. Cut tubing to desired length based on the distance from the 
microscope to the pump.  

5. Wash the streptavidin-coated coverslip thoroughly in water and fully dry 
using compressed air. Once dry, the next steps should be done quickly to 
minimize air exposure and avoid surface degradation. Carefully place the 
PDMS lid over the slide with the channel side down. Once placed on the slide 
gently push around the edges to ensure the PDMS is stuck to the slide. 

6. Place PDMS covered slide into custom microscope holder. Place frame above 
the PDMS, outside the inlet and outlet channels, and secure it with four 
screws. Push tubes into inlets and outlets to complete flow cell construction.  

7. Place the two outlet and one of the inlet tubes into degassed blocking buffer 
and insert a 21-gauge needle (or other size depending on tube inner 
diameter) attached to a 5 mL syringe into the second inlet tube. Slowly draw 
buffer into the syringe, checking that all tubes permit flow. Expel/draw buffer 
2–3 times and leave flow cell full of buffer for 20 min to block surface. 

8. After incubation, the flow cell is ready for use in experiments. Attach both 
outlet tubes to the inlet tubes of the airspring (see Note 3). Block end of one 
inlet tube by inserting a needle previously filled with epoxy. Clear air from 
tubes by manually pulling on syringe pump drive arm and flicking the outlet 
tubes. Switch inlet tubes and repeat. Before flowing DNA, block one outlet 
tube by kinking to create a flow path from left inlet to right outlet or right 
inlet to left outlet, facilitating a laminar flow profile. 

9. Flow DNA into flow cell at desired rate and concentration (0.3–2 μL of DNA 
stock diluted in 1–1.5 mL of working buffer should be sufficient for several 
tens to hundreds of tethered beads per field of view). Slower flow rates allow 
for higher surface binding efficiency. 

                                                           

3 Syringe pumps often exhibit small irregularities in flow, resulting in significant force fluctuations. A 

simple way to reduce these flow instabilities is to place an airspring between the flow cell and the 

syringe pump (see Figure 7b). A 50 mL plastic tube is sealed and the lid affixed using epoxy. Three holes 

are pierced in the lid, and three lengths of tubing (same tubing as flow cell) are inserted to ~1 cm from 

the bottom. Using epoxy, the tubes are sealed to the lid, preventing any air from entering or escaping. 

The tube is filled with 40–45 mL water and connected to the syringe pump with one of the three tubing 

pieces. The remaining two connect to the flow cell tubing using an adaptor piece of slightly larger 

tubing. Upon starting the syringe pump, the withdrawal of water from the air spring will result in a 

pressure drop in the closed air volume. This negative pressure will cause buffer to flow through the flow 

cell. Any irregularity in the syringe pump will not immediately change the negative pressure in the air 

spring and will be dampened out very effectively. The airspring provides two additional benefits: 1) a 

simple method of connecting the two outlet channels to a single syringe pump, and 2) an easy way of 

changing the flow direction. By lifting the airspring, gravity will force the flow to reverse direction and 

cause the bead-DNA tethers to flip back and forth with the flow. 
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10. Dilute beads (2–3 μL stock into 1 mL of blocking buffer) and mix thoroughly 
by vortexing, then sonicate for 30 s to disrupt any bead aggregates. Flow 
beads into cell at a flow rate of ~1 mL/hr. Since the beads are large enough to 
settle on the surface of the flow cell, periodically tap the microscope stage to 
ensure that the unbound beads will continue to slowly move through the flow 
cell. 

11. Once beads are added, switch inlet tubes, being sure to close both outlet 
tubes. Any change to the tubes without the chamber being closed to pressure 
fluctuations (i.e. if an outlet is open) will exert a strong force on the beads and 
shear any tethered DNA. Begin to wash flow cell extensively, manually 
agitating the stage by tapping to remove any beads nonspecifically stuck to 
the surface. 

12. Tethered DNA can be seen by gentle agitation of outlet tube or lifting of 
airspring to see bead movement based on flow direction. Once free beads are 
sufficiently removed, the enzymatic reaction can be performed. 

2.2.2.5 Observation and analysis of DNA replication 

Solutions containing replication proteins are introduced into the flow cell and any 
bead movement is observed in real time by imaging the tethered bead positions 
with a CCD camera. Movement of the beads is converted to length change of the 
DNA, allowing temporal and kinetic analysis of single replication events. Several 
methods to relate DNA length changes to replication can be employed. In the first 
method, we make use of the fact that at stretching forces lower than 6 pN, DNA in 
the single-stranded form is considerably shorter than DNA in the duplex form (Figure 

7d). In the case of leading-strand synthesis, only one of the two unwound parental 
DNA strands will be converted to duplex DNA. In the absence of lagging-strand 
synthesis, the other strand will remain in the single-stranded form after helicase-
mediated unwinding at the fork. By attaching the 5′ lagging strand of the DNA to the 
surface, we can observe leading-strand synthesis by the effective conversion of 
parental duplex DNA into single-stranded DNA, resulting in a shortening of the DNA. 
The second method is employed in those reactions with both leading- and lagging-
strand synthesis. Here, no net conversion between single- and double-stranded DNA 
takes place, but the transient formation of a replication loop at the lagging strand 
can be observed as a brief and gradual shortening of the DNA, followed by a sudden 
lengthening. These two events correspond to the formation and release of a 
replication loop, respectively. 
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1. Enzyme solutions should be prepared in degassed buffers to avoid 
introduction of air bubbles to the flow cell. Once flow cell is ready for reaction, 
stop flow and allow chamber to reach equilibrium. Close outlet tube and 
switch the inlet reservoir to protein solution, slowly opening the outlet to 
avoid rapid pressure changes. Apply the magnet at measured distance above 
the flow cell before restarting flow (see Note 4).  

2. For leading-strand synthesis experiments with the T7 replisome, we 
preassemble the helicase, gp4, and polymerase, gp5 with thioredoxin on the 
DNA in the presence of dNTPs but in the absence of Mg2+, a cofactor required 
for helicase activity but not assembly (51,52). We prepare a 20 nM solution 
of the proteins in T7 replication buffer 1 at room temperature and wash free 
proteins with buffer 1 alone. After washing, we flow replication buffer 2 and 
begin data acquisition. Alternatively, as in our E. coli experiments, the 
proteins can be flowed continuously during data acquisition (64). This can 
lead to multiple replication events on a single substrate, but allows for data 
collection even with less robust or stable replication systems. We flow a 
solution of all leading-strand proteins (αεθ, DnaB6, DnaC6, τ1γ2δ’δ, β2) at 30 
nM in E.  coli replication buffer.  

3. During acquisition, use a flow rate corresponding to a low pN drag force (1–5 
pN) on the DNA tethers to take advantage of the ssDNA-dsDNA length 
disparity. Based on the pump, tubing, bead and flow cell size described above, 
3 pN drag force corresponds to a flow rate of 0.0125 mL/min, but will vary if 
parameters, such as syringe diameter, flow cell volume or bead size are 
changed.  

4. View field with CCD camera and focus using tethered bead (see Note 5). Data 
are acquired for 20–30 min at a slow frame rate (typically 2–4 Hz) and 
transferred to tracking software of choice, either purchased or designed in 
house.  

5. Trajectories are extracted by tracking bead position throughout course of 
experiment and exporting as text file. Several commercial packages exist to 
track particles (MetaVueTM from Molecular Devices and DiaTrack from 
Semasopht are two suitable packages).  

                                                           

4 A common problem in the experiment occurs when the large beads nonspecifically stick to the surface 

of the coverslip, preventing movement and measurement. As a solution, we apply a small magnetic 

force (~1.7 pN) perpendicular to the flow direction to lift the beads off the surface. Permanent rare-

earth magnets are moved into place above the flow cell using a 2-axis translational stage (ThorLabs) 

immediately prior to data acquisition. 
5 Dark-field illumination can be used to increase the contrast in the bead imaging. A fiber illuminator 

(ThorLabs OSL1) is positioned at an incidence angle between 10 degrees and parallel to the microscope 

stage ~0.5 m away. The low numerical aperture of the 10X objective will not allow the illumination light 

to be transmitted, but will allow the light scattered by the beads to be imaged. As a result, the beads 

can now be seen as bright objects against a dark background 
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6. Using graphing and analysis software (Origin®, OriginLab), visualize 
trajectories by plotting bead position versus time. For increased accuracy, 
subtract from the traces of interest a baseline trace of a bead tether that is 
not enzymatically altered. To determine enzymatic processivity, use the Δy 
from start to end of a shortening event. For rate calculation, fit the event itself 
with a linear regression and take the Δy/Δx (slope) of the line as a measure of 
base pairs/second. 

7. Once the experiment is complete, the PDMS lid can be reused after cleaning. 
This is done by sonicating for 5 minutes with 0.5% Triton, followed by 5 
minutes with 1M NaHCO3, and finally 5 minutes in 70% ethanol. In between 
each sonication step the PDMS lid is washed 2-3 times with milliQ water. After 
the final ethanol wash, the PDMS lid is dried with compressed air, and placed 
under vacuum until next use. 

2.3 Fluorescence imaging assay 

In this section, we describe how we employ single-molecule fluorescence to image 
the extension of DNA as a result of replisome activity and to determine the kinetics 
and stoichiometry of single replication proteins within the context of the full 
replisome during active DNA replication. Circular DNA templates are coupled to a 
glass coverslip built in a flow cell. Upon flowing through a buffer containing all 
replication proteins, nucleotides and other required components, the DNA starts 
replicating and elongates in the direction of flow. Upon fluorescent staining of the 
DNA, replication can be imaged by an extension in DNA length in the direction of 
flow. Tracking of the end point of the DNA over time directly enables us to observe 
the activity of the replisome as a whole. In addition, we have conjugated fluorescent 
dyes to DNA replication proteins of our interest. Acquisition of the fluorescence 
intensity from those proteins at the replisome allows us to unravel both their 
stoichiometry and kinetics during replication. 

2.3.1 Materials 

2.3.1.1 Surface functionalization 

Same as described for the bead assay. 

2.3.1.2 Rolling-circle template preparation 

1. M13 ssDNA 
2. Biotinylated primer 
3. Heat block 
4. T7 DNA polymerase 
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5. T7 DNA replication buffer: 40 mM Tris (pH 7.5), 50 mM potassium-
glutamate, 10 mM MgCl2, 0.1 mg/mL BSA, 0.75 µM DTT, 0.6 mM dNTPs 

6. EDTA (100 mM, pH 8.0) 
7. Phenol/chloroform 
8. Storage buffer: 10 mM Tris-HCl, 1 mM EDTA 
9. UV/Vis spectrometer 

2.3.1.3 Fluorescent labeling of proteins 

1. Protein of interest 
2. Labeling buffer: PBS (pH = 7.5) 
3. Dialysis cassettes 
4. Fluorophore of interest with NHS-ester (for example, Alexa Fluor 488 

carboxylic acid succinimidyl ester (Invitrogen) or Cy5 NHS ester (Lumiprobe)) 
5. Proteins storage buffer 
6. Spin column 
7. UV/Vis spectrometer 

2.3.1.4 Experimental setup 

1. Functionalized coverslips 
2. PDMS flow cell 
3. Tubing (polyethylene tubing, PE-60, Bioseb, 0.76 inner diameter, 1.22 mm 

outer diameter) 
4. Flow-cell holder 
5. Syringe pump (Harvard Apparatus 11 Plus) 
6. Blocking buffer (5x): 20 mM Tris-HCl (pH = 7.5), 2 mM EDTA, 50 mM NaCl, 

1mg/mL BSA, 0.025% Tween-20 
7. Washing buffer (1x): 20 mM Tris-HCl (pH = 7.5), 2 mM EDTA, 50 mM NaCl 
8. Streptavidin (Sigma S4762), 1 mg/mL in PBS (pH = 7.3) 
9. Vacuum dessicator 
10. Inverted optical microscope (Olympus IX71 with a 100X TIRF objective 

(Olympus, UApoN, N.A. = 1.49 (oil)) 

2.3.1.5. Experiment and data analysis 

1. T7 replication buffer: 40 mM Tris (pH 7.5), 50 mM potassium-glutamate, 10 
mM MgCl2, 0.1 mg/mL BSA, 0.75 µM DTT, 0.6 mM dNTPs 

2. Purified components of the T7 replisome (typically: 2.5 nM gp4, 20 nM 
gp5/trx, and 180 nM gp2.5). If fluorescence imaging of labeled proteins is 
aimed, the population of the protein of interest can be (partly) replaced by 
their fluorescently-labeled equivalents. 

3. E. coli replication buffer: 50 mM Hepes-KOH (pH = 7.9), 80 mM KCl, 12 mM 
Mg-acetate, 100 µg/mL BSA, 10 mM DTT, 1 mM ATP, 760 µM dNTPs, 250 
µM UTP, CTP and GTP. 
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4. Purified components of the E. coli replisome: typically 30 nM DnaB6C6, 300 
nM DnaG, 30 nM αεθ,  30 nM β2, 15 nM τ3δδ’, 20 nM PriA, 40 nM PriB, 320 
nM PriC and 480 nM DnaT 

5. Fluorescence protective reagents: 1 mM Trolox, 10 % w/v glucose, 0.45 
mg/mL glucose oxidase, and 21 µg/mL catalase 

6. Lasers that fit the excitation wavelength of the fluorophores used (we 
mainly applied 488-nm, 532-nm, or 641-nm laser light (Coherent)) 

7. EMCCD camera (Hamamatsu) 
8. Imaging software (Meta Vue, Molecular Devices) 
9. Analysis software  (ImageJ and Origin, OriginLab) 

2.3.2. Experiment and data analysis 

2.3.2.1 Surface functionalization 

Same as described for the bead assay. 

2.3.2.2 Rolling-circle template preparation 

Coordinated replication of DNA in real-time is observed by the rolling-circle 
amplification of a dsDNA circular template. The newly synthesized leading-strand 
extends around the circle and is subsequently used as the lagging-strand template. 
In principle, such a rolling-circle design allows for a replication reaction of indefinite 
duration (see Figure 8b). By coupling the lagging strand to the surface and applying 
a hydrodynamic flow, the rolling-circle, together with the replisome, moves away 
from the anchor point of the DNA resulting in a stretching of the growing DNA 
template. The rapid lengthening of dsDNA is a direct readout of replisome activity 
and can be visualized by TIRF imaging of the fluorescently stained DNA template (see 
Figure 8c).  

1. Anneal the biotinylated tail oligo to the M13 ssDNA (~ 100 nM in 40 µL 
aliquots, supplied by NEB) by adding a 10-fold excess of oligo in TBS buffer 
(final concentrations ~ 33 nM M13 ssDNA, 330 nM biotinylated oligo). Heat 
the mixture to 65 °C in the heat block, and once heated turn the heat block 
off to allow slow cooling to properly anneal the primer. 

2. To fill in the circle, add a mixture of 64 nM T7 DNA polymerase (NEB) and T7 
replication buffer to the primed M13 (final concentration of primed M13 is 
15 nM). Incubate the reaction for 12 min at 37 °C and quench with 100 mM 
EDTA. 

3. Remove the T7 DNA polymerase from the filled in M13 DNA templates with 
phenol/chloroform extraction and dialyze the DNA into 10 mM Tris-HCl, 1 
mM EDTA (TE) or other suitable storage buffer. The final DNA concentration 
can be determined by UV/Vis spectroscopy. 

  



43 
 

2.3.2.3 Fluorescent labeling of proteins 

Single-molecule fluorescence experiments are especially suited for observation of 
the dynamic behavior of subunits within a biomolecular complex. To study single 
protein dynamics within the replisome during DNA synthesis, proteins of interest 
are conjugated to commercially available fluorophores. Labeling reactions are 
biased towards the N-terminal groups by adjustment of the pH to 7.6, resulting in a 
1000-fold labeling specificity of the N-terminal α-amino group versus the ε-amino 
group of lysine side chains (67), the other major target of the conjugation reaction. 

1. Fill a dialysis cassette (50,000 Da cutoff, Scientific) with the protein of 
interest (150 µL, 200 µM) and dialyze the protein sample overnight into PBS 
(pH 7.6), 1 mM DTT, to remove the components containing reactive amines 
in the storage buffer.  

2. Extract the protein sample from the dialysis cassette and add a 10 times 
excess of fluorophores containing an NHS ester functional group. Allow the 
conjugation reaction to incubate for 1 hour at RT under constant agitation. 

3. Equilibrate size exclusion spin columns (Micro Bio-Spin 6 Columns, Bio Rad) 
with the proteins storage buffer and run the protein-fluorophore mixture 
over the columns to remove the excess of unbound fluorophores and to 
exchange the reaction buffer for the storage buffer. 

4. The extent of labeling can be determined by measuring the absorbance 
spectrum of the labeled protein sample by UV/Vis spectroscopy.  

2.3.2.4 Experimental setup 

After functionalizing the coverslips and preparing the DNA constructs, a flow cell can 
be assembled to perform single-molecule experiments. Subsequently, the DNA 
constructs are introduced to the flow cell and coupled to the coverslips, offering the 
starting template for single-molecule DNA replication.  

1. Dilute 2 mL of 5X blocking buffer into 8 mL of working buffer and degas the 
solution for 10 minutes by placing it in a vacuum desiccator. 

2. Add 80 µL of the blocking/working buffer solution to the streptavidin 
solution (25 µL of 1 mg/mL streptavidin in water), and spread this solution 
on the surface of the functionalized coverslips. Allow the streptavidin to 
incubate for 30 minutes at room temperature. During incubation, prevent 
the solution drying out by placing the coverslip in a humid atmosphere, 
which can be realized by storing the coverslip in a covered, empty pipette-
tip box with water on the bottom. 

3. Wash the coverslip thoroughly with water to remove the unbound 
streptavidin and fully dry the surface using compressed air or nitrogen. 
Immediately place the PDMS flow cell on top to minimize air exposure of 
the functionalized coverslip and avoid air degradation. Place the flow cell 
into the holder and tighten the screws to apply a slight pressure to air seal 
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the flow cell. Note that for the fluorescence imaging assay we use a flow cell 
similar as described in Figure 7a but with just one inlet and one outlet tube.  

4. Insert two cut tubes (of approximately 15 cm length) into the holes of the 
flow cell. Put the inlet tube into the degassed blocking/washing buffer and 
attach a 21-gauge needle with a 5 mL syringe in the outlet tube. Slowly draw 
the buffer into the syringe to check the flow through and the air sealing of 
the flow cell. The flow cell is now ready for use in the experiments. 

5. Place the flow cell on the microscope and attach the outlet tube to the inlet 
of the airspring, and put the inlet tube into the degassed blocking/washing 
buffer again. Clear the air from the tubes and the flow cell by manually 
pulling 1 mL through the syringe pump and flicking the outlet tube.  

6. Flow the rolling-circle DNA templates into the flow cell at the desired rate 
(typically we use 10 µL/min) and concentration (0.1-2 µL of DNA stock in 1 
mL working buffer is sufficient for up to tens of bound substrates per field 
of view). Slower flow rate increases the surface binding efficiency. Addition 
of a DNA intercalating dye to the DNA solution allows for observation of the 
amount of DNA templates bound to the coverslip surface. 

7. Remove the unbound DNA templates by washing the flow cell with 0.5 mL 
of degassed washing buffer.  
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Figure 8:  a) Schematic overview of the single-molecule fluorescence microscope. Laser light 

at a specific excitation wavelength is coupled into the microscope objective to excite the 

fluorescent sample. As a result the sample fluoresces light at a specific emission wavelength, 

which is detected by an EMCCD camera. The EMCCD camera transfers the detected signal to 

the computer for imaging analysis. b) DNA synthesis of a circular M13 DNA template over 

time. DNA replication by the replisome causes the extension of the M13 DNA template. The 

elongated DNA template stretches away from the anchor point of the template as a 

consequence of the applied flow through the flow cell. c) Example of typical data from the 

rolling circle DNA experiment observed by single-molecule fluorescence imaging over time. 

On the left, the DNA elongates in the direction of flow as a result of DNA synthesis by the 

replisome. The DNA is visualized by imaging the fluorescent intercalating DNA stain Sytox 

Orange. The reaction is imaged for 200 s in which time the DNA elongated by 42 kb. On the 

right, Cy5-labeled T7 polymerases are visualized while replisome activity elongates the 

unlabeled flow-stretched DNA.  The reaction is visualized for 150 s in which time the DNA is 

extended by 27 kb.  
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2.3.2.5 Visualization and analysis of DNA replication 

Solutions containing replication proteins of either the bacteriophage T7 or E. coli are 
introduced into the flow cell. Both T7 bacteriophage and E. coli replisomes can be 
reconstituted in vitro with a relatively small amount of proteins. The T7 replisome 
consists of 4 proteins: helicase coupled to primase (gp4), polymerase (gp5 
complexed to its processivity factor trx provided by the host organism E. coli), and 
single-stranded binding protein (gp2.5). The E. coli replisome is more complex and 
contains: helicase (DnaB coupled to a helicase loader DnaC), primase (DnaG), 
polymerase (αεθ coupled to a clamp (β) and clamploader (τ3δδ’γχψ)), and single-
stranded binding protein (SSB). In addition, the E. coli mixture contains replication 
restart proteins (PriA, PriB, PriC and DnaT) that facilitate loading of the DnaB 
helicase at the replication fork. 

Fluorescence from either an intercalating DNA stain or from fluorescently labeled 
proteins is detected in real time by imaging with an EMCCD camera. Lengthening of 
the DNA templates as a result of DNA replication is observed, allowing the temporal 
and kinetic analysis of the replisome as a whole. In addition, detection of the 
fluorescence signal of the labeled protein of interest enables the observation of the 
dynamics and stoichiometry of this protein within the replisome.  Note that, due to 
the diffraction limit, the concentration for which single molecules can still be 
resolved has an upper limit in the tens of nM, implying a maximum usable 
concentration of fluorescently labeled proteins within our experiments.  

1. Enzyme solutions should be prepared in the proper degassed buffer to avoid 
the introduction of air bubbles in the flow cell. Once the flow cell is ready 
for the experiment, stop the buffer flow and allow chamber to reach 
equilibrium. Then, change the inlet tube to the protein solution and restart 
the flow.  

2. Typically, it takes around five minutes for the protein solution to enter the 
flow cell, from which time data acquisition should be started. Data are 
acquired for 20-30 min at a frame rate of typically 5 Hz and transferred to 
acquisition software of choice (we mostly use MetaVue from Molecular 
Devices). 

3. Image sequences are analyzed by tracking the length of fluorescent stained 
DNA over time or by plotting the position and fluorescence intensity of the 
labeled protein over time with ImageJ analysis software. For increased 
accuracy, the fluorescence signal of the labeled proteins can be fitted with 
2-dimensional Gaussians to extract baseline fluorescence and enhance the 
accuracy of position determination. Graphing software (Origin, OriginLab) is 
used to visualize the fluorescence intensity trajectories or the fluorophore 
positions over time.  

4. Once the experiment is complete, the glass coverslips are thrown away but 
the PDMS lid of the flow cell can be reused after extensive washing, as 
described in subsection 2.5. 
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Chapter 3: A single-molecule 

view of DNA replication: the 

dynamic nature of multi-protein 

complexes revealed 
 

 

 

 

 

 

Recent advances in the development of single-molecule approaches 

have made it possible to study the dynamics of biomolecular systems 
in great detail. More recently, such tools have been applied to study 

the dynamic nature of large multi-protein complexes that support 

multiple enzymatic activities. In this review, we will discuss single-

molecule studies of the replisome, the protein complex responsible 

for the coordinated replication of double-stranded DNA. In particular, 

we will focus on new insights obtained into the dynamic nature of the 

composition of the DNA-replication machinery and how the dynamic 

replacement of components plays a role in the regulation of the DNA-

replication process.  
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The power of single-molecule experiments lies in their ability to reveal the dynamic 
behavior of individual molecules and thereby obtain information on 
unsynchronized, stochastic events that otherwise would be hidden by ensemble 
averaging. In particular, single-molecule tools greatly facilitate our ability to study 
complexes consisting of multiple proteins by allowing the direct observation of 
dynamics of association and dissociation as well as the stoichiometry of protein 
components within a complex. Besides providing quantitative information on 
previously established molecular processes, the possibility to follow in real time 
multi-protein complexes as they undergo multiple sequential transitions has led to 
a number of novel mechanistic insights (68,69,70). In this review, we describe recent 
advances in single-molecule studies of one such multi-protein complex, the DNA 
replication machinery, and how these studies have revealed dynamic properties 
that might be widely shared with other multi-protein systems. 

An intensively studied model system for DNA replication is the bacteriophage T7 
replisome, mainly because of its relatively simple composition (Figure 9a) while 
displaying a remarkable resemblance to more complex replisomes of higher 
organisms (26,27). Replication of DNA is initiated by the unwinding of parental 
double-stranded DNA (dsDNA) by the helicase domain of the T7 gene 4 protein (gp4) 
(71,72), yielding two single-stranded DNA (ssDNA) templates. The ssDNA is covered 
by single-stranded binding protein (gp2.5), which plays a critical role in coordinating 
the intermolecular interactions between the replication proteins. After unwinding, 
DNA polymerases incorporate complementary nucleotides to each of the ssDNA 
templates. The T7 DNA polymerases consist each of a T7-encoded protein (gp5) and 
a processivity factor thioredoxin (trx) (73), which is provided by the host organism 
Escherichia coli. As is the case for all DNA polymerases, they can only support DNA 
synthesis in the 5’ to 3’ direction. Consequently, one of the strands, the so-called 
leading strand, can be copied continuously but the other strand, the lagging strand, 
is replicated in a discontinuous fashion. To allow synthesis of the lagging strand in a 
direction opposite to that of the leading strand, the lagging strand is hypothesized 
to form loops that permit the lagging-strand DNA polymerase to remain associated 
with the rest of the replication complex (74). The discontinuous replication of the 
lagging strand results in the synthesis of short fragments, Okazaki fragments, with a 
length of ~1 kb. Okazaki-fragment synthesis is initiated from short RNA primers that 
are synthesized by the primase domain of gp4. 

Single-molecule experiments that relied on a real-time readout of the length of a 
hydrodynamically stretched DNA molecule (Figure 9b) resulted in the first direct, 
real-time observation of the dynamic nature of enzymatic processes that underlie 
DNA replication. For example, such experiments demonstrated that primer 
synthesis temporarily stalls the replisome to prevent leading-strand synthesis from 
outpacing lagging-strand synthesis (52) and visualized the formation and release of 
replication loops during coordinated leading- and lagging-strand synthesis (51) 
(Figure 9b and c). Previous biochemical studies suggested two possible mechanisms 
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for replication loops to be released after the production of an Okazaki fragment. The 
so-called collision model describes the release of the polymerase from the lagging-
strand when it encounters the 5’ end of the previously synthesized Okazaki 
fragment, whereas the signaling mechanism will cause the replication loop to be 
released when a new primer is synthesized, even before the nascent Okazaki 
fragment is finished (51,75,76). After finishing an Okazaki fragment, the lagging-
strand polymerase can be recycled to synthesize the next Okazaki fragment or 
dissociate from the replisome, in which case a new polymerase has to be recruited 
to synthesize the next Okazaki fragment. The single-molecule observation of loop 
lengths and pauses between loop-formation events allowed for a characterization 
of these release mechanisms in the context of a fully active replication complex. 
These studies resulted in a model that the active replisome employs both collision 
and signaling mechanisms, likely as a fail-safe method to ensure successful loop 
release. 

 

Figure 9: a) Schematic view of the T7 bacteriophage replication machinery. b) Experimental 

design to visualize replication-loop formation (blue arrow) and release (red arrow) by the 

length changes of hydrodynamically stretched DNA molecules. c) Length changes over time 

of a single DNA molecule during replication. Loop formation and release are visible as a 

transient shortening of the flow-stretched DNA. (9a adapted from ref 26; 9b,c adapted from 

ref 51) 
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With such a complicated choreography of proteins at the replication fork, it is 
important to understand how the composition of the complex evolves over time. 
Numerous biochemical and biophysical studies have contributed tremendously to 
the detailed knowledge of the structure of replication proteins and the interactions 
between them (reviewed in 26,27,77), but a clear understanding of how these 
individual proteins interact dynamically is still largely lacking. Recent single-
molecule experiments have begun to suggest a picture of a highly dynamic 
replisome that is characterized by a continuous exchange of components (78,79). 
These observations are emphasizing that the replisome does not have the static 
composition often suggested by the textbook pictures, but instead is a continuously 
changing complex, dynamically exchanging components while replicating DNA. In 
this review, we will focus on the highly dynamic exchange of polymerases at the 
replication fork, and argue that similar exchange mechanisms may be important to 
support subunit exchange in many other processes. 

The precise nature of the molecular interactions between the DNA polymerases and 
the rest of the replisome is one of the important determinants in processes such as 
loop release and polymerase recycling. Biochemical studies revealed that the T7 
DNA polymerases are physically tethered to the T7 gp4 helicase by two different 
binding interactions (31,37). During DNA synthesis, an interaction between the 
helicase and the palm domain of the polymerase keeps the polymerase tethered to 
the replisome with high affinity. Alternatively, a weaker, electrostatic interaction 
can be formed between the acidic and unstructured C-terminal tail of gp4 and a 
basic patch on the outside of the T7 polymerase. The latter interaction does not 
require a primer-template for the polymerase to be present. The availability of two 
interactions with different binding stability is hypothesized to mediate a switching 
mechanism that provides, on the one hand, stable binding of polymerases while 
replicating and, on the other, allows the polymerase to be tethered loosely to the 
replisome. Earlier biochemical experiments showed that even though T7 replisomes 
are highly resistant to dilution (46), leading- and lagging-strand polymerases showed 
rapid exchange when challenged with excess polymerase in solution (80). Based on 
these experiments and similar ones on the T4 replisome (81), a switching 
mechanism was hypothesized that would both confer high processivity to the 
polymerase via a stable conformation supporting synthesis and allow polymerase 
exchange via a more loose secondary interaction with the replisome. 

The dynamic nature of these interactions between the polymerases and the helicase 
in the T7 system raises an immediate paradox. How can the replisome processively 
replicate thousands of basepairs, while polymerases are able to readily exchange? 
A recent study by Loparo et al. (48) utilized a novel single-molecule approach to 
address this question. By combining the observation of the DNA replication rate of 
a single T7 replisome with the visualization of the recruitment of individual 
fluorescently labeled DNA polymerases from solution to the complex, the authors 
showed that DNA polymerases bind to the helicase tens of seconds before they are 
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utilized in actual DNA synthesis. The authors showed that a polymerase is initially 
recruited via the helicase’s acidic C-terminal tail, followed by an exchange of the 
synthesizing polymerase by the newly recruited one. This exchange event is initiated 
by a transient release of the DNA synthesizing polymerase from the DNA template, 
providing all polymerases bound to the helicase an opportunity to compete for 
binding to the exposed primer-template substrate. This two-step mechanism 
potentially allows for up to six polymerases, associated with the six acidic helicase 
C-terminal tails, to be readily available to replace the DNA-synthesizing polymerase. 
In the absence of polymerases in solution, and thus in the absence of additional 
competing polymerases bound to the helicase C-termini, the synthesizing 
polymerase while still tethered to the helicase will simply rebind the primer very 
rapidly after dissociation. Thus, the replisome ensures high processivity even in the 
absence of excess polymerase. 

Over the past years, both recruitment of more polymerases to the replisome than 
minimally necessary for coordinated DNA replication and rapid exchange of 
polymerases have been observed in other organisms, suggesting that the 
aforementioned exchange mechanism may be a general one. First, the leading- and 
lagging-strand polymerases of the bacteriophage T4 have been shown to form a 
homodimer (82), but both polymerases exchange within a minute when they are 
challenged by a mutant polymerase (81). The polymerase exchange mechanism is 
found to be induced by the attachment of an extra polymerase to the clamp, which 
competes for DNA binding with the replicating polymerase. In addition, the T4 
replisome has also been observed to be able to bind up to three polymerases (83). 
These observations suggest that polymerase exchange within the T4 replisome may 
follow a similar exchange mechanism as has been reported for the T7 replisome. 
Second, polymerase exchange has also been observed for the bacterial replication 
machinery of E. coli, both in vivo and in vitro. In E. coli, polymerases are tethered to 
the replisome by the τ subunits of the clamp loader, which in turn connect to the 
helicase (DnaB) (84,85). A clamp loader can contain up to three τ subunits, each of 
which can bind a polymerase during DNA replication (86). Notably, recent single-
molecule in vivo experiments have confirmed the biological relevance of having 
three polymerases at the replisome (87) and of frequent and dynamic polymerase 
exchange within the replisome in living E. coli cells (50). 

The biological advantage of the presence of a ‘backup’ polymerase may be most 
apparent when the replisome encounters a lesion in either the leading- or lagging-
strand template, when the lagging-strand polymerase is left behind due to 
premature stalling of Okazaki-fragment synthesis, or generally when one of the 
polymerases loses functionality. The E. coli replication machinery overcomes lesions 
in the DNA template by either bypassing the lesion by generating a downstream 
primer on the leading-strand from which processive DNA replication can restart (88) 
or repairing the lesion by rapidly exchanging the high-fidelity polymerase III for the 
low-fidelity lesion bypass polymerase IV. The rapid polymerase exchange is 
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regulated by the β sliding clamp, which can bind both polymerases simultaneously 
(89). The presence of an extra polymerase at the replication fork may provide the 
opportunity to quickly load a polymerase on the downstream primer to continue 
leading-strand synthesis as well as the possibility to exchange a processive 
polymerase by an error-prone polymerase to fix lesions. Additionally, single-
molecule measurements demonstrate that replisomes containing three 
polymerases are more efficient in nucleotide incorporation and generate shorter 
ssDNA gaps in the lagging-strand than dual-polymerase replisomes (49). Dohrmann 
et al. (90) recently showed that the dissociation rate of a single polymerase from the 
3’ end of a DNA template is too slow to successfully recycle lagging-strand 
polymerases. Taken together, these studies strongly suggest a picture in which the 
third polymerase binds a newly formed primer to start synthesis of the next Okazaki 
fragment, such that the former lagging-strand polymerase can finish the Okazaki 
fragment, possibly by being released from the replisome, or has enough time to be 
recycled to the second-next Okazaki fragment.  

In this review, we have focused on the molecular mechanisms underlying stable 
binding and high processivity of polymerases at the replisome while allowing rapid 
exchange. Interestingly, recent single-molecule experiments have revealed similar 
dynamic subunit exchange mechanisms in other multi-protein complexes. FRAP 
(fluorescence recovery after photobleaching) and FLIP (fluorescence loss in 
photobleaching) experiments demonstrated that the MotB and FliM subunits of the 
bacterial flagellar motor are exchanged in a signal-dependent way (91,92). In 
addition, the structural maintenance of chromosome proteins of E.coli, MukBEF, 
was determined to form multimers that can exchange single MukBEF complexes 
with freely diffusing complexes in the cytosol (93,94). The multimeric form of 
MukBEF is proposed to allow the release of one DNA segment without releasing the 
whole multimeric complex from the chromosome. The observation of multiple 
examples of stable multi-protein complexes that can readily exchange subunits 
suggests a more general picture of multi-protein complex that are able to 
dynamically exchange components with spare parts available in solution while 
maintaining high stability in the absence thereof. 

We hypothesize that the dynamic exchange of subunits within multi-protein 
complexes while maintaining its overall composition and structure is a widespread 
mechanism. Stable binding of subunits while allowing rapid exchange is made 
possible by the presence of multiple sites of interaction between the subunit and 
the rest of the complex. Such a stable binding would be mediated by binding a 
subunit at two sides simultaneously, while a transient disruption of one of the two 
interactions would not immediately result in dissociation of this subunit but would 
allow, however, a second subunit from solution to bind at the vacated binding site. 
The presence of two subunits would then be quickly resolved by one of them 
competitively displacing the other altogether. Such a mechanism could be compared 
to two monkeys reaching for the same hand of bananas while swinging from a tree 
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branch. A monkey holding the branch can stably grab the bananas, but a transient 
release will allow another monkey, associated with a second binding site, to join in 
and potentially take over the desired bananas (Figure 10, left). However, the ability 
to stably hold on to the branch allows the monkey to keep its position, close to the 
bananas. In the absence of a competing monkey, the secondary binding site allows 
the monkey to quickly take hold again of the bananas after having released them 
(Figure 10, right). Single-molecule techniques are very well-suited to characterize 
such exchange mechanisms at the molecular scale. The technical advances in these 
methodologies and our increasing understanding of the molecular details of the 
interactions involved place us in an ideal situation to further study and understand 
such molecular gymnastics with unprecedented dynamic detail.   

 

Figure 10: Schematic representation of entities competing for a single preferential binding 

site. On the left, competition of two monkeys for the same preferential binding site (a hand 

of bananas). Transient dissociation from the bananas by the monkey allows the left monkey 

to compete for the same bananas. On the right, with just one monkey present, temporary 

unbinding from the bananas still allows a rapid re-association by the same monkey. 
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Chapter 4: Single-molecule 

studies of polymerase dynamics 

and stoichiometry at the 

bacteriophage T7 replication 

machinery 
 

ABSTRACT: Replication of DNA plays a central role in transmitting 

hereditary information from cell to cell. To achieve reliable DNA 

replication, multiple proteins form a stable complex, known as the 

replisome, enabling them to act together in a highly coordinated 

fashion. Over the past decade, the roles of the various proteins within 

the replisome have been determined. Although many of their 

interactions have been characterized, it remains poorly understood 

how replication proteins enter and leave the replisome. In this study, 

we visualize fluorescently-labeled bacteriophage T7 DNA 

polymerases within the replisome while we simultaneously observe 

the kinetics of the replication process. This combination of 

observables allows us to monitor both the activity and dynamics of 

individual polymerases during coordinated leading- and lagging-

strand synthesis. Our data suggest that lagging-strand polymerases 

are exchanged at a frequency similar to that of Okazaki-fragment 

synthesis and that two or more polymerases are present in the 

replisome during DNA replication. Our studies imply a highly dynamic 

picture of the replisome with lagging-strand DNA polymerases 

residing at the fork for the synthesis of only a few Okazaki fragments. 

Further, new lagging-strand polymerases are readily recruited from a 

pool of polymerases that are proximally bound to the replisome and 

continuously replenished from solution. 

 

Hylkje J. Geertsema, Arek W. Kulczyk, Charles C. Richardson and Antoine M. van 
Oijen 

published in Proceedings of the National Academy of Science U S A 111(11): 4073-8 

(2014) 
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4.1 Introduction 

The organization of replisomes is highly conserved among various organisms (27), 
underlining the evolutionary importance of the replication machinery architecture. 
The bacteriophage T7 replication system offers an attractive model system to study 
the interplay between replication proteins since its replication machinery is 
relatively simple; a functional replisome can be reconstituted by just four purified 
proteins. Three of these proteins are encoded by the phage itself: helicase-primase 
(gp4), DNA polymerase (gp5) and single-stranded DNA (ssDNA) binding protein 
(gp2.5).  A processivity factor for the gp5 polymerase, thioredoxin (trx), is provided 
by the host Escherichia coli. T7 gp4 assembles as a hexamer on ssDNA and provides 
both helicase and primase activities (36,95,96). The helicase unwinds the parental 
DNA to provide a ssDNA template for DNA replication, while the primase catalyzes 
synthesis of oligoribonucleotides at specific DNA sequences for use as primers to 
initiate Okazaki-fragment synthesis (97,98). T7 gp5 forms a complex with trx (29,30) 
to increase its processivity from a few nucleotides to approximately 1000 
nucleotides per binding event (52).  Basic regions of the DNA polymerase, located in 
the thioredoxin-binding domain (TBD) as well as on the front of the polymerase, 
loosely interact with the acidic C-terminal tails of the gp4 helicase (31,99,100), 
whereas a high affinity interaction with gp4 occurs when the polymerase is in a 
polymerization mode (37,101). T7 gp2.5 also has an acidic C-terminal tail that 
interacts with the same basic residues of the polymerase TBD (99,102). Beyond 
coating the ssDNA that is transiently exposed during replication, gp2.5 plays an 
important role in mediating and timing protein-protein interactions within the 
replisome (102,103,104). 

The antiparallel nature of DNA complicates the directional DNA replication by the 
replisome. In 1975, Alberts et al. (24) proposed a ‘trombone model’ where a tightly 
bound polymerase replicates the leading strand continuously while the lagging 
strand is synthesized discontinuously. The Okazaki fragments are located within 
replication loops and are eventually ligated to form a continuous lagging strand. 
Upon completion of an Okazaki fragment, the lagging-strand polymerase recycles to 
a new primer, allowing the polymerase to remain bound to the replication 
machinery. However, biochemical studies suggest that the association of 
polymerase to the replisome is more transient. In vivo experiments by Lia et al. 

showed the exchange of lagging-strand polymerases at the E. coli replisome with 
cytosolic polymerases (50). In addition, experiments in which actively replicating T7 
polymerases are challenged with either a mutant or a fluorescently labeled 
polymerase show a highly dynamic exchange for both the leading- and lagging-
strand polymerase (48,80,103). These studies suggest that the two binding modes 
of the polymerase to the helicase provide a molecular switching mechanism. 
Relatively weak electrostatic interactions between the TBD or the front basic patch 
of the polymerase and the C-terminus of the helicase ensures the presence of a non-



58 
 

synthesizing polymerase at the replisome, while an alternative and more tight 
interaction locks actively synthesizing polymerases onto the helicase (31,37,99,101). 
Consequently, the T7 helicase theoretically could bind up to six polymerases 
corresponding to the six C-termini of gp4. These loosely-bound, ‘spare’ polymerases 
can occasionally exchange with the polymerase locked in a replication mode offering 
a rapid switching mechanism (48) (Figure 11a). Also, studies of the E. coli replisome 
revealed the presence of a third DNA polymerase, in addition to the canonical 
leading- and lagging-strand polymerases (86,87).  

Even though previous studies elucidated many of the properties of the molecular 
interactions between the T7 replication proteins in the replisome, important 
questions on the kinetics and stoichiometry still remain. In particular, direct 
visualization of the composition of the replication machinery during coordinated 
leading- and lagging-strand synthesis has not been possible. Observation of the 
kinetics with which polymerases enter and leave the replisome and the number of 
polymerases associated with the replication complex is needed to obtain a full 
picture of the dynamic interplay between the key components of the replisome. 
Here, we report the visualization of fluorescently labeled T7 DNA polymerases 
during coordinated replication of a single DNA molecule. To obtain a full description 
of the dynamic behavior of the polymerases at the replication fork and to identify 
exchange of polymerases, we perform replication reactions using a mixture of two 
differently labeled polymerases in equal ratio. The polymerases are labeled with 
either a blue or a red fluorophore and we visualize their action simultaneously on 
hydrodynamically stretched DNA molecules. This experimental design allows us to 
unravel both the total number of polymerases and their exchange kinetics: the 
summed intensity of the two colors provides information on the total number of 
polymerases associated with the replisome, while the fluctuations in the individual 
colors inform on the kinetics with which they exchange (by the replacement of one 
color by the second). These experiments show that up to six polymerases can be 
present within the replisome and that the polymerases are exchanged on the same 
timescale as the production of Okazaki fragments.  



59 
 

 

Figure 11: Single-molecule replication experiment. a) Schematic of hypothesized lagging-

strand polymerase exchange. b) Experimental design. Biotinylated M13 dsDNA molecules are 

coupled to streptavidin-functionalized coverslips. Addition of the replication proteins and 

nucleotides initiates DNA replication. The elongated DNA products are flow-stretched and 

fluorescently labeled polymerases are observed by TIRF microscopy. c) Kymograph of the 

distribution of fluorescently-labeled polymerases on the DNA product over time. The 

fluorescently-labeled replisome elongates the DNA in the direction of flow and is visible itself 

as a bright spot moving away from the surface anchor point. 
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4.2 Results 

The T7 replication proteins self-assemble into a replisome on a preformed 
replication fork (103). We have carried out replication reactions on circular double-
stranded M13 DNA molecules bearing a replication fork coupled to the surface of a 
microfluidic flow cell (see Figure 11b) (105,106). Upon addition of gp4, gp5/trx, 
gp2.5 and E. coli SSB as well as dNTPs, ATP, and CTP, DNA synthesis was initiated 
resulting in rolling-circle DNA replication (Methods). E. coli SSB was introduced to 
the replication reactions to more faithfully mimic the physiologically relevant 
conditions of phage replication in the E. coli host and to minimize nonspecific 
binding of T7 DNA polymerases to T7 gp2.5-coated ssDNA (Appendix 4.5 Figure 1). 
During replication, the newly synthesized leading strand initially becomes part of 
the circle and is subsequently used as lagging-strand template. Such a rolling-circle 
design allows, in principle, for a replication template of indefinite length. By coupling 
the lagging strand to the surface and by using hydrodynamic flow to extend the 
continuously growing lagging-strand product, the M13 DNA circle with the 
replisome moves away from the anchor point of the DNA template. In the 
experiments described here, we visualized the binding of DNA polymerases to the 
replisome, located at the most down-stream position of the growing DNA chain 
(Figure 11c).  

To visualize individual gp5/trx, the polymerase was labeled in a 1:1 protein: 
fluorophore ratio at the amino terminus with either Alexa Fluor 488 or Cy5. The two 
labeled proteins were used in equal concentrations in the replication reactions. 
Total-internal reflection fluorescence (TIRF) microscopy was used near the critical 
angle to observe, in real time, the distribution of fluorescence along the entire 
length of the DNA product. The kymograph in Figure 11c shows the presence of a 
bright fluorescent spot containing contributions from both the blue (Alexa Fluor 
488) and red (Cy5) polymerases. The polymerases move in the direction of the flow 
at rates consistent with the known kinetics of the T7 replication reaction. DNA 
staining after the replication reaction with an intercalating double-stranded DNA 
dye indicates that this spot resides at the end of the product (Appendix 4.5 Figure 
2), corresponding to the expected location of the replication complex. Formation 
and release of loops, as has been shown before (51), were not observed during these 
experiments due to the lower resolution of our assay (~1,000 bp). As the reaction 
progresses, the signals from both fluorophores were present continuously, 
indicating that there are several polymerases bound within the replisome at all 
times.  

Association and dissociation of polymerases at the replisome were detected by 
measuring the fluorescence intensity of the replisome spot as a function of time 
(Figure 12a). To extract characteristic time scales of fluctuations, we calculated the 
fluorescence intensity autocorrelation function <I(t)⋅I(t+τ)>, where I denotes 
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fluorescence intensity, t is time and τ the time delay (107,108,109). For all 
conditions, we observed a double-exponential decay, indicating the presence of two 
different time scales (Figure 12b). The faster time scale was consistently observed 
to be around 1 second (0.8 ± 0.1 s for the conditions used in Figure 12b), while the 
other was much longer (22.6 ± 0.3 s) and varied with the particular replication 
reaction conditions used (see below). Since both of the time scales are an order of 
magnitude lower than the observed lifetime of the fluorophores, bleaching kinetics 
had a marginal influence on the autocorrelation function (Appendix 4.5 Figure 3). 
We interpret the fast time scale as the stochastic binding of polymerases to the 
carboxy termini of either the gp4 or gp2.5 (99) and the long time scale as a result of 
the association and dissociation kinetics of single DNA synthesizing polymerases in 
the replisome. Though, it should be noted that the decay parameters of 
autocorrelation functions are not suitable to extract information on association and 
dissociation rate constants separately. Instead, they report on the sum of these 
properties, henceforth referred to as the exchange time. Due to the equal 
concentrations of Alexa Fluor 488- and Cy5-labeled polymerases in the DNA 
replication reactions, half of the polymerase exchange events comprised the 
exchange of polymerases labeled with the same fluorophore and were thus 
impossible to observe. Therefore, we halved the polymerase exchange time to 
correct for exchange of polymerases with the same label. Finally, the 
autocorrelation functions of both the Alexa Fluor 488- and the Cy5-labeled 
polymerases for any given reaction condition display the same kinetics, indicating 
that there is no preferential binding of one of the labeled polymerases at the 
replication fork. In the subsequent analysis we therefore average the decay 
constants of the autocorrelation functions of both fluorophores to determine 
polymerase exchange times. 
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Figure 12:  Autocorrelation function 

of the fluorescence intensity of the 

replisome over time. a) Fluorescence 

intensity fluctuations of a single 

replisome over time. The 

corresponding kymograph is shown 

above the graph. The blue line 

represents the Alexa Fluor 488 

intensity, whereas the red line shows 

the Cy5 intensity at the replisome. b) 

Averaged normalized 

autocorrelation function of the 

fluorescence intensity of 25 

replisomes, replicating DNA in the 

presence of 150 µM ATP and CTP. The 

autocorrelation function of the Alexa 

Fluor 488-labeled polymerases is 

shown in blue whereas the red curve 

represents the autocorrelation 

function of the Cy5-labeled 

polymerases. The autocorrelation 

functions are fit with a dual 

exponential decay, where we 

interpret the fast time scale to 

represent transient electrostatic 

binding of gp5 to the carboxy termini 

of either gp4 or gp2.5 (0.92 ± 0.02 s 

and 0.66 ± 0.02 s for the red and blue 

curve, respectively) and the slower 

time scale shows the replacement 

kinetics of DNA synthesizing 

polymerases at the replisome (22.3 ± 

0.5 s for the red and 22.9 ± 0.2 s for 

the blue curve). c) Bar plot of the slow 

and fast time scale of the 

autocorrelation function and the 

replication rate as a function of ATP 

and CTP concentration. The 

characteristic time scales of DNA 

synthesizing polymerase exchange 

(green bars) are constituted of the slower decay constants of the autocorrelation function 

divided by two, to correct for exchange events of polymerases with the same dye attached 

which decrease the exponential decay of the autocorrelation functions by two fold. The grey 

bars show the DNA replication rate computed by tracking the position of the replisome over 

time. Both the polymerase exchange times and DNA replication rates were calculated from 

trajectories of multiple individual replisomes. 
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Next, we varied the frequency of primer formation on the lagging strand by changing 
the concentration of ATP and CTP, the only ribonucleotides required for T7 primer 
synthesis (110). The priming frequency controls the length of Okazaki fragments (51) 
and potentially affects the exchange kinetics of polymerases at the fork. Figure 12c 
(green bars) shows a strong dependence of the slower time scale of the 
autocorrelation functions on ATP and CTP concentration, indicating that the 
polymerase exchange kinetics slow when less ATP and CTP is available. In addition, 
we tracked the position of the replisome over time to determine the rate of DNA 
synthesis (Figure 12c, grey bars). By multiplying the replication rate with the 
polymerase exchange time, we obtained a measure for the amount of DNA 
synthesized over the characteristic timescale of polymerase exchange (Figure 13a, 
green bars). Separating the replication reaction products on a denaturing gel (Figure 

13b) and determining the average Okazaki-fragment length for the different ATP 
and CTP concentrations (Figure 13a, grey bars) allowed us to directly compare 
Okazaki-fragment lengths to the amount of DNA synthesized before polymerases 
exchange. The similarity between these two measures indicate that polymerases 
exchange occurs on the same time scale as the time required to synthesize at most 
a few Okazaki fragments. 
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Figure 13: Length of 

DNA replicated by a 

single polymerase in 

comparison with 

Okazaki fragment 

length. a) Bar plot of 

the average length 

of DNA replicated 

on the timescale of 

polymerase 

exchange and the 

Okazaki fragment 

length for different 

ATP and CTP 

concentrations. b) 

Alkaline agarose gel 

analysis of DNA 

products. DNA 

synthesis was 

carried out in the 

standard reaction 

containing 

minicircular DNA 

substrates (as 

described in (46)) 

with varying 

concentrations of 

ATP and CTP and 

with [α-32P]dCTP. 

After incubation for 

15 minutes, the 

reaction products 

were denatured and 

analyzed by 

electrophoresis through a 0.8% (w/v) alkaline agarose gel. Lane 1 and 5 contain a HindIII 

digest of λ DNA to provide length markers. Lanes 2-4 represent the lagging-strand products 

for 300 µM NTPs, 150 µM NTPs and 30 µM ATP, and 10 µM CTP, respectively. c) Intensity 

profiles of lanes 2-4 of the denaturing gel. To determine the average product length for a 

given condition, the intensity profile along a lane was corrected to take into account the 

higher intensity of larger fragments and subsequently fit with a single Gaussian. The 

maximum of the Gaussian peaks are at 240 ± 100 bp, 300 ± 90 bp, and 510 ± 70 bp for 

reactions with 300 µM ATP, CTP, 150 µM ATP, CTP, and 30 µM ATP with 10 µM CTP 

respectively. Correction of the intensity profiles for different amounts of radiolabel present in 

different fragment lengths results in Okazaki-fragment lengths that are shorter (140-580 bp) 

than previously reported (1000-6000 bp) (46), but are more representative of their true 

distributions. 
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Polymerase exchange events require the presence of readily available polymerases 
at the replisome additional to the DNA synthesizing polymerases. Here, we 
quantified the fluorescence intensity of the replisome spots to determine the 
number of polymerases residing at the replication fork. First, we determined the 
average fluorescence intensity of a single dye-labeled polymerase. Given the 
challenges associated with controllably and stably binding a single polymerase to 
the end of a long DNA tether, we chose to perform this calibration by immobilizing 
individual polymerases in an agarose gel (111) and measuring the intensities of only 
those proteins that were at the same height above the cover slip, and thus subject 
to the same excitation intensity, as the polymerases in the replication experiment 
(Methods). The narrow nature of this fluorescence intensity distribution suggests 
that the majority of the polymerases are labeled with a single dye (Figure 14, black 
bars), consistent with the spectroscopically obtained ratio of dye to protein of 1:1.  

The steady-state population of bound polymerases can be quantified by dividing the 
average fluorescence intensity of the replisomes by the fluorescence intensity of a 
single polymerase. Figure 14 shows the stoichiometry of labeled polymerases at the 
replication machinery as a function of the concentration of ATP and CTP. A clear 
correlation can be observed between the ATP, CTP concentration and the number 
of polymerases bound at the replisome. In particular, at low ribonucleotide 
concentration, and thus a low priming frequency and a slow polymerase turnover, 
we found an average of six polymerases to be present at the replication fork (Figure 

14). At high ATP, CTP concentrations, the number of polymerases reduced to 2-3. 
The widths of the distributions mainly stem from the intensity fluctuations caused 
by the Brownian motions of the replisome in and out of the evanescent excitation 
field. This artificial broadening explains the apparent existence of a population 
corresponding to more than six polymerases bound to the replisome. This 
interpretation is further confirmed by the fact that in none of our experimental 
conditions was the center of the distribution observed to be higher than six 
polymerases bound. 

The dependency of polymerase copy number on priming frequency is consistent 
with the notion that at the constant polymerase concentration in our experiments 
(20 nM), the association rate remains constant, whereas the dissociation rate is 
modulated by the frequency of primer and Okazaki-fragment synthesis. Notably, the 
amount of polymerases in the replisome is two or more for all ribonucleotide 
concentrations under the experimental conditions used. Thus, besides the leading- 
and lagging-strand polymerases, additional polymerases can bind to the replisome. 
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Figure 14: Stoichiometry of polymerases at the replication fork. The steady-state binding of 

polymerases at the replisome for different ATP and CTP concentrations was determined by 

dividing the fluorescence intensity at the replisome, averaged over 10 s by a sliding average 

window, by the intensity of a single labeled polymerase. The total fluorescence represents 

the summation of the number of Alexa Fluor 488- and Cy5-labeled polymerases. Fitting the 

distributions with Gaussians (black) resulted in maximum values with a standard deviation 

of 2.4 ± 0.3 gp5/trx, 4.4 ± 0.3 gp5/trx, and 6.1 ± 0.7 gp5/trx for 300 µM ATP and CTP, 150 µM 

ATP and CTP, and 30 µM ATP with 10 µM CTP, respectively.  

4.3 Discussion 

Extensive research over the past decades has provided insight into the functioning 
of the individual proteins involved in DNA replication. However, the architecture of 
the replisome and its dynamics during replication remain poorly understood. Here, 
we have visualized the DNA polymerases associated with individual replisomes 
during coordinated DNA replication. These single-molecule experiments have 
enabled us to examine the dynamics of polymerase exchange and to determine the 
number of polymerases under different conditions. An important molecular step 
controlling the dynamics of the T7 DNA replication machinery is the synthesis of a 
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primer and its handoff to the lagging-strand polymerase (52). This event initiates the 
synthesis of an Okazaki fragment and thus effectively controls the timing of the 
sequence of enzymatic events on the lagging strand. We observe that changing the 
frequency of primer synthesis directly impacts the dynamics of polymerase 
exchange. Under conditions where the concentration of DNA polymerase in solution 
is kept constant, thus giving rise to a constant rate of association of the polymerase 
with the replisome, a change in exchange dynamics can be interpreted as a change 
in the rate with which DNA polymerase dissociates from the replisome. A 
comparison between the observed exchange dynamics and the length of Okazaki 
fragments with different priming frequencies reveals that the exchange times are 
comparable to the time needed to synthesize only a few Okazaki fragments. This 
observation strongly suggests that the majority of the DNA polymerases do not 
remain associated with the replisome much longer than the time required to 
synthesize one, or at most a few, Okazaki fragments and are then triggered to be 
released.  

It should be pointed out that the measured exchange dynamics also contain a 
contribution of the on and off rates of the leading-strand DNA polymerase. Loparo 
et al. (48) found the binding lifetime of the leading-strand polymerase under similar 
conditions to be ~43 seconds, significantly longer than the exchange times we 
observe for the total population of polymerases at the fork. In the current studies 
the exchange times varied from 5 to 23 seconds, at high and low priming 
frequencies, respectively. As a result, the higher frequency of lagging-strand 
polymerase exchange will dominate the decay constants of the autocorrelation 
function and will render our measurements less sensitive to the slow component 
corresponding to exchange of the leading-strand polymerase. 

Loparo et al. demonstrated that during leading-strand DNA synthesis polymerases, 
in addition to the replicating DNA polymerase can associate with the replisome (48). 
Supported by earlier biochemical evidence (37,52), these data suggested that 
multiple DNA polymerases bind to the acidic C-terminal tail of the gp4 helicase. The 
question remains: How many polymerases are associated with the T7 replisome 
during coordinated leading- and lagging-strand synthesis? By monitoring the total 
fluorescence intensity corresponding to labeled polymerases, we show that under 
all priming conditions there are two or more polymerases bound to the replisome. 
At high priming frequencies, we observed the presence of 2-3 polymerases and at 
low frequencies, a total of six polymerases associate with the replisome. The 
dependence of the number of polymerases present at the fork on priming frequency 
can be understood by considering the faster dissociation of the polymerases with 
more frequent priming events.  With a constant rate of association, an increase in 
off rate results in a lower steady-state population residing at the replisome. 
Conversely for lower priming frequencies, the low dissociation rate results in a build-
up of a large population of DNA polymerases.  
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The picture that emerges is that of a highly dynamic replisome. Lagging-strand DNA 
polymerases dissociate frequently from the replisome, conceivably residing at the 
fork only for the synthesis of one or two Okazaki fragments, while a continuous 
populating of the gp4 C-terminal binding sites provides a nearby, readily 
employable, pool of DNA polymerases. The proximity of these DNA polymerases to 
the priming site results in an extremely high effective local concentration (>100 mM) 
of DNA polymerases.  The result is an efficient recruitment of a polymerase to a 
newly synthesized primer. 

The short exchange times of polymerases seem to be contradictory to the previous 
observation of leading- and lagging-strand synthesis being highly resistant to 
dilution and suggesting a very stable complex (46). However, dilution of the 
replication reaction greatly reduces the association rate of polymerases to the 
replication fork and thus greatly reduces the number of polymerases bound to the 
C-termini of gp4. In the absence of an excess of polymerases residing on the 
helicase, there will be no competition for the lagging-strand DNA polymerase to 
rebind at a new primer and thus synthesize a larger number of Okazaki fragments. 
Such a mechanism is comparable to that observed for the re-use of β clamps in the 
E. coli replication system (106). In this system there is efficient exchange between β 
clamps at the replisome and those in solution in the presence of a solution pool of 
clamps. An efficient recycling of clamps at the fork occurs in the absence of free 
clamps. This ability of the replisome to revert to re-using components in the absence 
of a solution pool may be important to sustain DNA replication under suboptimal 
replication conditions. 

A model in which lagging-strand DNA polymerases remain associated with the 
replisome for the duration of synthesis of only a few Okazaki fragments does call 
into question the mechanistic necessity of a replication loop. Originally proposed by 
Bruce Alberts (24), the replication loop is formed by the lagging-strand DNA 
polymerase associating with the replisome. This association gives rise to a loop that 
is created for every new Okazaki fragment, growing from the ssDNA product of 
helicase unwinding and the dsDNA product of lagging-strand synthesis. One of the 
attractive features of such a loop model is that the lagging-strand DNA polymerase 
remains associated with the replisome and thus could support many rounds of 
Okazaki-fragment synthesis. Even though many studies have demonstrated the 
existence of such loops (25,51,112), one can imagine that their formation is an 
accidental byproduct of the necessity of the DNA polymerase to associate with the 
replisome to support helicase-coupled synthesis at the leading strand and primer 
hand off at the lagging strand. 
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4.4 Methods 

Single-stranded M13mp18 (New England Biolabs) is biotinylated by annealing a 
complementary biotinylated oligo to the M13 template. Subsequently, the primed 
M13 is filled in by adding T7 DNA polymerase (New England Biolabs), dNTPs and a 
replication buffer containing MgCl2. Replication proteins are removed from the 
filled-in DNA products by phenol/chloroform extraction and stored in 10 mM Tris-
HCl, 1 mM EDTA (TE) buffer (105). 

Previously published protocols were used to prepare gp4 (113), gp5/trx (114), gp2.5 
(115), and E. coli SSB (116). Polymerase labeling reactions were performed according 
to the procedure described by Etson et al. (117) with an excess of either Alexa Fluor 
488 carboxylic acid succinimidyl ester (Invitrogen), or Cy5 NHS ester (Lumiprobe) for 
an hour at room temperature. The conjugation reactions were biased to the N-
terminal groups by adjusting the pH to 7.6. The N-terminal α-amino group has a pKa 
of 7.7 ± 0.5, whereas the ε-amino group of a lysine side chain, the other major target 
of the conjugation reaction, has a pKa of 10.5 ± 1.1 (67). The T7 polymerase contains 
1 N-terminal site versus 62 lysine side chains suggesting labelling to be about 10 
times more specific for the N-terminal site than for the lysine side chains. 
Subsequently, the excess of unbound dyes is filtered out by size exclusion spin 
columns (Micro Bio-Spin 6 Columns, BioRad) and the degree of labeling was 
determined by measuring the absorbance spectrum of the samples and found to be 
1.3 ± 0.1 fluorophore per gp5/trx for Alexa Fluor 488- and 1.0 ± 0.1 dye for Cy5-
labeled polymerases. 

Our replication reactions contained a protein mixture of 2.5 nM gp4, 20 nM gp5/trx 
of which 10 nM was Alexa Fluor 488-labeled and 10 nM Cy5-labeled, 180 nM gp2.5, 
and 100 nM E. coli SSB throughout the whole experiment. The experiments were 
performed in a buffer containing 40 mM Tris (pH 7.5), 50 mM potassium-glutamate, 
10 mM MgCl2, 0.1 mg/mL BSA, 0.75 µM DTT, 0.6 mM dNTPs, and various 
concentrations of ATP and CTP. To increase the lifetime of our fluorophores we 
added 1 mM Trolox, 10 % w/v glucose, 0.45 mg/mL glucose oxidase, and 21 µg/mL 
catalase to our replication reactions. In addition, the combination of 1 mM Trolox 
with an enzymatic oxygen-scavenging system was shown to eliminate Cy5 blinking 
and dramatically reduce photobleaching (118). Abovementioned reaction mixtures 
are continuously in the flow solution to continuously replenish fresh reaction 
components to the DNA replication reactions. 

Fluorescently labeled polymerases were illuminated with a 488-nm and 641-nm 
laser (Coherent) through a 100x TIRF objective (Olympus, UApoN, NA = 1.49 (oil)). A 
dual-color inset was used to image both the Alexa Fluor 488 and the Cy5 fluorescent 
signals simultaneously. Images were captured with an EMCCD camera (Hamamatsu) 
using Meta Vue imaging software (Molecular Devices) with a typical frame rate of 5 
frames per second. 
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To identify the fluorescence intensity of a single labeled polymerase, polymerases 
were dissolved in 6% low-gelling agarose (Sigma Aldrich) containing 10% w/v 
glucose, 0.45 mg/mL glucose oxidase, 21 µg/mL catalase, and 1 mM Trolox.  We 
identified the height of the replisomes above the coverslip during the replication 
experiments by measuring the height difference in the focal plane of the flow cell 
coverslip and the replisomes. Subsequently, we imaged the single agarose-trapped 
polymerases at the same height above the coverslip to reproduce identical 
excitation conditions as in the replication experiments. The entire field of view was 
corrected for the illumination profile of the laser and rectified for the background. 
The fluorescence intensity distributions of the Alexa Fluor 488- as well as the Cy5-
labeled polymerases were fit with a single Gaussian and normalized against their 
peak fluorescence intensity. The normalized fluorescence intensities of the Alexa 
Fluor 488- and the Cy5-labeled polymerases were added and normalized against the 
counts, resulting in the black fluorescence intensity distribution shown in Figure 14. 

To determine the fluorescence intensity of the replisome, the entire field of view 
was corrected for the illumination profile of the laser and subsequently a region of 
interest was selected around the replisome spot and rectified for the background 
for each frame in the movie. Then, the fluorescence intensity of this region was 
calculated for each frame of the movie. The location of the replisome spot in time 
was tracked by fitting a two-dimensional Gaussian to the replisome spot for each 
frame. Replication rate is calculated by linear fitting of the position of the replisome 
in time.  

Okazaki-fragment length distributions were determined using a denaturing alkaline 
agarose gel. Replication reactions were carried out for 30 minutes at room 
temperature using a minicircle template with [α-32P]dCTP and different 
concentrations of ATP and CTP. Subsequently, the reaction was terminated by 
adding EDTA and running the reaction products over a spin column (PD SpinTrap G-
25, GE Healthcare). Then, the reaction products were loaded onto a 0.8% agarose 
alkaline gel and electrophoresis was performed for 6 hours at 4 V/cm. The products 
were precipitated with trichoroacetic acid. Subsequently, the gel was dried on filter 
paper overnight to decrease the gel volume for imaging purposes. The gel was 
imaged on a phosphor storage plate and read out by a Typhoon system (Amersham 
Biosciences, storage phosphor mode). Intensity profiles of the lanes were 
background rectified and divided by the DNA length, corresponding to migration 
distance in the gel. Consequently, the profiles were corrected for the amount of 
incorporated [α-32P]dCTP per DNA fragment length. Subsequently, intensity profiles 
were fit with a single Gaussian.  
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4.5 Appendix 

Figure 1: Kymographs of reaction products with 

Alexa Fluor 488-labeled gp5/trx (blue) and Cy5-

labeled gp2.5 (red). The overlap between Alexa 

Fluor 488-gp5/trx and Cy5-gp2.5 suggest that 

polymerases preferentially bind to gp2.5 coated 

ssDNA. The initial recruitment of DNA 

polymerases to the helicase is mediated by the 

acidic C-terminus of gp4 (115). The similarity 

between the gp4 C-terminal domain and the C-

terminal region of the ssDNA-binding proteins 

causes DNA polymerases to interact with gp2.5-

coated ssDNA, rendering it challenging to 

determine within the diffraction-limited spot of 

the replisome how many polymerases are 

tethered to the helicase and how many are bound 

to the transiently exposed nearby ssDNA. To 

selectively displace the polymerases 

nonspecifically bound to ssDNA, we included E. 

coli SSB, which has a ten times higher KD for ssDNA 

than gp2.5 (103,115). Addition of E. coli SSB 

resulted in the binding of 1 labeled polymerase per 

~1500 bp of ssDNA instead of 1 per ~500 bp (data 

not shown), which reduced the binding of 

fluorescent polymerases within the replication 

loop to less than 1. Hence, with the addition of E. 

coli SSB, the replisome intensity more accurately 

represents the amount of labeled polymerases 

bound. 

 

Figure 2: Fluorescence images of replication intermediates on M13 DNA rolling-circle 

templates, with green representing the DNA products (labeled with Sytox Orange) and purple 

the labeled polymerases. The DNA products have a length of 19, 23, 32 and 31 kb from left 

to right, respectively. 
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Figure 3: Bleaching of labeled polymerases. a) Intensity over time of Cy5- (red) and Alexa 

Fluor 488- (blue) labeled gp5/trx dissolved in agarose over the whole field of view. 

Exponential fits gave a t1/2 of 450 ± 10 s for Alexa Fluor 488-gp5/trx and 597 ± 2 s for Cy5-

gp5/trx. These timescales are an order of magnitude higher than the decay constants of the 

autocorrelation function (Figure 12c), and therefore have a minor contribution to the 

autocorrelation function. b) Representative fluorescent bleaching traces of a single Cy5- (red) 

and Alexa Fluor 488- (blue) labeled polymerase positioned at the end of the DNA product. 

The red trace has been offset for clarity. Note that the data for both Cy5 and Alexa Fluor 488, 

measured at the same experimental conditions as our previous experiments, show no 

photophysical fluctuations. 
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Figure 4: Intensity distributions of the Cy5- (red) and Alexa Fluor 488- (blue) labeled 

polymerases at the replisomes for the different NTP concentrations used. The amount of 

gp5/trx was determined by dividing the total fluorescence intensity of the fluorophores at the 

replisome by the fluorescence intensity of a single fluorophore determined by dissolving 

single labeled polymerases in agarose. Median values of the distributions were found to be 

1.1 ± 0.4 and 1.4 ± 0.6 for 300 µM ATP and CTP, 2.2 ± 0.4 and 2.8 ± 1.7 for 150 µM ATP and 

CTP, and 3.0 ± 0.8 and 4.0 ± 2.0 gp5/trx per replisome for 30 µM ATP and 10 µM CTP (values 

for Cy5- and Alexa Fluor 488-labeled polymerases, respectively). The structurally slightly 

higher values of the Alexa Flour 488-polymerases may indicate photophysical effects 

rendering the observed Cy5 intensity a bit lower. However, both the Cy5- and Alexa Fluor 488-

labeled polymerases show similar dependence on ribonucleotide concentration. 
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Chapter 5: Simultaneous imaging 

of leading- and lagging-strand 

synthesis reveals the 

coordination dynamics of single 

replisomes 
 

 

ABSTRACT: The anti-parallel nature of DNA results in continuous 

synthesis of the leading-strand product, while the lagging strand is 

copied discontinuously through the repeated formation of DNA loops 

and synthesis of Okazaki fragments. How multicomponent replisomes 

coordinate these two reactions remains enigmatic. Using a novel 

single-molecule approach, we simultaneously monitor the rates of 

loop growth and leading-strand synthesis of individual bacteriophage 

T7 replisomes. Correlation of observed rates, using a new kinetic 

change-point algorithm, reveals loop growth both during primer 

synthesis and lagging-strand polymerase synthesis. Unexpectedly, 

most loop growth events occur only during priming, with fluorescence 

imaging showing that most polymerases are not recycled at the 

replication fork, but instead are released to complete Okazaki-

fragment synthesis independently. Individual replication events 

revealed numerous reaction cycle types and pausing events, 

supporting the notion that, while an array of critical interactions and 

regulatory circuits guide replisome function, a multitude of kinetic 

pathways are utilized. 
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5.1 Introduction  

The molecular machinery responsible for DNA replication, the replisome, must 
coordinate an ordered series of enzymatic tasks to efficiently integrate chromosome 
unwinding with DNA synthesis. Due to the antiparallel nature of parental double-
strand DNA (dsDNA), helicase unwinding results in two single-stranded DNA (ssDNA) 
products with opposing polarities. Polymerases, however, can only synthesize DNA 
in the 5’–3’ direction. This constraint permits the polymerase on the leading strand 
to advance continuously in the same direction as the helicase, but forces the one on 
the lagging strand to synthesize in the opposite direction. As a result, synthesis of 
the lagging strand suffers frequent interruptions, producing a series of discrete DNA 
segments, termed Okazaki fragments (22,119). To repeatedly re-initiate synthesis, 
the lagging-strand polymerases rely on primases to produce short RNA primers that 
serve as start sites. 

The asymmetry of synthesis at the replication fork presents a complex 
organizational challenge to the replisome, which must precisely coordinate the 
events on each daughter strand in spite of the operational dichotomy. The textbook 
‘trombone model’ (120) offers an elegant coordination mechanism in which the 
formation of a replication loop reorients the lagging-strand polymerase so that both 
polymerases reside in the same complex and advance in parallel. As synthesis of the 
nascent Okazaki fragment proceeds, the dsDNA product of the lagging-strand DNA 
polymerase and the ssDNA product of the helicase contribute to the formation of a 
loop that grows until the next cycle of Okazaki-fragment synthesis is initiated. The 
dynamic and transient nature of these complex loop structures has made studying 
them challenging, with Electron Microscopy of cross-linked replication 
intermediates in the T4 and T7 systems providing the most compelling 
characterization (25,121). Recent real-time observations of the replication reaction 
at the single-molecule level have provided an additional means of exploration, 
revealing the temporal regulation of looping (51,122). 

Despite advances in our ability to observe the various steps involved in replication, 
it is poorly understood how events on the lagging strand are coordinated with those 
on the leading strand. The production of Okazaki fragments on the lagging strand 
requires repeated cycles of primer synthesis and polymerase loading; both of these 
events are significantly slower than the rate of DNA synthesis at the fork 
(123,124,125,126). How these slow enzymatic steps can occur without losing 
coordination with continuous leading-strand synthesis is a long-standing question in 
the field of replication, and several divergent models have been proposed based on 
studies conducted with different systems (52,53,56,64,82,127,128,129, 130, 131). 

The replication machinery of bacteriophage T7 serves as a model system for the 
study of enzymatic coordination during DNA replication. While consisting of only 
four proteins, the organization of the phage replisome closely mimics that of more 
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complex organisms (26). At its core lies the T7 gene 4 protein (gp4), which assembles 
into a hexameric ring that displays both helicase and primase activity. Multiple 
copies of the T7 DNA polymerase, a 1:1 complex of the T7 gene 5 protein (gp5) and 
the Escherichia coli thioredoxin processivity factor, synthesize DNA on the unwound 
ssDNA. And finally, the T7 gene 2.5 ssDNA-binding protein (gp2.5) transiently coats 
exposed ssDNA to enhance the lagging-strand polymerase synthesis rate (129) and 
aid coordination within the replisome (102). The array of protein–protein 
interactions among these four factors underlie not only physical connections 
between replisome components, but also provide a regulatory network that 
controls the timing of different enzymatic events at the replication fork. 

Recent single-molecule experiments on the T7 replication reaction have resulted in 
two prominent models describing the coordination between leading- and lagging-
strand synthesis. In one, primer production on the lagging strand pauses leading-
strand synthesis (Figure 15a), synchronizing the events on each daughter strand, 
and ensuring that the leading-strand polymerase does not outpace the lagging-
strand polymerase (52). In the other, helicase unwinding, and thus leading-strand 
synthesis, continues during primer production by allowing the formation of an ss 
loop, known as a priming loop, between the helicase and primase (132) (Figure 15b). 
A faster synthesis of DNA by the lagging-strand DNA polymerase than the leading-
strand one ensures coordination (53). In both models, the completion of primer 
synthesis leads to loading of a lagging-strand polymerase. The resulting initiation of 
Okazaki-fragment synthesis leads to the formation of an ss-ds loop, or replication 
loop, earlier proposed in the Alberts trombone model, with its growth determined 
by both the ssDNA output of helicase activity and the dsDNA product of the lagging-
strand polymerase (Figure 15c). Various strands of experimental evidence supports 
both these and other models (51,75,133), leaving the mechanism of coordination of 
daughter strand synthesis unresolved.  
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Figure 15: Coordination models. a) Priming pauses the replisome to ensure that leading-

strand synthesis does not outpace lagging-strand synthesis. b) Helicase unwinding and 

leading-strand synthesis continue during priming by the formation of an ss loop composed of 

lagging-strand template rapidly emerging from the helicase. This configuration keeps the 

primer in close physical proximity to the fork facilitating hand-off to a lagging-strand 

polymerase. c) Coupled leading- and lagging-strand synthesis leads to the formation of a ss-

ds loop. 
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Integral to our current understanding of replisome coordination in prokaryotic 

systems is the assumption that a single complex with fixed composition carries out 

all the essential tasks required for daughter-strand synthesis. Early support for this 

idea emerged from rapid dilution experiments showing that replisomes remain 

intact at the fork and are capable of further rounds of synthesis (46,85,134). Recent 

work, however, has revealed that replisome composition is in fact highly dynamic, 

with rapid exchange events occurring frequently during synthesis (48,50,65), raising 

doubts about many long-standing assumptions. The full consequences of these 

exchange events have not been realized in current coordination models. 

Furthermore, the observation that more than two polymerases reside at the 

replication fork (49,65,86,87) allows for the possibility of multiple simultaneous 

rounds of lagging-strand synthesis providing yet another pathway for 

synchronization. While textbooks present a very elegant and deterministic view of 

replisome operation, the broad diversity of observed replisome behaviors suggest 

an underling plasticity that may be an intrinsic feature of replisome function. Clearly, 

methodologies that provide more detailed information about how the events on 

each daughter strand are correlated are required to clarify which enzymatic 

pathways are exploited by the replisome. 

To obtain kinetic detail on coordination between the two daughter strands, we 
developed a novel assay to simultaneously monitor the kinetics of leading-strand 
synthesis and lagging-strand loop formation by single replisomes. In contrast to past 
studies (51), our assay reveals two loop growth populations ss loops, formed during 
priming, and ss-ds loops, formed when both the leading-strand and Okazaki-
fragments are synthesized simultaneously. Strikingly, while ss looping events are 
frequent, occurring multiple times during each replication event, ss-ds loops are 
rare. Using single-molecule fluorescence experiments that visualize how individual 
DNA polymerases are spatially and temporally distributed in and around the 
replisome, we demonstrate that Okazaki-fragment synthesis can proceed through 
several different pathways. Further, we show that a large portion of Okazaki 
fragments are completed behind the replisome while the next fragment is started. 
While these events are paired with highly processive leading-strand synthesis during 
most looping events, leading-strand pausing coincident with priming is also 
observed. Taken together, our findings provide a picture of a highly dynamic 
replisome: continuously changing its composition and operating mode so that 
different reaction pathways can be accessed to ensure rapid and robust replication.  
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5.2 Results 

5.2.1 Two-bead DNA replication assay  

Single-molecule studies of DNA replication allow for the direct observation of 
distinct structural and kinetic states visited by replisomes, providing a real-time map 
of enzymatic pathways. Realization of these observations depends on imaging of 
single replication substrates while they are copied, which can be achieved using 
fluorescence microscopy or force spectroscopy. Existing methods, however, provide 
only a single readout of replication fork progression, such as the amount of DNA 
synthesized (52,135,136) or the formation of loops (51,53,56). In practice, such a 
single-channel readout severely constrains the processes that can be studied, 
typically requiring simplified experimental conditions where some replisome 
components are absent, and only leading-strand synthesis is present 
(52,53,56,64,137). Fully coordinated replication results in the simultaneous 
conversion of a single parental DNA molecule into two daughter DNA molecules, so 
there is a need for novel assays that reveal the dynamic coordination and relative 
kinetics on the leading and lagging strands. 

To study how enzymatic events are coordinated during replication, we developed a 
single-molecule assay to simultaneously monitor length changes in the leading and 
lagging strands. To this end, we introduced a replication fork into the middle of 48.5 
kilobase (kb) long λ phage DNA molecules, resulting in 14.8 kb of parental template 
DNA, and a long 33.7 kb leading-strand arm (Figure 16a). DNA molecules were 
attached through the lagging-strand end of the fork to the bottom surface of a flow 
cell (Figure 16b). To visualize length changes, the parental and leading-strand ends 
of the DNA molecules were each attached to 1-μm beads. A constant laminar flow 
applied to the flow cell results in a drag on the two beads that stretches the DNA 
molecules with a combined force of ~2 pN (see Appendix 5.5 Figure 1) a force low 
enough not to inhibit loop formation and replication kinetics (51). 

To confirm functional assembly of replication substrates and proper attachment of 
the beads, DNA replication was monitored under simplified conditions in which 
gp2.5 and priming (by omission of ribonucleotides; rNTPs) were excluded. Since only 
a fraction of the available binding sites on the DNA ends are occupied by the beads, 
most replication substrates remain singly-labeled during experiments, with only a 
small subpopulation containing beads attached to both ends. Fortunately, the use 
of ultra-wide-field, low-magnification imaging allowed us to visualize tens of 
thousands of beads within one experiment (Figure 16a), providing sufficient 
throughput to offset the low yields. In a fraction of the properly formed bead pairs, 
we observed coordinated movement of both beads, corresponding to helicase 
unwinding and leading-strand synthesis. Tracking the bead positions resulted in a 
rate of leading-strand synthesis (105±19 bp s-1) consistent with past observations 
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obtained using multiple techniques (48,52,53), confirming functional assembly of 
the two-bead substrate and proper attachment of the beads (Appendix 5.5 Figure 
2).  

 

Figure 16: Experimental setup. a) Ultra-low-magnification single-molecule imaging. Tens of 

thousands of single molecules are imaged simultaneously with wide-field optical microscopy 

using a low-magnification, high-numerical-aperture objective producing a large image with 

a narrow depth of field. Representative image showing 27,000 beads collected at 4X 

magnification. (Bottom left) A replication fork introduced into the middle of lambda DNA with 

bead attachment sites at each end. b) Two-bead assembly stretched by flow. The leading-

strand bead (B) extends beyond the parental-strand bead (A) in the flow direction so that 

synthesis does not result in bead interactions.  

5.2.2 Expected outcomes for different mechanisms 

Several models have been put forward to explain how slow enzymatic steps on the 
lagging strand can occur without loss of coordination with continuous leading-
strand synthesis. However, to date, distinguishing among these models has not been 
possible, since direct correlation of kinetic events between the daughter strands has 
been impossible. The assay presented here provides direct observations of kinetic 
events on each daughter strand, allowing for discrimination among mechanisms. To 
elucidate the power of two-channel, single-molecule observations of replication, 
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and provide insight into the types of kinetic information available from our 
observations, here we start by considering the expected experimental outcomes for 
different mechanisms. 

In coordinated replication, different operational modes of the replisome give rise to 
distinct bead kinetics (Figure 17a). During leading-strand synthesis and in the 
absence of loop formation, the length of the leading-strand arm increases, and ss 
template for the lagging strand emerges from the helicase. In the presence of a 
saturating concentration of gp2.5, which is required for coordinated replication 
(103,129), ssDNA is equal in length to dsDNA (51). As a consequence, the position of 
the parental-strand bead (A) remains relatively constant, while the leading-strand 
bead (B) moves downstream with a rate approximately twice the rate of leading-
strand synthesis—with equal contributions from the newly synthesized duplex DNA 
and the gp2.5-extended lagging strand (Figure 17a; first panel). When a priming site 
is recognized by the replisome, and primer synthesis is initiated, distinct outcomes 
are predicted for different models. If primer synthesis causes leading-strand 
synthesis to pause, both beads should remain fixed (Figure 17a; second panel), 
whereas if leading-strand synthesis continues during priming, the two beads will 
move in opposite directions at the rate of leading-strand synthesis as an ss loop 
forms (Figure 17a; third panel). 

Following priming, the loading of a lagging-strand polymerase onto the new primer 
is predicted to result in ss-ds loop formation. Since the DNA substrate is attached to 
the surface by the end of the lagging strand, ss-ds loop formation events pull both 
beads toward the attachment point. However, for the leading-strand bead this 
shortening in length is countered by an increase in length from synthesis by the 
leading-strand polymerase; this results in an observed motion of the bead B that is 
the difference between the leading- and lagging-strand polymerase synthesis rates. 
In contrast, the observed motion of bead A is the sum of the synthesis rates (Figure 

17a; fourth panel).  

Thus, the predicted bead kinetics for each model result in different outcomes 
(Figure 17b,c), demonstrating the wealth of information that can be obtained from 
the assay. One other convenient property of the experimental design is that the 
leading-strand synthesis trace, with all looping events removed, can be obtained by 
simply subtracting the motion of bead A from that of bead B. This analysis allows for 
the kinetics on the leading and lagging strands to be clearly distinguished and 
modeled. 
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Figure 17: Simultaneous imaging of leading- and lagging-strand synthesis. a) Operational 

modes of the replisome discriminated by the two-bead replication assay. b) Predicted bead 

motions observed if pausing occurs during priming. c) Predicted bead motions if ss loops form 

during priming. In both models priming is followed by ss-ds loop formation during lagging-

strand synthesis. d) Observation of simultaneous leading- and lagging-strand synthesis. (Top) 

motion of bead B (black) and leading-strand synthesis B-A (green). (Bottom) corresponding 

motion of bead A showing looping dynamics during replication (black) with loop growth and 

release events indicated by red and gray bars, respectively. Proper conversion of observed 

bead displacements (right axis) to DNA length changes (left axis) depends on careful 

consideration of all forces at the distinct DNA regions. e) Results of kinetic change-point 

analysis for the molecule shown in D. Red lines indicate segments fit based on detected 

change-point positions.  .    
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5.2.3 Simultaneous imaging of leading- and lagging-strand 

synthesis  

Observation of replication by single T7 replisomes reveals highly processive leading-
strand synthesis correlated with multiple cycles of loop growth and release on the 
lagging strand. Figure 17d shows length changes in an individual DNA molecule as a 
function of time in the flow of a buffer containing gp4, gp5, gp2.5, Mg2+, four 
deoxynucleoside 5’-triphosphates, ATP and CTP - the subset of ribonucleotide 
triphosphates required for primase activity by gp4 (98,138). Surprisingly, loop 
formation events start simultaneously with the initiation of leading-strand 
synthesis, a time at which limited lagging-strand template is available, and they 
occur continuously until the leading strand is completely duplicated. Rate reductions 
that coincide with loop formation events are observed in the bead B trace, as 
compared to the corrected leading-strand trace (bead B – bead A). 

To interpret the observed bead behavior, we considered the expected traces for the 
coordination models (Figure 17b,c). The pausing model predicts stalling events in all 
traces prior to loop formation; this is not visible for the trace shown here. In 
contrast, the ss-loop model predicts a slowing of bead B motion during ss-loop 
growth (Figure 17c), consistent with the observed rate reductions (Figure 17d, 

traces ‘B’ versus ‘B-A’). However, subsequent to these slowing events the ss-loop 
model predicts a pause or reversal in bead B motion during ss-ds-loop growth (given 
a lagging-strand rate that is greater than or equal to the leading-strand rate). 
Strikingly, neither of these behaviors is observed, suggesting alternative 
possibilities: that ss-ds loops are too short lived to be apparent in the traces, that 
the lagging-strand synthesis rate is much lower than the leading-strand rate, or that 
ss-ds loops are not present. 

To distinguish among the alternate mechanistic interpretations, we used an 
unbiased, quantitative analysis of the bead kinetics to identify different operational 
modes of the replisome. Past studies relied on manual identification of changes in 
bead kinetics resulting from polymerase synthesis (52,64), loop growth (51), or 
pausing events (52); but two-bead observations of coordinated replication display a 
higher level of complexity reflecting a combination of multiple behaviors. 
Furthermore, background noise due to random bead fluctuations, which obscures 
the transitions between kinetic states, is more pronounced at the low forces 
required to avoid inhibition of loop formation (51). A method to overcome these 
issues is not available, so we developed a novel multi-line fitting procedure to detect 
kinetic change points and model distinct linear regions in a rigorous unbiased 
manner.  

Building on the success of a previously developed method to detect changes in 
intensity in single-molecule fluorescence detection (139), we employed change-
point theory to fit distinct linear regimes in bead motion. Briefly, regions of 
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enzymatic activity are modeled by recursively fitting line pairs to smaller and smaller 
subregions. During each fitting cycle the most likely time point where a kinetic 
change occurred is used as the location where one line ends and the next begins. 
The line pair resulting from this procedure defines the next two subregions for 
analysis. To avoid over fitting, only two-line fits above a threshold value are accepted 
(corresponding to a 1% false positive rate given the experimental error). This 
procedure allows for automated analysis of the experimental observations and 
results in a complete list of distinct regions and their corresponding kinetics (Figure 

17e).  

5.2.4 Priming and lagging-strand synthesis events underlie 

looping dynamics  

The replication coordination models considered here allow for at most two possible 
loop types – ss loops and ss-ds loops (Figure 15). In addition to the qualitative 
differences expected in bead motion for each type as discussed above, distinct loop 
growth rates are predicted. Ss loops grow at the rate of leading-strand synthesis, 
whereas ss-ds loops grow as the sum of both polymerase synthesis rates (Figure 

17a). To classify the types of loops observed, we used the results from kinetic change 
point analysis of 53 individual molecules to construct a two-dimensional map of loop 
growth vs. leading-strand synthesis (Figure 18a). Analysis of the loop-growth rates 
reveals two broad populations described well by two Gaussians (109 ± 26 bp s–1, 240 
± 45 bp s–1). In contrast, the leading-strand synthesis rate during loop growth events 
is best fit by a single Gaussian (129 ± 66 bp s–1). Based on the observed kinetics, the 
slow loop-growth events can be classified as ss loops, having approximately the 
same rate as leading-strand synthesis, and the fast loop growth events as ss-ds 
loops, having nearly twice the rate of synthesis of the leading strand.      

In addition to the kinetic modeling, several lines of evidence support the idea that 
the observed DNA shortening in the parental strand (A) is the result of ss- and ss-ds-
loop formation. Exploiting the large excess of DNA molecules singly labeled with 
parental strand beads, we explored experimental conditions with altered looping 
dynamics. First, we inhibited priming by omitted rNTPs and observed that looping 
was abolished (Appendix 5.5 Figure 3a), consistent with inhibition of both priming 
and lagging-strand synthesis. Second, to differentially probe the two loop 
populations, we conducted experiments with preassembled replisomes where the 
leading-strand polymerase and gp4 helicase-primase are pre-loaded onto the DNA, 
and the experiment is conducted only in the presence of gp2.5, dNTPs, and rNTPs. 
These conditions selectively prevent ss-ds loop formation due to the absence of 
lagging-strand polymerases (Appendix 5.5 Figure 3b). Consistent with our 
classifications, the faster loops were abolished, while the slower loops remained 
(Appendix Figure 3c). Furthermore, the lengths of ss loops increased when only the 
leading-strand polymerase was present (Appendix 5.5 Figure 3d,e). This observation 
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suggests that polymerase loading or ss-ds loop formation – both impossible for 
preassembled leading-strand replisomes without lagging-strand polymerases – 
regulate ss loop length.   

 

Figure 18 Looping dynamics. a) Two-dimensional map of leading-strand synthesis versus loop 

growth. Individual peaks represent the relative rates at given times determined by kinetic 

change-point analysis with widths defined by the standard error from linear fitting. One-

dimensional averaged and binned distributions are displayed for each axis (gray bars – top 

and right) with indicated peak rates obtained from Gaussian fits. b) Histogram of ss loop 

lengths (red bars) fit with a single-exponential decay (black line). Ss loops shorter than 0.5 kb 

were not included in the fitting due to undersampling resulting from experimental noise. Gray 

bar represents the projected number of events from the fit. c) Distribution of lagging-strand 

synthesis rate (red bars; Nmol = 7) constructed using a Gaussian kernel (see experimental 

procedures). d) Distribution of the relative rates of leading- and lagging-strand synthesis 

during ss-ds looping events (red bars; Nmol = 7). Peak rates for c and d were obtained from 

Gaussian fits (black lines).   
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Examination of loop formation frequencies reveals the unexpected finding that ss 
loops form five times more often than ss-ds loops (Figure 18a,b). Further, we 
observe only 7 events of ss-ds loop formation among the 53 molecules studied 
(representing a total of 405 kb of leading-strand synthesis), accounting only for 1% 
of the synthesis required to complete duplication of the lagging strand. Experiments 
performed at lower stretching forces yielded similar results, excluding the applied 
force being responsible for inhibition of formation of ss-ds loops. Finally, we found 
the measured rate of lagging-strand synthesis in the ss-ds loops to be lower than the 
rate of leading-strand synthesis (Figure 18c,d), contrary to the requirement in the 
ss-loop model for a faster lagging-strand rate to ensure synchronization. Whereas 
past measurements of lagging-strand synthesis rates have been predicated on the 
assumption that primer extension on a ssDNA coated with single-stranded binding 
protein is an accurate proxy for lagging-strand synthesis within a replisome (53,140), 
by using our two-bead assay we are able to directly measure the rates within 
replisomes. 

5.2.5 The ultimate fate of lagging-strand polymerases  

Several recent studies examining the composition of the replisome during 
replication have revealed that polymerase exchange is a frequent event (50,65), 
occurring on the same timescale as Okazaki fragment synthesis. These observations 
cast doubt on the classic model of replication in which polymerases are retained 
within the replisome and recycled from one Okazaki fragment to the next. The 
triggers for the recycling process are proposed to be either a signaling event (by a 
protein factor or catalytic step) or a collision event (when the lagging-strand 
polymerase reaches the previous Okazaki fragment). However, if a new polymerase 
is used for the synthesis of each Okazaki fragment, as suggested by the exchange 
observations (50.65), these pathways are not needed. Supporting this line of 
reasoning, several studies have suggested that no specific protein factor exists for 
signaling (141), and that collision events are orders of magnitude too slow to 
support efficient replication (90). Taken together, these findings suggest that 
polymerase release is a stochastic event with many possible triggers. The previously 
reported single-molecule observations of polymerase exchange (50,65) present the 
possibility that polymerases may remain bound to Okazaki fragments outside the 
context of a loop to continue DNA synthesis after release from the replisome.  

To determine the ultimate fate of lagging-strand polymerases that are released from 
the replisome, we used fluorescence time-lapse microscopy to visualize 
fluorescently labeled polymerases during rolling-circle replication (Figure 19a). 
Analysis of processive replication events reveals that polymerases are continually 
released from the replisome and left behind (Figure 19b), consistent with 
completion of Okazaki-fragment synthesis in the wake of the replisome. Some 
polymerases remain bound on the lagging-strand for very long times (minutes), 
consistent with stalling upon completion of Okazaki-fragment synthesis (90,142). 
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We measure the mean spacing between polymerases on the lagging strand to be 
3.9 ± 0.3 kb, consistent with most polymerases rapidly completing Okazaki-fragment 
synthesis near the replication fork and dissociating from the lagging strand 
(assuming Okazaki fragments of ~1 kb in length and a synthesis rate of ~200 bp s-1 

for primer extension outside the replisome (52,53) (Figure 19c). Furthermore, a 
previous study showed that the frequency of exchange at the replication fork is 
inversely correlated with the priming frequency, consistent with lagging-strand 
polymerases first binding to the replisome, loading onto newly synthesized primers, 
and being released onto the lagging strand (65). Taken together, these observations 
provide an explanation for our observed low number of ss-ds loops at the replication 
fork.  

 

Figure 19: Ultimate fate of lagging-strand polymerases. a) (left) Rolling-circle replication 

assay with replisome components shown as in Figure 16b with the addition of yellow dots 

representing the fluorecent labels for imaging. Replication results in a lengthening of the 

lagging strand that is stretched by flow. This allows the remaining polymerases to be 

distinguished from the replisome. b) Replisome (gray) and polymerase (black) positions as a 

function of time obtained from fluorescence peak tracking. Regions of light blue shading 

represent standard error from peak fitting. c) Histogram of polymerase spacing on the 

lagging strand (red bars; Nmol = 222) fit with a single-exponential decay (black line). Spacings 

shorter than 3 kb were not included in the fitting (gray bar) due to undersampling resulting 

from DNA fluctuations and the diffraction limit.   
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5.2.6 Pauses in leading-strand synthesis  

Previously we reported that priming activity increases the frequency of pausing 
events during leading-strand synthesis, promoting the idea that priming stalls the 
replisome and synchronizes the daughter strands (52). A molecular explanation for 
these pausing events comes from the observation that priming involves bridging 
interactions between neighboring primase subunits in the gp4 hexamer (127,143) 
(Figure 15a). These interactions may constrain the conformational freedom of the 
helicase and induce a stalled state. While the observation of ss loops excludes the 
necessity of pausing for coordination, infrequent pausing events in leading-strand 
synthesis are clearly visible (Figure 20a). Since our observations are obtained by 
subtracting all lagging-strand contributions (bead B – bead A), the observed pauses 
can only represent stalling of leading-strand synthesis. Kinetic change-point analysis 
reveals pausing events in less than half of the molecules, with a pause lifetime of 9 
± 1.6 s, and a projected frequency of 12 kb (Figure 20b).   

Determining the molecular origin of the observed pausing behavior is difficult since 
a multitude of pausing pathways may exist. Beyond priming events, pauses could 
arise due to complete replication fork collapse and restart, or the stalling and 
dissociation of any one critical protein factor. Interestingly, using optical tweezers, 
Wuite and colleagues have recently reproduced the leading-strand pausing behavior 
observed in past flow-stretching assays (52), solidifying the link between priming 
and pausing frequencies. Their increased temporal resolution also reveals the 
existence of pauses on multiple time scales consistent with a multi-pathway pausing 
landscape. Notably, absent from these and earlier single-molecule studies of 
pausing, however, were lagging-strand polymerases and ssDNA-binding proteins 
(gp2.5), both of which have dramatic influences on replisome kinetics.  

Our two-bead assay enables the study of these leading-strand pauses in the context 
of a fully functional replisome and provides additional information about the 
relationship between pausing and loop-formation events. The kinetics exhibited by 
individual molecules suggest that most occurrences of pauses are related to looping 
events (Figure 20c). To quantify the correspondence, we constructed a histogram of 
all pause positions relative to loop growth by normalizing to a constant loop 
duration. Emerging from this analysis is the clear trend that pausing events occur 
most often at the end of loop growth or right after loop release (Figure 20d). Since 
almost all loops are ss loops, the results of this analysis are consistent with past 
observations of pause frequency increasing in conditions with priming (52). These 
findings further refine our understanding of pausing behavior extending it to show 
that, under conditions of coordinated replication, pauses only occur during or after 
completion of some priming events (pauses are half as frequent as ss loops and not 
all pauses occur during loop release (Figure 18b, 20d)), suggesting they may be a 
consequence of the conformational rearrangements involved, rather than an 
intrinsic feature of the process. 



91 
 

 

 

Figure 20: Pauses in leading-strand synthesis. a) Representative pausing event in leading-

strand synthesis (black) from a two-bead event (bead A trace omitted). Red lines indicate 

segments fitted based on detected change-point positions with the inset providing a close-up 

view. b) Histogram of pause duration (red bars; Nmol = 20) fit with a single-exponential decay 

(black line). Pauses shorter than 5 seconds were not included in the fitting. Simulations 

showed that given the experimental error, these pauses are detected less than half the time. 

Gray bar represents the projected number of events from the fit. c) Example trajectory 

showing the correspondence of pausing in leading-strand synthesis (top – black line) to loop 

growth and release (bottom – black line) on the lagging strand. Red lines indicate segments 

fitted based on detected change-point positions. d) Distribution of pause locations (top) 

relative to loop formation (bottom) constructed by scaling to a constant loop duration. 
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5.3 Discussion 

5.3.1 A unified model for primer synthesis regulation 

Our results reconcile divergent priming models previously proposed and provide 
new insights into past observations. In a prior study, we reported the first real-time 
single-molecule observations of loop formation (51). Using the T7 replisome as a 
model system, the work relied on a flow-stretching assay similar to the one 
presented here, but with only a single bead attached to the parental strand. As a 
consequence, the observations only provided information about looping—namely, 
loop growth rates, lengths and relative spacing—resulting in an interpretation 
without independent information on synthesis of the leading strand. Based on the 
looping kinetics alone, we concluded that all loops were ss-ds loops, with 
contributions from both leading- and lagging-strand synthesis. Lengths of loops and 
waiting times between them were interpreted in the context of a model in which 
both signaling and collision mechanisms regulate ss-ds loop release. 

In the two-bead assay presented here, the observable from the previous assay is 
matched with an independent readout of leading-strand synthesis, providing critical 
information previously absent. Additionally, in the time since publication of the 
previous study two reports emerged demonstrating the formation of ss loops in 
both the T7 and T4 phage systems (53,56). The additional leading-strand readout 
described in this work has allowed us to interpret the looping dynamics in the 
context of a much more complete set of observables. Application of our novel kinetic 
change-point method provides more precise modeling of the loop growth rates and 
allows for the identification of slow ss loops and fast ss-ds loops. Taken together, 
these findings lead us to conclude that the looping behavior observed represents a 
mixture of both loop types, instead of exclusively ss-ds loops as suggested in 
Hamdan et. al. (51)  

A long-standing question in the field of replication has been whether the behavior 
of subsystems of the replisome is different than their activity in the context of the 
unified whole. The models for priming discussed in this work support two divergent 
views. In one, priming sets the clock for the replication fork by transiently stalling 
synthesis, in the other, the leading strand is less influenced by the events on the 
lagging strand. The ability to correlate events on the leading and lagging strands has 
allowed us to evaluate these ideas directly. Examination of the relative positioning 
of leading-strand pauses and lagging-strand looping events shows that pauses tend 
to punctuate looping events, providing a more detailed view of enzymatic 
coordination within the replisome. Precisely how some priming events trigger 
pausing on the leading strand, and whether these pauses are involved in 
synchronization or are simply a byproduct of the complex acrobatics required to 
orchestrate the process, will require further studies beyond the scope of this work. 
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However, the observed correspondence between primase-induced pausing and the 
formation of an ss loop during priming illustrates how communication among 
subsystems of the replisome is likely to be an integral part of the replication cycle.   

5.3.2 Multi-pathway life cycle of a replisome 

Our findings suggest a timeline for the sequence of events that occur during phage 
T7 replication (Figure 21). The process begins with unwinding of parental duplex 
DNA by the helicase coupled to synthesis by the leading-strand polymerase (Figure 

21; panel A). As the leading-strand complex progresses, the primase subunits within 
gp4 continuously sample the lagging-strand template as it emerges from the 
helicase. Once a priming site sequence is recognized and engaged, priming proceeds 
in two steps. First, two rNTPs are condensed into a dinucleotide, followed by 
extension into a full tetranucleotide primer (123,144,145). Leading-strand synthesis 
is continuous during this process resulting in ss loop formation (Figure 21; panel B). 
Upon completion of primer synthesis, a polymerase bound to the helicase loads 
onto the primer (Figure 21; panel C). Infrequently, stalling of leading-strand 
synthesis occurs, consistent with our previously observed primase-induced halting 
of leading-strand synthesis (52). Our proposed pathway diverges most significantly 
from past work in the next stage: Our data show the majority of polymerase loading 
events on the lagging strand culminate in polymerase release from the helicase 
(Figure 21; panel E), consistent with recently observed high frequencies of 
polymerase exchange at the fork (65). Okazaki-fragment synthesis would then 
proceed behind the replisome, with ss-ds looping events (Figure 21; panel D) only 
happening in rare cases where polymerase exchange is slow.  

Several features of our proposed sequence of events confer robustness to replisome 
operation. First, ss loop formation removes the need for a direct signal to stop 
leading-strand synthesis during each cycle of lagging-strand synthesis, dramatically 
simplifying the communication required within the replisome (53,56). Second, the 
frequent release of polymerases from the helicase upon completion of loading 
rapidly frees up additional polymerase binding sites on the helicase, allowing more 
polymerases to associate with the replisome and become available for loading onto 
new primers (65). Third, by forgoing polymerase recycling, and allowing for 
completion of Okazaki synthesis after polymerase release, the T7 replication 
machinery has more time to conduct primer synthesis and polymerase loading at 
the fork. Such a mechanism aids in ensuring that leading-strand synthesis does not 
outpace lagging-strand synthesis. Furthermore, polymerase dissociation from the 
lagging strand during Okazaki-fragment synthesis does not require signaling or 
collision mechanisms of regulation. Overall, these characteristics support the idea 
that T7 replisomes have a narrower operational mandate than previously thought, 
whereby polymerases must be efficiently targeted to primers, but can then readily 
exchange to reset the cycle. 
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Figure 21: Life cycle of a replisome. Multiple pathways confer robustness to replisome 

operation. a) The replisome conducts leading-strand synthesis while searching for a priming 

site. b) During priming an ss loop grows on the lagging strand while leading-strand synthesis 

continues. Infrequently, this process causes pausing of leading-strand synthesis. c) 

Completion of primer synthesis triggers polymerase loading onto the new primer. d) 

Infrequent formation of ss-ds loops as the replisome performs Okazaki-fragment synthesis. 

e) More often polymerases are released onto the lagging strand so that Okazaki fragment 

synthesis can be completing behind the replisome while the next round of primer synthesis 

and polymerase loading take place. 

5.4 Concluding remarks 

The conservation of replisome architecture throughout the domains of life suggests 
that these complex protein assemblies have highly refined operating principles; 
however, single-molecule studies are beginning to reveal the boundaries of these 
principles, the myriad of infrequent events that occur and different pathways that 
can be followed. Moreover, dramatic differences in operation emerge in response 
to environmental changes. While exchange is frequent under conditions with excess 
replisome components in solution, replisomes can be preassembled and continue 
replicating long after excess components have been removed from the solution (46, 
84, 106,134,136). While these two observations may appear to contradict one 
another, it is likely that the presence of excess components in solution directly drives 
these exchange events by initiating a competition between binding sites at the 
replication fork (65,106,146,147). In the case of the polymerases, these binding 
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surfaces are numerous including the primer, the helicase or clamp-loader, and even 
in some cases single-stranded binding proteins (26,102,122). In the absence of 
competition, polymerases can continually sample all these sites at the replication 
fork, providing multiple points of contact that ensure they remain attached. 
However, under conditions of competition, the relatively low affinity of individual 
interactions within the replisome allow polymerases from solution to quickly 
outcompete those at the fork, driving polymerase exchange and release.      

Simultaneous real-time imaging of leading- and lagging-strand synthesis extends our 
understanding of replisome function one step further, allowing for visualization of 
the dynamics of replisome coordination between the daughter strands directly. 
These studies show that replisomes explore a multitude of enzymatic pathways and 
coordination strategies during replication. We envision a spectrum of exchange 
frequencies and mechanisms among replication systems. The bacteriophage T7 
replisome may sit at one extreme of this spectrum, with polymerase exchange 
underling almost every cycle of Okazaki-fragment synthesis (65). While cellular 
replisomes, such as in E. coli, have a higher degree of complexity with more 
intercomponent connections, they also undergo rapid exchange of components 
(50). Recent work in S. cerevisiae has further extended this trend by revealing that 
rapid exchange ensures proper assembly of the leading- and lagging-strand 
polymerases at the eukaryotic replication fork (148). All roles of these exchange 
events in replication are not known, but clearly such processes are also critical when 
considering that robust replication in cells depends on the ability of replisomes to 
overcome obstacles encountered on parental chromosomes, such as transcription 
complexes and DNA lesions (149). Exploration of how daughter-strand synthesis is 
coordinated in various replication systems using direct single-molecule observations 
will undoubtedly broaden our understanding of synchronization mechanisms and 
allow for reconciliation of past models.    
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5.5 Appendix 

Figure 1: Full kinetic model for 2-bead results. Expressions relate the rates of synthesis to the 

distance traveled. 
 = length of a single base pair or base of DNA, � = base pairs synthesized 

per time.  Lengths are different for three distinct regions: 
 parent, 
 lead, and 
 lag. 

At 15 μL/min of flow with two 1 μm beads:  


 parent  =   1/3,700   μm/bp        force is 0.77 pN 


 lead       =   1/3,300   μm/bp        force is 1.25 pN 


 lag          =   1/3,150   μm/bp        force is 2.02 pN  

 (Sum of forces - length is for dsDNA, which is assumed to be the same as gp2.5-coated  

ssDNA). 
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Figure 2:. Highly coupled polymerase and helicase action allows for processive leading-strand 

synthesis. In contrast to past experiments (52), here, leading-strand synthesis was performed 

in the presence of gp5 polymerase and gp4 helicase-primase in solution. This results in a 

lower rate of leading-strand synthesis than measured previously (164 ± 20 bp s-1) in flow-

stretching assays, due to excess polymerases associated with the helicase (48,52). These 

continuous flow conditions were required due to the limited lifetime of the two-bead 

assemblies. Continuous flow conditions also result in lower efficiency of data collection as 

reflected in the small number of observations reported. Small deviations from a one-to-one 

correspondence are observed between leading-strand synthesis and unwinding due to 

background fluctuations in flow. 
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Figure 3: Looping dynamics. a) Comparison of w/NTPs vs no NTPs looping. Loops are NTP 

dependent and not due to fitting error. b) Cartoon explanation of preassembly condition. c) 

Single-bead data for pre-assembled replisomes with no lagging-strand polymerases.  Looping 

still occurs – must be from priming loop formation. d) Two representative traces for large 

priming loop formation events observed in the absence of lagging-strand polymerases but 

presence of gp2.5, NTPs, and dNTPs. e) Preassembly priming loop lengths. Loop lengths are 

increased under pre-assembly conditions as compared to the coordinated replication 

condition with gp5 and gp4 also in solution (Figure 18b).   
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Chapter 6: Single-molecule 

imaging at high fluorophore 

concentrations by Local 

Activation of Dye (LADye) 
 

 

ABSTRACT: Single-molecule fluorescence microscopy is a powerful 

approach to observe biomolecular interactions with high spatial and 

temporal resolution. Detecting fluorescent signals from individual, 

labeled proteins above high levels of background fluorescence 

remains challenging, however. For this reason, the concentrations of 

labeled proteins in in vitro assays are often kept low compared to 

their in vivo concentrations. Here, we present a new fluorescence 

imaging technique by which single fluorescent molecules can be 

observed in real time at high, physiologically relevant concentrations. 

The technique requires a protein and its macromolecular substrate to 

be labeled each with a different fluorophore. Then, making use of 

short-distance energy-transfer mechanisms, the fluorescence from 

only those proteins bound to their substrate are selectively activated. 

This approach is demonstrated by labeling a DNA substrate with an 

intercalating stain, exciting the stain, and using energy transfer to 

have the fluorescence from the stain activate the fluorescence of only 

those labeled DNA-binding proteins bound to the DNA. Such an 

experimental design allowed us to observe the sequence-

independent interaction of Cy5-labeled interferon-inducible protein 

16 (IFI16) with DNA and the sliding via one-dimensional diffusion of 

Cy5-labeled adenovirus protease (pVIc-AVP) on DNA in the presence 

of a background of hundreds of nM of Cy5 fluorophore.  

 

 

Hylkje J. Geertsema, Aartje C. Schulte, Lisanne M. Spenkelink, William J. McGrath, 
Seamus R. Morrone, Jungsan Sohn, Walter F. Mangel, Andrew Robinson, Antoine M. 
van Oijen 

Manuscript submitted 



100 
 

  



101 
 

6.1 Introduction 

Recent developments in single-molecule fluorescence microscopy have allowed 
remarkable insights into the dynamic properties of biomolecular processes. The high 
spatial and temporal resolution of fluorescence microscopy has enabled the 
visualization of intermediates and time-dependent pathways in biochemical 
reactions that were difficult or impossible to extract from experiments at the 
ensemble-averaged level. However, one of the important technical challenges in 
single-molecule fluorescence imaging is the visualization of individual fluorescently 
labeled molecules at high concentrations. Using conventional, diffraction-limited 
optics, the fluorescence of individual molecules can only be resolved if they are 
farther apart than the diffraction limit − ~250 nm in the lateral and ~500 nm in the 
axial direction. As a consequence, the highest concentration at which single 
fluorescently labeled molecules can still be resolved at a sufficiently high signal-to-
background ratio is in the order of 10-100 nM. This concentration limit reduces the 
applicability of single-molecule fluorescence imaging to study the dynamics of 
biomolecular interactions to systems with dissociation constants in the nanomolar 
range or lower (60). A common and straightforward strategy to circumvent this 
limitation is to use a partially labeled population of the molecules of interest and 
supplement with a high concentration of unlabeled molecules. However, when 
complicated pathways involving many binding partners are studied, or those 
involving rare molecular transitions, there is a need for approaches that allow the 
visualization of all events instead of merely a small fraction.   

Several recent experimental approaches in single-molecule fluorescence imaging 

have overcome this concentration limit (150), either by confinement of the 

molecules (151), reduction of the fluorescence excitation volume (152), or by 

temporal separation of fluorescent signals (153). Confinement of labeled molecules 
in a closed volume, considerably smaller than the diffraction limit, enables the 
detection of single molecules at concentrations much higher than the fluorescence 
concentration limit. As an example, trapping of proteins inside nanovesicles, with a 
volume of about 5 * 10-19 liter, allows single molecules to be visualized at an effective 

protein concentration of approximately 3 µM (154). Alternatively, the excitation 
volume itself can be reduced to below the diffraction limit. Zero-mode waveguides, 
for example, are widely employed nanophotonic devices that enable an effective 
excitation of a volume much smaller than the diffraction limit and support single-

molecule detection at fluorophore concentrations of up to 10 µM (152,155). 

Another emerging approach to visualize biomolecular interactions at high 
concentrations leverages the stability of biomolecular complex formation. In the 
technique of PhADE (PhotoActivation, Diffusion and Excitation), photoactivatable 
fluorescent proteins in the detection volume are activated and subsequently imaged 
after first allowing the activated proteins that did not bind the surface-immobilized 
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substrate to diffuse away. This approach allowed the visualization of micrometer-
scale movement of single molecules on replicating DNA templates at concentrations 

up to 2 µM (153). Although all of the above-mentioned techniques have 
dramatically pushed the limits of single-molecule imaging at high concentrations, 
experimental difficulties and temporal limitations have hindered the development 
of a generally applicable method to observe single-molecule dynamics at high 
background fluorophore concentrations. The trapping of molecules in nanovesicles 
or nanophotonic devices allows the fluorescence of single molecules amidst a high 
background concentration to be detected at high temporal resolution, but the 
spatial confinement precludes the visualization of large-scale movements of the 
fluorescently labeled species. Whereas PhADE removes these spatial constraints, it 
introduces limits on time resolution as a result of the time needed for activated but 
non-interacting proteins to diffuse away from the observation volume.  

Here, we present a fluorescence imaging technique that is based on the 
incorporation of an activator molecule into the binding target of a molecule and the 
selective photoactivation by energy transfer of only those molecules that bind the 
target. The free molecules remain in their dark state, and only those involved in 
complexes are switched on and their fluorescence is observed. We demonstrate our 
method by visualizing large-scale motions of individual DNA-binding proteins at 
protein concentrations exceeding the previous concentration limit by an order of 
magnitude.  

6.2 Results 

Our approach to visualize bimolecular interactions at high fluorophore 
concentrations is based on generating fluorescence from only those molecules that 
have formed a bimolecular complex; all other fluorophores will not fluoresce. As a 
photoswitchable fluorophore we use Cy5, a red carbocyanine dye that has been 
shown to act as an efficient reversible single-molecule photoswitch supporting 

hundreds of cycles of switching between a dark and a bright state (156,157). Our 
method is based on the selective activation of the fluorescence of only those few 
molecules that successfully associate to a target substrate, with the remainder of 
the fluorophores left in their dark state. As such, at the start of an imaging 
experiment all fluorophores need to be placed in a dark, fluorescently inactive state. 

Darkening of Cy5 can be achieved chemically upon interaction with NaBH4 (158), a 

phosphine like tris(2-carboxyethyl)phosphine (TCEP) (159), or sulphydryls combined 

with red-light illumination (160). These chemicals are presumed to target the 
polymethine bridge of Cy5, resulting in disruption of the conjugated π-system and a 

drastic blue shift of the Cy5 fluorescence (159). The bright, red-emitting state of Cy5 
is recovered upon the dissociation of the chemical darkening moieties, an event that 

can be triggered by irradiation at shorter wavelengths (156) or by excitation of a 
nearby secondary fluorophore whose emission spectrally overlaps with the Cy5 
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absorption (157,161). Excitation of such a secondary fluorophore offers the 
opportunity to specifically recover the bright state of only those Cy5 molecules in 
close proximity to that secondary fluorophore. We present here the use of a DNA-
intercalating stain to locally activate only those Cy5 fluorophores that are close to a 
DNA template, while leaving the background population of Cy5-labeled proteins in 
their dark state (see Figure 22a). Such a Local Activation of Dye (LADye) allows the 
selective activation of fluorescence of only those labeled proteins that are bound to 
a DNA substrate molecule. The short activation distance of around 1 nm (158) 
results in very small effective excitation volumes. This small excitation volume 
enables single-molecule experiments on DNA-interacting proteins in the presence 
of high background concentrations of labeled proteins while still being able to follow 
the large-scale motions of the protein on DNA.  

As a proof of principle, we labeled a 60-bp dsDNA oligonucleotide with the DNA-
intercalating stain Sytox Orange and used its fluorescence emission to photo-
activate a dark Cy5 fluorophore that is covalently coupled to the same DNA (Figure 

22b). The ability of the Cy5 molecule to switch on and off was studied both by direct 
activation upon irradiation with 404-nm light and by indirect, proximal activation 
upon excitation of the Sytox Orange with 532-nm light. Throughout the entire 
experiment, the sample was continuously excited with 643-nm laser light, resulting 
in the emission of red fluorescence whenever the Cy5 was present in the photo-
activated state. Irridiation at this same wavelength, in the presence of β-
mercaptoethanol (BME), eventually resulted in the darkening of Cy5. Repeats of this 
sequence enabled reactivation of the Cy5 and its prolonged imaging. Both 404-nm 
and 532-nm laser pulses resulted in similar recoveries of the red Cy5 fluorescence, 
indicating that photo-activation of Cy5 is equally efficient for direct activation by 
404-nm irradiation and for indirect activation by Sytox Orange (Figure 22b). Analysis 
of single-molecule fluorescence trajectories indicates efficient activation of Cy5 with 
58% and 64% fluorescence recovery for a single 404-nm and 532-nm pulse, 
respectively  (see Figure 22c, black trace). As a control, Figure 22c (red trace) shows 
that in the absence of Sytox Orange, no Cy5 switching was observed for 532-nm 
pulses, though 404-nm pulses remained effective in Cy5 activation (45% per single 
404-nm pulse). Assays in the absence of thiols (BME) completely eliminated Cy5 
switching (Figure 23c, blue trace). 
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Figure 22: Fluorescence switching of 

Cy5 bound to stained DNA. a) 

Schematic representation of Local 

Activation of Dye (LADye): Prior to the 

experiment the entire population of 

Cy5 molecules is darkened. Green 

excitation (532 nm) allows the DNA-

bound intercalating stain to 

fluoresce, which in turn results in 

photoactivation of the DNA-proximal 

Cy5 molecules. Subsequently, Cy5 is 

visualized using red laser light (643 

nm), which eventually brings the Cy5 

molecules back to the dark state 

when BME is present. b) Single-

molecule Cy5 fluorescence recovery 

upon a 0.4 s pulse with either 404-nm 

light, causing a direct activation of 

the Cy5 fluorescence, or 532-nm laser 

light, leading to selective activation 

of only those Cy5 molecules close to 

the DNA. Left represents the Cy5 

fluorescence before the laser pulse, 

and right shows the Cy5 fluorescence 

recovery right after the laser pulse 

(Cy5 fluorescence is excited at 643-

nm). Scale bar is 1 µm. c) Reversible 

activation of Cy5 upon alternating 

404-nm and 532-nm laser pulses. 

Shown in black is a representative 

Cy5 fluorescence trajectory in the 

regular reaction buffer (see 

Methods), whereas the red and blue 

traces represent the Cy5 fluorescence 

in a reaction buffer lacking Sytox 

Orange and BME, respectively. The 

lack of photo-activation by 532-nm 

excitation in the absence of Sytox 

Orange or BME confirms the role of 

Sytox Orange as a local activator. 

  



105 
 

Next, we investigated whether excitation of an intercalating stain bound to DNA 
could result in the activation of the fluorescence of a Cy5-labeled, DNA-bound 
protein. As a model system, we studied the DNA-dependent fluorescence activation 
of Cy5-labeled interferon-inducible protein 16 (IFI16), an 82-kDa human protein that 
acts as a cytosolic viral DNA sensor. IFI16’s physiological role includes non-specific 
binding to cytosolic foreign dsDNA, thereby triggering an innate immune response 

that activates cell death (162). We labeled IFI16 with Cy5, pre-darkened the Cy5 
prior to the experiments, and allowed the labeled IFI16 to bind nonspecifically to a 
circular dsDNA template (based on phage M13 DNA, with a circumference of 7.3 kb) 
that had been coupled to a glass surface and stained with Sytox Orange (Figure 23a). 
A pulsed excitation of the DNA stain with 532-nm light while continuously irradiating 
the sample with 643-nm light resulted in fluorescence activation and visualization 
of the Cy5-labeled proteins, as can be seen by the appearance of fluorescent spots. 
Repeated photo-activation of one or more Cy5-IFI16 proteins per single DNA 
template is shown in Figure 23b. Investigation of the fluorescence intensity of the 
black trace in Figure 23b uncovered a number of discrete intensity levels with each 
level an integer multiple of a constant intensity (4200 ± 500 counts), suggesting the 
binding of an integer number of individual molecules to the DNA (Figure 23c).  

Next, we imaged individual Cy5-IFI16 proteins on flow-stretched λ-phage DNA to 
visualize the spatial distribution and movement of the proteins on longer DNA 
substrates (163). Continuous illumination of Cy5-IFI16 by 643-nm light and pulsed 
excitation of the DNA stain by 532-nm laser light allowed the activation and 
visualization of individual IFI16 proteins bound to the DNA (Figure 23d). With 
continuous 532-nm excitation, the total number of fluorescently labeled proteins 
observed on individual DNA molecules was increased five-fold over the number 
activated with pulsed 532-nm excitation (Figure 23e). This increase in the detected 
number of fluorescent proteins demonstrates that the illumination conditions 
(intensity and pulse duration) can be optimized to maximize the probability of 
photoactivation while keeping fluorescence background to a minimum.  
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Figure 23: Photoactivation 

of Cy5-labeled IFI16 

proteins bound to DNA. a) 

Cy5-coupled IFI16 proteins 

(1 nM) in the dark state 

bind the circular double-

stranded M13 DNA 

template (left panel), and 

are switched to a bright 

state upon a 0.4-s 532-nm 

pulse (right panel). Scale 

bar is 1 µm. b) 

Fluorescence intensity 

over time of Cy5-labeled 

IFI16 on individual M13 

dsDNA templates. Every 4 

seconds (green bars), a 

0.2-second green pulse is 

applied to recover the 

bright state of the Cy5 

fluorophores. c) Histogram 

of the Cy5 fluorescence 

intensity of the lower trace 

in b). Multiple Gaussian 

fits (red) revealed 6 

different, equidistant 

fluorescence intensity 

levels corresponding to 0 

to 5 IFI16 proteins binding 

to the M13 DNA. d) 

Schematic of local 

activation of Cy5-labeled 

IFI16 proteins on a λ-

phage DNA template upon 

application of a 532-nm 

laser pulse. e) Kymographs 

depicting the positions of 

Cy5-labeled IFI16 as a 

function of time on 

individual flow-stretched 

λ-phage DNA templates.  Photo-activation was achieved by pulsed excitation of the Sytox 

Orange (upper kymograph) or by continuous excitation followed by pulsed 532-nm 

illumination (lower kymograph).  
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Next, we determined whether LADye can be used to visualize single, labeled 
proteins in the presence of a high concentration of fluorophore. As a proof of 
principle, we imaged individual Cy5-labeled DNA-binding proteins interacting with 
DNA in the presence of several hundreds of nM of free Cy5 in solution. A key 
requirement to visualize single fluorophores amidst high backgrounds is the efficient 
initial darkening of the entire population of fluorophores in solution. Thus, only 
those molecules that are switched to the bright state by photoactivation through 
energy transfer from the DNA intercalating stain will contribute to the observed 
fluorescence. Darkening of a solution of Cy5 (158) by NaBH4-mediated caging 
resulted in a fluorescence reduction of 97% in comparison to conventional imaging 
of uncaged Cy5 at the same concentration. This efficient darkening allowed for the 
visualization of the fluorescence of single, surface-bound Cy5 molecules in the 
presence of 270 nM Cy5 in solution (Figure 24a, right panel); these conditions are 
not compatible with conventional single-molecule fluorescence imaging (Figure 24a, 
left panel). 

As a model system to visualize proteins moving along DNA amidst a high background 
of Cy5, we chose the adenovirus protease AVP, which is a protein able to diffuse 
one-dimensionally along dsDNA after association with the 11-residue peptide pVIc 
(164). The pVIc-AVP complex binds to DNA without any sequence specificity and 
performs a one-dimensional random walk along the duplex to locate and process 
DNA-bound protein substrates (164). Using darkened Cy5-labeled pVIc-AVP and 
pulsed 532-nm photo-activation, we specifically visualized the Cy5-pVIc-AVP bound 
to DNA, even in the presence of 270 nM Cy5 in solution (Figure 24b). The kymograph 
shows the spatio-temporal behavior of the protein complex as it moves along the 
DNA. The time-dependent position of the Cy5-pVIc-AVP along the DNA was tracked 
by determining the center of a two-dimensional Gaussian function, fit to the 
fluorescent spot at every frame. Subsequently, the diffusion constant of the Cy5-
pVIc-AVP was calculated by fitting the mean-square displacement of the Cy5-pVIc-
AVP over time and was found to be (2.8 ± 0.4) x 107 bp2/s (Figure 24c). This diffusion 
constant agrees well with previously obtained pVIc-AVP diffusion constant of (2.1 ± 
0.2) x 107 bp2/s (164), demonstrating the feasibility of LADye to investigate binding 
kinetics and activity of individual molecules in the presence of high background 
concentrations of fluorophores. 
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Figure 24: Visualization of single Cy5-labeled adenovirus protease (Cy5-pVIc-AVP) molecules 

sliding along DNA. a) Caging of Cy5-pVIc-AVP and Cy5 in solution drastically reduces the 

fluorescence intensity. On the left side, conventional imaging of 270 nM Cy5 resulted in 

saturation of the camera whereas caging of the Cy5 in solution allows single non-specifically 

surface-bound molecules to be resolved, under the same illumination and acquisition 

conditions (right). b) Kymograph of the sliding motion of individual Cy5-pVIc-AVP molecules 

on λ-phage DNA over time. DNA-bound Cy5-pVIc-AVP was visualized by frequent photo-

activation whereas the 270-nM caged background Cy5 remained dark. c) Mean-square 

displacement of a single sliding Cy5-pVIc-AVP, as presented in b), over time. The diffusion 

constant of this labeled pVIc-AVP was determined by linear fitting of the data and found to 

be (2.8 ± 0.4) x 107 bp2/s. 
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6.3 Discussion 

Single-molecule fluorescence microscopy has provided remarkable insights on how 
biological macromolecules interact. However, the application of this technique to 
systems with labeled molecules at their concentrations inside the cell (60) has been 
made difficult due to high background fluorescence. Here we describe a new 
approach to circumvent this concentration limit by selectively visualizing only the 
subpopulation of labeled proteins that have productively bound to a substrate and 
leaving the unbound population in a non-fluorescent, dark state. Chemically 
darkened Cy5 fluorophores coupled to proteins of interest were triggered to recover 
their bright state by excitation of the spectrally overlapping DNA intercalating stain 
Sytox Orange, resulting in the activation of only those Cy5-labeled proteins proximal 
to a DNA substrate. This local activation of Cy5 dyes allowed us to observe, in real 
time, the interaction of single proteins with DNA at concentrations of several 
hundreds of nM of fluorophores in solution.  

Total internal reflection fluorescence (TIRF) microscopy is commonly used in single-
molecule fluorescence imaging to limit the penetration depth of the excitation light 
to ~ 100 nm above the coverslip surface to reduce fluorescence contributions from 
the rest of the solution. However, long DNA molecules that are surface anchored on 
one end and stretched by flow, are tilted away from the surface sufficiently so that 
for most of their length the DNA is farther than 100 nm away from the coverslip. To 
allow the visualization of the full length of these molecules, we were not able to use 
a TIRF-based excitation scheme but instead had to apply epifluorescence 
illumination. Under these conditions, the detection volume has diffraction-limited 
dimensions of 250 x 250 x 500 nm3, 5 times larger than the detection volume 
achieved in TIRF imaging. Despite such a significantly larger detection volume, we 
demonstrate here the visualization of single molecules bound to DNA in the 
presence of 270 nM fluorophores in solution. This concentration implies the ability 
of our LADye technique to background concentrations of as high as 1 µM in a TIRF 
scheme with a 6.25·106-nm3 detection volume. 

Here, we also demonstrate efficient fluorescence activation of a darkened Cy5 
molecule coupled to a stained double-stranded DNA molecule. However, switching 
was found to be less efficient for Cy5-labeled proteins interacting with stained DNA. 
This observation is consistent with previous reports that the switching efficiency of 
Cy5 has a distance dependence much shorter and steeper than that reported for 

Förster resonance energy transfer (157). The physical size of the protein places the 
Cy5 at a slightly larger distance away from the DNA, thereby reducing the efficiency 
of fluorescence activation by the DNA-bound intercalating stain. However, the 
previously demonstrated linear dependence of switching efficiency on intensity and 

duration of the activation beam (157) provides a readily accessible experimental 
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parameter to optimize the extent of switching in a population of labeled molecules 
(Figure 23e). 

An experimental concern in the application of fluorescence microscopy is the photo-
induced degradation of biomolecules. In particular, excitation of an intercalating 
stain has been shown to induce DNA cleavage through free radical formation (165). 
However, at the low intensity of 532-nm illumination required for excitation of the 
intercalating stain and photo-activation of the Cy5 (0.49 W⋅cm-2 at 532 nm), no DNA 
degradation was detected over tens of minutes.  

At this point, the NaBH4 caging efficiency determines the upper limit of 
experimentally usable fluorophore concentration. The 97% darkening efficiency 
implies an upper dye concentration at which individual fluorophores can still be 
resolved of ~1 µM. However, the steep distance dependence of the Cy5 switching 
efficiency upon Sytox Orange excitation drastically reduces the volume in which Cy5 
fluorescence can be activated to a cylinder around the DNA with a radius of 
approximately 1 nm. Theoretically, this activation volume allows for the observation 
of single molecules in the presence of up to millimolar concentrations of 
fluorophores in solution.  

In principle, LADye offers a generally applicable method to study biomolecular 
processes including, but not limited to, DNA-based systems. The method requires 
only a substrate labeled with a switchable fluorophore and an immobilized binding 
partner coupled to a fluorophore that spectrally overlaps with the substrate’s 
fluorophore. LADye could, for example, be employed to visualize the movement of 
actin- or microtubule-based motor proteins by staining the filaments with the 
activator dye. Alternatively, binding of ligands to transmembrane proteins could be 
visualized by placing activator dyes in the membrane. LADye could also be used to 
complement switchable FRET (166) studies by allowing not only the observation of 
subunit interactions within the molecular complex, but also enabling the 
visualization of recruitment of subunits from solution. The ability to specifically 
visualize only those fluorescently labeled molecules that interact with their binding 
partners while the fluorescent molecules in solution remain dark enables real-time, 
single-molecule observations of low-affinity biomolecular interactions under 
equilibrium conditions that approach the in vivo concentration of the reactants. 
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6.4 Methods 

6.4.1 Dyes and proteins  

Recombinant IFI16 was synthesized in E. coli, purified, and subsequently labeled 
with the Cy5 dye by maleimide chemistry, as described (167). Cy5-IFI16 was used at 
a concentration of 1 nM in combination with the M13 DNA template and at 30 nM 
in the experiments with λ DNA.  

The gene for AVP was expressed in E. coli and the protein purified as described 
previously (168,169). AVP concentrations were determined using a calculated 
extinction coefficient (170) of 26,510 M-1cm-1 at 280 nm. The peptide pVIc 
(GVQSLKRRRCF) was purchased from Invitrogen (Carlsbad, CA), and its 
concentration was determined by titration of the cysteine residue with Ellman’s 
reagent (171) using an extinction coefficient of 14,150 M-1cm-1 at 412 nm for 
released thionitrobenzoate. Octylglucoside was obtained from Fischer Scientific 
(Faden, NJ) and endoproteinase Glu-C from Sigma (St. Louis, MO). Disulfide-linked 
AVP-pVIc complexes were prepared by overnight incubation at 4°C of 75 µM AVP 
and 75 µM pVIc in 20 mM Tris-HCl (pH 8.0), 250 mM NaCl, 0.1 mM EDTA and 20 mM 
β-mercaptoethanol. Initially, during the overnight incubation, the β-
mercaptoethanol reduces most oxidized cysteines in AVP and in pVIc. Then, the 
remaining β-mercaptoethanol evaporates or is oxidized by atmospheric oxygen, 
thereby allowing Cys104 of AVP and Cys10’ of pVIc to form a disulfide (172,173). 

Disulfide-linked AVP-pVIc complexes, 75 µM, were labeled in 25 mM HEPES (pH 7.0), 
50 mM NaCl, and 20 mM ethanol by the addition of Cy5 maleimide (GE Healthcare, 
Piscataway, NJ) to 225 µM. Labeling reactions proceeded at room temperature in 
the dark for 2.5 h. Excess reagents were removed from the labeled sample by 
passage through Bio-Spin 6 chromatography columns (Bio-Rad; Hercules, CA) 
equilibrated in the labeling buffer. The degree of labeling was determined using a 
molar extinction coefficient for AVP at 280 nm of 26,510 M-1cm-1, for Cy5 at 649 nm 
of 250,000 M-1cm-1, and a correction factor at 280 nm of 0.05. The ratio of labeled 
AVP-pVIc to total AVP-pVIc was determined to be about 0.8. The labeled materials 
were characterized by matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry (MALDI-TOF).   

Specific enzymatic digestions followed by MALDI-TOF mass spectrometry were used 
to locate cysteinyl-Cy5 conjugates in AVP-pVIc complexes. Labeled AVP-pVIc 
complexes, 1.2 µg, were digested by incubation with 0.01 μg each of endoproteinase 
Glu-C or trypsin at 21 ˚C in 25 mM Tris-HCl (pH 7.5).  At 1, 2, 4, and 22 h, 0.5 μL of 
each reaction was removed and added to 4.5 μL of a saturated matrix solution (α-
cyano-4-hydroxycinnamic acid) in 50% acetonitrile and 0.1% TFA. The matrix-analyte 
solution was then immediately spotted onto a 100-well stainless-steel sample plate. 
The sample plate was calibrated using Applied Biosystems peptide calibration 
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mixtures 1 and 2. Mass spectrometric characterization was carried out on a Voyager-
DE Biospectrometry Workstation (Applied Biosystems, Foster City, CA). The m/z 
peak list generated for each chromatogram was analyzed by the FindPept Tool (174). 
The Cy5 modification was entered as a post-translational modification. AVP-pVIc 
complexes were found to be labeled exclusively at Cys199 (data not shown). 

Cy5 mono-reactive NHS ester (GE Healthcare) was dissolved in DMSO and stored at 
-20 ̊ C. For the high Cy5 background experiments, 270 nM of this Cy5 was caged with 
1 mg/mL NaBH4 and added to the single-molecule imaging buffer.  

6.4.2 DNA construct 

A biotinylated 60-bp duplex oligo DNA with a 3’ amine-end modification was 
purchased from Integrated DNA Technologies. The amine group of the oligo was 
covalently linked to Cy5 mono-reactive NHS ester (GE Healthcare) by adding a 125-
fold excess of Cy5 to the oligo in reaction buffer PBS (pH 7.5) at room temperature. 
The labelling reaction was performed for 1 h. Unreacted fluorophores were 
removed by immediately running the reaction products through a NAP5 column (GE 
Healthcare). The degree of labeling, determined by absorbance spectroscopy, was 
0.8 fluorophores/oligo. 

Single-stranded M13mp18 (New England Biolabs) was biotinylated by annealing a 
complementary biotinylated oligo to the M13 template. Subsequently, the primed 
M13 was filled in by adding T7 DNA polymerase (New England Biolabs), dNTPs and 
a replication buffer containing MgCl2. Replication proteins were removed from the 
filled-in DNA products by phenol/chloroform extraction, and it was stored in 10 mM 

Tris-HCl, 1 mM EDTA (TE) buffer (105). 

λ DNA substrates were constructed by standard annealing reactions. The linearized 
DNA has 12-nt single-stranded overhangs at each end. A biotinylated oligo was 
annealed to one end of the λ DNA to allow surface attachment to the functionalized 
glass coverslip (105). 

6.4.3 Experimental setup 

Single-molecule measurements used an Olympus IX-71 microscope equipped with a 
100x TIRF objective (Olympus, UApoN, NA = 1.49 (oil)). The sample was continuously 
excited with a 154 W·cm-2 643 nm laser (Coherent) and frequently pulse- 
photoactivated with a 0.49 W·cm-2 532 nm laser (Coherent) and a 62 W·cm-2 404-
nm laser (Cube) controlled by a home-build shutter program. Images were captured 
with an EMCCD camera (Hamamatsu) using Meta Vue imaging software (Molecular 
Devices) with a typical frame rate of 5 frames per second for the Cy5-oligo DNA and 
Cy5-IFI16 experiments and 32 frames per second for the Cy5-pVIc-AVP 
measurements. 
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All experiments were carried out in home-built flow cells. PEG-biotin functionalized 
coverslips were treated with a streptavidin solution to enable DNA template binding 
(175). A PDMS flow cell with 0.5-mm wide channels was adhered on the top of the 
glass coverslip and an inlet and outlet tube were inserted into the PDMS. After 
thoroughly washing the flow cell, the DNA was flushed through and subsequently 
the reaction buffer was flowed through at 10 µL/min. As soon as the reaction buffers 
entered the flow cells, fluorescence imaging was started.  

6.4.4 Buffers for single-molecule measurements 

LADye requires the pre-darkening of the Cy5 fluorophore, which was achieved by 
caging with 1 mg/mL NaBH4 in 20 mM Tris at pH 7.5, 2 mM EDTA, and 50 mM NaCl 
prior to the fluorescence imaging experiments. The buffers used in the single-
molecule imaging experiments were designed to suppress blinking and reduce 
photobleaching rates in caged Cy5 and Cy5-labeled proteins. The experiments on 
Cy5-oligo DNA and Cy5-IFI16 switching were done in a 20 mM Tris at pH 7.5, 2 mM 
EDTA, and 50 mM NaCl buffer, and the Cy5-pVIc-AVP experiments were done in  a 
10 mM Hepes at pH 7.0, 2 mM NaCl, 5% glycerol, 20 mM EtOH, and 50 µM EDTA 
buffer. To increase Cy5 photostability and facilitate switching, all buffers contained 
0.45 mg/mL glucose oxidase, 21 µg/mL catalase, 10% (w/v) glucose, 1 mM Trolox 
(118) and 143 mM β-mercaptoethanol (BME). In addition, 50 nM Sytox Orange 
(Molecular Probes) was added to the reaction buffers to stain the DNA to enable 
Cy5 switching.  
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Chapter 7: Summary & future 

prospects 
 

7.1 Introduction 

For centuries, people have been wondering how traits are passed on from parents 
to children. Hippocrates (ca. 460-370 B.C.) and Aristotle (384-322 B.C.) already 
postulated their thoughts about inheritance. However, it would still take until 1865 
before the Czech monk Johann Gregor Mendel experimentally proved the 
inheritance of traits and established a set of fundamental laws regarding heredity. 
His results and laws, nevertheless, did not provide information on what physically 
linked parents and their offspring. Several scientists attempted to unravel this 
mystery and found that strands of nucleotides, now known as DNA molecules, serve 
as storage of all our genetic information. In 1953, the structure of DNA was finally 
proposed by Watson and Crick as being two strands that twist about each other and 
together form a helix. Importantly, the Watson and Crick DNA model proposed for 
the DNA to have asymmetric ends, now called the 5’ and 3’ ends. The 5’ end of one 
strand is paired with the 3’ end of the complementary strand resulting in the two 
DNA strands running in opposite directions.  

To successfully transmit hereditary traits from a parent to a daughter cell, transfer 
of a DNA molecule between those cells is required. To allow transfer of parental 
DNA to two daughter cells, the parental DNA needs to be converted into two exact 
duplicates. The process of DNA copying is called DNA replication and is performed 
by cooperation of several proteins, the DNA replication proteins. Two of the central 
DNA replication proteins are the helicase and the DNA polymerase. The helicase 
opens up the DNA helix, providing two single DNA strands that function as a 
template for the polymerases to synthesize new DNA. Two DNA polymerases 
synthesize new DNA on the two single DNA strands, one on each strand. These 
proteins incorporate incoming nucleotides on the single-stranded DNA templates, 
to convert the single strands into double-stranded DNA. However, the polymerases 
can only synthesize DNA in a 5’ to 3’ direction. Since the chemical structure of the 
DNA strands is antiparallel, this unidirectionality has the important consequence 
that the two DNA polymerases in the replisome replicate the DNA in opposite 
directions. As a result, one polymerase follows the helicase and replicates the DNA 
continuously on what is called the leading strand, whereas the other polymerase, 
on the lagging strand, has to replicate in a direction opposite to that of the helicase 
and synthesize the DNA discontinuously, resulting in so-called Okazaki fragments.  
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To initiate the synthesis of a stretch of DNA, DNA polymerases require a priming of 
the polymerization reaction by a short RNA primer. Such a primer is synthesized by 
a separate enzymatic entity, the primase. The synthesis of an Okazaki fragment by 
the lagging-strand polymerase needs to be preceded by the synthesis of a primer 
and the recruitment of the polymerase to initiate extension of this primer. Thus, the 
asymmetry of the DNA has a significant impact on the process of DNA replication 
and imposes a very tight cooperation of the DNA replication proteins within the 
replisome!  

To allow the lagging-strand polymerase to travel along with the rest of the proteins 
in the replisome while synthesizing DNA in a direction opposite to the movement of 
the replication complex, the lagging strand forms a loop, which is called the 
replication loop. In addition, the helicase can move forward while a primer is being 
synthesized, in the reverse direction, by the attached primer, which can give rise to 
a priming loop. The relationship and timing between the development of replication 
and priming loops and thereby the dynamics of lagging-strand synthesis is poorly 
understood.  

Although the structure and working mechanisms of individual DNA replication 
proteins are mostly known, the dynamic interactions and exchange mechanisms of 
DNA proteins within the replisome remain elusive. My PhD work has aimed to 
contribute to the understanding of the dynamic behavior of lagging-strand 
polymerases and lagging-strand loops during the process of DNA replication.  

7.2 Contributions from this thesis 

By performing experiments on the DNA replication machinery of the T7 
bacteriophage, which is a virus that can only infect bacteria, the dynamics of lagging-
strand polymerases and lagging-strand synthesis was studied. A detailed technical 
description on how these experiments were carried out is provided in chapter 2. The 
T7 replisome offers an ideal model system since it can be reconstituted in vitro by 
only four proteins while it maintians the same working principles as higher 
organisms (26,27). In our experiments, the T7 replication proteins self-assemble into 
a replisome on a DNA template immobilized on a coverslip. The subsequent addition 
of proper buffer components enables the replisome to start replication of the DNA 
template. DNA replication by the replisome can be monitored by fluorescence 
imaging of either a stained DNA template or the fluorescently labeled replication 
proteins. The visualization of the duplication of individual DNA templates and the 
activity of single DNA replication proteins has provided new insights on hitherto 
unknown working mechanisms of DNA replication proteins.  

For example, our work has shown that the lagging-strand polymerases display more 
dynamic behavior than thought before. Lagging-strand polymerases were shown to 
frequently exchange with other polymerases in close proximity, implying a hitherto 
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unknown switching mechanism. Chapter 3 describes our ideas regarding the cause 
and implications of such an exchange mechanism on protein assembles. The T7 
helicase offers two different binding interactions, with different binding affinities, 
for the T7 DNA polymerases, which can facilitate an exchange mechanism. The DNA-
synthesizing polymerases bind the helicase with high affinity while a weaker 
electrostatic binding tethers additional polymerases to the helicase. On the one 
hand, these two interactions provide stable binding of polymerases during DNA 
replication and, on the other, allow binding of additional polymerases that function 
as substitutes for the DNA synthesizing polymerases. This bimodal mechanism 
allows for rapid polymerase exchange in the presence of additional polymerases, 
but also their prolonged binding in the absence of competing polymerases. The 
presence of such a polymerase exchange mechanism on the discontinuously 
synthesized lagging strand raises the question whether there are other dynamically 
exchanging proteins within the replisome, for example the single-stranded DNA-
binding proteins. 

Experimental evidence of the highly dynamic exchange of the T7 polymerases within 
the replisome is presented in chapter 4. By making use of a single-molecule 
fluorescence readout, labeled polymerases within the replisome were visualized 
while DNA was replicated. This readout allowed for the determination of the kinetics 
of lagging-strand polymerases and the stoichiometry of polymerases at the 
replication fork. Our data suggest that the lagging-strand polymerases dissociate 
from the replisome after the synthesis of only a few Okazaki fragments. In addition, 
two or more polymerases were found to be present within the replisome during 
DNA replication activity. As a result, a highly dynamic picture of the replisome 
emerges with lagging-strand polymerases being frequently exchanged, after 
synthesis of only a few Okazaki fragments, by readily available replisome-bound 
polymerases that are continuously replenished from solution.  These new findings 
suggest an adjustment of the original textbook pictures (24) and lead us to wonder 
whether dynamic polymerase exchange is preserved among replisomes of other 
organisms as well.  

Further insight into the dynamics of lagging-strand synthesis and the function of 
lagging-strand polymerases that are released by the replisome is provided in chapter 
5. An innovative DNA template was used that was coupled to two beads (one on 
each end) and surface immobilized in the middle. By tracking the position of both 
beads in time, the coordination between leading- and lagging-strand synthesis was 
monitored. Our data suggest the presence of both ss-ds and ss loops, where 
unexpectedly, most loop growth events occur only during priming. Additional time-
lapse fluorescence imaging showed that most polymerases were not recycled but 
instead were released from the replisome, presumably to complete synthesis of 
unfinished Okazaki fragments. Individual replication events revealed numerous 
reaction cycle types and pausing events, supporting the notion that, while an array 
of critical interactions and regulatory circuits guide replisome function, a multitude 
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of kinetic pathways are utilized. Further research on the kinetics of polymerases that 
are loaded on the lagging strand will contribute to understanding of the dynamics 
of lagging-strand synthesis and the mechanism of coordination of DNA replication 
of both DNA strands by the replisome.  

Over the past years, single-molecule fluorescence experiments have provided 
insights into dynamic properties of biomolecular processes. However, the 
visualization of individual fluorescently labeled proteins at high concentrations has 
been technically difficult. As a consequence, single-molecule fluorescence 
experiments are usually employed in vitro at labeled protein concentrations far 
below the in vivo concentrations, while their aim is to study biomolecular 
interactions in living organisms. Chapter 6 describes a new approach that enables 
the observation of individual labeled proteins while the concentration of fluorescent 
molecules in solution is very high. This new approach employs the ability to regulate 
the excited state of the fluorophores by changing the experimental conditions. 
Fluorophores can chemically be brought into a dark non-fluorescent state and 
subsequently recover their fluorescent state by excitation with light of a specific 
wavelength. This excitation is mostly emitted by a laser, but can also be sent 
transferred from another fluorescent molecule. However, the excitation of the 
fluorophore by another fluorophore can only happen over very short distances. The 
new technique (described in chapter 6) utilizes the short-distance fluorescence 
activation of fluorophores and as such is named LADye (Local Activation of Dye).  

Our experiments showed that excitation of a stained-DNA template caused the 
switching of a proximal fluorophore to a fluorescent state. Subsequently, a 
fluorophore was coupled to a DNA-binding protein. Excitation of the DNA caused 
the activation of the fluorescence of only those labeled proteins that interacted with 
the DNA template while the unbound proteins in solution remained dark. This 
experimental design allowed us to observe the binding and sliding behavior of two 
different DNA-binding proteins, IFI16 and pVIc-AVP, on DNA in the presence of a 
high concentration of fluorophores in solution. However, LADye is presumably not 
limited to a DNA-based system, but can be a generally applicable method to study 
biomolecular interactions. As such, the LADye approach will be useful for future 
studies on biomolecular processes within physiological crowding environment as 
can found in cells.  
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Chapter 8: Samenvatting en 

toekomstperspectief 
 

8.1 Inleiding 

Al eeuwen vragen mensen zich af hoe eigenschappen van ouders precies 
overgedragen worden op hun kinderen. De eerst bekende ideeën over overerving 
werden al gepostuleerd door Hippocratus (circa 460-370 v. Chr.) en Aristoteles (384-
322 v. Chr.). Toch zou het nog tot 1865 duren voordat de Tsjechische monnik Johann 
Gregor Mendel experimenteel bewijs leverde voor de overerving van 
eigenschappen en een set van fundamentele wetten hierover opstelde. Deze 
resultaten en wetten gaven echter geen uitsluitsel over wat fysiek werd 
overgedragen van ouders op kinderen om de overerving van eigenschappen te 
bewerkstelligen. Verschillende onderzoekers hebben zich hier over gebogen en 
ontrafelden dat strengen van nucleotiden, ofwel DNA-moleculen, dienden als 
opslagplaats van al onze genetische eigenschappen. Vervolgens, in 1953, werd de 
structuur van het DNA-molecuul opgehelderd door Watson en Crick als zijnde twee 
strengen die zich paren en samen een spiraalvorm vormen. Belangrijk hierbij is dat 
de uiteinden van een DNA-streng chemisch anders zijn, met een zogenaamde 5’ 
uiteinde en 3’ uiteinde. In de spiraalvorm is het 5’ uiteinde van de ene streng 
gepaard met het 3’ uiteinde van de andere streng. 

Om de genetische eigenschappen van de ene cel naar de andere cel over te dragen 
dient er een DNA-molecuul overgedragen te worden. Hiervoor moet een ‘ouderlijk’ 
stuk DNA worden gekopieerd zodat deze naar de dochtercel kan worden 
getransporteerd. Het DNA-kopieerproces wordt DNA-replicatie genoemd en wordt 
uitgevoerd door een nauwgezette samenwerking van verschillende eiwitten, de 
DNA-replicatie-eiwitten. Deze groep van eiwitten vormt zichzelf tot een 
zogenoemde DNA-replicatiemachine of replisoom welke DNA met een 
verbazingwekkende snelheid en nauwkeurigheid kan verdubbelen. Twee van de 
centrale DNA-replicatie-eiwitten in het replisoom zijn de helicase en de DNA-
polymerase. De helicase opent de spiraalvormige DNA zodat twee enkele strengen 
blootgelegd worden. Op beide enkele strengen synthetiseert één DNA polymerase 
nieuw DNA en dus dienen de strengen als een mal voor de DNA-polymerases. DNA-
polymerases complementeren inkomende nucleotiden met de passende 
nucleotide-sequentie van de enkele DNA-streng en maken zo uit de enkelstrengs 
mal weer een dubbelstrengs DNA. De DNA polymerases kunnen echter alleen 
nucleotiden inbouwen in een 5’ naar 3’ richting. Aangezien de chemische structuur 
van de DNA-strengen tegenovergesteld is, betekent dit dat de twee polymerases in 
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tegengestelde richting DNA repliceren. Maar de twee polymerases maken 
onderdeel uit van hetzelfde eiwitcomplex dat zich als geheel in slechts één richting 
beweegt. Dit heeft als gevolg dat één polymerase met de helicase meereist en de 
DNA continu kan synthetiseren op wat de ‘leidende’ DNA-streng wordt genoemd, 
terwijl de andere polymerase, op de ‘volgende’ DNA-streng, de DNA discontinue 
moet kopiëren in stukjes, die Okazaki-fragmenten worden genoemd. Om de 
synthese van een stuk DNA te initiëren, heeft de DNA polymerase een RNA primer 
nodig. Zo’n primer wordt gegenereerd door enzymatische activiteit van een ander 
eiwit, de primase. De synthese van elk Okazaki-fragment door de volgende-streng 
polymerase moet daarom voorafgegaan worden door de synthese van een primer 
en de rekrutering van een polymerase die de primer kan verlengen. De asymmetrie 
van het DNA-molecuul heeft een grote impact op het replicatieproces en maakt de 
samenwerking van de verschillende eiwitten in het replisoom extra belangrijk! 

Omdat de volgende-streng polymerase met de rest van de eiwitten in het replisoom 
meereist terwijl deze ook DNA synthetiseert in een richting die tegengesteld is aan 
de bewegingsrichting van de replisoom, heeft dit tot gevolg dat de volgende-streng 
een lus vormt, welke een replicatielus wordt genoemd. Daarnaast is het mogelijk 
dat de helicase de volgende-streng kortdurend vasthoudt wanneer deze een primer 
op de volgende-streng synthetiseert, wat een priming-lus veroorzaakt. De 
verhouding en timing tussen het voorkomen van een replicatielus en priming-lus is 
tot nog toe ongewis.  

Ondanks dat er veel bekend is over de individuele structuur en werkwijze van de 
DNA-replicatie-eiwitten, zijn de bewegings- en uitwisselingsmechanismes (oftewel 
de dynamiek) van de eiwitten in het replisoom nog steeds grotendeels onbekend. 
Mijn promotie heeft zich erop gericht om het dynamische gedrag van de volgende-
streng polymerases en de volgende-streng lussen te ontrafelen.  

8.2 Bijdragen uit dit proefschrift 

Om dit te kunnen bestuderen zijn experimenten uitgevoerd met het replisoom van 
de T7-bacteriofaag, een virus dat enkel een bacterie kan infecteren. De werkwijze 
van de experimenten is gedetailleerd beschreven in hoofdstuk 2. Het T7-replisome 
biedt een ideaal modelsysteem omdat het bestaat uit slechts vier eiwitten, terwijl 
zijn werkwijze grote gelijkenissen vertoont met replisomen van andere organismes 
(26,27). In onze experimenten groeperen de T7-replicatie-eiwitten zich tot een 
replisoom op een DNA-stuk dat vastgeplakt is aan een glasplaatje om het te fixeren. 
Door vervolgens buffercomponenten toe te voegen begint het replisoom de 
replicatie van het DNA-stuk. Dit proces kunnen we observeren met behulp van 
enkelmolecuul fluorescentiemicroscopie. Door ofwel het DNA-stuk ofwel 
individuele DNA-replicatie-eiwitten met fluorescerende kleurstof te labelen kan de 
activiteit van het replisoom worden gedetecteerd tijdens DNA-replicatie. De 
visualisatie van enerzijds de verdubbeling van individuele DNA-moleculen en 
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anderzijds de activiteit van individuele DNA-replicatie-eiwitten heeft ons nieuwe 
inzichten opgeleverd in tot nu toe onbekende werkwijzen van DNA-replicatie-
eiwitten.  

Zo is geobserveerd dat de DNA-polymerases op de volgende DNA streng veel 
dynamischer gedrag vertonen dan ooit was voorgesteld. Volgende-strengs 
polymerases blijken frequent van plaats te wisselen met andere polymerases die 
zich in hun directe omgeving bevinden wat een tot nu toe onbekend 
uitwisselingsmechanisme impliceert. Hoofdstuk 3 beschrijft onze ideeën over wat 
dit uitwisselingsmechanisme tot stand brengt en wat voor een invloed dit heeft op 
een eiwitcomplex. De aanwezigheid van twee aanhechtingspunten van de DNA-
polymerases aan de helicase, welke verschillende bindingsstabiliteiten hebben, 
kunnen een uitwisselingsmechanisme bevorderen. De DNA-polymerases binden de 
helicase via twee verschillende interacties, één met een hoge affiniteit, bezet door 
de polymerases die DNA repliceren, en één zwakkere die extra polymerases aan de 
helicase bindt. Deze twee bindingen maken het mogelijk om polymerases stevig vast 
te houden wanneer ze DNA synthetiseren, maar ook om extra polymerases te 
binden die snel kunnen uitwisselen met de DNA-replicerende polymerases. Dit 
tweeledige mechanisme staat een snelle uitwisseling van polymerases toe in de 
aanwezigheid van extra polymerases, maar ook een stabiele binding van 
polymerases wanneer concurrerende polymerases afwezig zijn. De aanwezigheid 
van een dergelijk uitwisselingsmechanisme van de polymerases op de discontinu 
gerepliceerde volgende-streng, doet ons afvragen of er meer eiwitten in het 
replisoom zijn die zo dynamisch uitwisselen, zoals de eiwitten die op de volgende-
streng het enkelstrengs DNA binden.  

Experimentele resultaten die het uitwisselingsmechanisme van T7-polymerases in 
het replisoom bevestigen, worden weergegeven in hoofdstuk 4. Enkelmolecuul 
fluorescentietechniek maakt fluorescentiegelabelde polymerases in het replisoom 
zichtbaar terwijl DNA wordt gerepliceerd. Deze observatie maakt het mogelijk om 
de bindingstijd en het aantal volgende-strengs polymerases in het replisoom te 
detecteren. De data wijzen uit dat de volgende-strengs polymerases het replisoom 
loslaten na synthese van slechts één of twee Okazaki-fragment(en). Daarnaast 
worden altijd twee of meer polymerases geobserveerd in het replisoom gedurende 
DNA-replicatie-activiteit. Deze bevindingen impliceren dat volgende-strengs 
polymerases in het replisoom frequent worden uitgewisseld, al na de synthese van 
één of twee Okazaki-fragment(en), met aanwezige replisome-gebonden 
polymerases die continu worden aangevuld vanuit de omgeving. Deze nieuwe 
bevindingen corresponderen niet met eerder gepubliceerde modellen (24) en doen 
ons afvragen in hoeverre dynamische polymerase-uitwisseling ook voorkomt in 
andere organismen. 

Verder inzicht in volgende-streng DNA synthese en de functie van volgende-streng 
polymerases die het replisoom loslaten wordt gegeven in hoofdstuk 5. Hiervoor is 
gebruik gemaakt van een innovatief DNA-design dat in het midden gekoppeld is aan 
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een glasplaatje en aan beide uiteinden aan een bolletje. Door de positie van beide 
bolletjes te volgen in de tijd is het mogelijk geweest de coördinatie van de DNA 
synthese van de leidende- en volgende-streng te bestuderen. De data suggereert de 
aanwezigheid van zowel replicatie- als priming-lussen, waarbij de replicatielussen 
vaker voorkomen, maar tot onze verrassing blijkt slechts een klein deel van de 
volgende-streng synthese in de replicatielussen gerealiseerd te worden. 
Supplementaire fluorescentie-experimenten laten zien dat het grootste deel van de 
volgende-streng polymerases wordt achtergelaten op de volgende DNA-streng, 
waarschijnlijk om de synthese van onvoltooide Okazaki-fragmenten te volbrengen. 
Als gevolg hiervan worden replicatielussen alleen gevormd wanneer het loslaten van 
de volgende-streng polymerase door het replisoom bij toeval lang duurt. Deze 
observaties hebben het mogelijk gemaakt om voor de eerste keer de relatie tussen 
replicatie- en priming-lussen en de rol van de volgende-strengs polymerases hierin 
te visualiseren. Verder onderzoek naar de bindingstijd van polymerases, die door 
het replisoom op het DNA worden achtergelaten, zal moeten bijdragen aan het 
begrip van volgende-streng synthese buiten het replisoom en het mechanisme wat 
DNA-replicatie van beide DNA-strengen gelijktijdig coördineert.  

Enkelmolecuul fluorescentie-experimenten hebben de afgelopen jaren inzicht 
gegeven in verschillende dynamische eigenschappen van biomoleculaire processen. 
Desalniettemin is de visualisatie van individuele fluorescentgelabelde eiwitten, 
wanneer deze in hoge concentratie aanwezig zijn, technisch zeer moeilijk. Daarom 
worden deze experimenten meestal buiten de context van levende organismes 
uitgevoerd met gelabelde eiwitconcentraties die ver onder fysiologische 
concentraties liggen, terwijl het doel is om biomoleculaire interacties zoals die in 
levende organismes plaatsvinden te bestuderen. Hoofdstuk 6 beschrijft een nieuwe, 
door ons ontwikkelde, methode welke de observatie van individuele gelabelde 
eiwitten onder zeer hoge concentraties van fluorescerende kleurstofmoleculen in 
oplossing mogelijk maakt. De methode maakt gebruik van de mogelijkheid om de 
fluorescerende staat van kleurstofmoleculen te regelen. De kleurstofmoleculen 
kunnen chemisch gedwongen worden in een donkere niet-fluorescerende staat te 
zijn en kunnen vervolgens door belichting met een bepaalde golflengte weer tot de 
fluorescerende staat worden gedwongen. Deze golflengte wordt doorgaans 
uitgezonden door een laser, maar kan ook worden uitgezonden door andere 
fluorescerende moleculen. De activering van de fluorescerende staat van een 
kleurstofmolecuul met behulp van andere fluorescerende moleculen kan echter 
alleen plaatsvinden over zeer kleine afstanden. De nieuwe techniek maakt gebruik 
van de mogelijkheid om de fluorescentie van een kleurstofmolecuul te activeren 
door de belichting van een ander dichtstbijzijnd kleurstofmolecuul en zodoende is 
deze nieuwe techniek LADye (Local Activation of Dye) genoemd.  
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Onze experimenten laten zien dat de belichting van een fluorescentiegekleurd stuk 
DNA de activering van dichtstbijzijnde fluorescerende kleurstofmoleculen kan 
bewerkstelligen. Vervolgens zijn deze kleurstofmoleculen gebonden aan eiwitten 
die DNA binden en is door belichting van het DNA de fluorescentie geactiveerd van 
alleen die gelabelde eiwitten die op het DNA zitten, terwijl de ongebonden eiwitten 
in de oplossing in een donkere staat zijn gebleven. Zo kan het bindings- en 
schuifgedrag van twee verschillende DNA-bindende eiwitten, namelijk IFI16 en pVIc-
AVP, op DNA en in de aanwezigheid van een hoge concentratie kleurstofmoleculen 
bestudeerd worden. LADye is mogelijkerwijs echter niet gelimiteerd tot een systeem 
met DNA maar kan algemeen gebruikt worden om biomoleculaire interacties te 
observeren. In de toekomst zou LADye dan ook toegepast kunnen worden bij de 
observatie van biomoleculaire processen in omgevingen die propvol zijn met andere 
moleculen, zoals die worden gevonden in levende organismes.   
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