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Abstract 

 

Bacterial drug resistance is often carried by circular DNA plasmids. As 

plasmids are copied separately from the bacterial genomic DNA, the copies can 

be passed to other bacteria in the colony spreading the antibiotic resistance.  

This PhD thesis describes studies of the replication machinery, used by the 

Staphylococcus aureus chloramphenicol-resistance plasmid pC221. The 

plasmid is duplicated by a process called asymmetric rolling-circle replication, in 

which the two DNA strands are copied asynchronously. It is not fully understood 

how the replication process is regulated but initiation requires a plasmid-

encoded protein, in this case RepD. This initiator nicks the parent, supercoiled 

plasmid at the double-stranded origin of replication (oriD) and reveals a short 

length of single-stranded DNA, which allows a helicase and DNA polymerase to 

bind. These together unwind and copy the leading strand. Here, custom-built 

magnetic tweezers were used to control the extent of supercoiling and monitor 

the RepD nicking reaction of single-molecules of linear DNA. I found that the 

nicking reaction is exquisitely sensitive to DNA supercoiling, which means 

replication cannot start if the plasmid is relaxed by damage or if replication is 

already in process. DNA supercoiling therefore acts as a mechanical signal to 

control initiation and as safety-catch to prevent re-initiation at the newly 

synthesised oriD site until the new, complete, circular daughter plasmid has 

been created and supercoiled. The role of DNA supercoiling therefore is not 

merely of compaction but also it acts as an important regulator of protein-DNA 

interactions in DNA replication. 



 
 

1. Introduction 
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DNA replication is one of the most fundamental processes of life. To 

replicate yourself primarily means replicating your DNA. Although DNA 

replication is very diverse among all organisms the fundamental mechanism is 

the same. Replication occurs in a semi-conservative fashion, whereby each 

parental duplex DNA strand serves as a template for the new daughter strand.  

Most bacteria have both their own genomic DNA – a chromosome, and 

also pieces of small circular DNA – plasmids. Plasmid DNA is often 

advantageous to the bacterium (e.g. by encoding genes that confer antibiotic 

resistance) and they must be copied along with the genomic DNA when the 

bacterium divides to ensure the bacterial colony survives. Plasmids are 

replicated separately and by a different mechanism from the bacterial genomic 

DNA.  

For example, Staphylococcus aureus plasmids of the pT181 family are 

responsible for the chloramphenicol resistance. The plasmid replication occurs 

by a “rolling-circle” mechanism in which the two complementary DNA strands 

are replicated independently (Iordanescu 1993). This study aims to increase our 

basic understanding of plasmid rolling-circle replication. Specifically, the 

initiation step is investigated. Initiation is potentially very important stage for the 

control of the whole replication process. 

The main experimental approach has been to use a single-molecule 

technique called magnetic tweezers that allows individual DNA molecules and 

the associated replication machinery to be studied.  To date there have been 

relatively few single-molecule studies made on this system and a number of 

important mechanistic questions can therefore be studied for the first time. 

Furthermore, by applying the findings about these proteins to a more general 

context the results can contribute to our knowledge and understanding of 

protein-DNA interactions, how it defines the DNA sequence specificity and the 

mechanical state of DNA. 

In this first chapter I summarize some of the most relevant knowledge 

about bacterial DNA replication (both, genomic and plasmid) and describe in 

detail rolling-circle replication and magnetic tweezers. Also, I discuss the major 

findings about DNA supercoiling, protein-DNA interactions on supercoiled DNA 

and some other relevant research with magnetic tweezers. At the end of the 
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chapter, I discuss how the study aims to push the boundaries of our knowledge 

of rolling-circle replication. 

 

 Bacterial chromosome replication 1.1

Replication of the bacterial chromosome starts at a specific site called the 

origin of replication (ori). In bacterial genome there is a single ori, whereas in 

eukaryotes there are multiple. Most of the findings about the bacterial DNA 

replication come from studying the replication of E. coli as a model system. 

Below, I describe the main steps of E. coli chromosome replication. 

Conveniently DNA replication can be divided into three stages: initiation, 

elongation and termination. 

 

Initiation 

In E.coli chromosome replication starts in oriC. The initiator protein DnaA 

binds to oriC and forms a helical polymer. That results in bending of DNA which 

unwinds the origin (Figure 1). When the parental strands are separated a 

primosome complex is loaded on each strand. The primosome complex 

consists of the hexameric, ring-shape helicase DnaB and 3 molecules of the 

primase DnaG. The helicase separates DNA duplex further and the primase 

synthesises an RNA primer for each strand (Tanner et al. 2011). Then the DNA 

polymerase Pol III holoenzyme is assembled. The Pol III holoenzyme is a multi-

subunit complex consisting of 3 main parts: the core polymerases, the sliding 

clamps and a clamp loader. The core polymerases consist of α- ε and θ 

subunits, which are responsible for synthesis of a new strand and correcting 

mistakes (proofreading). The polymerase subunits alone dissociate after 

synthesising short stretches of DNA, but the sliding clamp increases their 

processivity. The sliding clamp consists of two β-subunits and is called β2. 

Interesting, it cannot load on the DNA on its own, but needs the clamp loader. 

The latter is a massive complex consisting of τ, δ, δʹ, χ and ψ subunits. The 

clamp loader also has another important function – it is also responsible for 

tethering and exchanging the three polymerases. 
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Figure 1. E.coli genomic DNA replication. The replication is initiated by DnaA 

at the origin of replication oriC. Primosome, consisting of DnaB helicase and 

DnaG primase unwinds DNA and synthesizes a short RNA primer. Pol III 

holoenzyme is assembled and replication proceeds to both directions. The 

leading strand and the lagging strand are replicated in each direction 

simultaneously. Figure adapted by permission from Macmillan Publishers Ltd: 

Nature Reviews Microbiology (Robinson and van Oijen 2013), copyright (2013). 

 

Initiation by DnaA in more detail 

In the initiation stage DnaA initiator binds to the oriC in a sequence-

specific manner. The binding happens to repeating units termed ‘DnaA boxes’, 

each 9 bp long (Fuller et al. 1984) (Figure 2 A). Some of these sites are higher 

affinity than others due to slight sequence variation. DnaA also binds to another 

sequence elements called ‘I sites’, which are found interspersed between DnaA 

boxes (Grimwade et al. 2000). DnaA binds to these sites only in its ATP-bound 

state. Although DnaA is bound to ATP it is not hydrolysed at this stage 

(McGarry et al. 2004). These two sites are followed by AT-rich triple 13-mer 

sequences called DNA unwinding elements (DUE). DnaA binds to DUE also in 

the ATP-bound state only and the binding sites in it are called ‘ATP-DnaA 

boxes’.  

DNA replication is mainly controlled at the initiation stage by regulating the 

oriC accessibility. DnaA is bound to high affinity DnaA boxes during most of the 

cell cycle, but when the right time comes, binding occurs at low affinity sites and 

I sites as well (Samitt et al. 1989, Cassler et al. 1995). DnaA binding is 

cooperative and the helicase forms a helical filament (Erzberger et al. 2006). As 

a result DUE is unwound and it is likely that negative DNA supercoiling favours 
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this process (Bramhill and Kornberg 1988). That opens DNA duplex and 

provides a landing site for DNA helicase, primase and polymerase. Once the 

replisome is fully assembled, DnaA ATPase activity is initiated (Katayama et al. 

1998).  

 

 

Figure 2. Initiation of E.coli replication. A – Architecture of oriC. DUE – DNA 

unwinding element, containing ATP-DNA boxes. R1, R2 and R4 – high affinity, 

R3 and R5 – weak affinity DnaA boxes. I1, I2 and I3 – I sites. B – Initiation of 

replication by DnaA. DnaA is bound to high affinity DnaA boxes. When the 

replication time comes, ATP-DnaA binds to low affinity DnaA boxes, also I sites 

and ATP-DnaA boxes. When DUE is unwound, DnaB helicase is loaded by 

loader DnaC. Figure adapted by permission from Macmillan Publishers Ltd: 

Nature Reviews Microbiology (Mott and Berger 2007), copyright (2007).  

 

Elongation 

Once the initiation complex is assembled, the elongation stage starts. 

During the elongation 2 sets of initiation complexes move in opposite directions. 

Each complex synthesises a new strand for each strand in the duplex. 

However, the polymerases have the intrinsic property and are able synthesise a 

new strand only in the 5’ to 3’ direction. As two DNA strands in the duplex are in 

anti-parallel configuration, meaning that the 5’ end on one strand is base paired 

with the 3’ end of the other strand, the replication of both strands has to proceed 
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in opposite directions. The strand which is in the 3’ to 5’ direction from the origin 

is called the leading strand and the other strand is called the lagging strand. 

Because of the directional synthesis by polymerases, the replication of the 

lagging strand has to proceed “backwards”. So in this way only the leading 

strand can be synthesised continuously, but the lagging strand is synthesised in 

short 1000 bp fragments called Okazaki fragments. For each Okazaki fragment 

a new RNA primer is synthesised. For a long time it had been thought that the 

lagging strand is synthesised by a separate polymerase holoenzyme, but it 

turned out that in fact the same holoenzyme synthesises both, the leading and 

the lagging strands, simultaneously (Hamdan et al. 2009). This is achieved by 

forming a loop in the lagging strand which effectively reverses the direction of 

the lagging strand inside the loop. After the synthesis of one Okazaki fragment 

the loop is released and a new loop is formed for the new Okazaki fragment. 

This way the synthesis of the leading and the lagging strands remains highly 

coordinated and both strands are replicated at an average speed of 500 bp/s 

(Tanner et al. 2009). 

During the elongation stage, helicase remains in front of the replisome and 

travels forwards by moving on the leading strand. To ensure that unwound 

strands do not base pair back together behind the helicase, the single-stranded 

DNA binding (SSB) proteins bind to the DNA strands. 

 

Termination 

As two replisomes, traveling to opposite directions, approach the end of 

the replication, roughly in the middle from the origin of the circular chromosome, 

each replisome meets 5 termination sites, called TerA-J, each 23 bp-long (10 in 

total). Termination sites have two orientations – permissive and non-permissive. 

5 termination sites in succession are located in permissive orientation and 5 – in 

non-permissive (Hill et al. 1987). Termination sites are non-palindromic and 

have a conserved sequence. The termination protein Tus forms a complex with 

each termination site (Kamada et al. 1996). When the Tus-ter complex is 

approached from the permissive side, the replisome can proceed virtually 

unhindered. However, once the replisome passes 5 permissive Tus-ter 

complexes it meets other 5 which are non-permissive. The non-permissive sites 

trigger replisome disassembly (Kamada et al. 1996). 
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 Plasmid replication 1.2

Plasmids are small extra-chromosomal circular DNA elements. They are 

much shorter than the genomic DNA, usually varying from 2 to 10 kb in size. 

Plasmids are usually not necessary for the bacterial cell survival under normal 

conditions, but in some cases they provide evolutionary advantage. One of the 

best known examples is the antibiotic resistance. Plasmids encode proteins 

which either digest, modify or pump antibiotics outside the cell. To ensure that 

antibiotic resistance genes are transferred to offsprings and also to other 

bacteria in the colony, the plasmid DNA has to be replicated. The plasmid 

replication is independent from the chromosomal DNA replication. There are a 

few different mechanisms how bacterial plasmids are replicated: rolling-circle, 

theta and strand displacement (del Solar et al. 1998). Rolling-circle replication 

starts after  the nicking of the DNA; theta replication requires melting of dsDNA 

and a synthesis of the RNA primer and both strands are replicated 

simultaneously; strand displacement replication also requires an RNA primer, 

two strands are primed at different sites.  

 

 Rolling-circle plasmid replication 1.2.1

The plasmids can be transferred between bacteria and to offsprings, 

therefore spreading the resistance genes. Before the transfer, the plasmid DNA 

has to be copied (replicated) and it is often done by a mechanism known as 

rolling-circle (RC) plasmid replication. The RC replication mechanism was first 

discovered in Staphylococcus aureus (Iordanescu et al. 1978). RC replication is 

abundant among gram-positive bacteria but has also been found in gram-

negative bacteria (Khan 2005). Moreover, some viruses also replicate their DNA 

by a RC mechanism (Saunders et al. 1991). 

In RC plasmid replication the two, complementary, DNA strands, termed 

(+) and (–), are replicated separately (also referred to as the lagging and the 

leading strand, respectively) (Figure 3). The replication of the (–)-strand starts 

from the double-stranded origin (DSO) of replication, which contains several 

inverted complementary repeats. The DSO is specifically recognized by an 
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initiator protein (termed Rep) and the (+)-strand is cleaved by this protein. 

During the cleavage reaction the initiator protein forms a covalent complex by 

forming a phosphotyrosine bond at the newly created the 5’ end of the (+)-

strand. The nicking reaction exposes a short length of the (–)-strand which 

enables the host PcrA helicase and polymerase III (Pol III) to be loaded onto the 

DNA. The helicase moves along the (–)-strand in the 3’ to 5’ direction, carrying 

with it the initiator protein and separating the two DNA strands in an ATP 

dependent manner. The (+)-strand is extruded as a large ssDNA loop which 

becomes decorated with single-stranded DNA binding proteins (SSB). 

Meanwhile Pol III synthesises a new (+)-strand using the (–)-strand as the 

template. The 3 protein complex travels around the plasmid and replicates the 

whole (–)-strand. When it reaches the DSO again the synthesis continues for 

about 10 more nucleotides and replication is then terminated by the “initiator” 

protein. The initiator protein joins the ends of the newly synthesised strand to 

form one of the daughter, circular dsDNA plasmids. The ends of extruded (+)-

strand are also joined to form closed, circular ssDNA. The initiator is left 

modified and inactivated with a 10 nt oligonucleotide. Although the nucleotide 

attached protein is able to nick DNA it can no longer initiate DNA replication and 

presumably that acts as one of the regulatory mechanisms to ensure that 

replication is stopped after 1 cycle. Replication is also regulated at the 

translation level of the initiator protein by producing antisense RNA which 

interferes with the expression of the messenger RNA (Novick et al. 1989).  

Finally, the new dsDNA plasmid is then supercoiled by a DNA gyrase.  

Replication of the (+)-strand, to form the other daughter plasmid, occurs 

by a different mechanism utilizing a single-stranded origin (SSO). Usually SSO 

is located upstream DSO so synthesis of (+)-strand is not initiated until (–)-

strand replication is finished. The replication occurs solely by host proteins and 

is less well understood. It is known that an RNA primer is synthesised by RNA 

polymerase and later Pol I and Pol II are involved (Birch and Khan 1992, Khan 

2005).  

 



1. Introduction 

20 
 

 

Figure 3. Plasmid replication by the rolling-circle mechanism. An initiator 

protein (RepD, green) nicks DNA in the specific site of DSO (made of inverted 

sequences shown as hairpin structures, red and green) and makes a covalent 

complex with DNA. PcrA helicase (yellow) interacts with the initiator and starts 

unwinding. Then the polymerase III (blue) can start synthesis of a new DNA 

strand (pink strand). Finally, the DNA is rejoined again by the “initiator” protein 

and supercoiled by gyrase. The other strand is replicated by a different 

mechanism from SSO (blue sequence) and involves RNA polymerase, Pol I and 

Pol III.  

 

RepD initiator 

The initiator studied in this work is from Staphylococcus aureus and is 

known as RepD. RepD was first characterised by Thomas and colleagues who 

showed that RepD initiated replication of pC221 plasmid. They showed that 

although by SDS PAGE electrophoresis RepD was ~37 kDa protein, in 
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analytical gel filtration even in the presence of 450 mM KCl it eluted as 75 kDa 

marker, suggesting that in solution it was a strong dimer. Addition of purified 

RepD to plasmid-free extracts of S. aureus supported replication of pC221 

plasmid and by restriction-digestion and subsequent agarose gel analysis of 

radioactively labelled product DNA the initiation of replication was deduced and 

it was named oriD (Thomas et al. 1990). Unexpectedly, in this assay RepD also 

supported replication of other pT181 family plasmids, although it had been 

known that in vivo this does not happened (Projan and Novick 1988). 

Replication of other plasmids with ori unrelated to pT181 family, were not 

supported by RepD (Thomas et al. 1990). 

By using gel-based topoisomerase assay (like the one shown in Figure 

4A) it was revealed that RepD was able to remove supercoiling from plasmids, 

containing specific DSO called oriD, by cutting one DNA strand (so-called 

“nicking” reaction). It was also able to re-connect the same strand later forming 

intact but relaxed plasmid (Thomas et al. 1990, Arbore et al. 2012). In this 

respect it is a topoisomerase I-like enzyme (Figure 4A). 

The topoisomerase assay is based on different mobility of supercoiled 

plasmid DNA compared to relaxed one. In the presence of ethidium bromide it 

can be observed when relaxed DNA (nicked) is religated. This is possible 

because ethidium bromide intercalates between nucleotide bases and 

supercoils DNA, thus changes its mobility in gel. However, ethidium bromide 

does not supercoil nicked plasmid as it is not topologically constrained. 

Therefore, all three forms – natively supercoiled, nicked (also called open-circle 

OC) and religated (closed-circle CC), can be separated. 

Thomas and colleagues identified the precise DNA cleavage site by 

RepD. They used radioactively labelled DNA fragments containing oriD and 

analysed the products by gel electrophoresis alongside sequencing tracks 

(Thomas et al. 1990). Only the (+)-strand was cleaved and the site was 

between T1273 and A1274 in pC221 (red labelled “A” nucleotide in Figure 5). 

By using gel-shift assay they also showed that oriD-containing DNA fragments 

were retarded showing RepD binding, but in the presence of Mg2+ binding was 

prevented by heating the sample to 65°C. That indicated RepD non-covalent 

binding in the absence of magnesium, and covalent binding in the presence of 

magnesium. RepD did not cause shift of DNA with oriC. By SDS-PAGE shift 
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assays it was also demonstrated that the covalent bond forms between RepD 

Y188 and 5’ end of DNA at the nick site. When Y188 was mutated to Y188F 

nicking did not happened but the mutant retained the noncovalent binding 

properties (Thomas et al. 1990). 

 Based on studies of RepD, RepC and other related proteins, a 

mechanism of the initiation reaction has been suggested: inside the active site, 

the coordinated magnesium ion helps to position the phosphate-sugar 

backbone of the DNA and a substitution reaction occurs in which Y188 attacks 

the phosphorus in the phosphodiester bond so that the 3´OH end of DNA is 

released while Y188 is left covalently attached to the 5´-phosphate-DNA (Figure 

4B) (Thomas et al. 1990). The free 3’-OH-DNA later serves as a primer for Pol 

III. 

oriD consists of a series of three inverted complementary repeats (ICRs) 

which can potentially form secondary (cruciform) structures (Figure 5). In oriD 

the nicking occurs in ICRII but the RepD has additional domains which 

specifically and tightly bind to ICRIII adjacent to ICRII (Kd of RepD-ICRIII is ~10-

8 M). Mg2+ dependent nicking results in a covalent complex between Y188 and 

5´-phosphate-adenine of the DNA. It was shown that mutating the A nucleotide 

to either C or T abolished the nicking but did not affect RepD binding to DNA 

(Arbore et al. 2012).  

By using rapid quenching of the reaction at different time points 

(quenched-flow) and analysing the products with topoisomerase assay, Arbore 

and colleagues showed that the nicking reaction on supercoiled plasmid is 

finished in less than a second at 30°C (Arbore et al. 2012). It consisted of a 

rapid phase (rate constant > 25 s-1) and a slow phase (2.6 s-1) and was followed 

by much slower relegation (0.0037 s-1). Also, they investigated kinetics of 

initiation further by using short oligonucleotide substrates, mimicking different 

oriD structures. In this case the quenched-flow performed reaction was 

monitored using HPLC. Reaction was quickest when both ICRII and ICRIII were 

in dsDNA (15 s-1) and slowest when ICRII was either in hairpin structure or 

ssDNA (0.5 and 1.5 s-1 resp.). The binding to these oligonucleotides was also 

measured with fluorescence anisotropy. It was quickest with ICRII and ICRIII in 

dsDNA (259 µM-1s-1) and slower with ICRII in hairpin (175 µM-1s-1) and ICRII in 

ssDNA (109 µM-1s-1). 
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The phosphodiester exchange reaction has an equilibrium constant close 

to 1 but it is the DNA supercoiling which drives the reaction forwards (Arbore et 

al. 2012). It is thought that the nicking site of the DNA is brought into proximity 

by formation of a cruciform structure of ICRII which is favoured by negative 

DNA supercoiling (Noirot et al. 1990, Ramreddy et al. 2011). Although all three 

ICRs have the propensity to form secondary structure, the cruciform of ICRII 

would be the biggest and the most stable one. 

 

 

Figure 4. Topoisomerase-like nicking reaction. A – RepD initiator relaxes 

supercoiled plasmid DNA (SC) with oriD sequence in seconds to form nicked 

DNA (open circular DNA - OC) and is able to religate it in minutes (closed 

circular - CC). Adapted from (Arbore et al. 2012). B – In the nicking reaction, 

which is divalent ion dependant, Y188 attacks phosphodiester bond, resulting in 

a covalent complex between RepD and DNA. Adapted from (Chandler et al. 

2013).  

The ICRII sequence (which contains the nicking site of Rep initiator) is 

highly conserved among different families of plasmids but ICRIII (the Rep 

initiator binding site) is less conserved and is specific for different plasmids and 

Rep initiators (Iordanescu 1989, Zock et al. 1990, Moscoso et al. 1995). For this 

reason different plasmids can coexist in the same bacterium without 

interference. However, initiator proteins from different families (like RepC and 
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RepD) can nick and religate ICRII from different plasmids when overexpressed, 

but are still highly selective for initiating replication from the specific ICRIII 

(Iordanescu 1989). It was shown that changing 6 specific amino acids in the 

initiator protein can change its specificity for different ICRIII (Dempsey et al. 

1992).  

It was also demonstrated that nicking activity can be uncoupled from DNA 

binding (Dempsey et al. 1992). This study used directed mutagenesis to mutate 

different aminoacids and test the effect on RepC activity. Binding of the protein 

to DNA was tested with gel mobility shift assay and nicking – by topoisomerase 

assay. It was shown that aminoacid residues 267-270 were critical for binding 

and Y191 was involved in nicking. It was demonstrated that Y191F mutant 

could not nick DNA, however it retained its wt binding properties. When 

individual binding residues (267-270) were substituted RepC retained its nicking 

ability, albeit reduced or increased. However, when all 4 crucial binding 

residues were deleted, nicking did not occur. Although the authors do not 

discuss why mutating the binding residues affected the nicking activity, this 

might suggest they are in proximity. A different study showed that the religation 

activity could be suppressed by using Ba2+ instead of Mg2+ (Koepsel et al. 

1985).  

Nicking of ICRII alone is not sufficient to initiate the replication, also non-

covalent interaction with ICRIII is needed (Thomas et al. 1990). This is probably 

because only after the binding to ICRIII RepD can recruit host factors (PcrA 

helicase and Pol III polymerase). Moreover, it was shown that RepC displays a 

weak binding to ICRII. However the ICRII region alone is enough for the 

termination stage (Zhao and Khan 1996). It was shown that it was the right arm 

of ICRII, including the nicking site, which is responsible for the interaction with 

RepC. 
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Figure 5. RepD double-stranded origin (oriD). oriD consists of three inverted 

complementary repeats – ICRI, ICRII and ICRIII. In initiation of DNA replication 

RepD recognizes specifically ICRIII sequence and nicks the strand in ICRII 

region making a covalent complex with 5´ end of the “A” nucleotide (shown in 

red here). ICRs have the propensity to form secondary structures (folded using 

Mfold (Zuker 2003)). Whether it is important for RepD binding and nicking 

remains unknown. We would like to use magnetic tweezers to investigate that 

more. Although oriD has 3 ICRs it is the ICRII which is thought to have the 

biggest implication on RepD-DNA interaction as it is the longest and the most 

stable one 

It is not known why ori consists of inverted complementary repeat 

sequences. However, there was shown that oriC when bound to RepC is 

sensitive to treatment by ssDNA-specific enzymatic and chemical probes. By 

using radioactively labelled DNA and sequencing-gel analysis following the 

treatment, they were able to show that the expected ICRII loop was indeed in 

ssDNA state (sensitive to treatment). The study concluded that oriC might fold 

into cruciform structures upon RepC binding (Noirot et al. 1990). 

In most of the cases, the initiator proteins act as dimers but it has been 

shown that a monomer is sufficient to initiate replication (binding to DNA and 

nicking at the correct position) (Chang et al. 2000). However, the dimeric form is 

probably important for a correct termination. 

The termination stage of RC replication is the least understood part of the 

process. It is known that after the replisome copies the whole plasmid, 

replication continues beyond the oriD for about 11 nucleotides more. The result 

of that is a fully recreated ICRII. RepD nicks the new ICRII and after a number 

of strand transfer reactions RepD religates DNA strands, both, leading and 
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lagging, and becomes covalently attached to this extra 11 nt oligonucleotide 

sequence. Oligonucleotide-bound RepD is inactivated and no longer can nick 

the oriD (Rasooly and Novick 1993, Jin et al. 1997).  

Rep initiator proteins of different families are very similar and usually share 

extensive homology up to 75-80% (Projan and Novick 1988). One of the most 

divergent regions is the DNA binding motive responsible for sequence 

specificity to ICRIII (Wang et al. 1992). 

The recently solved RepD structure without DNA revealed that the protein 

forms an asymmetric dimer (Figure 6). Interestingly, the Y188 residue, which is 

involved in nicking of ICRII and forms a covalent bond with DNA, is farther away 

from the DNA binding site (ICRIII recognition residues). It is known that 

sequence specific binding to ICRIII and nicking are performed by the same 

subunit (Chang et al. 2000). But because the dimer structure is asymmetric – 

monomers have different conformation – the nicking residue and the DNA 

binding site is either 28.6 or 41.9 angstroms apart. 
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Figure 6. Crystal structure of RepD from Staphylococcus aureus. Red – 

Y188 residue, forming covalent bond with DNA after the nicking at ICRII. Blue – 

6 aminoacid residues involved in a sequence-specific binding at ICRIII. 

Numbers show distances in angstroms between labelled residues. The image 

was produced using Chimera and the structure from Protein Data Bank 

(4CWE). 

 

PcrA helicase 

PcrA is a bacterial helicase that unwinds dsDNA during DNA repair and 

plasmid replication (Petit et al. 1998). PcrA is also a translocase moving in the 

3' to 5' direction along ssDNA at a rate of 50 bp/s at 20°C. The translocation 

occurs in single-base steps and 1 ATP molecule per step is required 

(Dillingham et al. 2000). Based on primary sequence and structural similarities 

PcrA together with well characterised UvrD and Rep (not to be confused with 

RepD) helicases belongs to the SF1 superfamily (Singleton et al. 2007).  
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The X-ray structure of PcrA was solved together with a short dsDNA 

substrate with a 3' overhang and ATP bound in the active site (Figure 7). PcrA 

consists of 4 domains named 1B, 2B, 1A and 2A (Velankar et al. 1999). The 2B 

domain is the one which is expected to be interacting with RepD. 

Based on the structure a mechanism of DNA unwinding was suggested 

which reminds of an inchworm movement. PcrA monomer binds to ssDNA and 

translocates towards the dsDNA region. Upon binding of ATP conformational 

changes take place in PcrA allowing 1B and 2B domains to interact with the 

dsDNA and bend it, which creates the destabilisation of dsDNA base pairing. 

This is further facilitated by F626 residue in the 2A domain by stacking with 

base pairs in the fork (where ssDNA and dsDNA meet). Then the hydrolysis of 

ATP moves the protein 1 base pair towards the new fork what results in 

shielding of the new part of ssDNA with 1A and 2A domains to prevent 

reannealing. The cycle then can be repeated (Velankar et al. 1999).  

PcrA unwinds dsDNA at a rate of 30 bp/s at 30°C, however, on its own 

PcrA is able to unwind only up to 30-35 bp and drops off the DNA very quickly. 

It has been shown that the processivity increases greatly upon interaction with 

RepD but the reasons for that are still to be elucidated (Soultanas et al. 1999, 

Slatter et al. 2009). Furthermore, the unwinding rate increases more than two-

fold in the presence of polymerase (70 bp/s) (Arbore 2013). 

PcrA helicases from different bacteria have been investigated – 

Staphylococcus aureus (Iordanescu 1993, Chang et al. 2002), Bacillus subtilis 

(Petit et al. 1998), Streptococcus pneumoniae (Ruiz-Maso et al. 2006), Bacillus 

anthracis and Bacillus cereus (Anand et al. 2004).  
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Figure 7. Crystal structure of PcrA from Bacillus stearothermophilus.  

PcrA bound to dsDNA with 3' ssDNA tail and ATP. PcrA has four domains two 

of which (2B, 1B) interact with dsDNA and other two (1A, 2A) – with ssDNA. 

PcrA unwinds DNA by the “inchworm” mechanism (see text for details).  

Adapted from (Velankar et al. 1999).  

 

 DNA supercoiling 1.3

The DNA supercoiling is an important feature for many biological 

processes. DNA is kept supercoiled inside a cell to make it more compact. The 

negative DNA supercoiling which is natural for most of the organisms (except 

thermophilic Archaea) facilitates local DNA denaturation bubbles which is 

thought to allow protein-DNA interactions (Henriques et al. 2010). 

Two parameters define spatial configuration (topology) of DNA: writhe 

(Wr) and twist (Tw). Twist is the number of times each DNA strand winds 

around a central axis of the DNA duplex (number of helical steps). Writhe 

describes how many times DNA axis crosses itself. It is equal to the sum of 

positive and negative DNA supercoils. Linking number Lk is a sum of both these 

parameters (White 1969): 
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 Lk = Wr + Tw (Equation 1) 

 

 

Figure 8. Twist and Writhe. Cartoon explaining the relationship between twist 

and writhe in any kind of “cable” with ends restricted from rotation (e.g. joined 

together like in this example). The sum of twist and writhe is constant in 

torsionally constrained DNA and is called a linking number Lk (Lk = Tw + Wr). 

The twist can be interconverted into writhe so loss of the twist has to be 

compensated by the gain of the writhe of equal amount, but opposite sign, and 

vice versa. The most stable conformation will depend on many conditions, for 

example, temperature and stretching force. Figure adapted from (Strick et al. 

2003).  

In relaxed DNA Wr = 0, so Lk is the number of base pairs divided by 10.5 

(number of bp in 1 helical turn) and is termed Lk0.  Deviations of Lk0 are termed 

as Lk: 

 Lk = Lk - Lk0 (Equation 2) 

For example, when DNA is rotated using magnetic tweezers, Lk is equal 

to the number of rotations (assuming that the starting Lk = Lk0). Lk normalized 

by Lk0 is known as superhelical density:  

  = Lk/ Lk0 (Equation 3) 

When knowing  one can compare the level of supercoiling of different 

length DNA. 

In torsionally relaxed DNA Wr = 0 and Lk = Tw. Then if Lk is unchanged 

any change in Wr has to be compensated by equal amount but different sign in 

Tw and vice versa. And when DNA is twisted by Lk turns,. 
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 Lk = Wr + Tw (Equation 4) 

Torsionally relaxed DNA can be thought as an elastic rod.  Any deviations 

from Lk0 produce supercoiling energy and it is proportional to 2. It was 

estimated that organisms living at 37°C have DNA supercoiling of about   = -

0.06 (i.e. the DNA is negatively supercoiled by 6%) (Kanaar and Cozzarelli 

1992).  The superhelical density changes upon temperature change (Strick et 

al. 1998). 

DNA properties as well as protein-DNA interactions on different levels of 

negative DNA supercoiling were initially studied mainly using the ability of 

ethidium bromide to change the helicity of DNA by intercalating between 

nucleotide bases and unwinding DNA duplex (Wang 1974). Later, enzymes 

which negatively supercoil DNA (DNA gyrases) were used (Mizuuchi et al. 

1982).  The advent of magnetic tweezers has since allowed DNA to be twisted 

both to positive and negative supercoiling in a controlled manner. It was shown 

that at a force lower than ~0.5 pN both positive and negative supercoiling 

reduce DNA tether length by a similar extent (Figure 9) (Strick et al. 1996).  

 

 

Figure 9. DNA supercoiling with magnetic tweezers. DNA superhelical 

density, , versus DNA extension at different forces. Magnetic tweezers were 

used in this early experiment to describe DNA behaviour upon twisting.  At low 

force DNA supercoiling resulted in a dramatic decrease of the DNA tether 

length, while at higher force only the positive supercoiling produced the similar 

result. At the highest force DNA extension did not change upon winding. Figure  

from (Strick et al. 1996). Reprinted with permission from AAAS.  



1. Introduction 

32 
 

However, at a force between 0.6 and 1.5 pN only positive supercoiling results in 

the DNA tether decrease. At a higher force DNA supercoiling no longer results 

in DNA tether length decrease. 

 

 Supercoiling effect on protein-DNA interactions 1.4

All plasmids, similarly to genomic DNA, are negatively supercoiled due to 

the action of gyrase (in thermophiles – positively) (Gellert et al. 1976). It has 

been noticed that, in addition to the primary role of DNA compaction, 

supercoiling also significantly affects protein-DNA interactions in a couple of 

different ways. For instance, transcription factors find the target sequence on 

supercoiled DNA much quicker through facilitated diffusion (Hammar et al. 

2012). Also, negative supercoiling facilitates the opening of DNA duplex and 

makes DNA bases easier to access for proteins. A number of examples can be 

found in literature about how protein-DNA interactions change when DNA is 

supercoiled. I would like to mention a few. 

 Initiators of DNA replication have been shown to be supercoiling-

sensitive. For example, in E. coli, the initiator of replication, DnaA, forms a more 

stable complex with negatively supercoiled DNA (Fuller and Kornberg 1983). 

Similarly, phage λ initiator could only melt ori of supercoiled DNA (Schnos et al. 

1988). 

It has also been shown that recombination is sensitive to DNA 

supercoiling. Bacterial Xer site-specific recombinase converted dimeric plasmid 

into two monomers more efficiently with increased negative supercoiling 

(Trigueros et al. 2009). It is known that the Xer catalysed recombination 

reaction proceeds through Holiday junction intermediate. Therefore, it is 

possible that DNA supercoiling helps to bring the recombination sites closer to 

each other. Other recombinase/integrase Cas1/Cas2 was also shown to be 

DNA supercoiling-dependant. Studied in vitro, Cas1/Cas2 could only insert DNA 

into a negatively supercoiled plasmid and no integration into relaxed DNA 

occurred (Nunez et al. 2015). A similar example is an integrase Int from λ 

bacteriophage which could only effectively integrate DNA into negatively 

supercoiled target DNA (Mizuuchi et al. 1978). It was proposed that DNA 
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supercoiling not only brings the distant sites together but also positions two 

dsDNA helices in the relevant geometry that is needed to form the Holliday 

junction intermediate essential for the reaction (Crisona et al. 1999). 

Topoisomerase I from E.coli can only relax DNA when it is negatively 

supercoiled, because it needs a single-stranded DNA which is presumably 

formed upon negative supercoiling (Kirkegaard and Wang 1985). Furthermore, 

E. coli topoisomerase IV binds to negatively supercoiled DNA with a 5-fold 

higher affinity than to the relaxed one (Peng and Marians 1995). In contrast, 

positive supercoiling builds up ahead of the DNA replication fork and probably 

slows down the replication, therefore it is relieved by a gyrase. In vitro 

experiments showed that when gyrase is not present, both replication forks 

form, but only one can perform the replication (Smelkova and Marians 2001).   

Another type of modulation of protein-DNA interactions involves changing 

DNA structure from B-DNA to alternative structures, like cruciforms, upon 

negative supercoiling. For example, only supercoiled DNA is cleaved by single-

strand-specific endonucleases, like S1 or Endo VII, inside the loop of the 

formed cruciform structures (Lilley 1980, Lilley and Kemper 1984). 

Although the modulation of protein-DNA interactions by alternative 

structures has been well anticipated and there are plenty of palindromic 

sequences in genomes having the propensity to form cruciforms, the exact 

biological relevance of them remains to be established.  

 

 Magnetic tweezers 1.5

 Magnetic tweezers are a mechanical technique which allows 

manipulation of single-molecules. It is complementary to other 

“nanomanipulation” methods (sometimes called “force spectroscopy”), such as 

optical tweezers and atomic force microscopy.  

A micron-sized paramagnetic bead (later called “magnetic bead” for 

simplicity) is attached to a single DNA tether and the other end of the DNA is 

attached to the microscope coverslip surface (Figure 10). The bead is controlled 

with a pair of magnets and movements of the bead are visualized in real-time 

using videomicroscopy. When the magnetic field is high in the region of the 
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beads, they are attracted and rise up in the solution, stretching out the tether. 

The force exerted on the bead is transferred to the tether. 

For anyone with a deeper knowledge of what a paramagnetic substance is 

there could be a question why paramagnetic bead is attracted towards magnets 

at all and why it can be rotated. First, the magnetic field is not uniform, and 

there is a gradient so the paramagnet moves towards the densest field. 

Therefore, there is a force directed towards the magnets. Second, the 

composite material of the beads, iron (III) oxide, has asymmetric crystal 

structure. That causes imbalance between atomic magnetic moments and such 

asymmetric paramagnet has preferred orientation in a magnetic field. Also, iron 

oxide nanoparticles in the bead are very likely distributed asymmetrically so the 

bead has a preferred angular orientation in a magnetic field. Because of these 

two reasons a paramagnetic bead rotates when the magnetic field is rotated. 

Although any molecular polymer in theory can be studied with magnetic 

tweezers, it is particularly well-suited to studies of DNA and protein-DNA 

interactions. I have used magnetic tweezers as the primary method to study the 

mechanism of rolling-circle plasmid replication at a single-molecule level. 

Magnetic tweezers are capable of applying forces in the range of 0.1 – 50 

pN. In fact, this is a very relevant force range to study biological 

macromolecules. Thermal energy of a single molecule per degree of freedom is 

equal to ½ kbT which is ~2 pNnm. A covalent bond can withstand a pulling force 

of ~1500 pN (Grandbois et al. 1999). RNA polymerase generates forces of up 

to ~14 pN (Yin et al. 1995), similar forces are generated by kinesins moving 

along microtubule tracks (Cross and McAinsh 2014). 

Magnetic tweezers allow force to be applied to many DNA molecules at 

the same time enabling many individual molecules to be studied in parallel. The 

ability to collect relatively large data sets (compared to for instance optical 

tweezers based approaches) means that statistical analysis can be performed 

and data can be readily compared with bulk solution measurements. Magnetic 

tweezers also enable the DNA structure to be manipulated (by applying different 

loads and/or twists) and this has been of crucial importance for studying the 

effect of supercoiling (and secondary structure formation) on the replicative 

mechanism. 
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One of the greatest advantages of the magnetic tweezers is the 

availability to change the degree of DNA supercoiling through rotation of the 

bead by rotating the magnetic field along the vertical axis. This is particularly 

interesting for the investigation of RepD as this protein works well only on 

supercoiled DNA (Zhang et al. 2007). Moreover, the magnetic tweezers allow 

registering DNA conformational changes under enzymatic activity while 

observing the rotation of the bead (resulting from rotation of the DNA). The 

magnetic tweezers also give a unique opportunity to apply force to many beads 

at the same time as the magnetic field affects all the beads almost equally. 

In this project a dsDNA tether was used. A few different strategies of 

tethering the bead to the surface have been reported (Strick et al. 1996, Sun et 

al. 2008). Usually one end of DNA is labelled with digoxigenin and the other end 

with biotin. DNA is attached to the bead through an anti-digoxigenin antibody 

and to the surface through streptavidin or vice versa. 

 

 

 

 

Figure 10. Principal scheme of a magnetic tweezers device. A paramagnetic 

bead is tethered to the flow cell surface through DNA.  The paramagnetic bead 

is visualised using an inverted microscope. When the permanent magnets are 
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approached the paramagnetic bead is raised up from the surface. For simplicity 

the top cover slip of the flow cell is not shown – beads are in a chamber filled 

with solution. The scheme is not to scale: DNA – a few microns long, magnets – 

0.5-2 cm, distance between the magnets and the paramagnetic bead – several 

millimetres. Adapted from (De Vlaminck and Dekker 2012)). 

As dsDNA and ssDNA have different mechanical properties this feature 

can be used to investigate the conversion from dsDNA to ssDNA (or vice versa) 

by different enzymes (Figure 11). At a force below ~7 pN dsDNA extends more 

than ssDNA due to the formation of secondary structures and its higher entropic 

elasticity in ssDNA (Bustamante et al. 2000). 

Applying force of 7 pN results in the same extension in both of the 

molecules. Conversely, ssDNA extends more than dsDNA while subjected to 

forces >7pN. When a dsDNA molecule is partly converted to ssDNA it has 

intermediate stretching properties depending on the ratio between dsDNA and 

ssDNA (Strick et al. 2000). 

 

 

Figure 11. DNA response to stretching. ssDNA has different stretching 

properties than dsDNA. At low force and in the presence of either magnesium 

ions or higher salt concentration, ssDNA has lower extension, but at high force 

(>7 pN) ssDNA can be stretched out more than dsDNA. dsDNA at force >70 pN 
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lengthens to the extension of ssDNA. Concentrations shown in mM. Figure 

adapted from (Bustamante et al. 2000). 

DNA elastic behaviour is best described by the theoretical Worm-Like 

Chain (WLC) model which assumes that a polymer is continuously flexible (in 

contrast to the Freely-joined chain model where a polymer is flexible only 

between discrete rigid segments). In this model, a persistence length (Lp) 

describes the largest section of a polymer when flexible movements of the 

section still affect neighbouring sections. The stiffer the polymer, the larger the 

persistence length. Conversely, polymers with smaller Lp are more flexible. In 

the case of DNA Lp = 50 nm (Bustamante et al. 1994, Bouchiat et al. 1999). By 

the WLC model force F can be calculated: 
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Where, z – DNA tether length (extension), l – contour length, kb – 

Boltzmann constant; T – temperature in Kelvins, a2 = -0.5164228; a3 = -

2.737418, a4 = 16.07497, a5 = -38.87607, a6 = 39.49944, a7 = -14.17718. 

Tethered magnetic beads can be treated like an inverted pendulum 

immersed in a bath of temperature T and subject to Brownian fluctuations 

(Strick 1996). By observing movements of the bead in x or y coordinate and 

knowing the length of the tether, one can calculate the vertical force exerted on 

the bead (Figure 12). Based on equal partitioning of energies among all 

dimensions (equipartition theorem) the pendulum energy is described as below: 

3/2 kbT or 1/2 kbT per one dimension: 

 
1
2 𝐹 < 𝛿𝑥 >2

𝑙
=

1

2
𝑘𝑏𝑇  (Equation 6) 

And therefore force can be determined: 

 𝐹 =
𝑘𝑏𝑇𝑙 

< 𝛿𝑥 >2
 (Equation 7) 

Where < 𝛿𝑥 >2 – the mean square of bead’s transverse Brownian fluctuations 

along x coordinate. The tether length l can be deduced by observing the bead 

position in z coordinate with and without the magnet (Gosse and Croquette 

2002).   
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Figure 12. Principle of force measurement. The force applied to the bead by 

the magnet (Fmag) is vertically directed. Knowing the length of the tether (l) and 

the bead fluctuations in x or y coordinate one can calculate the force F.  

 

 Relevant research with magnetic tweezers 1.6

Different varieties of DNA tether have been used in magnetic tweezers, 

for example: dsDNA, supercoiled dsDNA, ssDNA, dsRNA, DNA hairpins, a DNA 

Holliday junction, a nucleosome fibre etc. Also, a number of different proteins 

have been investigated using magnetic tweezers: polymerases (DNA and 

RNA), topoisomerases, type III restriction enzymes, helicases (UvrD, T4), 

recombinases, and DNA-binding proteins (De Vlaminck and Dekker 2012). 

Below I review some of the most relevant research performed with magnetic 

tweezers. 

 

Topoisomerases 

Magnetic tweezers significantly contributed to the elucidation of the 

mechanism of action of the enzymes controlling DNA supercoiling: gyrases, 

which supercoil DNA by using energy from ATP, and topoisomerases, which 

relieve excessive supercoiling in front of the replication fork (Champoux 2001). 

Magnetic tweezers are particularly suited for studying these enzymes, as very 

accurately controlled DNA supercoiling can be applied.  

Topoisomerases are divided into two families. Topoisomerase I cuts one 

DNA strand, whereas topoisomerase II uses ATP and cuts both strands. After 

the cut, supercoiling is relieved and the topoisomerase enzyme religates the 
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DNA to form an intact duplex. For example, eukaryotic topoisomerase IB uses 

the so-called swivel mechanism, during which DNA rotates around single-

covalent bonds in the ssDNA backbone, and while it is rotating religation can 

happen. Interestingly, after the nick, the topoisomerase remains encircling the 

DNA (Redinbo et al. 1998) and acts as a clamp surrounding the dsDNA. 

Magnetic tweezers were particularly useful in providing a single-molecule 

resolution whereby the kinetics of nicking-religation could be determined at 

different forces and supercoiling. Also, a release of the nicked product could be 

observed (Koster et al. 2005). It was noticed that after nicking, supercoiling was 

lost much slower than with other nicking enzymes. That led to a conclusion that 

relaxation of supercoils is controlled by friction between the protein and the 

DNA.  

In another study, it was shown that when topoisomerase II removed 

supercoiling by cutting 2 DNA strands, the dsDNA is then passed through 

another dsDNA duplex and religated again (the so-called strand passage 

mechanism). In magnetic tweezers they were seen as 90 nm steps, each 

representing the removal of 2 supercoils (Strick et al. 2000). That is in contrast 

to type I topoisomerases, which remove 1 supercoil in each step (Koster et al. 

2005). 

Not only did magnetic tweezers contribute to the elucidation of the 

mechanism of action, they also revealed some interesting variations among 

topoisomerases. For example, it was shown that topoisomerase IV removed 

preferentially positive supercoils rather than negative supercoils (Crisona et al. 

2000). This possibly shows that different topoisomerases have separate 

functions. 

 

Cruciform extrusion 

Cruciforms arise from palindromic repeats whereby each DNA strand base 

pairs within itself. However, that results in a reduced number of base pairs and 

the formation of unpaired loops, which are energetically unfavourable. It is 

known that in relaxed DNA cruciforms do not form, whereas they do form once 

DNA is negatively supercoiled, as the energetic cost of the unpaired nucleotides 

is compensated by energy from supercoiling (Mizuuchi et al. 1982). It was 

demonstrated that a formation of DNA cruciforms can be observed in magnetic 



1. Introduction 

40 
 

tweezers (Dawid et al. 2006, Ramreddy et al. 2011). These studies showed that 

cruciform extrusion was kinetically limited by the extrusion of the apical loop 

with unpaired nucleotides. In contrast, the reverse transition from a cruciform to 

B-DNA was limited by the stability of the stem structure. Cruciform formation 

was possible to observe due to topological coupling between twist and writhe. 

The linking number (sum of Tw and Wr) remains constant if DNA ends are not 

rotated, therefore, changes of twist have to be compensated by equal changes 

of writhe of opposite sign. Once cruciforms are extruded, that reduces twist 

which is compensated by a gain of positive writhe. On negatively supercoiled 

DNA that was observed as a decrease of supercoiling (Ramreddy et al. 2011). 

In another study, an artificial cruciform of several kilobases was produced 

by ligating two identical DNA molecules in a head-to-head configuration (Dawid 

et al. 2006). When DNA was supercoiled negatively at 1 pN force, the formation 

of the cruciform was abrupt and irreversible. With every magnet rotation the size 

of the cruciform was increased. The study showed that although the cruciform 

extruded in a 1 step transition, once formed, its size could be finely adjusted by 

controlling DNA supercoiling. Each rotation of the DNA ends transferred one 

twist from the B-state DNA to the cruciform. The DNA helical pitch was directly 

measured, as it was coupled to the DNA end rotation (linking number change) 

(Dawid et al. 2006). 

 

RNA polymerase 

Topological coupling between twist and writhe was very elegantly 

exploited in magnetic tweezers studies of the bacterial RNA polymerase 

holoenzyme (RNAP) (Revyakin et al. 2004, Revyakin et al. 2006). The 

polymerase in the initiation stage separates DNA strands to form the RNAP-

promoter open complex. A denaturation bubble forms, whereby twist is reduced, 

and therefore an equivalent amount of positive writhe is gained in other parts of 

the DNA molecule. In positively supercoiled DNA that resulted in the gain of 

more DNA writhe (more positive supercoiling decreased the DNA tether length) 

and in negatively supercoiled DNA the result was the opposite (because writhe 

was negative) and some writhe was lost (DNA tether length increased). It is 

interesting to note, that negative supercoiling favoured the opening of the DNA 

duplex, and positive supercoiling disfavoured that (Strick et al. 1998). Therefore, 
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the polymerase at positive supercoiling was working at unfavoured conditions. 

However, the complex formation at negative supercoiling was irreversible, 

whereas it was reversible at positive supercoiling. The level of reversibility was 

dependent on torque (Revyakin et al. 2004). This was the first demonstration 

that DNA supercoiling acts through a mechanical effect (torque) but not 

structural factors (position or number of plectonemes). 

 

Helicases 

UvrD helicase was investigated using magnetic tweezers and a linear 

dsDNA (Dessinges et al. 2004). UvrD helicase belongs to the same superfamily 

as PcrA – SF1. In the established assay only UvrD protein was used (no 

accessory proteins). DNA unwinding by UvrD was investigated at 35 pN force. It 

was found that UvrD DNA unwinding activity was followed by rehybridization of 

DNA molecules, which was probably caused by dissociation of the helicase. But 

much more often rezipping of the ssDNA molecules was detected, which 

occurred at the same speed as unwinding, suggesting that these events 

potentially were caused by UvrD switching to the other strand and starting to 

move in the other direction. Helicase movement limited the rate of 

rehybridization. At lower force (<30 pN), unwinding was observed only at much 

higher UvrD concentrations, where several UvrD molecules would bind to the 

DNA (Dessinges et al. 2004). 

 

 Aims of this research 1.7

The overall aim of the project is to understand how rolling-circle replication 

is initiated. This initiation has been studied for almost 30 years and a lot has 

been revealed. However, as methods improve, new questions can be 

addressed. This project aims to investigate initiation from a single-molecule 

perspective by using magnetic tweezers. This is important approach because it 

can provide interesting variation on a molecule-to-molecule basis which is 

otherwise invisible in traditional bulk experiments which provide an average 

signal of the whole population. It can allow distribution of data to be studied and 

potentially identify subpopulations which behave differently from average. 
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The magnetic tweezers not only enable obtaining information on a single-

molecule level, but also, equally importantly for this work, allow manipulation of 

DNA molecules – that is, applying different stretching forces and supercoiling 

DNA molecules in a precisely controlled fashion. In addition, it is a real-time 

method, which allows information about reaction kinetics and thermodynamics 

to be extracted. 

As the use of magnetic tweezers is a new technique in the laboratory, this 

work aims to build know-how on this technique as well. To achieve the overall 

goal, a number of steps first have to be taken. First of all, a magnetic tweezers 

device capable of exerting force in the range relevant for controlling micrometre-

sized magnetic beads has to be constructed. This is not a trivial task because 

that involves not only building the hardware and image capture software, but 

also, probably the most complicated part, the analysis software. Accurate bead 

detection is needed to detect a displacement on the scale of tens of 

nanometres. The analysis also has to be automated to analyse a large number 

of beads to generate good statistics. The next task is to learn how to control 

magnetic beads. This is needed to be able to control DNA tethers attached to 

the beads. DNA supercoiling has to be achieved. In the cell, this task is 

performed by gyrase enzymes through coupling energy from the ATP to do the 

mechanical work. With magnetic tweezers the same result is achieved by 

rotating the magnetic beads through using the rotation of magnets. After being 

able to measure the DNA response to different stretching forces and twisting, 

one needs to find optimal conditions for investigating DNA nicking by RepD. 

This will mimic the initiation reaction because DNA, before initiation, is 

supercoiled inside the cell. 

By investigating initiation by RepD using magnetic tweezers, it is aimed to 

determine the supercoiling requirement for the nicking. It has been noticed that 

RepD nicks relaxed DNA about 3 orders of magnitude slower than the 

supercoiled DNA. So through being able to control DNA supercoiling precisely, 

one may establish the exact dependence between nicking and supercoiling. 

This will help to determine if the positive or negative supercoiling will increase or 

decrease the reaction rate or whether the nicking efficiency decreases when the 

DNA is supercoiled more than would naturally occur. Not only is it required to 

investigate how and why the speed of the nicking on supercoiled DNA differs, 
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but also shine more light on the potential reasons for this. There have been 

speculations that DNA might form higher order (alternative) structures in oriD 

due to supercoiling. No one has found any proof for that yet. Only with similar 

protein RepC has there been some evidence from gel-based assays. It is 

desired to investigate if oriD can fold into cruciforms at all, and how much 

supercoiling is needed to achieve that. By using magnetic tweezers the 

secondary structure formation can be observed (Ramreddy et al. 2011). It is 

reported that formation of the 34 bp cruciform structure results in about +240 

nm change in DNA extension using magnetic tweezers. In the case of this 

project, the cruciform in oriD (ICRII) is 24 bp long, which should give a signal of 

about +150 nm. Finally, it is desired to test what effect RepD has on these 

structures. If they are important for RepD function, one might expect that these 

structures are stabilised by RepD binding. 

  



 
 

2. Materials and Methods 
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 Buffers, solutions and media 2.1

Blocking solution: 50 mg/ml polyacrylic acid (pH 7.0), 10 mg/ml BSA, 0.1% 

pluronic F127 (w/v), 0.1 mg/ml casein; 

K100 buffer: 100 mM Tris-HCl (pH 7.5), 100 mM KCl, 10 mM MgCl2, 1 mM 

EDTA; 

K100+ buffer: K100 buffer supplemented with 0.2 mg/ml BSA; 

LB medium – 10 g bacto-tryptone, 5 g yeast extract, 5 g NaCl in 1 L of 

deionized water, autoclaved; 

LB agar – 15 g bacto-agar in 1 L of LB medium, autoclaved; 

NZY+ – 10 g casein hydrolysate, 5 g yeast extract, 5 g NaCl, autoclave, 

add filter-sterilized components (final concentrations): 12,5 mM MgSO4, 

12,5 mM MgCl2, 20 mM glucose; 

Phosphate buffer – 10 mM potassium phosphate, pH 8.0, 0.1% Tween-20, 

0.1 mg/ml BSA; 

TAE – 40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, pH of 50X TAE 

8.3; 

TE – 10 mM Tris-HCl (pH 8.0), 1 mM EDTA; 

 

 Reagents 2.2

AvaI (New England Biolabs); 

Bovine Serum Albumin BSA (Sigma); 

Biotin-16-dUTP (Roche); 

Digoxigenin-11-dUTP (Roche); 

Dynabeads® M-270 Streptavidin 2.8 μm (Invitrogen); 

Dynabeads® MyOne™ Streptavidin 1 μm (Invitrogen); 

FastDigest DpnI (Thermo Fisher Scientific); 

FastDigest ApaI (Thermo Fisher Scientific); 

FastDigest AscI (Thermo Fisher Scientific); 

HindIII-HF (New England Biolabs); 

Gelred nucleic acid stain in water (Biotium); 

PfuUltra II Fusion HS DNA polymerase (Agilent Technologies); 

Pluronic F127 (Sigma); 
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Poly(acrylic acid), average mw 1800  (Sigma-Aldrich); 

Polystyrene beads 3.0 μm (Sigma-Aldrich); 

Sheep anti-digoxigenin antibody (Serotec); 

Taq polymerase (recombinant) (Thermo Fisher Scientific); 

T4 DNA ligase (New England Biolabs); 

VectabondTM (Vector Laboratories); 

XL10-Gold ultracompetent cells (Agilent Technologies); 

 

 Oligonucleotides 2.2.1

The following oligonucleotides were used in this study (Table 1, Table 2, 

Table 3). In the tables below, oligonucleotide sets for PCR are labelled as 

forward (forward primer), and reverse (reverse primer). The same notion is used 

for other oligonucleotides as well but in the latter case forward and reverse 

simply means they are (partly) complementary and used together. If chemically 

modified oligonucleotides were used the modification is spelled out in /WORDS/ 

in the sequence. Oligonucleotides were purchased from Sigma or Integrated 

DNA Technologies (IDT) and were of a standard (desalted) quality, unless 

stated otherwise. 

 

For coilable DNA 

Table 1. Oligonucleotides used to make DNA for magnetic tweezers 

Name Purpose Sequence 5'-> 3' 

AT-13 10 kb central 

fragment, forward; 

Multi-digoxigenin 

handle, reverse 

CAACGGGGCCCAACGTGCAGCAGCTCATC

TC 

AT-17 10 kb central 

fragment, reverse 

GTTGTGTTGAAGTTCTTGTGCTTGC 

AT-11 0.5 kb multi-biotin 

handle, forward; 

Multi-digoxigenin 

handle, forward 

GGGATTATGGTAAATCCACTTACTGTCTGC

C 
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AT-15 0.5 kb multi-biotin 

handle, reverse 

ACTTCGACACGGACACGCTGCTC 

AT-74 1 kb handle, 

forward 

CAGAGGCGCTGAGAGATGGCCTTTTTCTG 

AT-77 1 kb handle, 

reverse 

CACTACAACGGCGACGTGCAGCG 

AT-80 4 kb central 

fragment, forward 

AGGGGGCCCAGGCTTTACACTTTATGCTTC 

AT-81 4 kb central 

fragment, reverse 

CCTGGCGCGCCACCTGCCAGATGTG 

 

For oriD mutants 

Table 2. Oligonucleotides used to make oriD mutant plasmids 

Name Purpose Sequence 5'-> 3' 

AT-92 Mutate AvaI site, 

forward 

CGCCATTCAGCCCAGGGTGGACTGCAG 

AT-93 Mutate AvaI site, 

reverse 

GCGGTAAGTCGGGTCCCACCTGACGTC 

AT-96 Mutate other 

palindrome, 

forward 

AGCGGCGTTTTCCGGAACTGTGGAACCGA

CATGTTGATTTCCTG 

AT-97 Mutate other 

palindrome, 

reverse 

CAGGAAATCAACATGTCGGTTCCACAGTTC

CGGAAAACGCCGCT 

AT-94 Non-nickable oriD, 

forward 

/PHOSPHATE/AGCTTTAGACAATTTTTCTAA

AACCGGCTACTCTTATAGCCGGTTAAGTGG

TAATTTTTTTACCAC 

AT-95 Non-nickable oriD, 

reverse 

/PHOSPHATE/CCGGGTGGTAAAAAAATTAC

CACTTAACCGGCTATAAGAGTAGCCGGTTT

TAGAAAAATTGTCTA 

AT-100 ICRII in non-

cruciform, forward 

/PHOSPHATE/AGCTTTAGACAATTTTTCTAA

CGTTCATCACTCTAATAGCCGGTTAAGTGG
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TAATTTTTTTACCA 

AT-101 ICRII in non-

cruciform, reverse 

/PHOSPHATE/CCGGGTGGTAAAAAAATTAC

CACTTAACCGGCTATTAGAGTGATGAACGT

TAGAAAAATTGTCTA 

AT-102 ICRII only, forward /PHOSPHATE/AGCTTTGCAGACGAAACCAG

TAACCGGCTACTCTAATAGCCGGTTAACAA

CCAGACTGATACTCAC 

AT-103 ICRII only, reverse /PHOSPHATE/CCGGGTGAGTATCAGTCTGG

TTGTTAACCGGCTATTAGAGTAGCCGGTTA

CTGGTTTCGTCTCCAA 

AT-104 No oriD, forward /PHOSPHATE/AGCTTTAGTTACCAC 

AT-105 No oriD, reverse /PHOSPHATE/CCGGGTGGTAACTAA 

 

Other 

Table 3. Other oligonucleotides 

Name Purpose Sequence 5'-> 3' 

AT-106 RepD Y188F, 

forward 

GTTATCTTTACGTTCTTGTTTTTTATTAAAAA

TTCTAATAAATCTATCACTGTCACGA 

AT-107 RepD Y188F, 

reverse 

TCGTGACAGTGATAGATTTATTAGAATTTTT

AATAAAAAACAAGAACGTAAAGATAAC 

 

 

 Production of DNA substrates  2.3

Coilable DNA  

In order to allow the DNA molecule to be supercoiled by magnetic 

tweezers both DNA strands, at both ends, have to be immobilised. The DNA 

substrates used in this study had multiple digoxigenin labels incorporated onto 

both strands at one end and multiple biotin labels at the other end. Coilable 

DNA substrates were constructed from 3, separate pieces of DNA that were 

made by PCR: 1) a digoxigenin-labelled handle; 2) a biotin-labelled handle 

and 3) a central fragment which had oriD. All three pieces were created using 
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a 9.8 kb pCerOriD plasmid with oriD sequence.  The pCerOriD plasmid was 

derived from pUC19 and bears the oriD from pC221, fragments from ColE1 

(Soultanas et al. 1999), lambda DNA (Slatter et al. 2009) and myosin XXI 

gene (Slatter, unpublished). The plasmid was fully sequenced prior to the use. 

The PCR reaction mix of both DNA handles contained the following 

components (final concentrations): 1x Taq polymerase (NH4)2SO4 buffer, 2 mM 

MgCl2, 0.2 mM dNTP (each), 1 µM of each primer, 0.5 ng/µl template DNA, 1.25 

u/µl recombinant Taq Polymerase (Thermo Fisher Scientific). 

AT-11 and AT-13 primers (see section 2.2.1 Oligonucleotides) were used 

to make 500 bp digoxigenin-labelled DNA handles. PCR was done in the 

presence of 0.02 mM digoxigenin-11-dUTP using recombinant Taq polymerase 

(Thermo Fisher Scientific) yielding a 1000 bp product with an ApaI recognition 

site in the middle. The PCR product was purified using a PCR purification kit 

(QIAGEN) and digested using Fastdigest ApaI (Thermo Fisher Scientific) for 0.5 

h according to manufacturer’s recommendations. After the digestion the 

enzyme was inactivated at 60°C for 20 min. The DNA was purified using a PCR 

purification kit to clean the DNA from the digestion buffer resulting in 500bp 

digoxigenin-labelled DNA handles. 

 AT-15 and AT-11 primers were used to make the 500 bp biotin-labelled 

handle. PCR was done in the presence of 0.02 mM biotin-16-dUTP using 

recombinant Taq polymerase (Thermo Fisher Scientific). Together with AT-15 

primer, the AscI recognition site was introduced. The PCR product was purified 

and digested in the same fashion as above but with FastDigest AscI (Thermo 

Fisher Scientific). 

  AT-13 and AT-17 primers were used to create an unlabelled 9.8 kb 

central fragment. PfuUltra II Fusion HS DNA polymerase (Agilent Technologies) 

was used according to the manufacture’s recommendations. The PCR product 

was purified and digested in the same fashion as the handles but with 

FastDigest AscI and Fastdigest ApaI simultaneously (Thermo Fisher Scientific).   

 Both handles were mixed with the central fragment at a ratio of 20:20:1. 

DNA was ligated with T4 DNA ligase (New England Biolabs) for 2.5 h at room 

temperature in T4 ligase buffer. The final product was gel purified (see section 

2.6 DNA extraction from agarose gel) and stored in small aliquots at -80°C in 

TE buffer for use in subsequent magnetic tweezers experiments (see section 

2.12 Magnetic tweezers). 
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 4 kb coilable DNA was prepared in exactly the same fashion, but it had 

longer 1 kb handles. The following oligonucleotides were used: AT-80 and AT-

81 for central ~4 kb fragment, AT-74 and AT-77 for biotin modified handle and 

digested with AscI, AT-13 and AT-74 for digoxigenin modified handle and 

digested with ApaI. After PCR, fragments were column-purified, digested with 

restriction enzymes, column purified again and ligated together (Figure 13). The 

final product was gel purified and stored at -80°C in TE buffer. 

 

 

Figure 13. Agarose gel of 4 kb coilable DNA.  Side lanes – DNA ladder, the 

2nd lane – ~1 kb handles mixed with 3.6 kb central fragment, 3rd – ligation after 

1 h, 4th – ligation after 2 h. The band at ~6 kb represents the central fragment 

with both handles ligated. 

 

Mutant oriD plasmids 

To understand oriD putative cruciforms better and requirements for the 

RepD nicking, it was desired to use DNA with oriD mutated in various ways. 

The original plasmid pCerOriD 9.8 kb, containing oriD, was mutated to produce 

various oriD mutants, namely: 1) no oriD (using oligonucleotides AT-104, AT-

105); 2) non-nickable ICRII (using AT-94, AT-95); 3) ICRII only (using AT-102, 

AT-103); 4) ICRII in non-cruciform (using AT-100, AT-101). Initially, two rounds 
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of site-directed mutagenesis were performed to modify the starting DNA, 9.8 kb 

pCerOriD plasmid: First, because there were 2 AvaI sites in the plasmid, the 

unwanted one (further away from oriD) was mutated by using site-directed 

mutagenesis with AT-92 and AT-93 primers. Next, the other palindromic 

sequence (not related to oriD) was mutated in the plasmid to prevent any 

interference with oriD cruciform extrusion experiments. For that purpose a site 

directed mutagenesis was performed using AT-96 and AT-97 primers. 

To make all of the oriD variants a general strategy was applied in which 

the original oriD was cut out with HindIII-HF and AvaI in CutSmartTM buffer (New 

England Biolabs): 60 ng/µl of plasmid DNA was digested simultaneously with 

0.2 u/µl HindIII-HF and 0.5 u/µl AvaI at 37 ºC for 1 h. The enzymes were heat 

inactivated at 80ºC for 20 min and the digested DNA was then separated on an 

agarose gel and extracted using the Gel Purification Kit (QIAGEN). Synthetic 

oligoduplexes with the required mutant oriD sequence (listed in brackets 

above), were then ligated between the restriction sites. Prior to ligation the 

oligonucleotides were mixed together in 1x T4 DNA ligase buffer, plunged into 

95 ºC water and left to cool down to r.t. to anneal. The resultant oligoduplex was 

ligated to the gel-purified DNA by mixing DNA:oligoduplex at a ratio of 1:10 and 

ligated using T4 DNA ligase (New England Biolabs) at r.t. for 1 h. 2 µl of the 

ligation reaction product was used to XL10-Gold ultracompetent cells which 

were then spread on LB agar plates with 100 µg/ml ampicillin and grown 

overnight.  Plasmid DNA was purified from the resultant colonies using the 

Plasmid Mini Prep Kit (QIAGEN) in accordance to manufacturer’s 

recommendations and the resulting plasmid products were analysed on an 

agarose gel. Restriction-digestion was conducted with 3-4 enzymes to verify 

that the expected fragments were generated. Plasmids were sequenced by 

GATC Biotech to verify the presence of the required, mutant oriD, insert.  

All the oligonucleotide templates were purchased from Integrated DNA 

Technologies with HPLC purification and had a 5' phosphate. The sequences 

are listed in the section 2.2.1 Oligonucleotides. 

 

 Agarose gel electrophoresis 2.4

The agarose gel electrophoresis was used to analyse and gel-extract DNA 

samples. The electrophoresis was conducted in TAE buffer at a current of 10-15 
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mA per 1 cm of the gel length. 0.6%-0.8% (w/v) agarose gels were used for 

separation of 10 kb DNA and 0.8%-1% for smaller DNA fragments.  The gels 

were prepared by mixing the required amount of agarose (Thermo Fisher 

Scientific) with the appropriate volume of TAE buffer and dissolving the agarose 

by heating up the mixture in a microwave. The DNA intercalating dye Gelred 

(Biotium) (derivative of ethidium bromide) was either premixed with gels or gels 

were stained after the electrophoresis. Prior to analysis, DNA samples were 

mixed with 6x DNA loading dye containing 0.4% orange G, 0.03% bromophenol 

blue, 0.03% xylene cyanol FF, 15% Ficoll® 400, 10mM Tris-HCl (pH 7.5) and 

50mM EDTA (pH 8.0) (Promega). After electrophoresis DNA was visualized 

using the UVItech transiluminator. 

 

 Protein SDS-PAGE electrophoresis 2.5

Protein SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

check protein homogeneity after purification. Commercial 12% SDS-PAGE gels 

were used (Biorad). Protein solution was mixed with loading buffer (125 mM 

Tris.HCl pH 6.8, 4% SDS, 20% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol, and 

0.25 mg/ml bromophenol blue), loaded into the wells. The tank was filled with 

the running buffer (25 mM Tris, 1.5 % (w/v) glycine, and 0.1 % SDS) and gels 

were ran at at 150 volts for ~1 hour. After the electrophoresis, gels were stained 

with Coomassie Blue (Biorad) for ~20 min and destained while gently shaking in 

water overnight. 

 

 DNA extraction from agarose gel 2.6

DNA extraction from agarose gel was used to purify DNA fragments. The 

standard DNA electrophoresis was conducted using 0.6-0.8% agarose gels 

followed by cutting out the wanted DNA fragment and purifying it with the 

QIAquick Gel Purification Kit (QIAGEN).  

Extra care was taken not to expose DNA to intercalating dye and UV 

illumination. To achieve this, after the standard agarose electrophoresis only the 

sides of the gel were stained with the Gelred DNA dye (by cutting them out with 

scalpel and staining separately). After illumination with UV the position of the 

DNA fragment was labelled with a marker pen on the gel surface. The gel was 
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reassembled and the position of the DNA in the main part of the gel was 

extrapolated from the sides under visible light. The DNA was excised from the 

gel and purified using the QIAquick Gel Purification Kit (QIAGEN) in accordance 

to recommendations of the manufacturer.  

 

 Site-directed mutagenesis 2.7

Site directed mutagenesis was used to mutate the specific nucleotides in 

the pCerOriD 9.8 kb plasmid prior to making oriD mutants and also for making 

RepD Y188F mutant gene in the pET11a_RepD plasmid. Two fully 

complementary primers with the wanted mutation(s) (in both of primers) were 

designed by using the freely available online software 

http://www.genomics.agilent.com/primerDesignProgram.jsp and purchased 

commercially with PAGE purification from Integrated DNA technologies.  

PCR was performed in the presence of the following components (final 

concentrations): 1x PfuUltra II Fusion HS DNA polymerase buffer with MgCl2, 

0.2 mM dNTP mix, 0.2 mM of each primer, 1ng/ µl template plasmid DNA, 4% 

DMSO, 5 units of PfuUltra II Fusion HS DNA polymerase (Agilent 

Technologies). After 18 cycles of amplification the 20 µl sample was treated for 

1 h with 1 µl FastDigest DpnI (Thermo Fisher Scientific), which digests only the 

methylated DNA. XL10-Gold ultracompetent cells (Agilent Technologies) were 

transformed with 2 µl of the sample.   

 

 Bacterial transformation 2.8

45 µl of competent cells were incubated with 2 µl of 1,42 M 2-

mercaptoethanol for 10 min on ice in a sterile 14-ml BD Falcon polypropylene 

round-bottom tube while gently swirling the test tube every 2 min. 2 µl of DNA 

was added and cells were incubated on ice for 30 min. The cells were subjected 

to heat shock at 42°C for 30 s and then 0.5 ml of NZY+ medium was added, 

followed by 1 h incubation at 37°C whilst shaking at 250 rpm. The cells were 

spread on LB agar plates with the appropriate antibiotic for the overnight 

growth. 

 



2. Materials and Methods 

54 
 

 Plasmid DNA purification 2.9

E. coli strain bearing the desired plasmid DNA was grown overnight in 4 

ml of LB medium with a relevant antibiotic at 37°C and shaking at 200 rpm 

speed. Cells were harvested by centrifugation using a table-top minicentrifuge. 

Plasmid DNA was purified from using the QIAprep Spin Miniprep Kit (Qiagen) 

according to the instructions of the manufacturer. DNA was eluted from the 

column using molecular grade water (Sigma). The concentration of the plasmid 

DNA was measured using Nanodrop (Thermo Fisher Scientific). Plasmid DNA 

was cut with 3-4 restriction enzymes to generate specific length fragments. The 

fragments were analysed by agarose gel electrophoresis to verify that the 

expected fragment lengths were produced which showed that the desired 

plasmid had been purified. Plasmid was stored at -20°C. 

 

 Restriction digests 2.10

Restriction digests were performed to generate mutant oriD plasmids, 

prepare DNA for magnetic tweezers and also to verify purified plasmids. 

Commercially available FastDigest restriction enzymes were used (Thermo 

Fisher Scientific). Restriction-digestion reactions were performed according to 

the manufacturer’s recommendations in one universal FastDigest buffer at 37°C 

and incubation from 30 min to 2 h (depending on DNA amount). Enzymes were 

inactivated by placing the reaction in boiling water for 10 min. 

 

 Protein purification 2.11

RepD was cloned from S.aureus plasmid pC221 and ligated into the 

expression vector pET11a (pET11a-SaRepD) and was a gift from Christopher 

D. Thomas. pET11a-SaRepD was transformed into B834 (λDE3) pLysS, using 

transformation procedure above, selecting for ampicillin and chloramphenicol 

resistance. An overnight culture of 2YT medium with 1% glucose (w/v), 50 μg/ml 

ampicillin, and 10 μg/ml chloramphenicol was grown shaking (220 rpm) at 30°C 

inoculated with a single colony from of pET11a-SaRepD in B834 (λDE3) pLysS 

cells. 2 L of 2YT medium with 50 μg/ml ampicillin, 10 μg/ml chloramphenicol (4 

x 500 ml) were inoculated with 5 mls (1/100 dilution) of overnight culture, and 
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grown shaking (220 rpm) in baffled 2L flasks at 30°C. The optical density was 

monitored until OD595 reached 0.5 and induced with 0.1 mM IPTG. Cells were 

further grown for 6 hours post-induction. Cultures were pooled into 1 L aliquots 

and centrifuged at 4°C, at 4000 RPM, in a JS 4.2 swing bucket rotor for 25 

minutes. Cell pellets were drained, and frozen at -20°C until purification.  

Cell pellets were thawed and each resuspended in ~100 mls of a buffer 

containing 50 mM Tris.HCl pH 7.5, 1 mM EDTA, 10% (v/v) ethanediol, 500 mM 

KCl and 1 mM DTT, with protease inhibitor cocktail (Roche, complete), and 

incubated for 30 minutes at room temperature. Cells were sonicated in ~50 ml 

aliquots in beakers on ice for 2 x 15 second bursts using a probe sonicator (500 

W). Sonicated cells were centrifuged at 12000 RPM, at 15°C for 30mins using a 

45 Ti rotor. Soluble cell lysate in the supernatant was removed and the volume 

was measured. 2 times this volume of a buffer was added containing 50 mM 

Tris.HCl pH 7.5, 1 mM EDTA, 10% (v/v) ethanediol, and 3 M (NH4)2SO4 and 

incubated on ice for 30 minutes. Following (NH4)2SO4 precipitation, 

centrifugation was performed at 12000 RPM, at 4°C for 30mins using a 45 Ti 

rotor. Following centrifugation, the precipitated pellets were drained, and re-

suspended in a volume of ~4 mls for each pellet in a buffer containing 50 mM 

Tris.HCl pH 7.5, 1 mM EDTA, 10% (v/v) ethanediol, and 500 mM KCl. 

Resuspended pellets were pooled and conductivity measured, and diluted with 

a buffer containing 50 mM Tris.HCl pH 7.5, 1 mM EDTA, and 10% (v/v) 

ethanediol, to match that of a buffer containing 50 mM Tris.HCl pH 7.5, 1 mM 

EDTA, 10% (v/v) ethanediol, and 200 mM KCl (21.5 mSv) (diluted to ~150 ml). 

Sample was centrifuged at 12000RPM, 4°C, for 30 minutes in a 45Ti rotor to 

remove any remaining pellet material. Following centrifugation, soluble sample 

filtered through a 0.45 µm filter and loaded onto two columns in series, the first 

being a 5 ml HiTrap Q FF (GE healthcare), followed by a second 20 ml HiPrep 

heparin column (GE healthcare), both equilibrated in 50 mM Tris.HCl pH 7.5, 1 

mM EDTA, 10% (v/v) ethanediol, and 200 mM KCl at 2 ml/minute. Following 

sample loading, both columns were washed in ~200 mls of the equilibration 

buffer before removal of the HiTrap Q FF column. RepD was eluted from the 

heparin column using a linear KCl gradient from 200 mM KCl to 700 mM KCl 

over 200 mls, eluting in a single peak at ~400 mM KCl. Fractions were stored at 

r.t. 1-2 hours before further procedures to allow precipitated RepD dissolve. 

Fractions were analysed by SDS-PAGE analysis, and measured for absorbance 
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at 260 nm, and 280 nm. Fractions with a 260/280 ratio of smaller than 0.65 

were filtered through a 0.45 µm filter and pooled. This was followed by 

concentrating the sample using 20 ml 10000 MWCO Vivaspin concentrator 

(Millipore) by centrifugation at 4000 rpm, at 20°C in a JS 4.2 swing bucket rotor. 

RepD was quantified using an extinction coefficient of 119514 M-1 cm-1 at 

280 nm for the dimer (Dr. Christopher D. Thomas, personal communication). 

The protein solution was filtered and aliquoted for storage frozen at -20°C. 

 

 

Figure 14. SDS PAGE gel of purified proteins. RepD wt and RepDY188F.   

10 µg (left) and 2.5 µg were loaded (right). Homogeneity of each protein 

appears from the gels as >98%. 

 

 Magnetic tweezers 2.12

Apparatus 

Magnetic tweezers is the main technique used in this study. A custom-

built apparatus was used, which was constructed around Eclipse TE 2000-U 

inverted microscope (Nikon) with 100x Nikon Plan Apo 1.45 NA oil immersion 

objective lens (Nikon) and mercury lamp illumination. To increase the field of 

view, the camera was mounted on an additional 0.45 c-mount TV lens adaptor 

(Nikon). 

Two vertically magnetised, 5 mm x 5 mm cylindrical neodymium magnets 

were used (Magnet expert Ltd, F641). They were mounted above the piezo 

stage (SmarAct). For experiments when higher force was needed 25 mm 
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diameter x 5 mm thick x 6 mm hole ring-shaped magnet was used (Magnet 

expert Ltd, F313S). 

The cylindrical magnets were used for DNA supercoiling experiments 

mounted on a magnet rotator device made by the Mechanical Engineering 

Workshop at NIMR and Martyn Stopps at Electronics Engineering group at 

NIMR (See Chapter 3 Figure 19). The magnets were rotated by the Size 14 Mini 

Hybrid Stepper Motor (Astrosyn) to either direction at a speed of 225 rpm. The 

motor was placed further away from the sample to avoid any interference. The 

motor movement was transferred to the magnets through a lug belt and a pulley 

wheel. An additional smaller pulley wheel was placed in the middle to reduce 

vibrations.  

 

Calibration 

Magnetic force was determined from the r.m.s. amplitude of the bead’s 

Brownian motion in x and y directions (following the method of  (Strick et al. 

1996), also see Chapter 1). Using this simple method force is calibrated within 

10% error. The dependence of applied force on magnet height above the 

sample was determined empirically by varying magnet height and determining 

the force applied (Figure 15). The magnetic field changes in a range of 

millimetres and the DNA tether length in experiment changes only in a range of 

micrometres. Thus, the force on the bead is considered constant throughout the 

experiment and homogenous in all field of view (165 µm x 130 µm). 

The z displacement (bead height change) was determined by moving the 

microscope objective by a known amount using a piezo focusing device (PiFoc, 

Physik Instumente) to give the relationship between the calculated bead 

diameter change and known z displacement (Figure 16). Such calibration was 

performed for every bead individually. Disadvantages and advantages of our 

approach to calibrate z coordinate will be discussed at the end of this chapter.  
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Figure 15. Force vs magnet height calibration curves. Strong ring-shape 

magnet (F313S) and 2.8 μm Dynabeads (A) and 1 μm MyOne beads (B). 

Weaker rotational magnets (F641) and 2.8 μm Dynabeads (C) and 1 μm 

MyOne beads (D). The black line in each graph represents the best fit trendline 

through the data points. Error bars are SEM. 
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Figure 16. Calibration of z coordinate. The calculated bead image diameter 

change (in pixels, px) correlates linearly with the change of the bead’s position 

in z (in nm). The graph was obtained in a time-dependent experiment when 

recording the bead’s position for ~400 frames continuously at 6 different focus 

levels (appear as clusters in this graph, grey data points). Black circles – 

average of each cluster. A linear fit was performed for the averages (Black line). 

Because there is a slight lag between changing the focus and reading this value 

into the image capture software, a small number of additional points appear out 

of clusters in the graph, however, they do not change the linear fit significantly. 

The calibration was done over the range of 1200 nm. This example shows a 

calibration of the 1 μm bead tethered to 10 kb DNA and held at 0.5 pN force. 

100x oil immersion lens and 0.45x lens adaptor used. The calibration is 

performed separately for each bead. 
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Camera pixel dimensions were calibrated using the standard graticule 

grated every 10 µm. 

The noise level was measured in the system (Figure 17). Noise 

determines the lower limit of detecting a signal from a magnetic tweezers 

experiment. The noise can arise from two sources: drift, which comes from 

instrumentation, and thermal noise, which comes from Brownian motions of the 

bead and is used to evaluate stiffness of the tether and calculate the force (see 

Introduction). Drift has low frequency while thermal noise has high frequency. In 

order to check the drift level and the lower limit of bead position detection (due 

to limitations of detection algorithm and optics), beads were immobilised in 

polyacrylamide and the bead position was recorded over time. By bead 

immobilisation thermal noise was minimized. It appeared that the drift level was 

~4-6 nm in x and y and ~20 nm in z coordinates over a period of 25 s. The 

lower limit of bead position detection was also apparent. In x and y it was ~1 nm 

(0.86 and 1.82 nm standard deviation resp.) and in z it was ~5 nm (5.54 nm 

s.d.).  

 

Figure 17. Drift level and lower detection limit in x, y and z coordinates. A 

– The systematic noise in x coordinate was 0.86 nm (standard deviation), B – In 

y coordinate it was 1.82 nm, C – In the z coordinate it was 5.54 nm. The 

measurement was conducted at 40 Hz using a 100x oil immersion lens and 2.8 

µm magnetic beads immobilised in polyacrylamide.  

 

Experimental setup 

The flow cell of 7-10 µl chambers was made by using two coverslips one 

on the top of another with a double-sided sticky tape spaced in between. One of 
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the coverslips had been previously cleaned with 5 M NaOH and treated with 

VectabondTM reagent (Vector Laboratories) to make it adhesive to proteins. 

Flow cells were coated with anti-digoxigenin antibody at 37ºC for 2 hours 

incubating with 100 µg/ml of anti-digoxigenin solution in PBS (Serotec). The 

flow cell was later incubated with the blocking solution (50 mg/ml polyacrylic 

acid (pH 7.0), 10 mg/ml BSA, 0.1% pluronic F127, 0.1 mg/ml casein) for 30 min 

at r.t.  

Streptavidin coated 2.8 μm magnetic beads Dynabeads® M-270 

(Invitrogen) or 1 µm MyOne beads (Invitrogen) were mixed with DNA (which 

had one extremity labelled with biotin, another – with digoxigenin) at an optimal 

ratio to get most of the beads singly tethered (determined experimentally with 

each DNA batch). After 15 min of incubation the bead-DNA mix was subjected 

to the blocking solution for 30 min to passivate the bead surface and the mix 

injected into the flow cell and allowed to settle for 15 min. All unbound beads 

were washed with 10-20 volumes (~70 µl) of K100+ buffer. The flow cell was 

used the same day. 

In experiments where DNA was supercoiled, magnets were rotated 

around vertical axis at a speed of 200 rotations per minute. The stretching force 

was changed by changing the distance between the magnets and the sample 

(Figure 15). 

 

Data acquisition 

 1024x1280 px Prosilica GE ethernet camera with CMOS sensor (Allied 

Vision Technologies) and a custom-built image capture software (G. Mashanov, 

unpublished) was used to record video images at a speed of 1-100 Hz and 10 

ms exposure time. When data were acquired from multiple beads 

simultaneously (10-15 beads, full field of view), images were recorded at a 

lower speed (1-15 Hz) and saved directly to the computer hard drive. When 

higher data acquisition speed was required, a smaller field of view with only 1-3 

beads was used and the data were recorded to the virtual memory first. The 

data processing and analysis was conducted offline (see Chapter 4). 
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Data analysis 

Digital images were analysed offline using the freely available ImageJ 

software (Schneider et al. 2012) and a custom-written code in Macro (written by 

J. Molloy and A. Toleikis, unpublished), the internal programming language of 

ImageJ. The relative bead position in x, y and z coordinates was extracted from 

each frame. For obtaining this information the precise bead edge detection is of 

a crucial importance. Therefore the bead edge was detected at a sub-pixel 

resolution and this was achieved by using interpolation between pixels. The 

largest distance between bead edges was considered as the bead diameter. 

The middle between two edges was considered as the bead centre. The 

displacement of the bead centre in x and y coordinates was directly calculated 

from calibrated pixel dimensions. As z displacement is fairly linearly related to 

the bead diameter change, the z displacement was calculated from this 

relationship and calibrated for each bead individually before each experiment. 

The algorithm used in the code are explained below.  

Prior to the analysis the 2-pixel radius mean filter is applied to reduce the 

pixel-to-pixel fluctuations. Then after the image thresholding the approximate 

bead centroid is detected (at a pixel resolution) using the automatic particle 

detection algorithm of ImageJ. 4-pixel-wide rectangle is selected across the 

centre of the bead image (Figure 18 A) and the intensity of each pixel is 

obtained. After calculating the average intensity the grey plot is created (Figure 

18 B). It is used to detect the bead edges on both sides. The algorithm finds the 

baseline of the grey value (green line in Figure 18 B). Then linear fits are done 

to the two largest peaks (red line in Figure 18 B) and the intercepts of these 

lines with the baseline are calculated. The intercept point on each side is 

considered as the bead edge. The distance between these two points 

corresponds to the bead diameter (more precisely – the inner diameter of the 

brightest diffraction ring around the bead). The diameter change is recalculated 

to z displacement by using the separate calibration file (when moving the 

objective by a known distance (Figure 16)).  

The z displacement time traces were plotted together with 1-2 Hz moving 

average filtered trace to help to notice the big step changes buried in noise 

easier.  
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Figure 18. Bead edge detection method. The measurement of the bead 

diameter and the bead edge detection. A – The algorithm finds an approximate 

centre of the bead and draws a rectangle through the centre.  The grey value is 

plotted against the distance. B – The algorithm measures the distance between 

two points where the red lines intercept with the green line (baseline). That 

distance corresponds to the inner diameter of the brightest diffraction ring of the 

bead (A). 

To track beads in z coordinate methods rely on the fact that concentric 

diffraction rings around the bead image are very sensitive to out-of-focus 

displacement. The accuracy of z tracking depends on 2 factors predominantly: 

how accurately one can detect x and y position and how accurate is the method 

of choice to correlate x and y images to position in z. 

First, let’s discuss the x and y detection. In our approach for x and y 

detection we use a simplistic detection of the brightest diffraction ring. Although 

that is easy to implement and speeds up the analysis, however, we do not make 

use of the information from other parts of the image.  

Gosse and Croquette used similar algorithm, which finds an approximate 

centre first with  and then for a precise detection of the bead edge performs 

pixel polynomial interpolation across the bead profile in x coordinate, averaged 

in y coordinate over 10-20 pixels (Gosse and Croquette 2002). In other words, 

this is still 1D cross-correlation algorithm; however, they do that for the whole 

bead image, and, contrary to our approach, not only the brightest ring across 

the bead centre. Recently, a new 1D cross-correlation approach has been 

reported by Loenhout and colleagues (van Loenhout et al. 2012). They used 

interpolation of a bead image on a circular grid after dividing the bead image 

into 4 quadrants. This allowed achieving lower noise induced by pixelation. 
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Also, there has been reported tracking using 2D cross-correlation. van der Horst 

and Forde used 2D parabolic function fitting to the centre of the bead (van der 

Horst and Forde 2008). However, this method is more computationally complex. 

Let’s now discuss the correlation of x and y image to z. Our method 

assumed linear relationship. This is correct for z displacement over 2-3 µm, but 

deviates after that. However, other groups demonstrated that this range can be 

extended if a Look Up Table (LUT) method is used. LUT of bead image profiles 

is constructed when objective is moved across z. To find the z position, the 

bead image profile is cross-correlated against the LUT. An approximate position 

is found first by least-squares method and then interpolation is used to refine it 

(Gosse and Croquette 2002, van Loenhout et al. 2012). This approach 

preserves information from the whole bead image profile, therefore provides 

more accurate tracking. 
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 Introduction 3.1

Magnetic tweezers were first used for DNA studies more than two 

decades ago (Smith et al. 1992). Since then, it has become a popular technique 

for investigating a number of different biological molecules. There are many 

variations of magnetic tweezers, for example: classical (Strick et al. 1996), twist 

(Lipfert et al. 2011), torque (Lipfert et al. 2010), electromagnet (Gosse and 

Croquette 2002). Each of them has its own specific hardware, software and 

experimental protocols, which are often technically challenging due to the high 

level of custom building required. 

In this chapter, a custom-built magnetic tweezers setup for twisting and 

stretching single DNA molecules is reported. Software, hardware and protocol 

improvements are described and include the following: 

 Creation of hardware for the magnetic tweezers setup: The device 

is based around a commercial inverted microscope (Nikon, 

TE2000), magnet rotation device (made by Martyn Stopps and 

Mechanical Engineering Workshops at the National Institute for 

Medical Research) and CMOS camera (programmed by Gregory 

Mashanov). The main advantage of this hardware setup is that it is 

a removable addition to any inverted microscope, which makes it 

appealing, especially for non-expert laboratories, to use along with 

optical, fluorescent or similar microscopes (Section 3.2). 

 Refinement of the magnetic tweezer design: Different microscope 

settings were investigated to increase the number of magnetics 

beads observed in each experiment and also to improve the 

analysis accuracy. Lower magnification was used aiming to observe 

a larger number of beads simultaneously. The microscope settings 

yielding the best magnetic tweezers image were investigated. The 

investigation included finding the optimal focus and adjustment of 

the microscope settings (Sections 3.3 and 3.4). 

 Development of experimental protocols and procedures: 

Improvements in the experimental procedures are discussed and 

they were mainly in the preparation of the flow cell surface. In 
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addition, different DNA labelling protocols were compared in terms 

of bead lifetime (Sections 3.5 and 3.6). 

 Software to analyse magnetic beads was developed. A pipeline for 

a semi-automated analysis was implemented, enabling analysis of 

a large number of beads. The software is described, explaining the 

logical procedures and algorithms used. The software was divided 

into three separate modules to make improvements easier. A user’s 

manual was prepared, explaining how to perform the analysis of 

magnetic beads with this software (Section 3.7 and Appendix A). 

 

 Hardware 3.2

Along with the software for the analysis of magnetic beads, all hardware 

components needed for magnetic tweezers were custom designed and built in 

the laboratory (Figure 19, Figure 20). The approach taken was to build a 

removable addition that could transform an ordinary inverted microscope into 

the magnetic tweezers apparatus. It was achieved by designing a removable 

handle, holding the magnets above the objective. When not in use, it can be 

removed from the stage and the microscope can be used for other purposes.  

The device was constructed around the commercial inverted Nikon 

TE2000 microscope. The microscope is equipped with a piezo focusing device, 

which is used during calibration of the z coordinate before each experiment. 

An aluminium handle was produced to mount the magnets on (Mechanical 

Engineering Workshop, NIMR). The handle has a pulley wheel, on which 

magnets were mounted, and a stepper motor. The stepper motor is mounted 

further away in order to reduce potential interference with the sample by 

transferring vibrations or electromagnetic field. Rotational motion is transferred 

to the pulley wheel with magnets through the belt. The stepper motor is 

controlled by a controller, which was built and programmed by Martyn Stopps 

(Prototyping, NIMR). Magnets are rotated in 1-degree steps from 40 to 300 

rotations per minute. The controller has three different modes: in the regular 

mode, magnets rotate simultaneously when the knob on the front panel of the 

controller is rotated; in the stepping mode, a target value is set first and only 

then the rotation is started; and in the external mode, magnet rotation is 
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controlled by an external signal, which can potentially be received from an 

outside source (producing a specific pattern of rotation). 

The handle was mounted on a manual x, y, z positioner so that the 

position of the magnets can be adjusted. The mounting was done through a 

lateral swivel, which allows the handle to be moved aside from the stage when 

not in use. The magnet height can be varied from 0 to ~100 mm above the flow 

cell.  

Two 5 x 5 mm (diameter x height) cylindrical magnets were mounted on 

the pulley wheel on the handle. Force up to ~12 pN could be reached with these 

magnets. See Chapter 2 for more details, including the force calibration curve. 

For experiments where a higher force is needed and no rotation of beads 

is required, the larger vertically magnetised ring-shape magnet can be used, 

which is mounted on the other removable handle on the other side of the stage. 

The specimen plate, holding a flow cell above the objective, was produced 

from aluminium (Mechanical Engineering Workshop, NIMR) and is inert to 

magnet. Earlier, a standard Nikon plate was used and it was found that when 

the magnets are moved close to the plate, it moves due to attraction to the 

magnet and so extra noise is introduced. This was especially noticeable when 

the magnets were placed close to the flow cell to achieve a higher force.  

 

Figure 19. A principle scheme of the custom-built magnetic tweezers 

device.  The magnet controller was built and programmed by Martyn Stopps. 

The handle holding the magnets was built by Mechanical Engineering 

Workshop (NIMR). See text for details.  
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Figure 20. A photograph of the magnetic tweezers setup. A part of the 

microscope has been removed for clarity. 

 

 Observing more beads by using lower magnification 3.3

The CMOS camera used to collect video data (Prosilica GE1280) has a 

(square) pixel size of 6 x 6 µm2 so we expect the image produced by a 100x 

microscope objective lens to give a pixel calibration value of 60 nm per pixel in 

the x and y directions. A full field of view observed is expected to be about 1000 

x 1000 pixels, or 60 µm x 60 µm. 3 µm beads attached to 10 kb DNA should be 

spaced at an optimal 8 µm distance. Therefore, the maximum number of beads 

that could theoretically be observed with such a setup is about 35. However, 

practise shows that only ~25% of the beads have single tethers and other bead 

have either multiple tethers or are stuck to each other. Therefore, we would be 

left with less than 10 beads appropriate for experiments. 
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Using lower than the standard 100x magnification would let one see more 

beads in a field of view, thus yielding a better statistics for magnetic tweezers 

experiments. Lower magnification produces a different bead image and 

therefore additional changes of microscope settings and analysis software were 

required. Both kinds of changes were implemented and are discussed in this 

section. 

Three different magnifications were tried and will be discussed later: 100x 

oil immersion objective, 100x Nikon Plan Apo 1.45 NA (Nikon) (referred to as 

“100x oil” later); 100x oil immersion objective with additional 0.45x C-mount TV 

lens adaptor (Nikon) (45x effective magnification, referred to as “45x oil” later); 

and 40x air objective, 40x Nikon Plan Apo 0.9 NA (Nikon), with the 0.45x 

adaptor lens (18x effective magnification, referred to as “18x air” later).  

Decreased magnification results in a decreased signal-to-noise ratio. 

Different sources of noise must be considered, including: “pixel” noise (the 

number of pixels across the bead image), contrast noise (ratio between the 

brightest part of the bead and the darkest) and photon noise (dependant on how 

much light hits the camera). 

When switched to lower magnification, the “pixel” noise increased because 

the number of pixels per bead image decreased (Figure 21 A). Accurate bead 

edge detection became more complicated because there were fewer pixels for 

applying the linear pixel interpolation. This consequently decreased the signal-

to-noise ratio. Therefore, the detection became more sensitive to pixel 

fluctuations and background noise.  

Another problem was that the bead image profile changed, which 

increased the contrast noise (Figure 21 B). Although 45x oil magnification gave 

very similar bead image profile as 100x oil but the intensity difference between 

the background level and the highest value was 2-fold smaller (~50 compared 

to ~100, respectively). While at 18x air magnification the bead image had fewer 

and less expressed diffraction rings and the difference between the highest 

pixel intensity value and the background level was even smaller (about 20). 

Very often at 18x the bead profile was much more sensitive to the location in 

the field of view.  



3. Magnetic tweezers setup 

71 
 

 

Figure 21. Bead images at different magnifications A – 100x and 45x with oil 

immersion objective and 18x air objective lens (from left to right). B – Bead 

image profile across the middle. The two highest peaks represent the brightest 

diffraction ring around the magnetic bead. C – Bead image tracking when the 

objective was moving up and down by 5 µm using a piezo device in a triangular 

wave fashion. Bead analysis software was adapted to work at any 

magnification.  

To solve the challenges arising from the increased “pixel” and contrast 

noise, the bead edge detection software was modified. Some modifications are 

included in the flowcharts described in the next section (Section 3.7). Additional 

changes included modification of the bead edge detection algorithm (Justin 

Molloy, see Chapter 2). They mainly included adjusting the linear pixel 

interpolation parameters. Previously, the algorithm would find pixels of the main 

peaks and do a linear fit to four points closest to the background level. The 

modified algorithm uses different line fitting parameters for different 

magnifications. With 18x air magnification, the line is fitted to the middle of the 

inner part of the “peak” while with 100x and 45x oil magnification the fitting is 

done around the baseline point on the same peak (Figure 21 B). Another 

important change was the detection of bead coordinates. The bead centre 

coordinates are detected using an ImageJ automatic particle detection 
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algorithm (Schneider et al. 2012) of thresholded image (image converted to 

black and white with a certain threshold). Using these coordinates, the image 

profile is divided into two parts and further steps are done separately for each. 

The algorithm finds the position of the main peak on each side. For the left part, 

it finds the pixel with minimum intensity and steps to the bead image edge until 

the intensity of the baseline line is reached. The earlier mentioned fits are done 

to the middle of this part of the peak. 

Bead image tracking along the z coordinate was compared when the 

objective was moved up and down by 5 µm in a triangle wave fashion (Figure 

21 C). However, the noise in the signal increases going from the highest 

magnification to the lowest magnification (Figure 22). 

 

 

Figure 22. z noise at different magnification. A – Triangle wave function was 

fitted (black line) to the data at different magnifications. Data at negative y 

values show residual squares (×10) of the fits. B – The measured bead 

diameter plotted against the fitted triangle function. The black line marks the 

perfect tracking between measured and fitted values (y = x).    

 

 Optimal bead image 3.4

Another factor that helped to decrease the photon and contrast noise was 

optimisation of the bead image, which was done through finding the best focus 

and additional adjustment of microscope settings.  
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Bead images were recorded at different focuses to find the optimal focus 

for the analysis software. The objective was moved up and down by 5 µm in a 

triangular wave fashion and the apparent bead diameter was measured by 

using the earlier described analysis software (Figure 23). When the bead was 

moved out of focus, the diffraction rings around the bead increased to a certain 

extent. When the analysis software was tested on these images, bead images 

with larger diffraction rings tended to be tracked better. When the bead image 

became smaller than ~17 pixels (px) the algorithm did not manage to track the 

bead diameter faithfully. When bead images were more than ~23.5 px in 

diameter, the algorithm did not work optimally either, which is visible as clusters 

of the data points in the graph. Therefore, at the 18x air magnification the 

optimal bead focus for the best performance of the analysis software is when 

the bead image is between  ~17 and ~23.5 px. 

 

 

Figure 23. Optimal focus for a bead image. Top – bead images at different 

focuses. Each region of interest is 4.18 µm wide and was obtained with a 40x 

objective lens and a 0.45x TV adaptor (“18x air”). Bottom – bead diameter 

tracking when the objective is moved up and down by 5 µm. Bead images 

correspond to the snapshots when the bead was the biggest diameter.  

In addition, microscope settings were optimised to improve the bead 

image. Adjustment of an objective correction ring gave the best result (Korr; it is 

used for correcting for the different coverslip thickness). With Korr = 0, the 

diffraction rings were the smallest and more diffused. That is usually the 

desirable result in microscopy, but here we need opposite because the 

detection of the bead position relies on the analysis of diffraction rings. When 
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set to higher Korr values (Korr = 1 and Korr = 2) the diffraction rings increased. 

The analysis software could track the bead with higher Korr values much better 

(Figure 24). In this way, deliberately increased aberrations resulted in higher 

analysis accuracy. 

 

Figure 24. Korr adjustment. It was noticed that by adjusting the correction ring 

of the objective sharper and larger diffraction rings were produced around 

beads. The graph shows the tracking of the bead diameter (in pixels) when the 

objective was moved up and down by 5 µm. Images at the top (4.5 x 4.5 µm 

using 40x objective lens and a 0.45 TV adaptor) – bead images at maximum 

size. At Korr = 0 (left), the analysis algorithm could track bead movement only 

for the smaller bead image but failed with the larger image. When the Korr was 

set to 1 (middle), the bead diameter tracking was much improved. The best 

result was obtained with the maximum Korr = 2 (right). In the latter, the 

amplitude of the tracking signal was the highest and also some unfaithful 

tracking, which was noticeable with Korr = 1, was decreased. Note, that 

although visually the bead image at Korr = 1 appears smaller than at Korr = 2, 

the detection algorithm retrieves larger measured values. This is probably 

because linear fits are done at slightly different parts of the largest diffraction 

ring (see Chapter 2).  
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 Flow cell surface passivation 3.5

Flow cell surface preparation is one of the most critical steps in single-

molecule experiments. In the case of magnetic tweezers, a surface needs to be 

passivated to prevent unspecific bead-surface interactions. It was found that the 

magnetic beads used in this study (Dynabeads® M-270 Streptavidin 2.8 μm 

(Invitrogen)), were very sticky to the surface. ~25% of the beads stuck to the 

bare surface after injecting to the cell and could not be removed by the 

application of a magnet (Figure 25). However, when the anti-digoxigenin 

antibody was applied to the surface for 2 h at 37°C (required for the DNA 

immobilisation), the number of unspecific interactions increased dramatically 

and most of the beads applied remained stuck (~90%) after the magnet 

exposure. Therefore, it was clear that it was impossible to proceed without any 

surface passivation.  

A number of different passivation agents were tested to determine which 

one prevents the bead–surface interaction the best: BSA – Bovine serum 

albumin, PEG – Polyethylene glycol 400, PAA – Polyacrylic acid 2000 sodium 

salt and PAAH – Polyacrylic acid 1800 (Figure 25). The most effective was 

found to be PAAH. At a concentration of 50 mg/ml, only ~20% of the applied 

beads remained bound on the anti-digoxigenin-coated surface. When PAAH 

was applied together with BSA (later termed blocking solution) this number was 

reduced to ~10%. In addition to the magnet exposure, extra washing with the 

buffer helped to decrease that number to ~5%. 
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Figure 25. Surface passivation. A – Surface coated with anti-digoxigenin 

antibody, which is needed for DNA immobilisation, became very sticky for the 

streptavidin-coated bead. Surface passivation was needed. The effectiveness of 

each passivation agent was evaluated as a percentage ratio of beads stuck on 

the surface after the magnet was applied. B – Polyethylene glycol (PEG). C – 

Bovine serum albumin (BSA), D – Polyacrylic acid 2000 sodium salt (PAA), 

polyacrylic acid 1800 (PAAH). The best surface passivation was achieved with 

PAAH + BSA on the surface and BSA on the beads. The addition of gentle flow 

helped to reduce the beads sticking on the surface to ~5% (last column in D). 

Error bars are SEM. For each condition, the intake of ~1000 beads was used.  

When the PAAH and BSA mix was supplemented with detergent pluronic 

F127 (0.2%) and casein protein (0.1 mg/ml), the blocking efficiency improved 

even further and only ~0.5% of beads stuck to the surface (Figure 26). That still 
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gives several beads stuck in one field of view, which is an excellent number for 

reference beads. 

 

 

Figure 26. Improved surface passivation. BS – blocking solution (PAAH and 

BSA). The addition of casein and pluronic F127 to the BS improved the 

passivation even further.  

 It is important that the passivation procedure does not interfere with DNA 

immobilisation. The passivated anti-digoxigenin-coated glass surface was 

exposed to magnetic beads, which could successfully be washed away (Figure 

27). This procedure was repeated several times on the same flow cell and each 

time it gave the same result, showing that the passivation properties remain 

unchanged after a number of washing cycles. When beads premixed with DNA 

were applied, about half of the beads remained, showing that DNA could be 

immobilised on the surface. After repetitive addition of beads with DNA, the 

absolute number of beads increased. It was also shown that most of the beads 

bound were interacting with the surface through digoxigenin and anti-

digoxigenin interactions and the beads could be raised up from the surface by 

application of magnets.  
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Figure 27. The passivation procedure did not interfere with DNA binding. 

The flow cell coated with anti-digoxigenin and passivated with the blocking 

solution was first exposed to beads and then washed with the buffer. Beads did 

not stick even after multiple beads-wash cycles (columns from left to right 

showing chronological results for the same flow cell). Once beads premixed 

with DNA (biotin on DNA binds to streptavidin on beads) were applied, the 

number of beads remaining after washing increased dramatically. After 

additional cycles of applying beads with DNA, the number of beads remaining 

increased even further, showing that the passivation procedure by the blocking 

solution does not interfere with DNA immobilisation. Data intake of ~1000 beads 

was used for each column. 

 

 DNA immobilisation 3.6

Initially, DNA was produced with a single biotin at one end and about five 

digoxigenin labels at the other end (introduced with terminal transferase). It was 

noticed that beads tethered with such DNA templates did not remain in 

magnetic tweezers for very long during experiments and the beads showed a 

tendency to detach even during short experiments (~5 min). An increased bead 
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lifetime was of interest so a substrate bearing multiple labels was produced. On 

each side, it had 500 bp DNA handles, one with multiple biotins (~25% of T 

nucleotides labelled) and another with multiple digoxigenins. See Chapter 2 for 

a full description of the production of DNA templates.  

Beads tethered with different DNA templates were exposed to high force 

(25 pN) and recorded for 90 min to determine the proportion of beads lost 

(Figure 28). 50% of beads tethered through the first template were lost in ~30 

min. Conversely, beads with multiply labelled DNA showed greatly increased 

lifetime and less than 10% detached in 1.5 hours, demonstrating that for long 

experiments only DNA with multiple labels at both ends can be used. This DNA 

substrate was used for the DNA supercoiling studies described in the following 

chapter.  

 

 

 

Figure 28. Bead lifetime. Multiple-digoxigenin and multiple-biotin labelled DNA 

tethered beads had much longer lifetimes than DNA with only ~5 digoxigenins 

and 1 biotin. 25 pN force was used and K100+ buffer. 

 

 Software 3.7

A series of semi-automated software routines were implemented in 

ImageJ (Schneider et al. 2012) to enable the analysis of a large number of 
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beads. First, the data analysis challenges and requirements will be described 

and then routines that were created to solve them will be presented. 

To understand the specifics of the required analysis software, let us briefly 

consider a typical context of the data from a magnetic tweezers experiment. A 

regular magnetic tweezers measurement usually consists of two stages – 

calibration and measurement. In the calibration stage, the objective is moved by 

known distance steps and the bead image is recorded, which is later correlated 

with the z displacement. This is performed for each experiment and each bead 

has to be calibrated due to variations in the bead size and background. In the 

measurement stage, usually many DNA tethered beads (10–20) and at least 

one reference bead are followed simultaneously. For convenience of analysis, 

different experimental conditions are recorded into different files.  

When it comes to data analysis, a set of files has to be analysed 

(calibration and measurements) and each file has many tethered beads and a 

few reference beads. During the analysis, bead x, y and z coordinates are 

calculated. Manual analysis and data processing of multiple beads and files is 

very time consuming and with a large number of beads it becomes virtually 

impossible. To overcome this, a semi-automated data analysis pipeline was 

implemented in ImageJ software (Schneider et al. 2012) using the internal 

programming language Macro. The analysis routines, for the convenience of 

developing them further, were divided into three separate modules with these 

given names: “1 Cut out beads”, “2 Magnetic Beads”, “3 Analysis”. A detailed 

description of each routine is described below together with flowcharts 

describing the logical path followed by each procedure. In the flowcharts, the 

start and end are marked by a circle shape, separate processes are marked by 

a rectangle shape, the steps where user input is required are marked as 

trapezoid shapes and processes where a decision is made are indicated by a 

diamond shape. 

 

1 Cut out beads. The experimental data consists of a video file usually 

consisting of ~10,000 frames (~1000 seconds) with dimensions 1280 x 1024 

pixels (120 x 120 µm). The wide field of view of the imaging system enabled 

many tens of beads located at random positions across the image to be 

recorded simultaneously. The first phase of the data analysis consists of 
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identifying the approximate location of each bead, then defining regions of 

interest, ROIs, (55 x 55 pixels) that could be saved as separate video data files. 

After running the first module, beads from a big size file with many beads 

in the same field of view are saved separately (Figure 29).  

 

 

Figure 29. Overview of actions of the first module “1 Cut out beads”. See 

text for details.  

This is needed because the analysis of one big file is much slower or 

sometimes impossible compared to the analysis of many much smaller files. 

Figure 30 shows all the logical procedures performed by this module. The 

procedures are explained in more detail below. 

The first stage of the module is identification of beads. It can be done 

either automatically or manually. The automated detection is useful when one is 

aiming to analyse all beads in the field of view. It achieved by the ImageJ built-

in automated particle detection algorithm, which discriminates particles by size 

and circularity. However, the automated detection can very rarely discriminate 

between tethered beads and beads on the surface (some of them are reference 

beads), so manual refinement is usually required. The refinement is also 

needed when some beads are too close to the edge of the field of view, some 

beads are stuck together or there are any objects interfering with the bead 

image. Therefore, those beads have to be removed so that the downstream 

modules could work smoothly. When only a small fraction of beads is desired to 

be analysed, then it is more practical to make a bead list manually. In the latter, 

the bead list has to be produced before starting the module. It is by labelling 
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position of beads (both tethered and reference) with the drawing tool by drawing 

a rectangle around each bead. The centre of the rectangle is going to be the 

centre of a new file but the shape of the rectangle is not going to define the 

shape of the new file. In both automated and manual detection, bead 

coordinates are added to the ROI manager and the list can be saved separately 

or further modified. After both the automated or manual bead detection, a 

dialogue window appears asking the user to choose a name for the new 

directory (default – “cut_out”), calibration file, reference bead, input directory. 

From this stage, the module already contains the list of coordinates of beads, 

the reference bead and the calibration file chosen. If the module is to be used in 

a batch mode to process many large files sequentially, the same information will 

be passed to other files later on. A 55 x 55 pixels ROI is selected around the 

approximate centre of each bead and ROIs are saved in the newly created 

folder (“cut_out”). All .gmv format files in the chosen directory are processed in 

that way, while none of the other file types or files in the folders are processed. 

Each file is saved with its original name modified and a bead number added in 

the front and a tag added at the back. The tag describes a type of the bead 

(reference or tethered, _ref_ and _a_ respectively) and the type of the file 

(calibration or measurement, _cal or _a). All this information is used later when 

analysing the data in the next modules. 



3. Magnetic tweezers setup 

83 
 

 

Figure 30. Graphical pseudocode (flow diagram) of the first module. The 

module “1 Cut out beads” saves beads from big files into separate files with a 

bead in each. The flowchart illustrates processes performed by the module. 

Trapezoid shape boxes – steps where manual action of a user is required, oval 

– start and end, diamond – decision making, rectangle – a process. See text for 

more details.  
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2 Magnetic beads. After running the first module, one has a folder with 

many files with individual beads. The second module mainly makes 

measurements on each bead to extract the x and y coordinates and the 

apparent bead diameter (Figure 31). Initially, the approximate bead x and y 

position is detected by using the ImageJ automated particle detection algorithm. 

Then the bead position is refined to a subpixel resolution by the bead edge 

detection algorithm, which performs a linear interpolation of the light intensity 

between pixels (by Justin Molloy, for more details about the algorithm see 

Chapter 2. This is done for both horizontal and vertical bead profiles. In each 

case, left and right edges (four edges in total) are detected. If something other 

than the default 100x magnification lens is used, the initial dialogue window 

allows choosing other options in order to optimise the settings for the linear 

interpolation between pixels. Then the middle point between edges of the 

horizontal profile is treated as the x coordinate, and the middle point of the 

vertical profile as the y coordinate. The distance between edges in horizontal 

and vertical profiles is treated as the bead diameter. To be more specific, x and 

y are specified in displacement from initial position in nm, and the bead 

diameter is shown as the absolute value in pixels. This information is extracted 

from every frame. In addition, other information is gathered: time, absolute 

position of the objective (z_objective, in nm), a bead number and a file number. 

After the last frame is processed, the data are written out to the Results table. 

The same procedures are repeated for all .gmv format files in the folder. After 

all files are processed, the Results table is saved as the “analysis_raw.xls” file. 

In the initial dialogue window, one can choose to show the action, 

otherwise it is not shown to speed up the analysis. When this option is chosen, 

the detected bead boundaries are drawn on the image after the analysis. In the 

case of the algorithm failing to detect the bead edges correctly, one can clearly 

identify that from the drawing. One can also enable a demonstration of the 

actual linear interpolation between pixels. These options help troubleshooting 

when the module fails to analyse some files. 
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Figure 31. Graphical pseudocode of the second module.  The module “2 

Magnetic beads” serves for extracting time, determining bead coordinates in x 

and y and calculating the bead diameter. See text for more details. The initial 

version was written by Justin Molloy. 
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3 Analysis. The module converts the bead diameter measurements, 

generated by the previous module, to the bead position change along the z 

coordinate (or z displacement) and subtracts any focus drift by using a 

reference bead (Figure 32).  

Before starting the module, the file “analysis_raw.xls” must first be opened 

in ImageJ. After starting the module, a dialogue window appears and relevant 

fields have to be changed if non-default settings are to be used. One is asked 

whether a calibration file is present. If it is not present, then a default calibration 

value can be used (or any value typed in). In addition, how many data points 

median should be used for the drift correction is requested. When the dialogue 

window is closed, a new window appears and one should select the output 

directory.  

Data opened in the results table is read line-by-line. The module scans 

through the whole results table twice: the first time to get calibrations and the 

reference bead information and the second time – to calculate z displacement 

for each bead, calibrate them and correct for the drift. It is assumed that if the 

reference bead moves, this movement is in fact a drift and has to be subtracted 

from other beads. To reduce noise introduced by a reference bead, instead of 

subtracting a single time point, a median of 40 points (default) is calculated (at 

the usual 20 frames per second recording speed that corresponds to 2 s 

window). If much slower/faster speed is used, that can be adjusted in the initial 

dialog window. 

The module detects the calibration files and for each bead separately 

relates the bead diameter change in pixels to the bead height change (in z 

coordinate) in nanometres. This is possible because calibration files contain 

videos of bead image change when objective is moved up and down in z 

coordinate by a known distance. At the last step of the module the information 

from the reference bead height change is used to correct for the drift. So after 

applying the module a real bead height change in nanometres (z displacement) 

is calculated and corrected for the drift (dz_corrected).  

It is important to note, that because hyphen separated name tags in the 

file name are used for identification of the reference bead and the calibration file 

so the original filename cannot contain any more hyphens as this is going to 

confuse the algorithm and might not yield a successful analysis. 
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The further data processing routines can be implemented as well 

depending of the data output required. The pros and cons of the modules will be 

discussed in the Discussions section. 

 

Figure 32. Graphical pseudocode of the third module. “3 Analysis” converts 

the bead diameter into the z displacement and corrects for a drift. Results are 

saved as a new file called “analysis.xls”. For more details, see text.  
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 Discussion 3.8

A magnetic tweezers setup was built, including software and hardware. 

The software was implemented in the popular and freely available ImageJ 

program. Hopefully, a detailed manual prepared will make the software more 

user-friendly. Therefore, it is open to improvements, for which there is plenty of 

room, and was divided into three separate modules. It is worth pointing out a 

couple of things which the future users might want to work on.  

During a calibration the bead diameter is cross-correlated to the measured 

z change and the relationship is fitted with a linear model. Although a linear 

relationship describes it quite well at a small range (up to ~1000 nm), at a larger 

range it deviates more and bigger errors are introduced. This is definitely a 

weakness of this software. One way of solving this may be using a look-up table 

method. For this, bead images at different focuses would be saved to the look-

up table along with the measured position in z. To find the bead displacement in 

z, the bead image at any given point would be compared to the look-up table. 

This would not need to assume any mathematical relationship between the 

bead image and z position, but rather it would be purely empiric. This would 

increase the working range of the method.  

Compared to other available software in the field (Cnossen et al. 2014) 

this software is less computationally demanding. Due to its relatively simple 

architecture, it might be of interest to non-specialist laboratories. However, an 

equal tracking accuracy cannot be achieved (sub-nanometre resolution vs ~5-

10 nm in z). Also this software only analyses bead images offline.  

The main advantage of our setup is that it was built as an addition to a 

microscope and can be easily removed when not in use. Most of the magnetic 

tweezers devices reported so far have been bulky and built as a part of a 

specialised microscope (Lipfert et al. 2009). Our setup might be of interest to 

more non-specialist laboratories as it is easy to build and can be added to 

existing commercial microscopes. 

Lower magnification was used to upscale the number of beads visible in 

one field of view. One of the important advantages of magnetic tweezers over 

other force spectroscopy techniques, such as optical tweezers or AFM, is that 

many molecules can be investigated in parallel. This is because the magnetic 

field applies to a large area and is homogenous in the field of view (hundreds of 
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micrometres) as the size of field of view is much smaller than the distance 

between the magnets and the flow cell. 

It was shown in this chapter that adjusting microscope settings can make 

a huge difference to the optimal bead image for the analysis. Namely, after 

adjusting the correction ring on the objective, a much better image was 

produced. When searching for an optimal image, it is desirable to have the most 

pronounced diffraction rings around the bead. This is particularly important 

when lower magnification is used. Also, when an air lens was used in this study 

the bead image deteriorated. So in the latter case, the bead setting adjustment 

had a profound effect on the improved diffraction rings around the bead. 

Improvements to the protocol were reported. A new surface passivation 

method was presented. Most of the groups use BSA only (Lionnet et al. 2012). 

Interestingly, in this study, BSA alone was not able to give satisfactory 

passivation results. The most likely cause may be a different anti-digoxigenin 

antibody purity that was used by other groups. It also might be due to a different 

surface preparation method; we used the Vectabond reagent and other groups 

either coated the surface with polyethylene, Teflon or Sigma coat (Revyakin et 

al. 2005, Manosas et al. 2010, Lionnet et al. 2012).  

It was illustrated in this chapter that beads tethered with DNA with multiple 

digoxigenins have a much increased lifetime. This is particularly important if 

DNA is to be used in long experiments (>1 h) and at increased force (>25 pN). 

DNA with just a few digoxigenins was being lost at a much increased rate. Even 

if more than one digoxigenin is present that probably does not ensure that all of 

them will be accessible. Particularly if the distance between them is small, there 

might steric hindrance for more than one anti-digoxigenin antibody to reach the 

same DNA piece. Once multiple digoxigenins were incorporated into the 500 bp 

handle, really dramatic effects were seen. That also ensures that if one anti-

digoxigenin is detached from an antibody, then there are more holding the 

tether, and the previous one can potentially attach again after some time. 
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 Introduction 4.1

The RepD initiator protein binds to the double-stranded origin of 

replication, oriD, in a sequence-specific manner and nicks one of the DNA 

strands via a phosophodiester bond exchange reaction. This results in the 5’ 

end of the ssDNA backbone forming a covalent, phosphotyrosine bond with the 

active site tyrosine, Y188 of RepD. The nicking reaction initiates rolling circle 

plasmid replication because it reveals a section of single-stranded DNA that 

allows the helicase, PcrA and DNA polymerase III to load onto the DNA so that 

unwinding and leading strand elongation can commence. 

In this chapter I describe how magnetic tweezers were used to study the 

RepD-mediated nicking reaction. The main focus is an investigation into the 

effects of DNA supercoiling on the kinetics of the nicking reaction. Since 

plasmid DNA is negatively supercoiled in vivo and supercoiling is known to alter 

DNA secondary structure it might affect interaction between RepD and its 

binding site, oriD. In fact, previous studies have shown that while RepD nicks 

native, negatively supercoiled, plasmid DNA within a few milliseconds, linear 

DNA templates, containing the oriD recognition, sequence require several 

minutes for the nicking reaction to occur (Arbore et al. 2012). It was also shown 

that a homologous plasmid system, pT181 (with oriC start site) is replicated 

very inefficiently when the plasmid DNA is relaxed and it was proposed that 

replication was limited by slow nicking performed by the homologous, RepC, 

protein (Khan et al. 1981). The work described in this chapter aims to 

characterise the dependence of the RepD nicking reaction on both the 

magnitude and direction of DNA supercoiling. 

The magnetic tweezers technique was chosen because it allows controlled 

amounts of DNA supercoiling to be applied to DNA while the nicking reaction, 

performed by individual RepD molecules, is monitored in real time. This means 

that the kinetics and thermodynamics of the nicking reaction can be investigated 

under different conditions. Moreover, since magnetic tweezers provide single-

molecule information, molecule-to-molecule variations can also be examined 

and other observations can sometimes be made: For instance, during the 

current studies it was noticed that the DNA template length showed increased 

variance (length fluctuations) at low degrees of negative supercoiling and this 

observation was followed up in later studies (Chapter 5). 
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The nicking reaction is a nucleophilic attack by the active site tyrosine 

residue, Y188, of RepD towards the DNA backbone phosphodiester bond at a 

specific site within the region of oriD called ICRII (inverted complementary 

repeat II). As a result, a ssDNA break is formed which is called a “nick”. In the 

nick region the DNA molecule is held together only by ssDNA. ssDNA consists 

of a phosphodiester backbone containing single covalent bonds around which 

atoms can freely rotate. So now the DNA molecule is no longer torsionally 

constrained and, as a result, DNA supercoiling is relieved, or relaxed. For this 

reason, this class of DNA processing enzymes are sometimes referred to as 

“relaxases” (Byrd and Matson 1997). 

 

The following methodologies and results are presented in this chapter: 

 Both ends of a 10 kb DNA molecule were immobilised at multiple 

points in order to allow supercoiling by magnetic tweezers (Figure 

33). The mechanical properties of the DNA tether were studied, 

including the response to stretching (Section 4.2) and supercoiling 

(Section 4.3).  

 A real time assay for investigating RepD nicking activity was initially 

established using close-to-native levels of DNA supercoiling, and 

subsequently at low levels of supercoiling in order to determine the 

minimum supercoiling threshold required for nicking. The latter 

approach required alternative methodology, and the nicking 

reaction could not be investigated in real time (Section 4.4). 

 Nicking traces were analysed by ensemble averaging to gain 

insights on DNA structural changes immediately prior to the nicking 

process (Section 4.5). 

 The kinetics of nicking, specifically, the relationship between 

different supercoiling levels and the nicking rate, was also 

investigated (Sections 4.6, 4.7, 4.8). 

 Finally, the religation of DNA was investigated (Section 4.9).  

 

To avoid ambiguity, the main terminology is defined here. The term 

“supercoiling” describes any deviation from the linking number of relaxed DNA, 

which is equal to the number of helical turns (10.5 bp/turn). “Writhe” and “twist” 

are used to describe the particular form of supercoiling which results in different 
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DNA conformations. Twist refers to the change in the helical pitch of DNA; 

positive supercoiling shortens (i.e., tightens) the “Watson-Crick” helical pitch, 

while negative supercoiling lengthens it. As twist accumulates, structural 

distortion reaches a critical point at which the DNA backbone buckles and starts 

to wrap around its own axis, a process called writhe.  

 

 

Figure 33. DNA tethering strategy for supercoiling with magnetic 

tweezers. Both DNA strands included multiple labels, biotin at the bead end 

and digoxigenin at the surface end. An oriD site was positioned at the centre of 

the DNA molecule. The production of the DNA template is described in Chapter 

2. 

 

 Force-extension curve of DNA tether 4.2

In order to determine the mechanical properties of the DNA tether, 

molecules of DNA were attached to magnetic beads at one end and the 

microscope coverslip at the other end. To verify that beads were tethered by a 

single DNA molecule, DNA tether length was measured at different forces, 

which were varied by adjusting the magnet height above the sample. The force 

at each height was determined from the bead’s lateral movements (see Chapter 
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1 for the principles of force measurement and Chapter 2 for the standard force 

calibration curves). 

If the bead is tethered with more than one DNA tether, the force-extension 

behaviour changes, resulting in a significantly shorter tether length at lower 

forces (<1 pN). By comparing the force-extension behaviour to theoretical 

models, the number of DNA tethers can be estimated. 

At a  force of 6 pN, the 10 kb DNA template was stretched out to 

approximately 3600 nm, a measurement close to the expected crystallographic 

contour length (3400 nm) (Figure 34). Discrepancies of up to ~300 nm can arise 

as the exact DNA attachment point is unknown due to the use of 500 bp 

handles, with multiple randomly located biotin/digoxigenin labels, for DNA 

anchoring.   

Force-extension data were fitted to a Worm-Like Chain model (Bouchiat et 

al. 1999) (see Chapter 1), with the best fit obtained at the persistence length Lp 

= 50 nm. Previous studies reported a similar persistence length (45 nm) for a 

single DNA tether, with a two-fold smaller persistence length for a double-tether 

(Bouchiat et al. 1999). This verifies that the bead measured here was tethered 

by a single DNA molecule. This measurement was also consistent to other 

studies measuring the force-extension relationship.  

 

Figure 34. DNA force-extension relationship of a single DNA molecule. The 

magnetic field strength was adjusted by varying the magnet height and the DNA 

extension was determined from the change in bead image diameter 

(proportional to the bead movement in z). The 10 kb DNA substrate approaches 

its contour length, l = 3600 nm, at F > 6 pN. The behaviour of DNA at low force 

can be fitted with a Worm-Like Chain model (Bouchiat et al. 1999) (black line) at 

the persistence length, Lp = 50 nm (inset). 
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 DNA supercoiling 4.3

Supercoiling of single DNA molecules was demonstrated using a magnetic 

tweezers assembly, and the behaviour of the 10 kb DNA template used was 

characterised in terms of changes in extension following magnet rotation. 

Rotation of the magnets around the vertical axis caused the magnetic 

beads to rotate, thus causing the DNA molecule to rotate correspondingly and 

become supercoiled. Magnets were rotated either anticlockwise (as viewed 

from above, and termed as “+n” where n is the number of turns) or clockwise 

(termed as “–n”), and DNA extension was measured at various stretching forces 

(0.5, 0.8, 1.5, or 7 pN) (Figure 35).  

At the lowest force, 0.5 pN, two regimes were detected, consistent with 

other studies, for example by Strick and colleagues in 1996 (the first of its kind). 

At low supercoiling values of up to ~8 turns, changes in DNA tether length were 

negligible as supercoiling was absorbed by the twist of DNA molecules. Beyond 

a threshold point, called a buckling transition, DNA extension decreased 

significantly as the supercoiling process started to generate writhe. A linear fit 

was performed on data points from the buckling transition, and the rate at which 

tether length decreased could be obtained. When supercoiling was positive, 

DNA tether length decreased at a rate of 64.4 ± 1.9 nm/turn (SEM, n = 5); when 

negative, tether length decreased at a rate of 57.6 ± 2.6 nm/turn. Overall, DNA 

tether length decreased by approximately 2080 ± 119 nm and 2072 ± 82 nm 

when rotated to -50 and +50 respectively (Figure 35, red circles). It is worth 

noting that this level of supercoiling, or σ = -0.05, is comparable to the 

estimated level of natural supercoiling observed in most organisms (except 

thermophiles) (Kanaar and Cozzarelli 1992). At the ends of the curve, a 

rounding was observed (from -40 to -50 and +40 to +50) as the bead came 

close to the surface and almost all of the DNA length was in writhe. This can be 

explained by the increased stiffness of the tether when the DNA tether length 

shortens and a subsequent increase in the energy barrier for DNA to writhe. 

At an increased force of 0.8 pN, asymmetry between positive and negative 

supercoiling appeared in that negative supercoiling did not decrease the DNA 

tether length to the same degree as positive supercoiling. Following -50 turns, 

the DNA tether length decreased by only 1026 nm, about two-fold less than at 

0.5 pN or at 0.8 pN +50 turns (2300 nm). Furthermore, the buckling transition 
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appeared later at negative supercoiling (compared to 0.5 pN), indicating that 

additional negative supercoiling was required (-25 turns). It most likely becomes 

energetically unfavourable to store supercoiling in writhe, so the proportion of 

supercoiling stored in twist increases accordingly. At positive supercoiling, the 

DNA tether length decreased at a rate of 44.3 ± 0.5 nm/turn. 

At 0.8 pN -50 turns, the tether length decrease was about two-fold smaller 

than at positive supercoiling (1274 nm), meaning that only about half of 

supercoiling was stored as writhe with the other half stored as twist. As the twist 

direction at negative supercoiling was contrary to the direction of DNA helicity, 

the DNA duplex was unwound. It was estimated that at -50 turns, DNA twist 

was reduced by about -25 turns (one magnet turn causes one rotation of DNA). 

Overall, this was considered a minor change in DNA helicity as the 10 kb DNA 

contained 1000 helical turns in total. However, the energy interconverted from 

writhe to twist was approximately equal to 1274 nm*0.5 pN = 637 pNnm, or 155 

kbT, enough to break about 77 bp. 

At the higher force of 1.5 pN, DNA molecules behaved very differently at 

negative supercoiling in that DNA tether length did not change at all, whereas at 

positive supercoiling DNA remained in the twist regime for longer compared to 

at 0.5 pN. The switching from the twist to the writhe regime occurred only at +25 

turns (+10 turns at 0.5 N). In the twist regime, the DNA tether length decreased 

at a rate of 41.8 ± 0.8 nm/turn.  

DNA supercoiling at a force of 1.5 pN can be used as a further verification 

of the presence of a single DNA tether. If the bead with two or more DNA 

molecules was twisted, symmetry between positive and negative turns would be 

expected as DNA molecules coil equally around each other in both directions.  

At the highest force measured, 7 pN, the tether length of the DNA 

molecules did not change following clockwise or anti-clockwise rotation. 
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Figure 35. The DNA tether length at different supercoiling and force.  At 

low pulling forces, DNA supercoiling formed writhe, resulting in significant 

changes in tether length.  At high forces, however, supercoiling was absorbed 

by changes in twist and the DNA helical pitch also changed, although changes 

in its overall length were negligible. As DNA is a chiral molecule, the effect is 

asymmetric  over- and under-winding regimes. At 0.5 pN, writhe was produced 

by both positive and negative supercoiling. At 0.8 pN, asymmetry appeared 

between positive and negative supercoiling. At 1.5 pN, positive supercoiling 

gave rise to writhe formation whereas negative supercoiling caused a reduction 

in DNA twist (causing “strand opening” (Strick et al. 1998)). At 7 pN, DNA 

supercoiling in both directions simply changed the DNA pitch so the length did 

not change. The data are from a single DNA molecule recorded at 20 Hz, with 

each point representing an average of ~400 measurements. For reasons of 

clarify, the curves were shifted in the y axis relative to each other. 

 

Calculations of twist and writhe energies 

Upon rotation of the DNA ends, the “supercoiling energy” in DNA is stored 

either in twist or writhe. The energy taken up by twist is used to generate torque 

(Γ) and stored in a form of torsional energy Et. In the twist regime, torque 

increases linearly with the rotational angle (θ) (Strick et al. 1998): 
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 Γ(θ) =
CkbTθ

𝑙
 (Equation 8) 

torsional energy (Janssen et al. 2012): 

  Et = ∫ Γ𝑑𝜃

2𝜋𝑛

0

 (Equation 9) 

the energy thus grows quadratically to the number of turns applied (n): 

  Et =
CkbT(2πn)2

2𝑙
 (Equation 10) 

Where C – torsional modulus, 90 nm at 0.5 pN force (weakly force-dependent 

(Lipfert et al. 2010)); 𝑙 – contour length, 3400 nm.  

 

Meanwhile, the energy stored in writhe is used to do the mechanical work (Ew) 

to lower the bead by a distance Δz:  

 Ew = FΔz (Equation 11) 

By comparing the energy stored in 10 kb of DNA at different levels of 

supercoiling (Figure 36), it can be shown that, at up to ~14 turns, it is more 

energetically favourable to store supercoiling in twist; only at higher supercoiling 

levels does writhe becomes more energetically favourable. 

At higher end-to-end forces, twist energy remains almost unchanged 

(except at negative supercoiling, where the DNA torsional modulus changes 

due to dsDNA unwinding); however, writhe energy increases. The intercept 

point between the two energies happens at ~30 turns at 1.5 pN, and at 7 pN, 

twist energy is always significantly lower in the range from 0 to +50 turns.  

 In conclusion, the measurements of DNA supercoiling described here 

correspond to theoretical calculations and previous work. 
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Figure 36. Estimated energy of twist and writhe. In 10 kb DNA at 0.5 pN, 

energy stored in twist was calculated by (Equation 10), while energy stored in 

writhe was calculated by (Equation 11). 

 

 Only negatively supercoiled DNA could be nicked 4.4

 

RepD nicking of supercoiled DNA results in the recovery of initial 

tether length  

Native negatively supercoiled plasmids are nicked by RepD within a few 

milliseconds. However, the same DNA, when relaxed and religated, is nicked 

over a timescale of several minutes (Arbore et al. 2012). The reason for this 

discrepancy is not well understood, although it is thought that the secondary 

structures at oriD, which are favoured by negative DNA supercoiling, might form 

and accelerate the reaction while also shifting its equilibrium. The dependence 

of RepD nicking on DNA supercoiling was investigated using a magnetic 

tweezers. 

The magnetic tweezers nicking assay was first established. It was 

suggested that the loss of DNA supercoiling, following nicking in magnetic 

tweezers, would result in an abrupt change in DNA tether length due to free 

rotation around the covalent bonds of ssDNA (Figure 37).  
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Figure 37. Cartoon of the nicking assay in magnetic tweezers. Upon 

supercoiling, DNA tether length is decreased; following nicking, the original 

DNA tether length is restored due to free rotation around the covalent bonds in 

the ssDNA region. 

 When the magnets were rotated by +50 turns at a force of 0.5 pN, the 

DNA tether length decreased by 2200 nm as the DNA was positively 

supercoiled (Figure 38). Following addition of 1 nM RepD, the DNA remained 

intact (i.e., supercoiling was retained) even after 6 minutes. The DNA 

supercoiling was then quickly changed to negative by rotating the magnets 

through -100 turns (+50 (-2200 z displacement), through 0 (0 nm), to -50 (-2200 

nm)). After a stochastic delay, DNA supercoiling was removed by nicking and 

the bead returned to the initial z position (0 nm); the resulting nicked DNA could 

no longer be supercoiled. In virtually all cases, nicking was observed in one 

abrupt step. 
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Figure 38. RepD nicking assay in magnetic tweezers. z displacement of the 

bead is shown in the top graph, with magnet rotational position during the 

experiment shown at the bottom. A single DNA molecule was positively 

supercoiled by rotating the magnets through +50 turns. After addition of 1 nM 

RepD, no nicking was observed but when the DNA supercoiling was changed to 

negative, the DNA molecule was nicked after a stochastic delay and the bead 

returned to the initial position, indicating the loss of supercoiling. Further rotation 

of the magnets did not result in DNA supercoiling, indicating that the DNA was 

nicked. 

 

RepD can nick DNA supercoiled to native level negatively, but not 

positively 

Previous experiments suggested that positively supercoiled DNA either 

could not be nicked by RepD, or that the nicking/binding rate was very slow. It is 

known that RepD binding to DNA occurs at about 108 M-1 s-1 which is close to 
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the diffusion control (Slatter et al. 2009). At the previously-used concentration of 

1 nM RepD, binding should take ~10 s. To increase the rate of reaction higher 

concentration of RepD was used. When 100 nM of RepD was added to 

negatively supercoiled DNA (-50 turns), immediate nicking occurred; in most 

cases, the actual nicking event was not observed as it occurred in the first 

seconds after addition of RepD (it takes up to 20 s for the beads to stabilise). In 

total, 31 DNA molecules were tested at -50 turns (n = 10 at 0.5 pN; n = 21 at 0.8 

pN) (Table 4).  

However, even at 100 nM RepD, nicking was not observed when DNA 

was positively supercoiled by +50 turns, even after 10 min incubation (n = 10 at 

0.5 pN; n = 36 at 0.8 pN). These results indicate that, even at a saturating 

concentration of RepD, positive DNA supercoiling totally abolished RepD 

nicking activity. This implies that some structural changes of DNA are required, 

either for RepD binding or nicking, which cannot be implemented on positively 

supercoiled DNA. 

 

Table 4. Nicking of supercoiled DNA. Positive DNA supercoiling inhibited 

nicking by RepD while negative supercoiling allowed nicking to proceed. 10 kb 

DNA molecules supercoiled to +50 turns could not be nicked at both 0.4 pN. 

Conversely, all DNA molecules supercoiled to -50 turns were nicked both at 0.4 

pN and 0.8 pN. 

Supercoiling    \    
Force (pN) 

0.4 pN 0.8 pN 

+50 turns ( = +5 %) 0% (n=10) 0% (n=36) 

-50 turns ( = -5 %) 100% (n=10) 100% (n=21) 

 

 

Only negatively supercoiled DNA can be nicked by RepD 

As earlier experiments suggested, DNA supercoiled to +50 turns could not 

be nicked even in the presence of a high RepD concentration; however DNA 

nicking could proceed when supercoiled to -50 turns. This observation raised 

the question of whether a clear boundary exists between negative and positive 
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supercoiling where DNA can be nicked by RepD. To investigate this further, the 

nicking reaction was performed at low supercoiling levels, around 0 turns. 

However, at low levels of supercoiling, i.e., from about -8 to +8 turns, DNA 

exists in a twist regime so supercoiling does not result in a detectable change in 

DNA tether length as writhe has not yet been formed. Therefore, the nicking 

reaction under these conditions cannot be observed directly, i.e., by DNA 

regaining the length of relaxed DNA tether, but can be determined indirectly by 

regularly testing whether DNA can be positively supercoiled, given that DNA 

positively supercoiled to +50 turns is resistant to nicking. If DNA has been 

nicked, it therefore can no longer be supercoiled.  

DNA was incubated at +5 turns for 2 min in the presence of 60 nM RepD, 

and was then assessed by positive supercoiling to +50 turns to determine 

whether the DNA retained the ability to be supercoiled. A similar procedure was 

performed at +4, +3 ...0, -1, -2….-8 turns. The number of DNA tethers that were 

nicked at each supercoiling level was recorded and the results were plotted as a 

cumulative frequency graph (Figure 39). The x axis in the graph represents the 

actual (corrected) DNA supercoiling state rather than the magnet rotation state 

(both do not always match, as can be seen in Figure 35, and even before 

rotation of the magnets DNA might already be supercoiled by up to ±5 turns). It 

was observed that DNA could be nicked only when entering the negative 

supercoiling region (beyond the “0 point”). As negative supercoiling increased, 

>50% of DNA molecules were nicked by -6 turns and all but one were nicked by 

-7 turns of supercoiling.  

In this experiment time intervals between data points where kept uniform 

(~2 min), therefore the x axis can be regarded as a time axis. The slope of the 

graph with y log scale (Figure 39 inset) is proportional to 
1

n
×

dn

dt
 , where n – 

number of unnicked DNAs remaining, t – time. Given a short time interval, this 

is equal to a probability that a still unnicked molecule will be nicked. Therefore 

from the slope of this graph it is clear that the nicking probability increases with 

more negative supercoiling applied. 

It is notable that the boundary between nicking and non-nicking is so 

definite, suggesting that the structural changes in DNA that enable nicking to 

occur are very sensitive to the degree of negative DNA supercoiling. 
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Figure 39. DNA supercoiling threshold for nicking by RepD. At low 

rotational values, DNA is in a twist regime and does not form writhe; nicking 

therefore cannot be directly observed. However, nicking in the twist regime was 

measured by attempts to positively supercoil the DNA molecule every ~2 min. 

No DNA molecules could be nicked until the DNA was supercoiled negatively. 

By -6 turns, more than 50% of DNA molecules were nicked, and by -7 turns 

almost all were nicked. F = 0.4 pN and 100 nM RepD were used. The inset 

shows the same data with y log axis. The left-most data point (“0” on y axis) 

was removed to be able to plot data on a log scale. 

 

 Analysis of nicking traces by ensemble averaging 4.5

Nicking time traces were analysed to further investigate the ability of RepD 

to selectively nick negatively supercoiled DNA. In this experiment, a low RepD 

concentration (1 nM) was used in order to allow sufficient time for DNA to 

supercoil to the desired level while still being able to observe the actual moment 

of nicking. Traces were aligned relative to each other, on the x axis to the time 

point of nicking, and on the y axis to the average z value before nicking.  

An average of all traces was calculated (Figure 40), in a process which 

decreases noise but retains systematic events. By averaging 10 nicking traces, 

noise was reduced by about 7-fold. The expected signal could represent DNA 
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tether length change immediately prior to nicking. A small increase in DNA 

tether length can be observed just prior to nicking (Figure 40). This increase 

was transient, lasting less than 1 s, and of 200 nm in amplitude. As the change 

was not much higher than the noise level, this observation cannot be 

considered conclusive but could potentially be verified by recording at a higher 

speed of 50-100 Hz instead of 5 Hz. Furthermore, averaging more nicking 

traces could make the event more observable as the signal-to-noise ratio would 

be increased. For improving the signal-to-noise ratio, a shorter DNA was 

produced and a detailed investigation of its behaviour under negative 

supercoiling conditions is presented in Chapter 5. 

 

Figure 40. Ensemble averaging of nicking traces. The red line represents 

nicking traces at -10 turns, n = 10 events. The blue line is the average of all 

traces. Data were recorded at 5 Hz, and 1 nM of RepD was used. On the x axis, 

nicking traces were aligned to the nicking event, and on the y axis, to the z 

value before nicking. The ensemble averaging from 10 nicking traces increased 

the signal-to-noise ratio by ~7-fold.  

 

 Nicking rate 4.6

The nicking reaction was further investigated on different levels of 

negative DNA supercoiling at a 0.5 pN force. The rate of nicking was measured 

on DNA supercoiled to different levels.   
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Three different levels of supercoiling were used, -50, -25, and -10 turns. 

RepD cannot nick positively supercoiled DNA, as shown in the previous section, 

so 1 nM RepD was added to positively supercoiled DNA (+10,+25, or +50). 

After ~1 min incubation, DNA supercoiling was quickly reversed from positive to 

negative (-10, -25 or -50). The “time before nicking” was measured, given the 

initial time point “0” when the DNA molecules reached a relaxed state (0 turns). 

The results are plotted as a fraction of DNA molecules remaining unnicked 

against time (Figure 41). In total, 28-30 molecules were recorded for each data 

set. 

An exponential function was fitted to each data set. For -10 and -25 turns, 

a single exponential function was used, but -50 turns data could be fitted much 

better with a double exponential function (residual sum-of-square 0.082 versus 

0.022 for single- and double-exponential functions, respectively).  

 

Figure 41. Nicking rate at different supercoiling levels. Each point in the 

graph represents one nicking event and the line is the best single-exponential 

function, A = ae-kt, or double-exponential (-50 turns) fit, A = a1e
-k

1
t + a2e

-k
2
t. As 

determined by the fitted equations, half of DNA molecules supercoiled to -50, -

25 or -10 turns were nicked in 23.8, 57.7, and 60.7 s, respectively. SEM was 
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estimated as 4.5, 11, and 11.5 s for each data set, respectively. 1 nM of RepD 

was used, at F = 0.5 pN. 

The nicking rate was highest at -50 turns, where half of all DNA molecules 

were nicked in t1/2 = 23.8 s, as determined from the fitted function. At -25 turns, 

this figure increased to t1/2 = 57.7 s, and at -10 turns, t1/2 = 60.7 s.  

As the protein concentration used was 10-fold lower than the Kd = 10 nM 

(Slatter et al. 2009), i.e. only 10% of RepD should be bound to DNA, the 

observed events were, in addition to other factors, reflecting the binding. One 

reason why the nicking rate differs at different levels DNA negative supercoiling 

might be that DNA supercoiling somehow accelerates the binding of RepD to 

oriD. This could be due to DNA structural changes which increase RepD affinity. 

Also, it is possible that RepD target sequence search is more efficient, whereby 

the search occurs not only by one dimensional sliding along the entire DNA 

length, but also by protein “jumping” between supercoiled DNA loops present in 

close proximity. 

However, one cannot exclude that the observed events, in addition to 

binding, also represent the actual nicking events. It is plausible that supercoiling 

changes the conformation of oriD which in turn has an improved accessibility of 

the nicking site.  

 

 Nicking rate and RepD concentration 4.7

The dependence of nicking rate was further tested on RepD concentration. 

The nicking rate at -25 turns was evaluated using systematically-varied RepD 

concentrations of 1 nM, 2 nM, 4 nM, and 8 nM (Figure 42). Indeed, the nicking 

rate was shown to increase when a higher RepD concentration was used. In 

fact, a 2-fold increase in RepD concentration (from 1 nM to 2 nM) was sufficient 

to achieve close-to-saturating conditions. With further increases in 

concentration, the nicking rate did not change significantly. 
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Figure 42. Nicking rate and RepD concentration. The nicking rate was 

investigated at -25 turns and 1, 2, 4 and 8 nM of RepD. It increased 2-fold when 

the RepD concentration was increased from 1 nM to 2 nM and further increased 

concentration did not change the results significantly. Data obtained with 1 nM 

RepD were identical to those shown in Figure 41. Data from 2 nM, 4 nM and 8 

nM of RepD were best fitted with a double-exponential function. 

The observation that at -50 turns and higher RepD concentration data 

were best fitted with a double-exponential function implies the involvement of 

two processes. The first is most likely a simple concentration-limited binding 

event, and the second might reflect the process of accelerating binding or 

nicking. At -50 turns, this could be negative DNA supercoiling-induced extrusion 

of secondary structures. 

 

 

 Nicking rate and DNA length 4.8

The nicking rate of the 10 kb DNA was compared to that of a shorter 4 kb 

DNA template. As this DNA was 2.5-fold shorter than the 10 kb DNA, 

supercoiling to -20 would be equivalent to -50 on the 10 kb DNA template in 
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terms of overall superhelical density. Surprisingly, the nicking rate on 4 kb DNA 

was t1/2 = 64.4 s, or 2.7-fold lower compared to 10 kb (Figure 43). These results 

were comparable to those obtained at -10 and -25 turns on the 10 kb DNA 

template. 

Although the superhelical density of both DNA templates was comparable 

in this experiment, the actual number of plectonemes was different in that the 4 

kb DNA template had ~15 plectonemes whereas the 10 kb DNA template had 

~40. This difference increases the density of DNA in a particular volume.  

These data imply that RepD exploits the superhelical structure of DNA by 

locating the oriD sequence more rapidly. 

 

Figure 43. Nicking rate of different length DNA.  Nicking of 4 kb DNA 

supercoiled to -20 turns, the same relative level as 10 kb DNA supercoiled to -

50 turns, was slower; t1/2 = 64.4 s. 1 nM RepD was used. 
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 Nicking and Religation 4.9

After nicking, the Y188 residue of RepD forms a covalent bond with the 

5’ end of DNA, whereas the 3’ end with a hydroxy group is exposed and later 

used by polymerase to prime the synthesis of a new strand (Thomas et al. 

1990). If the hydroxy group remains in proximity after nicking, the reaction can 

be reversed and the two DNA ends can be religated.  

Following a very quick nicking in the magnetic tweezers, religation was 

also observed, albeit after a significantly protracted period of time (Figure 44).  

 

 

Figure 44. Nicking and religation. The same DNA molecule could be nicked 

and religated multiple times. When DNA was supercoiled to +50 turns and 100 

nM of RepD was used, no nicking occurred. Following a subsequent change to -

50 turns, nicking occurred immediately (red arrow). After nicking, DNA could no 

longer be supercoiled (orange arrow at 556 s). To detect the point of religation, 

magnets were rotated regularly through +50 turns. At ~3800 s DNA could be 

supercoiled again, implying that religation had occurred (green arrow). These 

nicking-religation cycles were repeated several times. F = 0.5 pN. 

When DNA is nicked, the supercoiling is relaxed and the DNA becomes 

free to rotate around single covalent bonds of the phosphate backbone at the 

nicked site. As a result, such DNA did not decrease in tether length when 

magnets were rotated, as it could no longer be supercoiled (at 556 s in Figure 

44). When the magnets were rotated repeatedly by +50 turns every ~2 min, it 
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was observed that the DNA regained the ability to be supercoiled (at 3800 s in 

Figure 44, green arrow). The most likely explanation for this is RepD religation 

of the nicked DNA. From previous experiments, it is known that positively 

supercoiled DNA completely inhibits RepD activity. However, if DNA 

supercoiling is reversed to negative supercoiling, the capacity of RepD to nick 

the same DNA again should be restored. Indeed, when DNA supercoiling 

reverted to negative, rapid nicking was observed. Hence, the same DNA 

molecule could be nicked and religated multiple times. 

As different DNA molecules are nicked and religated at different times, 

this experiment had to be done with a single DNA molecule. After further 

investigating nicking-religation of more DNA molecules, it was found that 

religation occurred in only a small proportion of molecules (4 out of 11). The 

reason why other molecules could not be religated is not clear. Force variation 

on a bead-from-bead basis was considered, but the force used varied only from 

0.45 to 0.55 pN and the religated DNA did not suggest any correlation with 

force. 

In total, 8 religation events were observed (Figure 45), and religation time 

varied from 226 s to 5000 s. Half of the DNA molecules were religated in t1/2 = 

1421.3 s, a value almost 300-fold slower than the nicking time observed in the 

same DNA molecules (in the presence of 100 nM RepD, t1/2 = 4.7 s (n = 11) 

(Figure 46)).  

Despite the washing out of all unbound protein, nicking occurred almost 

instantaneously after DNA was supercoiled negatively, thus implying that RepD 

remains bound to oriD after religation. 
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Figure 45. Distribution of religation time. Half of DNA molecules were 

religated in t1/2 = 1421.3 s (n = 8). Horizontal lines indicate uncertainty of 

measurements. A single exponential function was fitted to the data with a rate 

constant of 0.00051 s-1. 

 

Figure 46. Nicking by 100 nM RepD at -50 turns. Half of DNA molecules were 

nicked in t1/2 = 5.0 s (n = 11). A single exponential function fitted with a rate 

constant of 0.27 s-1. 
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  Discussion 4.10

It was demonstrated that individual DNA molecules could be supercoiled 

in our magnetic tweezers setup. At intermediate force, molecules displayed 

dsDNA-characteristic asymmetry between positive and negative supercoiling. At 

this force, negatively supercoiling DNA showed increased tether length, 

potentially indicating that supercoiling energy is used to alter the twist of the 

DNA and consequently unwinding the DNA molecules to a certain extent. At the 

lowest force applied, supercoiling mostly resulted in writhe, which decreased 

DNA tether length. This was further exploited to investigate the nicking reaction 

by RepD, as following the nicking, the DNA molecule is free to rotate and writhe 

is lost. This was observed as a significant and sudden step when the DNA 

molecule regained the initial tether length.        

Only negatively supercoiled DNA was capable of being nicked; even 

relaxed DNA could not be nicked by RepD in magnetic tweezers. This was 

somewhat surprising, given that in bulk experiments linear relaxed DNA 

molecules could be nicked, albeit very inefficiently. DNA molecules in bulk 

solution can most likely achieve low levels of supercoiling simply from thermal 

motion and tumbling, a mechanism restricted by the magnetic tweezers as the 

ends of the DNA molecule are immobilised. Furthermore, bulk experiments with 

RepD are usually performed at 30°C with at least 5 mins incubation, whereas 

the magnetic tweezers experiments described here were performed at room 

temperature. Increased temperatures most likely exert similar effects to 

negative supercoiling, and unwind the dsDNA duplex to a certain extent. 

Therefore, it is conceivable that magnetic tweezers experiments performed at 

higher temperatures would indicate that the nicking threshold shifts towards 

positive supercoiling by several turns.  

The sharpness of the RepD sensitivity to negative supercoiling is a notable 

observation; at 0 turns, none of the molecules could be nicked, at -6 turns, half 

could be nicked, and at -7, almost all. The increasing slope of the semi-log plot 

indicated the increasing probability of nicking with more negative supercoiling 

applied. This most likely indicates that the RepD supercoiling-sensing ability is 

not coincidental or the result of a specific side-effect, but is instead directly 

related to the RepD task. I speculate that this acts as an extra layer of 
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regulation of plasmid replication. Following the initiation of replication, the 

plasmid is no longer supercoiled so free RepD cannot trigger an extra 

replication cycle while one is already in progress. This is presumed important, 

given that intact oriD is required for termination. Furthermore, this can function 

as a safety-catch against the replication of damaged DNA, such as nicked DNA 

or DNA with a double-stranded break. If the parent plasmid is nicked and so has 

lost its supercoiling, DNA replication will not proceed. If it was possible for 

replication to proceed, a double-stranded break would be generated in the nick 

site, leading to potentially deleterious consequences for the cell and the loss of 

a section of DNA during the repair process. A lethal outcome may arise if the 

lost DNA coded, for instance, for antibiotic resistance. 

When a low concentration of RepD was used (1 nM) it was noticed that 

the nicking rate was different at different levels of supercoiling, and was 

approximately 2-fold higher when DNA was supercoiled to native levels (σ = -

0.05, or -50 on 10 kb DNA) compared to lower levels of supercoiling. That could 

be because supercoiling changed either binding or nicking efficiency. Let’s 

discuss these possibilities further. 

At 1 nM RepD, about 10% of protein should be bound to DNA at any given 

time (Kd = 10-8 M (Slatter et al. 2009)). Therefore it is plausible to expect that 

the observed events, at least partly, represent the binding. The binding 

argument could be further reasoned in two ways: first, some structural changes 

occurred which changed affinity of RepD for oriD; second, the target sequence 

search was quicker on supercoiled DNA due to RepD transferral across 

different regions of DNA through supercoils. The former explanation is 

incompatible with the results obtained from 4 kb DNA. When shorter DNA was 

used and supercoiled to native levels, σ = -0.05, or -20 turns (4 kb), the nicking 

rate was much higher than on 10 kb DNA, and comparable to lower levels of 

supercoiling on 10 kb DNA. One could expect that structural DNA changes are 

equally favoured at the same relative supercoiling density, regardless of the 

length of DNA. With respect to the second explanation, RepD must locate oriD 

on a long DNA molecule, a complex task as RepD specificity is defined by 

approximately 10 nt sequence, which, in this case is on a 10 000 nt DNA. After 

binding to DNA, RepD might slide along its length, interacting with the 

phosphate-sugar backbone until it locates the oriD. If RepD is bound to the 

terminus of the DNA strand, it is required to scan a long section of DNA until the 
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oriD is found. If RepD binding is transient, the protein can dissociate after a 

certain period of searching and diffuse into solution. If DNA conformation in 

space is highly compacted, as in supercoiled DNA, after dissociation the binding 

will occur more quickly than on linear relaxed DNA. Therefore, it is likely that the 

nicking rate on supercoiled DNA is higher due to the supercoiling-facilitated 

binding between RepD and DNA.  

However, one cannot exclude the argument that the observed events were 

(also) due to structural changes of oriD which change the accessibility for 

nicking. However, given the observed different nicking rate on 4 and 10 kb DNA 

supercoiled to similar levels, the change in nicking, if any, are less dramatic 

than the binding. 

A somewhat slow religation of nicked DNA molecules was observed, with 

a rate constant of 0.00051 s-1. This was about 70-fold lower than the religation 

constant determined in previous bulk studies (0.0037 s-1) (Arbore et al. 2012). It 

is important to emphasize that only a small proportion of DNA molecules were 

capable of being religated in the magnetic tweezers, and that others were not 

religated even after 6 hours. The reason for this is not clear, although a 

stretching out of the DNA molecules and restriction of fluctuations might have 

an effect.  

Religation rate is defined by several different factors. The equilibrium 

constant of the nicking-religation reaction on short oligonucleotides is close to 1 

(Arbore et al. 2012), meaning that nicking and religation rates are comparable. 

However, for religation to take place, two nicked DNA ends must be in proximity 

to each other. In this study, religation was about 300-fold slower than the 

nicking rate. In an earlier study, religation was about 6000-fold slower than the 

nicking of supercoiled plasmid (Arbore et al. 2012), about a 20-fold difference 

when compared to the magnetic tweezers experiments described here. Notably, 

RepD nicked DNA slower in magnetic tweezers compared to bulk 

measurements. The reason for that, in part, is due to the limited time resolution 

of determining the fastest nicking events on supercoiled DNA. It takes at least 

2-3 seconds to reach the buckling transition (at about +/-8 turns on 10 kb DNA 

at 0.5 pN), only after which nicking can be detected.  

However, the overall observation that religation is much slower than 

nicking was consistent. This is presumably important for plasmid replication as it 
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provides sufficient time after nicking for the replication machinery to be 

assembled. 

At the experimental conditions, nicking was always observed as a one-

step process, after which the DNA returned to its initial relaxed length. This 

observation contrasts with nicking by topoisomerases, where DNA is always 

nicked in defined steps and multiple nicking-religation cycles are observed 

(Koster et al. 2005).  
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 Introduction 5.1

The origin of replication (ori) in rolling-circle replication is a sequence of 

~70 nt where plasmid replication is initiated. Among different Staphylococcal 

plasmids the ori sequence differs slightly, but the main common feature is that it 

always has 3 discrete sequence blocks – Inverted Complementary Repeats – 

ICRI, ICRII and ICRIII. As the name suggests the sequence is an inverted 

repeat, which means that apart from the base pairing with the complementary 

strand (inter-strand base pairing) to form a conventional “Watson-Crick” DNA 

duplex, it can also base pair along the same strand within the repeat region 

(intra-strand base-pairing) if the strand is folded back upon itself; such 

structures are generally called “alternative” structures. Specifically, ICRs form 

“hairpin” structures, having a stem and an unpaired loop. Once two hairpins on 

each strand are formed the structure then resembles a “cruciform”. ICRs are, in 

fact, very widespread in genomes and were extensively studied during the 

1980’s and 1990’s (Brazda et al. 2011). Enormous knowledge was 

accumulated, mainly using different types of DNA electrophoresis techniques. It 

was noticed that ICRs do not form on short, linear, DNA molecules, but if the 

DNA is negatively supercoiled (i.e. underwound), as it is in most eukaryotic and 

prokaryotic organisms, formation of alternative DNA structures (hairpins and 

cruciforms) at ICR regions is stabilised. Now, with an advent of new single 

molecule manipulation techniques (especially optical and magnetic tweezers) 

we can revisit this interesting research area again and ask new questions about 

formation of DNA secondary structures and their biological significance. 

Magnetic tweezers allow individual DNA molecules to be held and 

manipulated by applying picoNewton forces while monitoring nanometre length 

changes. They offer the ability to simultaneously control both DNA supercoiling 

and DNA tether length: tension forces control tether length and torque force 

control DNA twist. By using different combinations of these two mechanical 

components one can finely control DNA compaction and helical pitch. Having 

built magnetic tweezers in our laboratory (see Chapters 2&3), we can now 

investigate the mechanical properties of ICRs of oriD (of the pC221 plasmid) 

and address the exciting and important question of why oriD and similar origins 

of replication found in many other plasmids are composed of inverted 

complementary repeat regions. 
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In the previous chapter, it was demonstrated that RepD can only nick 

negatively supercoiled DNA. In fact, RepD does not nick relaxed DNA when the 

DNA molecule is held at relatively low end-to-end tension (~0.5 pN) and can 

only perform the nicking reaction once the DNA is subjected to a small amount 

of negative supercoiling. In those experiments, I found that just 6 turns of 

negative supercoiling, applied to the 10 kb template (equivalent to about  ~ -

0.6%), was sufficient to activate RepD. In this chapter, reasons for this extreme 

sensitivity to negative supercoiling are investigated further. Specifically, I have 

tested the hypothesis that alternative (e.g. cruciform) structures might form at 

oriD and this might be important in enabling RepD to bind and nick.   

I present data from magnetic tweezers experiments where DNA was 

supercoiled to various supercoiling levels and DNA tether length was measured 

for prolonged periods of time. The time-series data traces were then analysed 

to follow changes in DNA tether length (usually referred to as “z-displacement”) 

at different degrees of positive and negative supercoiling. The DNA templates, 

held by magnetic tweezers were analysed without RepD present, with the non-

nicking mutant RepDY188F and also with wild-type RepD.  

Also, I present results from classical, bulk experiments where the oriD 

plasmid nicking reaction was monitored by agarose gel electrophoresis.  

Because oriD consists of inverted complementary repeats (ICRs), which in 

principle can form alternative structures (Figure 47 A. The main expectation in 

the magnetic tweezers experiments was that I might find evidence for structural 

changes in DNA tether length that reflect changes in DNA topology. As DNA 

was supercoiled to various amounts of supercoiling and at different forces and z 

traces were analysed.  

A shorter 4 kb DNA was prepared to increase the signal-to-noise ratio and 

to be able to detect events with a smaller signal change. The z noise is reduced 

because the bead tethered with shorter DNA has a smaller amplitude of z 

movements at the same lateral movements (i.e. the same force – see Chapter 

1). Other non oriD ICRs were eliminated from the DNA substrate in order not to 

interfere with the detection of oriD ICRs.  
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Figure 47. Alternative structure detection in magnetic tweezers. A – oriD 

consists of 3 inverted complementary repeats (ICR) which have a propensity to 

form alternative structures – cruciforms. B – Cruciform formation can be 

observed in magnetic tweezers on negatively supercoiled DNA. This is possible 

because DNA twist is reduced upon cruciform formation, corresponding change 

of DNA supercoiling (writhe) is released and that lengthens the DNA tether 

(reported by (Ramreddy et al. 2011)). That is due to topological coupling 

between twist and writhe in supercoiled DNA. When DNA is negatively 

supercoiled, local separation of DNA duplex allows secondary structures to 

form. That changes the DNA twist and it has to be compensated by the equal 

change in writhe with opposite sign. As a result plectonemes are lost upon 

formation of the alternative structures and the DNA tether length increases 

proportionally to the number of base pairs involved in formation of the 

cruciforms.  

The detection of structural changes of DNA duplex, namely cruciform 

formation, in supercoiled DNA using magnetic tweezers is possible due to a 

topological coupling and has been demonstrated before (Revyakin et al. 2004, 

Ramreddy et al. 2011). Briefly, structural changes of DNA duplex reduce twist of 

DNA. When the DNA linking number is constant (magnets do not rotate) it is 

distributed between twist and writhe: ΔWr = – ΔTw. So any change of twist has 

to be compensated by an equal but opposite sign change of writhe. The change 

of twist changes the DNA tether length only by a few nanometres, but the 
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compensatory change of each writhe changes the tether length by ~60 nm 

(Figure 47 B). When DNA is negatively supercoiled the writhe is negative 

(Wr<0). The reduced twist (ΔTw<0) is compensated by the gain of (positive) 

writhe (ΔWr>0). The result of that is a loss of a certain number of plectonemes 

from negatively supercoiled DNA and this is detected as the DNA tether length 

increase. 

 

 Experimental procedures and initial observations 5.2

 

DNA template 

A shorter 4 kb DNA substrate was produced in order to increase the 

signal-to-noise ratio and eliminate other non oriD cruciforms from the DNA 

substrate. For this, the DNA sequence was analysed for the palindrome 

presence using the freely available online software Emboss Palindrome (Mark 

Faller, unpublished, http://emboss.bioinformatics.nl/cgi-bin/emboss/palindrome). 

For more information about DNA preparation, see Chapter 2. 

 

Measurement and data analysis 

DNA was supercoiled negatively and z traces (DNA tether length change) 

were recorded over 10-15 min periods. Data were filtered over 1-2 seconds by 

calculating a moving average and plotted against time (as a red line) together 

with raw traces (grey data points and a line). 

 

Initial observations 

It was noticed that the z noise increased when DNA was supercoiled 

negatively compared to the positive supercoiling. This might be an indication of 

the formation of local DNA denaturation bubbles which has been reported 

before (Salerno et al. 2012). Occasionally (~1% of cases), it was also observed 

that DNA tether length could suddenly change by about ~100 nm when 

supercoiled from -7 to -10 turns at 0.4 pN force. Various experimental 

conditions were tested including force from 0.3 pN to 1 pN, different buffers 

(K100+; K100+ without magnesium; PBS; 10 mM phosphate), different 

supercoiling levels – but these rare events did not occur more often. As 

previously reported, magnesium ions and salt inhibit DNA cruciform formation 
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so the initial buffer used in this study was without these components and 

consisted of 10 mM potassium phosphate pH 8.0, 0.1% Tween-20, 0.1 mg/ml 

BSA (buffer according to (Ramreddy et al. 2011)), later in the study referred to 

as 10 mM phosphate buffer. However, it was only when the temperature was 

increased to 26.5°C that regular DNA fluctuations were observed which were 

not apparent at the positive supercoiling. 

 

 DNA fluctuates at negative supercoiling, but not at positive 5.3

At 0.4 pN force and -9 turns DNA tether length fluctuated by approximately 

~100 nm (Figure 48), whereas at similar, but positive, supercoiling level, z noise 

was about ~20 nm in comparison. At negative supercoiling discrete states of 

lower and higher DNA tether lengths could be identified. The low state being a 

conventional “Watson-Crick” B-state DNA duplex and the high state being 

alternative structures, such as DNA cruciforms. The lifetime of the alternative 

state was in the order of tens of seconds. It gradually increased with increased 

negative supercoiling. It is highly likely that the alternative state represents the 

DNA local folding into alternative structures.  
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Figure 48. DNA fluctuations observed (No RepD present). When DNA was 

supercoiled negatively to -9 turns, it was noticed that DNA tether length 

fluctuations increased compared to positive supercoiling (+9 turns). DNA spent 

tens of seconds in the increased DNA tether length state (alternative state). 

More negative supercoiling gradually stabilised the alternative state. This 

alternative state most likely represents the formation of alternative DNA 

structures. Data were obtained at 10 Hz in the presence of F = 0.4 pN force, 

phosphate buffer (10 mM potassium phosphate, pH 8.0) and t = 26.5°C. Grey 

data points and line – raw data, red line – moving average of 20 data points. 

As oriD consists of inverted complementary repeats capable of forming DNA 

cruciform structures, it is possible that the observed alternative state, at least in 

part, is due to alternative structures in oriD. For a deeper discussion about that 

see later sections. 
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A step-finder algorithm was written to analyse these DNA fluctuations 

(Figure 49 A). The algorithm is based on calculating the z difference between 

two time intervals in the signal averaged over 1-2 seconds. One should note 

that such a step detection method has a resolution of about 1 s and the steps 

with a lifetime shorter than that are not detected or detected with the reduced 

step size because of the averaging. Steps smaller than 60 nm were ignored, 

unless the lifetime of the event was longer than 2 s. The algorithm identified 

about ~85% of these steps automatically and the rest, ~15%, could be identified 

when the default parameters were adjusted. All steps were verified manually. 

The step-finder parameters were adjusted so it would not find any steps in 

positively supercoiled DNA traces (like the one in the top panel of Figure 48). 

The positively supercoiled DNA trace represents merely thermal fluctuations of 

the bead and the fluctuation are normally distributed (see Figure 65 in Appendix 

B).  

Time traces were analysed and fluctuations were quantified using the 

algorithm. The overall time spent in the alternative state increased with gradual 

increase of negative supercoiling. At -9 turns DNA spent ~30% of time in the 

alternative state, whereas at -11 turns that increased to ~95%.  

In the majority of fluctuations at these conditions, only one step transitions 

were observed from the conventional to the alternative state and vice versa. 

However, the step size varied and was supercoiling-dependant (Figure 49 B 

and C). At -9 turns the average step size was 102.9 ± 0.2 nm, at -10 turns that 

increased to 127 ± 2.9 nm and at -11 turns it increased further to 160 ± 9.8 nm. 

From both the time traces and from the step size distributions it appears that 

DNA fluctuates between two states. As increased negative supercoiling 

increases energy input stored in DNA, the increasing step size might represent 

either the expanding alternative structure or additional parts of DNA folding 

(maybe less stable and needing more energetically expensive). The step size 

expected from ICRII cruciform formed is ~140 nm based on calculations 

published elsewhere (Ramreddy et al. 2011).  

 



5. Negatively supercoiled DNA 

125 
 

 

Figure 49. Step size of fluctuations. A – A step-finder algorithm was used to 

identify the time point and magnitude of steps. Identified steps are represented 

by black circles plotted on the same axis as data to represent the time point of 

the step and the magnitude of the step size (from the previous state). Negative 

values represent steps from the higher tether length state to the lower tether 

length state and positive values represent steps from the conventional state to 

the alternative state. B, C and D – Distribution of step size at -9, -10 and -11 

turns, respectively. Values are plotted regardless of being positive or negative. 

Data corresponds to the previous figure.  
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 Magnesium ions stabilise multiple DNA states 5.4

The effect of different buffer conditions was tested. Interestingly, when 10 

mM magnesium chloride was added to the 10 mM phosphate buffer, multiple 

DNA states appeared (Figure 50). Apart from the conventional state, at least 2 

more states were visible, one at about 140 nm and another a further 60 nm 

higher than the initial state. Both states had a lifetime of tens of seconds at the 

given conditions. This suggests that magnesium ions stabilise interconversions 

of DNA backbone. This could happen due to at least two mechanisms. First, 

divalent magnesium ion binding to two neighbouring phosphates, therefore 

stabilizing dsDNA structure (either B-state or alternative state). This would also 

prevent DNA bubble formation. Second, magnesium forming 3D “bridges” 

between two different DNA alternative structures so facilitating formation of 

more complex alternative structures.   

The step size of each state is close to the expected values of oriD 

cruciforms. So the working model explaining this could be that 140 nm state 

might represent formation of ICRII cruciform, which is the biggest cruciform in 

oriD and the 60 nm state might represent the ICRIII cruciform, which is the 

second biggest. This question is addressed in more details in later sections. 

 

 

Figure 50. Multiple DNA states in the presence of magnesium. A – Time 

trace in phosphate buffer. B – Time trace of the same bead as in A, but the 

buffer was supplemented with 10 mM MgCl2. C – Histograms of the bead 

position from A and B with Gaussian curves fitted. F = 0.4 pN force and -10 

turns. t = 26.5°C. Data recorded at 40 Hz.  
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 Alternative structure dependence on supercoiling and force 5.5

After testing conditions similar to those reported in the literature, DNA 

behaviour was described in K100+ buffer, which was used for RepD nicking 

experiments. Different force and levels of negative supercoiling were used to 

determine the conditions which favour the formation of alternative DNA 

structures (Figure 51). This time experiment was performed at room 

temperature to keep conditions similar to those used for other RepD nicking 

experiments. 

Individual DNA molecules were supercoiled to various degrees of negative 

supercoiling at 0.67-0.92 pN force. The DNA tether length was measured for 

prolonged periods of time (10 min). Alternative DNA states were noticed, 

however, the time spent in alternative states varied depending on the force and 

degree of supercoiling. If multiple states were observed, the lowest state was 

assumed to be the conventional dsDNA state and all the rest were assumed to 

be alternative states. In Figure 51 averages at multiple conditions of 20-25 DNA 

molecules are shown both in a numerical form and magnitude-dependent colour 

coding. The red colour reflects the highest fraction of time spent in alternative 

states and light yellow the lowest. DNA spends more time in the alternative 

structure with the gradual increase of force and negative supercoiling. Thus, the 

increased force and negative DNA supercoiling stabilise alternative DNA 

structure formation.  
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Figure 51. Alternative structure dependence on supercoiling and force.  

Data points show the fraction of time spent in the alternative states when the 

DNA was supercoiled to a certain level at a given force. Colour coding: from 

light yellow to red reflects the fraction of time in the alternative state, from 

minimum to maximum respectively. Each data point is an average of 20-25 

molecules. t = 23ºC, K100+ buffer. The average SEM of each data point is 

about ± 0.05.  

It is interesting to note that at room temperature and K100+ buffer, 

fluctuations start appearing from 0.67 pN and -10 turns of supercoiling. 

Whereas, at a higher temperature (26.5ºC) similar fluctuations are already 

noticeable at 0.4 pN and about -10 turns. This is probably due to 100 mM KCl 

present in the K100+ buffer which stabilises the DNA structures. The formation 

of these DNA alternative structures in such conditions will require more negative 
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supercoiling and a higher force. This dependence on salt and magnesium has 

been reported previously (Ramreddy et al. 2011). 

 

 RepD stabilises alternative structures in oriD 5.6

The work described in this section aimed to determine the effect of RepD 

binding on DNA alternative states which appear at negative supercoiling.  

The oriD consists of inverted complementary repeats which have the 

propensity to form secondary structures. If the formation of the secondary 

structures is of any importance for RepD binding or nicking, one could expect 

RepD binding to stabilise them. Nicking of DNA by RepD relaxes DNA, thereby 

ceasing the fluctuations so a non-nicking RepD mutant, RepDY188F, with wt 

binding properties to oriD (Thomas et al. 1990) was used. 

If RepD truly stabilises the alternative state, it would be very interesting to 

measure the degree of stabilisation. Ideally, one would like to choose the 

conditions in which the fluctuations after addition of RepD are still in equilibrium 

between the two states. Based on the earlier established alternative structure 

dependence on force and supercoiling (Figure 51), a force of 0.67 pN and -10 to 

-12 was chosen to investigate the RepD effect. For comparison, a much lower 

0.4 pN force was also used. The DNA tether length was recorded for 10-15 min 

before and after the addition of 60 nM RepDY188F.  

 

Different force experiments required a different analysis strategy 

At 0.67 pN and 0.4 pN DNA supercoiled to -10 and -12 turns (without 

RepDY188F present) in most of the cases existed in one clear state, the 

conventional low DNA tether length state, which represents the “Watson-Crick” 

double helix. However, after the addition of RepDY188F the behaviour changed 

somewhat with the appearance of an alternative state or increased fluctuations. 

The alternative state was apparent at 0.67 pN, whereas it was not so evident at 

0.4 pN but an increase in z noise was observed. 

Data analysis was conducted by plotting the DNA tether length as 

histograms of time traces filtered over 1 s (20 frames) (Figure 52). When 

comparing the data before and after the addition of RepDY188F, two types of 

data were observed: 1) at a higher 0.67 pN force DNA tether length most often 

showed a well-defined alternative state both in time traces (Figure 52 A) and 
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data plotted as a histogram (Figure 52 B); 2) in most of cases a separate state 

could not be clearly observed at a lower 0.4 pN force, but the spread of DNA 

tether length values increased and the histograms were skewed to the right 

(Figure 52 C and D). Therefore a different strategy was used to analyse the two 

types of data.  

At 0.67 pN force, the area under the peaks of histogram was analysed 

after the fitting of the double-Gaussian and compared before and after the 

addition of RepDY188F (Figure 53). Also, the distance between the peaks was 

measured, which corresponds to the averaged DNA tether length change 

between the two states (Figure 55).  

At 0.4 pN force, it was very challenging to perform double-Gaussian fits 

because the potential second peak was “hidden”, instead, the shape of the 

histograms was compared by calculating z standard deviation and skewness 

(Figure 56 and Figure 57). 
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Figure 52. Example time traces and method of analysis. A and C show 

examples of time traces averaged over 1 s at 0.67 pN (A) and 0.4 pN (C) when 

DNA supercoiled to -10 turns. Time traces shown are before (red) and after 

(green) the addition of 60 nM RepDY188F. Traces were analysed by plotting 

histograms (C and D) and characterising the resultant distributions. The solid 

line in C and D represents the double-Gaussian fit to the distributions. For more 

example traces see Figure 66 in Appendix B. 

 

At 0.67 pN RepD stabilised the alternative state 

Data from 26-42 beads were compared before and after addition of 

RepDY188F. For that, fraction of time spent in alternative state was plotted. It 

was obtained from histogram analysis (like shown in Figure 52) as area under 
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peaks (total area is equal to 1). Data will presented in two types of graphs: 1) 

Distributions of “fraction of time spent in the alternative state” in the bead 

population 2) Scatter plots of the same data but plotted in a different way - 

“fraction of time spent in the alternative state” before and after addition of 

RepDY188F. The first type of plot gives a good overall picture of change, but 

the second type of plot provides information on how each bead changed. 

At 0.67 pN, after the addition of RepDY188F, a much higher proportion of 

DNA molecules showed fluctuation between the alternative states compared to 

without RepDY188F. DNA molecules fluctuating between two states increased 

from 35% (9 out of 26 molecules) to 92% (24 out of 26) after the addition of 

RepDY188F. Most importantly, the fraction of time spent in the alternative state 

also increased, from 0.14 ± 0.03 to 0.68 ± 0.06 after the addition of RepDY188F 

at -10 turns (Figure 53 A). Interestingly, at the same force but -12 turns the 

change was not that dramatic, with an increase from 0.05 ± 0.03 to 0.22 ± 0.05 

(Figure 53 E). 

Magnetic tweezers allow a single-molecule resolution so that the change 

of behaviour in a particular DNA can be compared after the addition of 

RepDY188F. For that, scatter plots were produced showing the fraction of time 

each molecule spent in the alternative state before and after addition of 

RepDY188F. On the molecule-to-molecule basis, the change of time spent in 

the alternative state showed a trend to increase after the addition of 

RepDY188F (Figure 53 B and F). Before the addition of RepDY188F, most of 

the DNA molecules did not show any fluctuations at all as DNA supercoiling 

was close to, but not enough to extrude, DNA alternative states. Three DNA 

molecules showed a significant fraction of time in the alternative state reflecting 

how sensitive it is to the DNA supercoiling and even small variations in the initial 

supercoiling level (before magnet rotation) make a huge difference. 
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Figure 53. At 0.67 pN RepD stabilised the alternative state. Data shown is at 

0.67 pN -10 (A, B) and -12 turns (E, F). A and E – Distributions of fraction of 

time spent in the alternative state before (red) and after (green) the addition of 

RepDY188F. B and F – A scatter plot showing how the fraction of time spent in 

the alternative state changed after the addition of RepDY188F on a molecule-

to-molecule basis. C and D – Example fits helping to understand the 

distributions. D shows a change of the particular bead labelled with an arrow in 

B. In A and E, the y axis is normalized to the highest column in in each data 

sample. 
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RepD stabilised alternative structures are in oriD 

DNA without oriD was used as a control to prove that the effects observed 

were due to oriD-specific binding by RepD. In this DNA construct the majority of 

the beads showed only one DNA state and the distribution did not change after 

the addition of RepDY188F (Figure 54). 

  

 

Figure 54. DNA without oriD. RepDY188F had no effect on DNA tether length 

fluctuations, proving that the RepD stabilised alternative state is in oriD. 
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Model: the RepD stabilised alternative state may be cruciform, but only 

one stem of oriD forming 

RepDY188F binding induced the transition of the conventional dsDNA 

state towards the alternative state, that is, an equilibrium shift after addition of 

the RepDY188F towards the alternative state. DNA is in a dynamic equilibrium 

between these two states both before and after the addition of RepDY188F, but 

the equilibrium constant changes after RepDY188F. The equilibrium constant 

can be expressed as Keq = t(alternative state) / t(dsDNA state), where t is a 

fraction of time and t(alternative state) + t(dsDNA state) = 1. Before the addition 

of RepDY188F, Keq = 0.16 and after RepDY188F it increased to 2.1 (calculated 

from the average fraction of time in each state). By knowing Keq one can 

calculate the free energy change of the alternative state folding ΔG = -RTlnKeq = 

4.5 kJ/mol before and ΔG = -1.8 kJ/mol after RepDY188F. So the energy 

provided by RepD binding can be estimated by the difference of these energies 

and is equal to ΔΔG = -6.3 kJ/mol. 

At 0.67 pN and -10 turns the average distance between the two states (or 

DNA tether length difference) was 71.5 ± 3.9 nm (Figure 55). By knowing this 

number, the number of base pairs involved in the formation of the alternative 

structure can be calculated. 

The conversion from the conventional state to the alternative state DNA 

twist is reduced, which is proportional to the number of base pairs converted to 

dsDNA to alternative state. The reduced twist due to topological coupling has to 

be compensated by a gain of positive writhe. The loss of 1 twist, or 10.5 bp 

(helical pitch of B-DNA) will generate 1 positive writhe. From the supercoiling 

curve it is known that each writhe is coupled to a 60 nm change in DNA tether 

length.  

So, as 60 nm change is generated by 1 writhe, then the observed 71.5 nm 

change upon formation of the alternative structure means that 1.2 positive 

writhe (71.5 nm/60 nm) is generated. Thus, 1.2 twist has to be lost upon 

formation of the alternative structure which is equal to ~13 bp (10.5 bp*1.2). 

Obviously, the location of these ~13 bp in oriD is desirable.  

Most likely, they are located in either ICRII, where the nicking occurs, or 

ICRIII, where the sequence-specific binding happens. ICRI is too far from the 

binding site and also it was shown not to be required for the nicking and 

binding. The size of ICRIII is 19 bp and ICRII is 24 bp, so clearly, the signal 
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detected is not the full formation of either of these, but could represent just a 

partly formed cruciform. 

The energetic cost to form a cruciform comes mainly from the formation of 

unpaired ssDNA nucleotides in the loop structure. For ICRI, ICRII and ICRIII 

that would correspond to +37, +33, +25 kJ/mol, respectively, as calculated by 

the Nearest Neighbour Method (SantaLucia 1998). It is clear that just RepD 

binding alone (-6.3 kJ/mol) is not enough to compensate for the energetic cost 

for the extrusion of any of the oriD cruciforms. Extra energy is acquired from the 

negative supercoiling. The mechanical work of converting DNA from dsDNA to 

the alternative state is equal to W = 71.5 nm*0.67 pN = 48 pN.nm, which is 

equal to -30 kJ/mol (negative as the energy of the system is decreased). So if 

this energy is combined with the estimated RepD binding energy (-36.3 kJ/mol 

combined), it would be approximately equal to what is required to compensate 

for the energetic cost of unpaired nucleotides in the apex of cruciform (33.7 

kJ/mol). 

 

Figure 55. Distance between peaks. The data shown was collected at 0.67 pN 

force and -10 turns in the presence of RepDY188F. The average distance was 

71.5 ± 3.9 nm. It represents the average distance between the conventional and 

the alternative states. See text for interpretation of this number. 
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At 0.4 pN RepD increased z noise 

DNA traces did not show a clear alternative state at the lower 0.4 pN 

force, neither before nor after RepDY188F, but instead, an increased noise was 

observed. Two parameters were calculated to describe this, standard deviation 

of DNA tether length (or z standard deviation) and skewness of the histogram 

DNA tether values.  

The DNA tether length values were spread more significantly after the 

addition of RepDY188F. When supercoiled to -10 turns, the average of z 

standard deviation was 26 ± 0.7 nm, increasing to 36.8 ± 0.9 nm after the 

addition of RepDY188F (n = 26) (Figure 56 A). On a molecule-to-molecule 

basis, after the addition of RepDY188F the average standard deviation change 

was 10.67 ± 1 nm and all DNA molecules showed an increase in z standard 

deviation (Figure 56 B). 

Similarly, at a slightly higher negative supercoiling of -12 turns, the 

average standard deviation increased from 23.4 ± 0.7 nm to 34.7 ± 1 nm after 

the addition of RepDY188F (Figure 56 C). On a molecule-to-molecule basis, the 

average standard deviation change after the addition of RepDY188F was 11.4 

±1 nm (Figure 56 D).  

DNA without oriD was used as a control (Supplementary information 

Figure 66). After addition of RepDY188F, the standard deviation remained 

unchanged both at -10 and -12 turns, indicating that the increased z noise is 

due to RepD binding to oriD. 
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Figure 56. RepDY188F increased the z noise at 0.4 pN. A – Distribution of 

standard deviation of z noise at 0.4 pN and -10 turns. B – Scatter plot showing 

how z standard deviation changed on a molecule-to-molecule basis before and 

after RepDY188F. C and D the same as A and B but at -12 turns.  

 

At 0.4 pN RepD binding is not enough to stabilise the alternative 

state, but folding attempts are observed 

The skewness of distributions was analysed to determine whether the 

noise increase was equal to both sides or it was unidirectional. The skewness of 

distributions was compared before and after addition of RepDY188F. At 0.4 pN 

and -10 turns, the skewness increased from -0.07 ± 0.04 to 0.22 ± 0.03 after the 

addition of RepDY188F. On a molecule-to-molecule basis, the skewness 
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change was 0.29 ± 0.05. Similar results were observed at -12 turns, meaning 

that the increase in noise was directional and directed towards the formation of 

the increase of DNA tether length, which potentially shows attempts to form 

alternative states. 

There was no overall skewness change after the addition of RepDY188F 

to the control DNA without oriD (Supplementary information Figure 67), 

indicating that the observed skewness increase is due to the RepD specific 

binding to oriD. 

 

 

Figure 57. RepD binding to oriD skewed the distributions to the right. A – 

Distribution of skewness values at 0.4 pn and -10 turns. B – Scatter plot 

showing how skewness changed on a molecule-to-molecule basis. C and D at 

0.4 pN and -12 turns.  
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 Nicking and alternative structure 5.7

To investigate if the nicking coincides with some particular DNA state, the 

nicking of fluctuating DNA was investigated. Traces were recorded at the DNA 

supercoiling level when DNA still spends a significant amount of time in the 

conventional state (~50%), in the given example it is -8 turns at 0.4 pN force 

(Figure 58).  

 

 

Figure 58. The example nicking trace by RepD. In this example the nicking 

clearly happens at some particular alternative state. 1 nM of RepD used in 

K100+ buffer (with magnesium). Data recorded at 100 Hz, t = 26.5°C, F = 0.4 

pN. 

A total of 8 traces were recorded (Figure 59), 5 of which showed multi-step 

fluctuations. In these traces, the nicking occurred at the higher DNA tether 

length state, but not the highest (Figure 59 A-E). The state was ~100 nm from 

the conventional state. This is consistent with the experiments with RepDY188F 

(see previous section) where RepDY188F stabilised an alternative state 72 nm 

higher than the conventional state. In the other 3 traces, the exact nicking point 

was less clearly identified due to less writhe present in DNA (there is natural 
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variation in the initial supercoiling that DNA even before rotating the magnets 

can have ± 3 turns).  

 

Figure 59. Nicking traces.  Nicking traces were recorded at 100 Hz in K100+ 

buffer (with magnesium). Top panel shows nicking traces over 40 s and bottom 

panel shows an expanded view of the nicking events over 10 s. Vertical 

downwards pointing arrows mark nicking events. t = 26.5°C, F = 0.4 pN, K100+ 

buffer. 
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 Mutant oriD nicking analysis by agarose gel electrophoresis  5.8

Experimental procedures 

Requirements of oriD for nicking were investigated on 10 kb natively 

supercoiled plasmid bearing an oriD sequence. In order to obtain a more in 

depth understanding of ICRs and their structure and function during the nicking 

by RepD, different oriD mutants were made by mutating the DNA sequence in 

different parts of oriD.  

Wild-type oriD was excised from the 10 kb pCeroriD plasmid using 

restriction enzymes and new oligoduplex with the required oriD mutation was 

ligated. Plasmids were transformed to E. coli and purified as natively 

supercoiled plasmid DNA (See Chapter 2 for more details). The mutations were 

confirmed by DNA sequencing (GATC Biotech). Three different oriD-mutant 

plasmids were produced: single nucleotide mutant “non-nickable” oriD; non-

cruciform ICRII oriD; ICRII-only oriD (ICRI and ICRIII removed). 

The nicking assay was performed as follows: 15 nM of plasmid DNA was 

incubated with 60 nM of RepD (dimer) in K100+ buffer and aliquots were taken 

periodically. The reaction was stopped by the addition of EDTA and the 

products were analysed on 0.8% agarose gel in the presence of 1 mg/ml Gelred 

dye (derivative of ethidium bromide). Supercoiled, nicked and religated forms of 

plasmid DNA forms were separated by agarose electrophoresis in the presence 

of DNA intercalating dye (Crut et al. 2008). The results of the three nicking 

experiments of the oriD-mutant plasmids are presented below. They are 

compared to the nicking of the wild-type oriD plasmid. 

 

Mutation of the covalent attachment nucleotide slowed the nicking 

After the nicking, the RepD Tyr188 residue forms a covalent complex with 

the “A” nucleotide (Thomas et al. 1990) (labelled red in Figure 60). It was 

demonstrated earlier that the single nucleotide mutation either to T or C 

completely abolished the nicking of short synthetic oligonucleotide substrates 

(Arbore et al. 2012).  

Surprisingly, the single nucleotide mutant “non-nickable” oriD, where 

CTCTA was mutated to CTCTT, could be nicked by RepD once inserted in a 

native negatively supercoiled plasmid, although at a much reduced speed 

(Figure 60). Over the period of 30 minutes, approximately 90% of supercoiled 
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plasmid was converted into a nicked form, whereas it took only 30 seconds for 

RepD to reach a similar extent of nicking of the wild-type oriD plasmid. So, the 

single nucleotide mutation in ICRII from A to T reduced the speed of nicking by 

about 60 times. Interestingly, over the period of 30 min no religation activity was 

noticed with the mutant oriD, however, one cannot exclude that it may happen, 

albeit over a much longer time scale. 

 

 

Figure 60. Mutation of covalent binding nucleotide in ICRII. Top –  Analysis 

of nicking products on agarose gel. Bottom left – Representation of oriD 

hypothetical secondary structures. The mutated “A” nucleotide is shown in red. 

Bottom right – Quantification of the agarose gel. 15 nM plasmid, 60 nM RepD in 

K100+ buffer. 

 

ICRII alone is sufficient to allow nicking, but at much slower rate 

Another plasmid with ICRI and ICRIII deleted from oriD was prepared in 

order to use this DNA for magnetic tweezers experiments to measure the signal 

change upon formation of the ICRII cruciform, avoiding potential interference 

from the formation of ICRIII and ICRI. When tested in the nicking assay, the 

plasmid could also be nicked but at a much reduced speed. In 60 min only 50% 

DNA was nicked (however, the starting mixture already contained 30% of 
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nicked plasmid probably due to mechanical nicking during purification). As the 

ICRIII was removed in this plasmid RepD affinity for oriD was much reduced. 

That probably does not affect the nicking speed itself, but the oriD-specific 

binding by RepD is greatly decreased and is the limiting step for the nicking. 

No religation activity was observed over the period of 60 min.  

As ICRIII is missing from this oriD construct, and it is known that ICRIII is 

responsible for the binding affinity, the slower nicking rate is most likely due to 

reduced binding of RepD to oriD. 

 

Figure 61. Nicking of ICRII-only oriD plasmid.  In 60 minutes only a small 

fraction of plasmid was converted into a nicked form by RepD. 15 nM plasmid, 

60 nM RepD in K100+ buffer. 

ICRII does not necessarily have to be in cruciform for nicking 

By mutating the left arm of ICRII to a random sequence, ICRII can no 

longer form a cruciform. However, the plasmid DNA bearing such an oriD could 

be nicked and religated. On manual mixing, the difference between wild-type 

and mutated oriD was not distinguishable. Quenched-flow experiments would 

give a better time resolution and a better perspective on the early stages of the 

reaction. However, from this analysis it appears that it is not necessary for ICRII 

to be in a cruciform conformation in order for RepD to nick it. This result is 

consistent with an earlier reported finding where the similar plasmid, pT181, 
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with an oriC – ICRII mutant which did not form a cruciform, could still be nicked 

(Jin and Novick 2001). 

 

 

Figure 62. Nicking assay of non-cruciform ICRII plasmid.The ICRII part non-

essential for nicking (left shoulder) was replaced with a random sequence so 

ICRII could no longer form a cruciform. The non-cruciform ICRII could be nicked 

at a comparable rate to wt ICRII in a manual mixing nicking assay. Religation of 

the nicked plasmid was also observed. 15 nM plasmid, 60 nM RepD in K100+ 

buffer. 

 

 Discussion 5.9

The work described in this chapter is a continuation of that detailed in 

Chapter 4, and primarily addressed the question of why RepD can only nick 

negatively supercoiled DNA. Two main findings were presented in this chapter: 

DNA fluctuates between conventional and alternative states when negatively 

supercoiled; and RepD stabilises the alternative state. 
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It is worth noting that a formation of alternative DNA structures is not 

favoured in long relaxed (not supercoiled) DNA molecules, and is energetically 

disfavoured as base-pairing is disrupted. However, when DNA is negatively 

supercoiled, the melting of base-pair interactions is compensated by negative 

torque applied to DNA strands. The energetic barrier to the alternative DNA 

structure formation is thus decreased. RepD was shown to require some degree 

of negative DNA supercoiling to be able to nick oriD, and a clear boundary 

existed between nicking-non-nicking (Chapter 4). This suggests that RepD most 

likely requires specific DNA alternative structures in oriD to be able to nick it. 

RepD alone, without the aid of negative DNA supercoiling, cannot provide 

sufficient energy to compensate for the energetic cost of alternative structure 

formation. At a higher force, and in the presence of negative DNA supercoiling, 

RepD binding to the oriD stabilised the alternative states and shifted the 

equilibrium towards formation of the alternative structures. However, RepD 

binding energy was quite small, as determined from the stabilisation of the 

alternative structure, and therefore RepD was unable to nick relaxed DNA. 

Therefore, the RepD binding-induced effect was observed only when DNA 

approached equilibrium between dsDNA and alternative structures, i.e., DNA 

was negatively supercoiled at higher force. 

It is torsional energy predominantly which is stored in supercoiled DNA. 

With the same number of turns applied, torque is lower at a lower force. 

Therefore, the energetic input from DNA supercoiling was lower at a lower 

force, and RepD binding energy was insufficient to extrude alternative 

structures. However, the observed increase in z noise, which was shifted 

toward formation of alternative states, might reflect the folding attempts of 

alternative structures.  

Although the data do not directly point to what the alternative structure is, 

a working model can be formulated. The number of base pairs involved was 

estimated from the average step size. Although there were three ICRs in oriD, it 

was unlikely that ICRI was involved due to a low cruciform size (and therefore 

lower resultant stability); furthermore, it has been reported as unnecessary for 

RepD binding and nicking (Slatter et al. 2009). ICRII is the most stable out of all 

three ICRs, as it contains the biggest stem, but the energetic barrier, calculated 

from unpaired nucleotides in the loop, is higher than ICRIII. However, the 

estimated number of base pairs involved in the alternative structure formation is 
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twice as small as expected from a complete folding of either ICRII or ICRIII. So 

the current model explaining the data might be the formation of half of either 

cruciform.  

The observation that RepD enhances alternative structures in oriD is 

consistent with earlier agarose gel-based findings that a homologous RepC 

protein extrudes cruciforms in oriC (Noirot et al. 1990).  

Nicking traces were recorded at high speed on DNA fluctuating between 

different states. After a nicking occurred, the DNA lost its supercoiling and 

ceased fluctuations. During analysis of the nicking traces, a tendency to nick in 

the alternative state was observed, suggesting that the alternative structure is 

important for RepD nicking. 

Interestingly, a plasmid oriD mutant with non-cruciform ICRII could be 

nicked at a comparable rate to wild-type plasmid oriD. As manual mixing was 

used in this experiment, it cannot be excluded that the difference in nicking 

between the two plasmids arises from the very early stages of the reaction. 

However, this experiment suggests that the cruciform of ICRII is not essential 

for the nicking of native negatively supercoiled plasmid. In fact, a similar 

observation is described in the literature with respect to homologous oriC and 

nicking by RepC (Jin and Novick 2001). This finding implies that the observed 

alternative structure stabilized by RepD might be in ICRIII, not ICRII. 

Different mutants of DNA used in the magnetic tweezers should address 

this question. However, a cautious interpretation of the results is required once 

some parts of oriD are deleted, as folding/non-folding of one ICR might 

modulate the stability of other parts of oriD. DNA with different cruciform arms 

labelled with FRET dyes might help to get more insights in how the alternative 

structures look like. However, this experiment would be technically challenging 

as magnetic tweezers should be implemented with fluorescence detection. 

It should be noted that certain limitations exist in the analysis method 

chosen. Although histogram-analysis of time traces is simpler, this approach 

averages out the results and might affect the detection of the short-lived steps 

in particular.   
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 Introduction 6.1

The work described in this thesis has focused on initiation of rolling-circle 

replication. RepD, acting on a frontline, starts the replication by nicking the 

plasmid in the origin of replication, oriD, and allowing the PcrA helicase and Pol 

III polymerase to unwind and synthesise the new strand. 

A magnetic tweezers setup was built and assays to study initiation by 

RepD were established. This unique approach, which allowed applying different 

amounts of supercoiling and stretching on individual DNA molecules, allowed 

discovering novel facts, not known before, about initiation:  

 RepD sensitivity to DNA supercoiling was demonstrated – both 

binding and nicking.  

 RepD could only nick negatively supercoiled DNA. 

 DNA showed fluctuations when negatively supercoiled. 

 RepD stabilised the alternative state, which was specific to oriD. 

 RepD nicking rate was higher on DNA supercoiled more. 

 RepD could perform multiple nicking-religation cycles. 

 

Until this study, almost exclusively all knowledge about this system was 

from bulk-solution studies. Although with topoisomerase assays it was noticed 

that RepD was much less efficient in nicking relaxed plasmids, but no one 

characterised this relationship before. It is the unique ability of magnetic 

tweezers, which allowed finely controlled supercoiling of single molecules, 

which brought new knowledge about this biological system. Furthermore, in 

addition to detailed description of this phenomenon, some light was shone on 

potential reasons of that. The importance of alternative structures of oriD was 

only speculated before and in this study, I brought direct evidence on the 

importance of that. 

Below I discuss these findings further together with a broader biological 

context. 

 

 RepD sensitivity to DNA supercoiling 6.2

RepD function in rolling-circle replication is to initiate the replication 

process. That means, RepD “decides” when it is the right time to do that. RepD 
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must ensure that DNA is ready to be replicated. In this study I investigated the 

RepD sensitivity to DNA supercoiling and found that only negatively supercoiled 

DNA is subject to initiation (nicking) reaction. I argue that DNA supercoiling acts 

as a mechanical signal for the correct timing of plasmid replication. Why 

sensing DNA supercoiling is important? Imagine the DNA is nicked in any part 

of the sequence due to uncontrolled action of nicking enzymes, mechanical 

factors, chemical agents or ionizing irradiation. If the nicked DNA starts being 

replicated, in the nick region a double-stranded break will be generated. For 

joining the double-stranded break back together with the other end, not only 

extra resources have to be used (additional proteins recruited), but also part of 

the genetic information will be lost if the DNA will be joined back by the non-

homologous end joining mechanism. Bacteria which rely on the plasmid for 

acquiring antibiotic resistance might lose the ability to survive in the antibiotic-

bearing environment. So in this case the correct replication of plasmid DNA is 

the matter of life and death.  

In other scenario, supercoiling is also lost due to the start of the plasmid 

replication. So the absence of supercoiling might signal that replication of this 

particular plasmid has already started, so there is no need to re-initiate it. If 

RepD could re-initiate the replication it might interfere with the first replication 

cycle as an intact oriD is required for the termination. 

 

What are the ways to sense DNA supercoiling? Results presented in the 

Chapter 5, imply that RepD might sense DNA supercoiling through recognition 

of DNA alternative structures in oriD. The relatively weak RepD binding is not 

enough to extrude these structures and assistance from DNA supercoiling is 

required. Most likely, it is not sensing as such, but simply without alternative 

structures in either ICRII or ICRIII RepD is not able to reach both binding and 

nicking sites simultaneously. That is also supported by comparing distance 

between binding-nicking sites in theoretically folded DNA and the recent crystal 

structure of RepD (without DNA). It is not completely clear, how exactly the 

alternative state looks like and which part of oriD it is exactly at. In the literature, 

there have been speculations that ICRII is forming, because it is the most stable 

cruciform in oriD. However, from the results of the topoisomerase assay which 

were presented in the chapter 5, ICRII cruciform does not look necessary for 

nicking (Chapter 5).  
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So DNA supercoiling might be an important regulator of rolling-circle 

replication. 

All plasmids replicating by rolling-circle mechanism have similar structure 

of origins of replication: ICRs for initiator protein binding and nicking which have 

propensity to form cruciforms. Therefore, it is plausible to expect that other 

initiator proteins would also bear such sensitivity to DNA supercoiling. 

 

 RepD nicking is speeded up on supercoiled DNA 6.3

It was shown that the nicking rate was different on differently supercoiled 

DNA. Since sub-saturating concentration was used, the observed effect could 

be, at least partially, due to RepD binding to oriD. So the nicking rate was 

quicker to DNA supercoiled to close-to-native levels (Chapter 4). Although oriD 

cruciform might be already formed at this supercoiling level, no evidence of that 

was found, potentially due to the signal-to-noise ratio being too low on 10 kb 

DNA. One could expect that if RepD binding to oriD stabilise alternative 

structures (as shown in the Chapter 5), if they are already formed RepD binding 

should be more favoured. Effectively, that would decrease the dissociation 

constant and therefore RepD would be more likely to be found bound to oriD. 

As a result, the nicking rate observed in magnetic tweezers should be higher. 

Also, it is possible that supercoiling changes oriD conformation into the one 

more accessible for nicking (once bound). 

Controversial to the hypotheses, arguing that the observed effects are due 

to supercoiling-induced changes in oriD, is the result from nicking of shorter 4 

kb DNA. Supercoiled to similar superhelical density, the nicking rate was lower. 

This suggests that there is more to that. The only difference between the two 

DNA substrates was the number of superloops (plectonemes). Can it be that 

RepD is sensitive to the number of supercoils? One cannot exclude that this is 

another mechanism of DNA supercoiling sensing. Superloops in proximity to 

each other make it possible for RepD transfer from different segments of DNA. 

That is in fact consistent to other studies of DNA binding proteins demonstrating 

increased binding speed of other protein to their cognate targets on long DNA 

molecules (Riggs et al. 1970). Increasing evidence shows that DNA 

supercoiling facilitates protein-DNA communication on long genomes. This 

should not have a profound effect to plasmids as the plasmid DNA is only 
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several kilobases long, which is thousands times shorter than the chromosome 

DNA. But still, this feature might represent a general phenomenon to the design 

of DNA binding enzymes. 

 

 DNA religation is slow 6.4

At the final stage of rolling-circle replication, RepD is responsible for 

terminating the replication. That means RepD has to stop the whole replisome 

and not let it move any further, disassemble the protein complex and, finally, 

religate DNA ends to form an intact, topologically constrained plasmid. 

Data presented in the Chapter 4 show that only a small fraction of DNA 

molecules could be religated in magnetic tweezers. This is not consistent with 

bulk solution experiments reported in the literature (Arbore et al. 2012). 

Potentially, this might be due to reduced mobility of DNA molecules as they are 

extended with ends held tightly. In bulk solution, plasmid can freely move and 

tumble and that might be essential for reaching the correct DNA conformation 

for religation. That also might explain the fact that religation was many times 

slower than observed in bulk solution studies. 

Religation is many times slower than nicking. In vivo, once oriD is reached 

after a full cycle of replication, the replication has to be stopped immediately. 

Therefore one would expect, at least at this stage, the religation to be rapid and 

efficient. Conversely to initiation, probably we still do not understand the signal 

that RepD senses during the termination, which converts RepD from a poor 

nickase to very efficient. It can be that religation studied in vitro is still not 

reconstituted close enough to the real conditions.  

 

 Other stages of plasmid life cycle  6.5

There are two main events in the life cycle of a plasmid. First, transfer to 

daughter cells when cell divides. Second, transfer of the plasmid to other cells 

in the colony. During this process a protein complex called relaxosome is 

involved. It functions in a very similar way to the RepD-PcrA-Pol III complex. In 

the initiation stage the plasmid has to be nicked and the nicking happens in a 

specific site called oriT (Caryl and Thomas 2006). Interestingly, oriT also has a 

number of inverted palindromic repeats capable of forming cruciforms. It is very 
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likely that DNA supercoiling also has a similar role in the initiation stage of the 

plasmid transfer mechanism. In principle, bacterial cell has to ensure that 

plasmid is replicated in a timely and accurate fashion. Also,  plasmid must be 

damage-free. Consequences of replicating the damaged plasmid might be 

lethal to the cell. However, this hypothesis is still waiting for the experimental 

verification, but the magnetic tweezers assays established in this work would be 

a perfect approach to elucidate that. 

 

 Overcoming antibiotic resistance  6.6

As shown in this work, the replication of antibiotic resistance plasmids can 

be initiated only if DNA is (negatively) supercoiled. It is probably due to 

secondary structure formation at oriD. If supercoiling could be removed or oriD 

formation could be prevented, the antibiotic resistance plasmid would not be 

replicated and the antibiotic resistance genes would not spread in the colony. 

There are a few different ways how DNA supercoiling could be prevented. 

In the cells supercoiling is carried out by gyrases. Designing small molecule 

inhibitors for gyrases would prevent the plasmid replication. Also, removing 

supercoiling from plasmids, maybe by other than RepD nicking enzymes, would 

also yield the same result. Also, DNA intercalating molecules, like ethidium 

bromide, change DNA supercoiling. Intercalators, which can go through a 

bacterial plasma membrane, but not the membranes of human cells, would be 

of high interest. 

It is very hard to target DNA supercoiling of a wanted cell specifically. In 

contrast, a prevention of the oriD cruciform formation offers a highly specific 

targeting. Short oligonucleotides designed to bind only to the oriD sequence 

would not bind anywhere else. Getting the oligonucleotides to the cell, however, 

is the main problem. Theoretically, bacterial genome could be modified to 

express short RNA sequences which could base-pair with specific parts of oriD 

to block the formation of the alternative structure. 

 

 Importance of DNA cruciforms genome-wide 6.7

Palindromes are very widespread in genomes. In the phage lambda 

genome of 48.5 kb, about 25 stable palindromes could be identified (minimum 
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stem size 7 bp, maximum loop size 6 nt). No cruciform is energetically favoured 

on relaxed DNA due to the energetic cost of unpaired nucleotides in the loop. 

However, all genomes are supercoiled. Even if supercoiling is relieved upon 

actions of DNA cutting enzymes, it is immediately regained afterwards. Also, it 

is known that genomic DNA is divided into supercoiling domains within which 

changes of the DNA supercoiling are localized (Worcel and Burgi 1972).   

There have been discussion if palindromic sequences have any 

importance for genomes as, even stabilised by supercoiling, their extrusion is 

kinetically too slow to be biologically relevant (Gellert et al. 1983). Also, large 

cruciforms were shown to be genetically unstable (Leach 1994). However, 

findings about RepD presented in this work suggest that cooperative interplay 

between protein and DNA supercoiling change the thermodynamics of a 

cruciform extrusion. Supercoiling acts to bring DNA close to equilibrium, but 

protein needs to bind and provide the rest of the energy needed to extrude 

cruciforms. A necessary protein-DNA interaction may be the mechanism how 

cruciforms are timely extruded while not destabilising the genome.  

So the modulation of protein-DNA interactions through the supercoiling-

facilitated cruciform extrusion could be widespread, given the abundance of 

palindromic sequences. Increasing amount of new evidence emerge supporting 

this hypothesis. 

 

 Project continuation 6.8

To ensure that know-how is transferred, a detailed manual of the magnetic 

tweezers analysis software was prepared. It is aimed to be used by people 

without any programming knowledge.  

Magnetic tweezers protocols developed will be valuable for using the 

technique to any biological object. This technique could be widely adapted to 

study other components of rolling-circle replication, like PcrA helicase, Pol III 

polymerase, and in order to stand how all of them work in complex with RepD 

and SSB. 

Are there still questions to be addressed with magnetic tweezers about 

initiation of rolling-circle replication? One of them is more detailed analysis of 

which ICR is extruded upon RepD binding. Mutant oriD templates might be of 

use here and the mutant DNA plasmids are already prepared. Also, it is thought 
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that SSB proteins may stabilise cruciform structures (Glucksmann et al. 1992). 

It would be interesting to test if a formation of oriD alternative structures is 

sensitive to the presence of SSB. 

The presence of all replication components (PcrA helicase and Pol III 

polymerase) may be an important signal for initiation of replication process. 

RepD protein may act differently when all the proteins are present. The nicking 

and religation reactions may be speeded up; the binding of RepD to oriD may 

also be stronger.  
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Appendix A 

 

User’s guide for magnetic tweezers software 

 

The section 3.7 explained all the logical procedures performed by the 

modules. This section aims to be a manual for new users and give practical 

advice on how best to run the analysis. A user with no experience in ImageJ or 

programming should be able to run the analysis of magnetic beads by using this 

guide and the modules provided. It is supplemented by video tutorials 

demonstrating the full procedure of the analysis: https://youtu.be/Wv5Nil6KxGM 

and https://youtu.be/oTn3KnjDNlE.  

The modules, created for the analysis of magnetic beads, can be 

downloaded from the online data storage (https://goo.gl/7P3dva). The folder 

called “Magnetic_tweezers” contains the following components: three ImageJ 

modules (1 Cut out beads, 2 Magnetic beads, 3 Analysis), the R program and a 

script for plotting time traces, sample test files and video manuals 

demonstrating the analysis procedure. 

The software analyses “.gmv” format files (by Gregory Mashanov), so 

ImageJ should be implemented with plugins capable opening this file format. 

These plugins are also provided in “Magnetic_tweezers\other_plugins”. Select 

all plugins in that folder (GMVreader, GMVwriter, HandleExtrafiletypes) and 

copy and paste them into “ImageJ\plugins\Input_output”. 

How to start: 

 Download ImageJ from http://imagej.nih.gov/ij/ 

 Download the Magnetic tweezers software from 

https://goo.gl/7P3dva 

 Place the “Magnetic_tweezers” folder in “ImageJ\plugins” 

 Copy files from “Magnetic_tweezers\other_plugins” to 

“ImageJ\plugins\Input_output” 

Once all plugins are installed correctly one will be able to open “.gmv” 

files. The magnetic tweezers modules appear in the menu bar under 

“Plugins>magnetic tweezers>”. 

https://youtu.be/Wv5Nil6KxGM
https://youtu.be/oTn3KnjDNlE
https://goo.gl/7P3dva
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Step 1. To start the analysis open ImageJ, and then the first stage is to 

open any file and make the bead list (Figure 63). To do that, use a drawing tool 

to draw a rectangle around each bead and press letter “t” on a keyboard – the 

ROI manager will appear with selected coordinates. This has to be repeated for 

every bead. Not only DNA tethered beads have to be selected but also at least 

one reference bead. Sometimes it is very useful to also have a reference for the 

magnet rotation – a couple of beads stuck together – but it has to be analysed 

separately from other beads (hide it in a separate folder). Once a full bead list is 

formed it has to be saved by selecting the first bead, holding the “Shift” key, 

selecting the last bead and then right clicking with the mouse and selecting 

“save”. Once this procedure is done ImageJ has to be restarted to clear up 

computer memory. 

Step 2. In newly opened ImageJ open the saved bead list (drag and drop). 

Run the “1 cut out beads” module from “Plugins>magnetic tweezers>”. A 

window pops up where it has been asked to choose a calibration file (i.e. the 

sequence in the folder; for example, 1 if it is the first file) and a reference 

bead(s). If more than 1 reference bead is selected only the first one will be used 

by the downstream analysis modules. 

Step 3. Now it is time to run the second module “2 Magnetic beads”. At 

this stage it is recommended to analyse only the reference beads first and 

choose which one is the best reference (moves least). Place all the reference 

beads in a separate folder and run the module. After choosing the best 

reference bead, copy the files back together with the other beads. Other 

reference beads can then be hidden in a separate folder not to be analysed. 

Run module 2 on all the beads. In the pop up window there are a few options 

for showing the analysis action (otherwise it is invisible). This option is very 

useful when it is desired to find out why the module 2 stopped analysing the file 

at a particular frame. However, only 100 frames can be shown, so it is 

recommended to shorten the file to that length. Once the second module 

finishes the analysis it saves the results in “cut_out” folder as “analysis_raw.xls” 

file. 

 Step 4. Restart ImageJ and open “analysis_raw.xls” again (drag and 

drop).  Run the last module – “3 Analysis”. It asks you to choose the folder 

where “analysis_raw.xls” file is located. In the “Log” window the calibration 

values calculated are printed out for each bead. If they are “0”, that means there 
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is something wrong with the calibration file. Normally, they should be about 500. 

If the calibration file is missing the default value of 500 will be used. After this 

module the data will be saved in the “analysis.xls” file. 

Step 5. The “analysis.xls” file can be opened by using the R programming 

script provided in the “magnetic_tweezers” folder. To be able to use the script, 

first open the R program: “magnetic_tweezers\R\R-3.1.0\bin\x64\Rgui.exe”. 

Then open the script by “File > Open script” and choose 

“magnetic_tweezers\R\plot_z_traces.R”. Choose the directory where the data 

are saved (File>Change dir). In the script, choose the beads and the files to plot 

and run the script (more detailed instructions are provided in the script). Z 

displacement over time will be plotted. The data can be opened in MS Excel as 

well; however, often the “analysis.xls” file contains more than 100,000 rows, 

which is the limit of Excel. 
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Figure 63. A quick user’s manual for analysis of magnetic beads. For a 

demonstration of the procedure watch video tutorials and for more details see 

text. 

A list with the most common problems is provided for troubleshooting (Figure 

64). 
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Figure 64. Troubleshooting of the most common problems of analysis.   

How to make a calibration file? 

 Using a piezo controller, move the objective in ~200 nm steps. 

 Do 5-6 steps, for each record ~200 frames 

 When calibration is finished, return the objective to the position in 

the middle of the calibration range 

 If the expected bead movement during experiment is more than 1 

µm, extend the calibration range. 
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Appendix B 

 

 

Figure 65. Step-finder testing. A, B and C – the same trace, D – the same 

trace with artificial 100 nm steps added (7 steps). The initial trace is the same 

as depicted in Figure 48 top panel (+9 turns). It represents normally distributed 

bead movement due to thermal motion (see the histogram of the trace in A; 

green line – Gaussian fit). Black circles represent the steps found (either up or 

down). 
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Figure 66. Example traces before and after RepDY188F. Traces were 

randomly selected from 10 beads recorded at 0.67 pN -10 turns. All red traces 

are from the same record. The green traces are the same beads as the ones 

depicted in the red traces but after addition of RepDY188F. 
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Figure 67. Distribution of standard deviation of z noise of DNA without 

oriD. RepD had no effect.  
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Figure 68. Distribution of skewness values of DNA without oriD. 

 



 
 

Abbreviations 

 

BSA – bovine serum albumin 

BS – blocking solution 

CMOS – complementary metal-oxide semiconductor 

dsDNA – double-stranded DNA 

DSO – double-stranded origin 

G – free energy change 

𝐸𝐴 – activation energy 

ICR – inverted complementary repeat 

kb – Boltzmann constant, 1.3806488 × 10-23 m2 kg s-2 K-1 

         kbT – 2x thermal energy, 4 pN∙nm 

𝑙 – contour length 

LB – Lysogeny Broth 

Lp – persistence length 

Lk – linking number 

NA – numerical aperture 

oriD – double-stranded origin of replication 

pN – picoNewton 

PCR – polymerase chain reaction 

px - pixels 

RC – rolling-circle 

 – superhelical density 

SEM – standard error of mean 

SSB – single-stranded DNA binding proteins 

ssDNA – single-stranded DNA 

SSO – single-stranded origin 

T – temperature in Kelvins 

Tw – twist 

Wr – writhe 

W – work 

Γ – torque 


