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1. Introduction
1.1 Escherichia coli

Escherichia coli (E.coli) is a gram negative, rod shaped bacterium discovered by the 

German pediatrician Theodor Escherich in 1885. The bacterium is commonly found 

in the lower intestine of warm blooded animals. Although some serotypes can cause 

food poisoning, most E.coli strains are harmless and constitute a natural part of the 

normal gut flora in humans, producing vitamin K2 and actually preventing 

colonization of pathogenic bacteria. Since E.coli is both easy to cultivate and 

genetically manipulate it has become a widely studied prokaryotic model organism, 

and an important tool in the field of biotechnology. Because fundamental processes in 

a cell are highly conserved through evolution, the knowledge obtained from the model 

organism E.coli is valuable for understanding mechanisms in higher and more 

complex organisms.  

1.2 The cell cycle of Escherichia coli

The E.coli chromosome is a double stranded, circular DNA molecule, about 4.6 

million base pairs in length (Blattner et al., 1997). The cell cycle of E.coli (like in any 

other organism) constitutes an ordered set of events; the DNA is duplicated 

(replication), the cell mass is doubled and the DNA is segregated into each cell half 

before the cell divides into identical daughter cells. In E.coli, the cell cycle is 

coordinated with nutrient availability. Thus, by changing the nutrient conditions in the 

medium different cell cycle patterns can be obtained. The generation time of an E.coli 

cell can range from several hours in nutrient poor media to about 20 minutes in 

nutrient rich media. During slow growth, the E.coli cell cycle resembles the 

eukaryotic cell cycle (Boye et al., 1996;Cooper and Helmstetter, 1968). This is 

schematically illustrated in Figure 1A). Initially there is a pre-replication period 

termed B, which corresponds to the G1 phase in eukaryotes. The B period is followed 

by a C period, which equals the time it takes to replicate the chromosome of the cell. 

The C period is called S phase in eukaryotes. The D period is the time between the 



end of replication and cell division, during this time the cell increases in size, 

segregates the DNA and proceeds to cell division. The D period is equivalent to the 

G2 phase in eukaryotes. 

However, during rapid growth in nutrient rich conditions E.coli cells exhibit a 

different cell cycle pattern compared to eukaryotes. E.coli is able to grow with 

overlapping replication cycles; a new round of replication is initiated before the 

previous round of replication has been completed. Figure 1B) shows a schematic 

representation of a cell cycle during rapid growth; replication is here initiated in the 

grandmother generation, continues through the mother generation and is completed in 

the current generation. By that time the cell has divided twice. Due to the continuous 

replication the B period no longer exists. Since initiation of replication still occurs 

once per cell cycle, there can be more than two ongoing replication forks per 

chromosome during rapid growth. Six or more ongoing forks are called multi fork 

replication. The ability to grow with overlapping replication exists in some, but not all 

bacteria.  

Figure 1 Schematic representation of replication patterns in (A) slowly growing cells 

and in (B) rapidly growing cells, with generation times of four hours and 25 minutes 

respectively. The B period is indicated as a red line, the C period as a black line and 

the D period as a grey line. Origins (chromosomal sites of initiation of replication) are 

shown as black squares. Cartoons of cells (above the diagrams) represent the 



chromosome content and the progression of replication during the course of the cell 

cycle. The cells in (B) (rapidly growing) have overlapping replication between three 

generations (grandmother, mother and current), and display multi fork replication. 

The figure is adapted from (Stokke et al., 2012). 

1.3 Replication in Escherichia coli

Replication is the process that duplicates the DNA prior to cell division. Faithful 

replication is crucial for healthy daughter cells, ensuring that each daughter cell 

receives the exact same genetic information as the mother cell. The existing DNA 

serves as a template for new strands during replication. Thus, replication is semi-

conservative; each new double strand entails one new and one old strand. Replication 

in E.coli is initiated at a chromosomal site called oriC and continues bi-directionally 

to the terminus region (ter). Unless otherwise stated the theory described in this 

section is from (Alberts et al., 2002;Kornberg A. and Baker T.A, 1992;Neidhardt, 

1996;Skarstad and Katayama, 2013). 

1.3.1 Initiation of replication at oriC

Replication in Escherichia coli is initiated from a single origin called oriC, which 

constitutes a unique sequence positioned at 84.6 minutes on the genetic map. Various 

proteins act together at oriC in an initiation cascade that results in loading of the 

replication machinery (the replisome). The initiator protein DnaA is crucial in this 

context as the most important step entails formation of a DnaA-oriC complex which 

leads to strand separation (reviewed in (Ozaki and Katayama, 2009)). DnaA belongs 

to the AAA+ superfamily of ATPases existing as either DnaA-ATP or DnaA-ADP 

(Ozaki and Katayama, 2009). Several DnaA binding sites reside within oriC; three 

high affinity 9-mer boxes called R1, R2 and R4 bind DnaA-ADP and DnaA-ATP with 

equal affinity and DnaA is bound to these sequences throughout the cell cycle, 

whereas an increase in DnaA-ATP is necessary for DnaA binding to the low affinity 

9-mer binding sites R3, R5 (M), I1-3 and  1-2 (Leonard and Grimwade, 2009) 



(Figure 2). The DnaA-ATP form is required for initiation to occur and its level rises 

prior to initiation (Sekimizu et al., 1987). Binding of DnaA-ATP to the low affinity 

sites results in a conformational change that leads to unwinding of an AT-rich region 

(DUE) in the leftmost part of oriC (Figure 2). DnaA-ATP will then also bind to DnaA 

boxes on the single stranded DNA (Speck and Messer, 2001). The protein IHF 

(Integration host factor) and RNA polymerase aids in formation of the open complex, 

whereas the protein Fis (Factor for inversion stimulation) represses it (at least in 

vitro). The helicase DnaB is thereafter recruited from the DnaB-DnaC complex by the 

aid of both DnaC and DnaA. DnaB then translocates to the front of each replication 

fork, unwinds the parental DNA and interacts transiently with the primase DnaG. The 

-clamp, a ring shaped dimer of the -subunit of the DNA polymerase III, is 

thereafter loaded (see section 1.3.3). The polymerase III core (  subunit) interacts 

with the -clamp closed around the DNA.  

The oriC region contains a high number of GATC sites (11). These sequences are 

binding sites for the SeqA protein and for Dam methylase (DNA adenine 

methyltransferase) (reviewed in (Lobner-Olesen et al., 2005;Waldminghaus and 

Skarstad, 2009)). SeqA inhibits re-initiation of replication by binding to these sites in 

oriC and is therefore a negative modulator of replication, whereas Dam methylase 

transfers methyl groups to adenines of newly replicated DNA (see section 1.3.2 and 

1.5 for more information about SeqA and Dam methylase).  



Figure 2 A schematic presentation of DNA sites and protein activity during initiation 

at oriC. Low affinity DnaA binding sites are represented by light blue and red boxes, 

whereas high affinity sites are shown as dark blue boxes. (1) The DnaA boxes R1, R2 

and R4 are bound by DnaA-ADP/ATP (blue-red spheres) prior to initiation of 

replication, the Fis protein (red triangle) is also interacting with its binding site. (2) 

Due to an increase in DnaA-ATP (red spheres) DnaA now also interacts with low 

affinity sites ( 1, 2, I1, I2, I3, R5 (M) and R3). Fis is dislodged and the protein IHF 

binds to its binding site. The strands of the AT-rich region called DUE are thereby 

opened. (3) Replication of oriC results in binding of SeqA (purple pentagons) to 

hemimethylated GATC sites which sequesters (isolates) the DNA from DnaA and 

Dam methylase. The figure is from (Leonard and Grimwade, 2009). 



1.3.2 Control of initiation at oriC

Initiation of replication is a highly controlled event taking place only once per cell 

cycle (Skarstad et al., 1986). Unscheduled initiations will lead to aberrant 

chromosome numbers and may also cause chromosomal fragmentation, thereby 

threatening the genomic stability of the cells. Thus, there are different mechanisms 

which ensure that initiation only happens once per cell cycle.  

 

Sequestration of hemimethylated oriC 

The E.coli DNA is methylated, more specifically the adenines of GATC sites. Due to 

the semi-conservative nature of replication only the template strand will be 

methylated after replication and the newly synthesized DNA is therefore 

hemimethylated. The protein SeqA is a negative modulator of initiation of replication. 

It binds to hemimethylated oriC and thereby isolates the DNA from re-methylation by 

Dam methylase and from the initiator protein DnaA. This process is called 

sequestration and lasts for 1/3 of the cell cycle (reviewed in (Waldminghaus and 

Skarstad, 2009))  (see section 1.5 for more information about the SeqA protein). SeqA 

binds to GATC sites that overlap with DnaA binding sites (R5, I2 and I3) and thus 

inhibits binding of DnaA to these sites. DnaA blockage of fully methylated oriC 

required a fivefold higher concentration of SeqA compared to hemimethylated oriC 

(Nievera et al., 2006). Thus, SeqA also binds fully methylated oriC, but with lower 

affinity (Slater et al., 1995).  

 

Mechanisms that lower the initiation potential  
 
In addition to sequestration, there are other mechanisms that lower the initiation 

potential by reducing the amount of available DnaA, thereby inhibiting extra 

initiations as the active form of DnaA must be present for initiation to occur 

(Sekimizu et al., 1987). About 300 DnaA binding sites reside outside oriC, and 

titration of DnaA away from oriC has been proposed to be a mechanism to lower the 

initial potential. Regulatory inactivation of DnaA (RIDA) is another mechanism 

performed by the Hda protein and the -clamp which together stimulates the 



hydrolysis of ATP bound to DnaA by interacting with the N-terminal domain of 

DnaA. A third mechanism called datA-dependent DnaA-ATP Hydrolysis (DDAH) 

occurs at the DnaA binding site, datA, and additional binding of the protein IHF to 

this site results in efficient hydrolysis of DnaA-ATP (Kasho and Katayama, 2013).  

1.3.3 DNA polymerase III holoenzyme

The DNA polymerase III holoenzyme (DNA pol III holoenzyme) is a multi-protein 

apparatus which together with DnaB (helicase), DnaG (primase) and SSB (single-

stranded DNA-binding protein) constitutes the replisome (Figure 3). 

The three major functional units of DNA pol III holoenzyme is the pol III core, the -

clamp and the clamp loader (Figure 3A). The pol III core comprises  (encoded by 

dnaE),  (encoded by dnaQ) and  (encoded by holE) subunits, exhibiting polymerase 

activity, proofreading activity (3` 5`exonuclease activity) and stimulation of the 

proofreading activity, respectively. The -clamp is a ring shaped homo-dimer that 

tethers the pol III holoenzyme to the DNA, ensuring processivity. Loading of the -

clamp requires the clamp loader, a circular heteropentameric complex. The structure 

and function of both clamps and clamp loaders is conserved through evolution across 

the three domains of life (Indiani and O'Donnell, 2006). In E.coli the clamp loader 

consists of three /  subunits and one of each of the  and ` subunits (Jeruzalmi et al., 

2001;Onrust et al., 1995). Two additional subunits,  and , are also associated with 

the loader complex, but these subunits are not required for fork assembly or clamp 

loading activity (Onrust and O'Donnell, 1993;Xiao et al., 1993). The  and  proteins 

are both encoded by the dnaX gene; the former is the full length protein whereas the 

latter is a frame shifted, truncated version (Blinkowa and Walker, 1990;Flower and 

McHenry, 1990;Tsuchihashi and Kornberg, 1990). The  subunit of the DNA 

polymerase and the DnaB helicase interact with domains within the  subunit. DNA 

synthesis on the two template strands is thereby coupled to DNA unwinding 

(Dallmann et al., 2000;Kim et al., 1996). The  subunit functions in -clamp loading, 

but does not interact with the DNA polymerase or DnaB (Onrust and O'Donnell, 

1993). The process of -clamp loading is highly regulated and entails ATP binding to 



different ATPase sites within the loader complex, which leads to a conformational 

change enabling the clamp loader to bind and open the -clamp (Bertram et al., 

2000;Naktinis et al., 1995). The subsequent interaction with primed DNA stimulates 

hydrolysis of ATP which leads to closing of the -clamp around the DNA and 

dissociation of the clamp loader from the -clamp (Ason et al., 2000). Replication can 

then proceed with high processivity. The presence of three DNA polymerase III cores 

has been proposed; one on the leading strand and two on the laggings strand 

(McInerney et al., 2007;Reyes-Lamothe et al., 2008). The clamp loader would then 

consequently entail three  subunits and no  gamma subunit (McInerney et al., 2007). 

The role of a potential third polymerase at the replication fork is not known, although 

several suggestions have been made. One example is that the third polymerase might 

be implicated in replication fork restart. Specifically, if one of the other two 

polymerases stall due to an obstacle the third polymerase might be able to re-initiate 

replication ahead of the obstacle. (For more information about direct restart see 

section 1.4.2)  

 

 

 

 

 

 

 

 

 

 

 



Figure 3 Arrangement of (A) the polymerase III holoenzyme and (B) the replisome 

(A) The polymerase III Holoenzyme (Pol III Holoenzyme) consists of the Pol III core 

(shown in green), the -clamp (shown as a yellow ring) and the clamp loader (shown 

in different colors). The Pol III core includes ,  and  subunits which exhibit 

polymerase activity, proofreading activity and stimulation of proofreading activity 

respectively.  

(B) The replisome consists of two (like shown here) or possibly three Pol III cores, 

the helicase (DnaB), the primase (DnaG) and single stranded binding proteins (SSB). 

The latter is not included in this figure. The -clamp tethers the Pol III Holoenzyme to 

the DNA and needs to be loaded by a clamp loader. DnaB and the  subunit of the Pol 

III core interacts with domains within the  subunit of the clamp loader resulting in 

coupled DNA synthesis on the two strands. The figure is from (O'Donnell, 2006).  



1.3.4 Elongation and termination

After initiation of replication the two replisomes, or replication forks, of one 

chromosome proceed bi-directionally towards the terminus. Unwinding of the 

template strands causes topological stress in front of the replication fork (positive 

supercoils) due to the interwined superhelical nature of DNA. DNA gyrase (a type II 

topoisomerase) relieves most of this topological stress by relaxing the positive 

supercoils. Topoisomerase IV (TopoIV) is another type II topoisomerase responsible 

for unlinking (or decatenating) the sister chromosomes prior to segregation. TopoIV is 

also reported to relax positive supercoils during replication; however this function is 

still not fully understood.  

DNA polymerase elongates the DNA by adding deoxyribonucleotide monophosphates 

to the 3` end of an existing nucleotide chain. Thus, DNA synthesis occurs only in the 

5`-3` direction. The two strands of the parental DNA have opposite, anti-parallel, 

direction/polarity;  the leading and lagging template strands are oriented in the 3`-5` 

and 5`-3` direction respectively. Consequently, only the leading strand is synthesized 

in a continuous manner, whereas the lagging strand is synthesized discontinuously in 

short fragments called Okazaki fragments, which are joined after synthesis by a ligase 

enzyme. Moreover, synthesis of the leading strand requires only one -clamp loading 

at initiation of replication, whereas the lagging strand needs one -clamp loading per 

Okazaki fragment. The single stranded DNA is protected by SSB during replication. 

Replication in E.coli is terminated at a region called the terminus, located opposite of 

oriC as the chromosome is circular. The terminus region is designed in a way that 

allows replication forks to enter but not to exit (two sets of inverted repeats).  



1.4 Replication fork repair and restart in Escherichia coli

The most frequently expressed genes in E.coli are replicated and transcribed in the 

same direction thereby avoiding head on collision between the replication and 

transcription machinery (Brewer, 1988). However, replication forks may encounter 

obstacles, such as template lesions, secondary structures and tightly bound protein 

complexes, leading to fork stalling (Cox et al., 2000). Consequently, there is a need 

for replication fork restart to ensure that the replication forks reach ter and that 

replication is completed. Collapsed or broken replication forks require repair by 

homologous recombination before restart whereas otherwise intact stalled replication 

fork structures may be restarted directly. Unless otherwise stated the theory in this 

section is from (Friedberg E.C et al., 2006).  

1.4.1 Replisome loading systems outside oriC

Replication fork restart outside oriC was first discovered by Kogoma (Kogoma and 

von Meyenburg K., 1983). PriA, PriB, PriC and DnaT are restart proteins enabling 

replication fork restart after replication fork stalling or collapse (reviewed in (Heller 

and Marians, 2006)). Replisome loading can be either PriA or PriC directed 

depending on the fork structure. That is, how the fork is stalled and whether or not 

repair is required. PriA is a 3´ 5´ DNA helicase (DEXH type) of the SF2 

superfamily (Hall and Matson, 1999) which recognizes 1) homologous recombination 

intermediates called D loops (see section 1.4.4), 2) stalled fork structures where the 

terminus of the nascent leading strand is positioned near the branch point (the gap 

must be small, just 3 to 5 nucleotides) (McGlynn et al., 1997;Nurse et al., 1999), 3) 

possibly also transcription generated fork structures called R loops existing in cells 

that lack RNAse H (which normally degrades the RNA of DNA-RNA hybrids) 

(Masai et al., 1994) (Figure 4A). When PriA interacts with the DNA structure it 

induces binding of PriB which stabilizes the PriA-DNA interaction and recruits DnaT 

to the complex. DnaB is thereafter loaded by DnaC and the replisome can be 

assembled. The replication is thereby restarted.  



Replisome loading directed by PriC is the other known replisome loading system 

outside oriC. PriC is a helicase with 5’  3’ activity. Unlike PriA it can only interact 

with stalled fork structures with a leading strand gap of at least 7 nucleotides (Figure 

4B). Genetic analysis suggests that PriB and PriC might have the same functional role 

because inactivation of either PriB or PriC results in a mild defect, whereas 

inactivation of both leads to a more severe defect.  

Figure 4 Cartoons illustrating replication intermediates recognized by (A) PriA; 1) D-

loops as a resulting from homologous recombination 2) stalled fork structure with the 

nascent leading strand positioned near the branch point 3) R-loops (transcription 

generated fork structure) and (B) PriC; stalled forks with a leading strand gap of at 

least 7 nucleotides. The figure is made with inspiration from (Heller and Marians, 

2006).  



1.4.2 Direct restart of blocked replication forks

Direct restart has been defined as restart that does not involve homologous 

recombination, but may involve recombination enzymes (Kreuzer, 2005). Blockage of 

a lagging strand will, according to in vitro studies, only affect the current Okazaki 

fragment (Higuchi et al., 2003;McInerney and O'Donnell, 2004). The lagging strand 

polymerase is suggested to remain associated with the replisome and continues 

replication by extending the next primer, leaving a small gap behind which needs to 

be repaired before the next round of replication (reviewed in (Heller and Marians, 

2006)) (Figure 5A). The leading strand polymerase is thereby unaffected. However, it 

has been shown that when the leading strand polymerase encounters an obstacle, the 

lagging strand is synthesized for some distance even though the leading polymerase is 

blocked (Cordeiro-Stone et al., 1999;Pages and Fuchs, 2003) (Figure 5A). PriA and 

Rep are both 3’  5’ helicases which have been suggested to act at such stalled fork 

structures (gap in the leading strand) by unwinding the lagging strand so that DnaB 

can be loaded by the PriC loading system (reviewed in (Heller and Marians, 2006)) 

(Figure 5B). SSB has been proposed to direct the helicases to these fork structures.  It 

has also been shown in vitro that Rep helps to remove proteins in front of the fork 

thereby facilitating fork progression (Yancey-Wrona and Matson, 1992), however the 

mechanism is not settled.  

Polymerase uncoupling is another possibility when the leading strand is blocked, 

involving DnaG primase directed re-priming of the nascent leading strand and 

resulting in a single strand gap which can be repaired by gap repair (see section 1.4.4).  



 

 

 

 

 

 

 

Figure 5 Illustration of replication after blockage (red star) of the lagging and leading 

strand (A), and how Rep and PriA are proposed to aid in restart of a fork with a gap in 

the leading strand by unwinding the lagging strand (B). Blockage of the lagging 

strand will only affect the current Okazaki fragment, and the replication continues 

leaving a gap behind. If the leading strand is stalled, the lagging strand synthesis 

continues for some distance. The helicases Rep and PriA have been proposed to 

unwind the lagging strand of such stalled fork structures and thereby help to restart 

the fork by the PriC loading system. The figure is made with inspiration from (Heller 

and Marians, 2006).  

 

1.4.3 Reversal of replication forks

Reversal/regression of stalled replication forks is implicated in several restart models 

including template strand switch and excision repair (reviewed in (Kreuzer, 2005)). 

Replication fork reversal (RFR) implies that the nascent leading and lagging strand 

anneal and regress thereby forming a variant of a Holliday junction (HJ) (a four armed 

DNA structure) also referred to as a chickenfoot.  



Certain replication mutants have been reported to undergo replication fork reversal 

followed by RecBCD dependent restart (reviewed in (Michel et al., 2007)). This 

model suggests that the double strand end, resulting from regression of the annealed 

leading and lagging strand, constitutes a substrate for RecBCD (Figure 6). RuvAB 

binds to the HJ formed by reversal. However, since this short double strand end 

(DSE) is not a real double strand break (DSB), RecBCD is able to degrade it, displace 

RuvAB and prepare a fork structure for PriA, thereby providing direct restart of the 

reversed fork (Figure 6). The other possible pathway after RFR is homologous 

recombination by RecA (Figure 6) (see section 1.4.4 for information about 

homologous recombination). Thus, the reversed/regressed replication forks can be 

restarted directly or via homologous recombination. Since RecBCD is required for 

both pathways, inactivation of this protein complex has a lethal effect on RFR 

mutants. Different proteins, depending on the mutant, conduct the actual fork 

regression. RecA acts on stalled forks in a dnaB mutant, whereas RuvAB is reported 

to reverse forks in a dnaE, holD and partially in a rep mutant (reviewed in (Michel et 

al., 2007)).  

As already mentioned RuvAB is proposed to bind the HJ resulting from fork 

regression in the replication fork reversal model (Figure 6). In the absence of 

RecBCD, RuvABC is reported to cleave this HJ causing a DSB, which can be 

detected by pulsed field gel electrophoresis (PFGE). PFGE resembles ordinary gel 

electrophoresis; the major difference is that the electric field is periodically changed 

throughout the run, enabling separation of fragments in the mega base (Mb) range. 

During PFGE, the intact DNA will stay in the well whereas the fragmented DNA will 

migrate into the gel. PFGE thereby provides a way to quantify the degree of 

chromosomal fragmentation (caused by DSBs) (see section 2.3). Thus, if both 

RecBCD and RuvABC are inactivated the DSBs no longer occur in a RFR mutant. 

RFR can therefore be verified by comparing the degree of chromosomal 

fragmentation in a RecBCD and a RecBCD RuvABC inactivated background by 

PFGE. Moreover, the same assay has been utilized to recognize the protein 

responsible for the actual fork reversal (reviewed in (Michel et al., 2007)). 



 

 

Figure 6 Schematic representation of the replication fork reversal model. According to 

this model, the leading and lagging strand anneal and regress when the fork is stalled, 

resulting in a HJ which is stabilized by RuvAB, and a double strand end. The short 

double strand end can then either be restarted by RecBCD directly; RecBCD then 

degrades the DSE and displaces RuvAB, and makes a substrate for PriA. Another 

pathway is by homologous recombination.  Loss of RecBCD will result in a double 

strand break due to cleavage by RuvC (not shown in the figure). The figure is made 

with inspiration from (Michel et al., 2004).  



1.4.4 Replication fork repair by homologous recombination

Collapsed replication forks cause DSBs which must be repaired by homologous 

recombination prior to restart (reviewed in (Kuzminov, 1999)). A double strand break 

can for instance occur if the replication fork encounters a nick in the template strand 

and thereby disconnects the nascent duplex DNA from the rest of the chromosome 

(Figure 7A). This mechanism has been denoted replication fork collapse. Another 

possible source of DSBs during replication is rear-ending (Nordman et al., 

2007;Bidnenko et al., 2002;Grigorian et al., 2003;Simmons et al., 2004). According 

to this model a fork from behind might catch up with the fork in front, causing a DSB 

as the fork from behind replicates the last nucleotide of the newly synthesized strand 

in front (Figure 7B). Moreover, it has also been suggested that a stalled replication 

fork can become unstable and thereby break due to a rupture in either the leading of 

lagging strand template (Kuzminov, 1995), resulting in the same broken fork structure 

as in the replication fork collapse model.  

Accumulation of DSBs can cause chromosomal fragmentation, which is deleterious to 

the cell. In order to avoid such genomic instability, DSBs are repaired by homologous 

recombination orchestrated by RecA (Rad51 in Eukaryotes), a 38 kDa protein able to 

detect homologous sequences. First, the double stranded end is recognized by the 

RecBCD protein complex which has both nuclease and helicase activity (Figure 7C). 

RecBCD unwinds and degrades the double stranded DNA until it encounters a Chi 

site (5´-GCTGGTGG-3´). This particular DNA sequence causes RecBCD to change 

its mode of action (when encountered from the 3´end); the overall rate of DNA 

degradation is reduced several fold, and it now only degrades the 5´ending strand 

resulting in a 3´single strand, which is recognized by RecA. Binding of RecA 

monomers to this 3´single strand leads to formation of a RecA filament which invades 

the intact sister duplex, thereby forming a HJ. The HJ is translocated and resolved by 

the RuvABC protein complex.  RuvAB translocates the HJ whereas RuvC has the 

ability to cleave a HJ and thereby resolve it.  A helicase called RecG is found to have 

the same role as RuvAB; however this redundancy is not fully settled. Invasion of 

RecA causes a D-loop recognized by PriA, which provides replication fork restart.  



Resolution of Holliday junctions by RuvABC may result in cross-over leading to 

dimeric chromosomes (Figure 7D, left panel). It has been proposed that RuvB directs 

RuvC cleavage during HJ resolution, specifically the strand passing through the RuvB 

rings 3´ towards the Holliday junction is subjected to cleavage (Cromie and Leach, 

2000;van Gool et al., 1999). This model implies that dimerization occurs during 

repair of real double strand breaks and not during replication fork reversal (Cromie 

and Leach, 2000), which is in accordance with the finding that RuvABC prevents 

dimer formation in a rep mutant (Michel et al., 2000). The ability of RuvABC to 

control dimerization has however been questioned in this study (Grove et al., 2008). 

Chromosome dimers are lethal to the cell and must be resolved for segregation to 

occur (reviewed in (Lesterlin et al., 2004) ). Resolution of dimeric chromosomes is 

coupled to cell division and occurs at the dif site. Specifically, the multifunctional 

protein FtsK positions the dif site to the septum and activates the tyrosine 

recombinases XerC and XerD. These enzymes then cut and re-join the DNA thereby 

resolving the dimeric chromosome (reviewed in (Lesterlin et al., 2004)).  

The other main homologous recombination pathway is gap repair; required, for 

instance, when gaps are left behind due to an obstacle in the lagging strand or possibly 

also in the leading strand template. The main difference between DSB repair and gap 

repair is the proteins that prepare for RecA binding; RecBCD in DSB repair and 

RecFOR in gap repair; otherwise the mechanism is the same (reviewed in (Michel et 

al., 2007)). 

 

 

 

 

 

 

 



 

Figure 7 Schematic representation of double strand break formation (A and B), double 

strand break repair (C) and dimerization (D).  

(A) The replication fork encounters a nick in the template strand resulting in a DSB.  

(B) A Replication forks form behind rear ends into the replication fork in front 

thereby causing DSBs.  

(C) RecBCD recognizes the blunt double stranded DNA end resulting from a double 

strand break and unwinds and degrades both strands until it reaches a Chi sites, it then 

only degrades the 5´ ending strand thereby producing a 3´ ending strand which is a 

substrate for RecA. RecA binds to this single stranded DNA, makes a filament and 

invades the intact, homologous sister duplex resulting in a D-loop and a HJ which is 

stabilized and migrated by RuvAB. The HJ is resolved by RuvABC and the D-loop is 

recognized by PriA, the stalled replication fork is thereby restarted.  

(D) Formation of cross-over/dimerization (left) and non cross-over products (right) 

during HJ resolution. The potential cleavage sites for RuvC are shown in yellow and 

red.  

The figure is made with inspiration from (Kuzminov, 1999;Michel et al., 

2007;Rotman et al., 2014).  



1.5 The SeqA protein in E.coli

1.5.1 Discovery of the SeqA protein

The seqA gene was first discovered as a result of a genetic screen searching for 

mutants that allowed initiation of hemi-methylated origins (Lu et al., 1994). The 

existence of a mechanism involving inhibition of such initiated origins had already 

been proposed by then (Russell and Zinder, 1987). The mutants utilized in the screen 

were in a dam- background (absence of Dam methylase); fully methylated oriC 

plasmid will then remain hemi-methylated after one round of replication since there is 

no Dam methylase to methylate the newly replicated DNA. Only mutants deficient in 

sequestration allowed initiation from these hemi-methylated origins. These mutant 

cells were transformed with fully methylated oriC plasmids with the same frequency 

as dam+ cells. Six additional seqA mutants were subsequently recognized by 

employing the same screen (von Freiesleben et al., 1994).  

1.5.2 Biochemical properties of SeqA

The SeqA protein (181 amino acids) binds specifically to the sequence GATC; it has a 

high preference for hemimethylated DNA over fully methylated DNA and does not 

bind to unmethylated DNA (Brendler et al., 1995;Brendler and Austin, 1999;Kang et 

al., 2005;Slater et al., 1995). The basic DNA binding unit is reported to be a dimer 

(Guarne et al., 2005;Kang et al., 2005;Odsbu et al., 2005), and two GATC sites 

located on roughly the same face of the DNA helix are required for stable binding 

(Brendler and Austin, 1999;Brendler et al., 2000). SeqA has two functional domains 

connected by a flexible linker; the C-terminal is the DNA binding domain (residue 

64-181) (Guarne et al., 2002), whereas the N-terminal (residue 1-33) has the ability to 

interact with other SeqA dimers and multimerize (Guarne et al., 2005;Odsbu et al., 

2005). According to in vitro studies SeqA multimerizes into left handed helical fibers 

when bound to hemi-methylated GATC sites (Guarne et al., 2005;Odsbu et al., 2005).  



1.5.3 Localization of SeqA in the cell

As already mentioned (see section 1.3.2), SeqA binds to hemimethylated GATC sites 

in oriC and thereby sequesters the DNA from the initiator protein DnaA and Dam 

methylase. The role of SeqA as a negative modulator of initiation of replication at 

oriC is well characterized. However, several studies show that SeqA is predominantly 

found at the replication fork, interacting with newly replicated DNA (Brendler et al., 

2000;Fossum et al., 2007;Hiraga et al., 1998;Onogi et al., 1999;Yamazoe et al., 

2005;Waldminghaus et al., 2012).The arrangement of the SeqA molecules behind the 

fork is still not clear, it is not known whether these complexes resemble the left 

handed helical fibers observed in vitro.  

Studies involving location and dynamics of the replisomes during replication have 

shed light on the SeqA structure behind the replication fork. The “replication factory” 

model suggest that four replisomes, from two sister forks, are arranged into a 

stationary “replication factory” where the template DNA is pulled in and the newly 

replicated DNA is extruded (Dingman, 1974;Lemon and Grossman, 1998). Earlier, 

this model was considered probable since tagged replisomes occasionally were seen 

as one focus in the middle of the cell (Lemon and Grossman, 1998;Molina and 

Skarstad, 2004), and the number of SeqA foci were half the number of replication 

forks during rapid growth (Hiraga et al., 1998;Molina and Skarstad, 2004). However, 

multiple studies with various chromosome markers indicate that it is more likely that 

the replisomes track the DNA independently rather than being organized into a 

stationary replication factory (Bates and Kleckner, 2005;Breier et al., 2005;Nielsen et 

al., 2006a;Nielsen et al., 2006b;Nielsen et al., 2007;Reyes-Lamothe et al., 2008). 

Thus, by binding to newly replicated GATC sites, SeqA is also thought to track the 

DNA as a dynamic structure.  

The role of SeqA at the replication forks is still not settled. It has been suggested that 

SeqA has a role in organization of sister chromosomes, either by facilitating 

separation of the sister chromosomes (Brendler et al., 2000;Sawitzke and Austin, 

2001) or by holding them together (Fossum et al., 2007;Molina and Skarstad, 2004).  



Loss of SeqA results in lower growth rate in rich media, whereas in poor media it 

does not affect the growth rate (Boye et al., 1996), indicating that SeqA is more 

important during rapid growth where there are overlapping replication and multi fork 

replication (more than six replication forks per chromosomes). Deletion of the seqA 

gene has been reported to cause chromosomal fragmentation when RecBCD is 

inactivated (Kouzminova et al., 2004;Rotman and Kuzminov, 2007) indicating that 

the function of SeqA is important for genome stability, perhaps by stabilizing the 

newly replicated DNA. Cells lacking SeqA induce the SOS response when grown in 

LB, but not when grown in M9 glucose media (Lu et al., 1994). Moreover, loss of 

SeqA has been found to render RecA essential for cell survival (Kouzminova et al., 

2004). These findings indicate that there is an increased demand for repair by 

homologous recombination when SeqA is missing, but only during rapid growth with 

several ongoing replication forks. However, it has also been shown that seqA recA 

double mutants are viable, this is perhaps due to suppressor mutations which have 

been found to occur in  seqA recA double mutants (Rotman et al., 2009).  

Loss of SeqA cause filamentation and abnormal localization of nucleoids (Bahloul et 

al., 1996;Hiraga et al., 1998), whereas SeqA over-expression is found to result in 

delayed chromosome segregation and cell division (Bach et al., 2003). SeqA is 

therefore proposed to have a role in chromosome segregation and cell division; 

however it has also been reported that loss of SeqA results in just a small increase in 

anucleate cells, indicating that SeqA is not crucial for proper segregation (Lu et al., 

1994).  

1.5.4 The seqA2 and seqA4mutants

As a result of the genetic screen (von Freiesleben et al., 1994) several seqA mutants 

were isolated including the seqA2 and seqA4 mutant. The seqA2 mutant has a point 

mutation in the C-terminal DNA binding domain, changing residue 152 from 

asparagine (D) to aspartic acid (N), whereas the seqA4 mutant has a point mutation in 

the N-terminal causing residue 25 to change from threonine (T) to alanine (A). As a 

result of the D152N point mutation (the seqA2 mutant) SeqA is no longer able to bind 



DNA, but can still multimerize (Fossum et al., 2003) (Figure 8). In contrast, the T25A 

point mutation (the seqA4 mutant) results in lack of ability to multimerize, but SeqA 

can still bind DNA as a dimer (Odsbu et al., 2005) (Figure 8).  

 

Figure 8 Cartoons showing the effect of seqA2 and seqA4 mutations. Wild type SeqA 

protein, the SeqA2 and the SeqA4 mutant proteins are shown in grey, blue and purple, 

respectively. Hemi-methylated DNA is depicted in green and orange. The SeqA2 

mutant protein lacks the ability to bind DNA but can still multimerize whereas the 

SeqA4 mutant protein lacks the ability to multimerize but can still bind DNA as a 

dimer. The figure is from (Fossum et al., 2007) 

 



1.6 Vibrio Cholera

Vibrio cholera (V.cholera) is a gram negative, comma-shaped bacterium often found 

in association with zooplankton, shellfish or aquatic plants in sea and fresh water. 

Some V.cholera strains express a cholera toxin and other virulence factors thereby 

causing a diarrhoeic disease called cholera, however most strains are non-pathogenic. 

The pathogenic V.cholera strains have developed as a result of horizontal gene 

transfer (Pearson et al., 1993). 

1.6.1 The cell cycle in Vibrio cholera

V.cholera contains two chromosomes, ChrI and ChrII, sized 2.96 and 1.07 Mb 

respectively. Each of the two chromosomes has its unique origin of replication called 

oriI and oriII. Replication of the two chromosomes is initiated by different proteins: 

ChrI is initiated by DnaA, perhaps in a manner that resembles initiation in E.coli, 

whereas ChrII is initiated by RctB in a manner similar to initiation of some plasmids 

(Egan and Waldor, 2003).  

ChrI is reported to initiate earlier than ChrII in both slow and rapid growth (Stokke et 

al., 2011;Rasmussen et al., 2007;Demarre and Chattoraj, 2010). Like E.coli, cells of 

V. Cholera show different cell cycles during slow and rapid growth; the cell cycle 

obtained during slow growth in a poor medium resembles the eukaryotic cell cycle 

whereas rapid growth in a nutrient rich medium results in overlapping replication. 

This is exemplified in figure 9, the cell cycle parameters are here denoted BI and BII, 

CI and CII, DI and DII (B is the pre-replication phase, C is the time it takes to replicate 

the chromosome and D is the time ranging from completion of replication to cell 

division) where the numbers, I and II, indicate ChrI and ChrII respectively. During 

slow growth the cells initiate and complete replication of both ChrI and ChrII within 

the same generation, but since ChrI initiates earlier than ChrII it has a shorter B period 

(Figure 9A). However, the C period is shorter for ChrII (smaller chromosome) than 

ChrI and the replication of both chromosomes terminates simultaneously. Rapid 

growth results in overlapping replication patterns for ChrI; replication is initiated in 



the grandmother generation, continues through the mother generation and is 

completed in the current generation (Figure 9B). The replication of ChrII during rapid 

growth does not span several generations like ChrI, but the C and D period exceed the 

generation time (Figure 9B). 

Figure 9 Schematic representation of examples of replication patterns in (A) slowly 

growing cells and in (B) rapidly growing cells of Vibrio cholera, with generation 

times of 46 and 19 minutes respectively. The B period is indicated as a red line, the C 

period as a black line and the D period as a grey line. Solid lines indicate ChrI 

whereas stippled lines indicate ChrII. Origins (chromosomal sites of initiation of 

replication) are shown as black squares. Cartoons of cells (above the diagrams) 

represent the chromosome content and the progression of replication during the 

course of the cell cycle. The cells in (B) (rapidly growing) have overlapping 

replication between three generations (grandmother, mother and current), and display 

multi fork replication. The figure is adapted from (Stokke et al., 2011). 



1.6.2 SeqA proteins in Vibrio cholera and Escherichia coli

The SeqA proteins of E.coli and V.cholera have about 50 percent identity (identical 

residues) (Figure 10). However, the similarity (similar residues) is about 70 percent. 

According to a phylogenetic analysis of Dam methylase, the genomes of both E.coli 

and V.cholera contain genes encoding proteins such as SeqA and MutH which have 

the ability to recognize the methylation status of the DNA (Brezellec et al., 2006). 

Thus the SeqA protein in V.cholera might have similar functions as in E.coli. 

Although this is not fully understood SeqA has been proposed to sequester oriI and 

oriII thereby ensuring that initiation only takes place once per cell cycle (Demarre and 

Chattoraj, 2010) and to be involved in organization of replication forks  (Stokke et al., 

2011).  

 

 

 

 

 

 

 

Figure 10 Amino acid sequence alignment of SeqA from E.coli and V.cholera. 
Identical residues are shown in blue. The sequences have been obtained from 
(http://www.shigen.nig.ac.jp/ecoli/pec/)  and 
(http://www.broadinstitute.org/annotation/genome/vibrio_cholerae/MultiHome.html) 

 for E.coli and V.cholera respectively, the aligment was performed by clustal  
(http://www.ebi.ac.uk/Tools/msa/clustalo/)  and visualised in Jalview 
(http://www.jalview.org/)  

The identity (54.3% ) and simialrity (69 %)  was obtained by using 
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/)  



2. Key experimental methods

2.1 Flow cytometry
 

Flow cytometry is a laser-based method that provides qualitative and quantitative 

examinations of whole cells and cellular constituents, one cell at the time (reviewed in 

(Jaroszeski and Radcliff, 1999)). By using flow cytometry cellular characteristics such 

as enzymatic activity or DNA/protein/ion content can be determined rapidly and 

accurately for thousands of cells in a matter of minutes or even seconds. The method 

is used for several purposes including research, diagnostics and clinical trials. It has 

also been proven to be a useful tool for cell cycle analyses of bacteria (Boye and 

Lobner-Olesen, 1991;Skarstad et al., 1995). 

The first fluorescence based flow cytometer was developed in 1968. By staining 

components in the cell with fluorophores the fluorescence can be detected and 

quantified. The basic principle of flow cytometry is that light from an excitation 

source (a laser) strikes the moving cells (or particles) resulting in light scattering and 

fluorescence emission which are converted into electrical signals and recorded as 

digital data. In the flow cytometer, the cells are introduced into a sheath fluid (a 

diluent) that hydrodynamically focuses the cells into a fine stream. Individual cells 

can thereby pass one by one through the focus of a laser beam and the fluorescence 

corresponding to parameters such as for instance DNA and protein content can be 

quantified for each cell individually. A LSR-II instrument (BD Biosciences) was used 

in the work presented in this thesis.  

In this work we performed flow cytometry to estimate the DNA and protein content of 

the cells and the in vivo replication pattern. Flow cytometry has the advantage of 

providing information about the distribution within a population rather than giving an 

average for the entire population. The data obtained by flow cytometry can provide 

information about cell cycle parameters and replication abnormalities (see section 

2.1.1, 2.1.2, 2.2).  



In order to investigate the DNA and protein content we stained the cells with a DNA-

specific dye (Hoechst 33258) and a protein-specific dye (fluorescein thioisocyanate 

(FITC)). The intensities of fluorescence emitted from the fluorescent dyes Hoechst 

and FITC are proportional to the DNA and protein content respectively. Standard 

cells with a known DNA content are added to the samples to calibrate the Hoechst 

intensity axis according to the DNA content. The standard cells are not stained with 

FITC and it is thereby possible to separate the standard cell population from the 

sample population (Torheim et al., 2000). The number of cells can be plotted as a 

function of either DNA or protein content in a histogram. Examples of such flow 

histograms are shown in figure 11 and 12. Different flow cytometry software is 

available; FlowJoe was used in the work presented here.  

2.1.1 Detection of origins per cell

Samples of cells growing exponentially in a poor medium gives a flow histogram that 

is easy to interpret (see Figure 11A (left histogram)). The first peak represents cells 

that have not yet initiated replication, the second peak are cells that have finished 

replicating whereas the population of cells in between the two peaks represents 

replicating cells. However, during rapid growth in a rich medium the cells show 

overlapping replication cycles and the replication pattern is not so easy to interpret 

from the histogram of exponentially growing cells (Figure 11B (left histogram)). 

Adding rifampicin (RIF) and cephalexin (CXP) to a portion of exponentially growing 

cells inhibits new rounds of replication and cell division respectively. Rifampicin 

inhibits the -subunit of RNA polymerase (Lark, 1972;Messer, 1972;Zyskind et al., 

1977) whereas cephalexin inhibits septum formation by disrupting cross linking of the 

peptidodoglycan structure in the cell wall (Alberts et al., 2002). RNA polymerase is 

only required for initiation of replication and not elongation, thus by adding 

rifampicin new rounds of replication are inhibited whereas ongoing replication forks 

are allowed to finish (run-out samples). Since initiation occurs simultaneously and 

only once per cell cycle the cells end up with integral numbers of chromosomes which 

reflects the number of origins at the time of drug treatment. For instance, in figure 11 



B the cells contain either four or eight chromosomes after drug treatment, thus these 

cells initiate at four origins.  

 

Figure 11 Example of DNA histograms from (A) slowly growing and (B) rapidly 

growing cells. The left histograms show the DNA distribution of the cells in early 

exponential phase. The right histograms show the DNA distribution of cell treated 

with rifampicin and cephalexin. Cell cartoons above the histograms illustrate the 

DNA content and replication progression. In the left histogram from slowly growing 

cells it is possible to detect three populations of cells; cells that have not initiated 

replication, cells that are replicating and cells that have completed replication. The left 

histogram from rapidly growing cells (B) shows higher amounts of DNA per cell in 

the distribution since the cells are growing with overlapping replication. The 

histograms of run-out samples show the number of origins that were initiated at the 

time point of drug addition, one and four for A and B respectively.  



2.1.2 Asynchronous flow cytometry phenotypes

Wild type cultures initiate replication synchronously and once per cell cycle (Skarstad 

et al., 1986). The cells will therefore always end up with 2n chromosomes (n=1, 2, 

3…) (Figure 11). This is called a synchronous phenotype. However, some mutant 

cells have unscheduled initiations resulting in odd chromosome numbers. This is 

called an asynchronous phenotype. Figure 12 shows an example of cells with an 

asynchronous phenotype due to extra initiations; the cell cartoons illustrate different 

initiation scenarios which after rifampicin and cephalexin treatment result in cells 

with both even and odd chromosome numbers. Asynchronous phenotypes can also be 

a result of selective chromosome degradation (Skarstad and Boye, 1993) or initiations 

occurring during the incubation with rifampicin (rifampicin-resistant initiations) 

(Morigen et al., 2005). 

Figure 12 Example of DNA histograms of an asynchronous flow cytometry 

phenotype. The left histogram shows the DNA distribution of the cells growing 

exponentially. The right histogram shows the DNA distribution of cell treated with 

rifampicin and cephalexin. The cell cartoons above the histograms illustrate possible 

numbers of initiated origins (due to unscheduled initiations) (left panel) and cells with 

a corresponding number of chromosomes (after rifampicin and cephalexin treatment) 

(right panel). 

 



2.2 Cell Cycle Analysis

Cell cycle parameters (initiation age, B, C and D-periods) can be determined 

theoretically using models described by (Cooper and Helmstetter, 1968;Molina and 

Skarstad, 2004;Skarstad et al., 1985;Stokke et al., 2012). The basis for such analysis 

is that the cell culture is in balanced, exponential growth. This means that all the cells 

in the population have the same doubling time and follow the same cell cycle pattern, 

and that initiation occurs at all origins simultaneously and only once per cell cycle 

(Skarstad et al., 1986). Thus, cell cycle analysis can only be performed on cells that 

have a synchronous phenotype. 

The basis for calculation of cell cycle parameters is the age distribution; each E.coli 

cell will divide into two daughter cells at the end of the cell cycle, thus there will 

always be twice as many newborn cells as there are old/dividing cells. The normalized 

distribution of cells of age between 0 and  (generation time) is shown in Equation I.  

Integration of Equation I between two cell ages t1 and t2 gives Equation II which 

allows determination of the fraction of cells within this period of the cell cycle. 

The fractions of cells that have, and have not initiated can be obtained by flow run-out 

samples. Thus, by rearranging Equation II the time point of initiation can be 

determined. 

Cell cycle analysis can be carried out by using an Excel-based simulation program 

that is built on the theory described above (Stokke et al., 2012). The program 

performs theoretical calculations of cell cycle parameters and provides a theoretical 

DNA histogram. The most optimal fit between the theoretical and experimental, 

exponential flow histogram is found by adjusting the cell cycle parameters. The 



generation time is essential in this context since it constitutes the foundation of the 

cell cycle determination. 

2.3 Pulsed field gel electrophoresis

Standard gel electrophoresis only allows separation of DNA fragments in the Kb 

range, whereas pulsed field gel electrophoresis (PFGE) provides separation of DNA 

fragments up to 12 Mb (Orbach et al., 1988). The direction of the electric field, which 

is held constant during standard gel electrophoresis, is periodically changed during 

PFGE. The DNA fragments are thereby forced to assume new orientations in order to 

have efficient motion through the gel resulting in separation of much larger DNA 

fragments compared to standard gel electrophoresis.  

There are several different types of PFGE systems (Hillier and Davidson, 1995), 

however the basic principle is the same; employment of an electric field alternating in 

two different directions. The CHEF (contour clamped homogenous electric field) 

system is widely used (Figure 13). In this system there are multiple electrodes 

arranged along a closed contour and the electrodes are set/clamped to predetermined 

electrical potentials equal to two parallel and infinite electrodes (channel A and B in 

figure 13) that generate an inclusion angle required to separate the DNA. During 

CHEF PFGE the electric field is changed from channel A to channel B, for a period of 

time (pulse time) resulting in DNA migration in a zigzag manner (Figure 13).  

The PACE (programmable autonomously controlled electrodes) system is a further 

development of the CHEF system. The PACE system involves independent regulation 

of 24 electrodes in a hexagonal array. Thus, the orientation, magnitude, homogeneity 

and duration of the electric field can be controlled accurately, which leads to 

improved resolution of DNA fragments. A CHEF and PACE combined system was 

used in the work presented in this thesis (CHEF-DR III from Bio-Rad).  

Parameters like the time interval between reorientation of the electric field, the pulse 

time, the inclusion angle, the concentration of the gel, the field strength and the 



temperature during the run will all effect DNA resolution. In order to obtain 

reproducible results it is therefore important to keep these parameters constant.  

 

Figure 13 Schematic presentation of a Contour-clamped homogenous electric field 

(CHEF) apparatus. The hexagonal tank is shown in dashed lines and the DNA plugs 

at the top in grey. The two infinite electrodes, channel A and B, here generate the 

inclusion angle of 120 °. A zigzag migration of the DNA is obtained by switching the 

electric field between channel A and channel B. The figure is from (Mawer and 

Leach, 2013).  

2.3.1 Quantification of chromosomal fragmentation

PFGE is perhaps best known as the gold standard in genotyping of pathogenic 

bacteria. Another area of utilization is detection of chromosomal fragmentation. 

Linear and circular DNA have different migration pattern when subjected to PFGE. A 

circular genome, like in E.coli, will not be able enter the gel matrix due to size and 

shape. Thus, intact genomic DNA will stay in the well during PFGE whereas DNA 

fragments will migrate into the gel matrix and it is thereby possible to detect the 

degree of chromosomal fragmentation.  

Quantification of the chromosomal fragmentation, the amount of DNA migrated out 

into the gel during PFGE, requires sensitive detection of the DNA. Incorporation of 



radioactive isotopes during growth provides such sensitive quantification and has 

been used for this purpose. Fluorescent based detection of DNA after PFGE has now 

become an alternative to radioactivity due to a new and much more sensitive nucleic 

acid stain called SYBR Gold. The latter approach has already been applied in 

(Gradzka and Iwanenko, 2005;Repar et al., 2013).  In contrast to the much used 

nucleic acid stain ethidium bromide (EtBr), SYBR gold is reported to provide a linear 

relationship between the fluorescence signal and the amount of DNA (Gradzka and 

Iwanenko, 2005). The sensitivity of SYBR Gold is tenfold higher than EtBr, allowing 

detection of low concentrations of DNA. 

Detection of double strand breaks by PFGE requires inactivation of RecBCD in order 

to prevent repair or degradation (see section 1.4.4 for more information about DSB 

repair). A temperature sensitive (Ts) recBC strain was used in this study (Kushner, 

1974) to quantify chromosomal fragmentation in different mutants.  

As an example, figure 14 shows a SYBR Gold stained PFGE gel displaying the 

chromosomal fragmentation of a  rep recBC (Ts) strain. The degree of chromosomal 

fragmentation in this mutant has been reported to be about 50% (Seigneur et al., 

1998). Large DNA fragments accumulate at a particular area of the gel during PFGE 

as indicated in figure 14; this is called the compression zone. By using the Genetool 

software, the fluorescent signal from the well and the lane can be quantified, and the 

percentage of chromosomal fragmentation is then calculated by dividing the signal 

from the lane (fragmented DNA) on the total signal (intact plus fragmented DNA) 

(Figure 14). The presence of a band right beneath the well may occur; this is most 

likely due to chromosomes with a single nick due to the presence of a nuclease. Thus, 

this band is included as intact DNA. The background was corrected by using the 

“Rolling disc” background subtraction provided within the Genetool software. By 

using this quantification method we were able to reproduce the chromosomal 

fragmentation reported for a rep recBC (Ts) strain (Seigneur et al., 1998). 

 



Figure 14 Example of quantification of chromosomal fragmentation by PFGE. The 

gel displays the chromosomal fragmentation in the rep recBC (Ts) mutant at the 

non-permissive temperature. The intact and fragmented DNA is indicated by brackets. 

The compression zone constitutes the area of the gel where large fragments 

accumulate. A size standard from S.cerevisiae is included to the left. The 

chromosomal fragmentation is found by dividing the amount fragmented DNA on the 

total DNA content (well plus lane). 



Aims of the study

The role of SeqA as a negative modulator of initiation of replication is well 

characterized whereas the role of SeqA in genome stability is not fully understood. In 

this thesis we wished to investigate the latter function by characterizing seqA mutants 

in terms of genomic instability and compare these mutants with a strain lacking SeqA 

binding in oriC but not behind the replication fork. We also wished to determine the 

number of SeqA molecules per cell in different media to investigate how the increase 

in replication forks affects the expression of SeqA.  

Overexpression of the  and  subunits encoded by the dnaX gene has been reported to 

rescue the parE10 (Ts) phenotype (Levine and Marians, 1998), however a mutated 

version of the gene, resulting in the mutant proteins E145A and E145A, lacks this ability 

(Espeli et al., 2003). The E145A and E145A proteins have been reported to be fully 

functional in vitro and in vivo few phenotypes were found apart from problems with 

partitioning of DNA in rich medium. In this thesis we wished to investigate the in vivo 

phenotypes of the dnaXE145A mutant further to assess how the mutation affects the 

cells in terms of genomic stability. 



3. Summary of results

Paper I

The SeqA protein makes complexes with newly replicated DNA by binding to hemi-

methylated GATC sites (reviewed in (Waldminghaus and Skarstad, 2009)). SeqA was 

first recognized as a negative modulator of initiation of replication. Specifically, SeqA 

binds to GATC sites of newly replicated origins and sequesters the DNA from 

unscheduled initiations for one third of the cell cycle, a mechanism called 

sequestration (Waldminghaus and Skarstad, 2009). This role of SeqA is well 

characterized, however, the majority of SeqA molecules in the cell have been found to 

bind behind the replication fork. Loss of SeqA is critical for the cell during rapid 

growth and it has been reported to cause chromosomal fragmentation and induction of 

the SOS response (Waldminghaus and Skarstad, 2009). This indicates that SeqA is 

involved in stabilization of the newly replicated DNA.  

 In this study the role of SeqA behind the replication fork was studied in two different 

seqA mutants, seqA2 and seqA4, by several different methods including flow 

cytometry, pulsed field gel electrophoresis and viability assays. The SeqA2 protein is 

unable to bind DNA whereas the SeqA4 protein can bind DNA as dimer but lacks the 

ability to multimerize. The role of SeqA in sequestration was here distinguished from 

its function behind the replication fork by utilizing a control strain, oriCm3, where 

eight of the GATC sites in oriC have been mutated (Bach and Skarstad, 2004). Thus, 

in this mutant SeqA is not able to bind to GATC sites in oriC but can still bind to 

GATC sites on the rest of the chromosome. The histograms of run-out samples of the 

seqA mutants revealed less distinct peaks compared to the histogram of run-out 

sample of the oriCm3 mutant, indicating severe elongation issues when SeqA is 

unable to complex with newly replicated DNA behind the replication fork. By using 

PFGE we found that both seqA mutants display extensive chromosomal fragmentation 

in the absence of RecBCD, whereas this was not the case for the oriCm3 mutant 

which has fully functional SeqA binding behind the replication fork. Several mutants, 

for instance the rep mutant, have been reported to show RuvABC dependent 

chromosomal fragmentation when RecBCD is inactivated, indicating restart by 



replication fork reversal. Inactivation of both RecBCD and RuvABC therefore 

suppresses the genomic instability in these mutants (reviewed in (Michel et al., 

2007)). Interestingly, we were not able to inactivate the RuvABC complex in either of 

the seqA mutants; the strains could not be constructed.  Moreover, we recognized that 

both seqA mutants were dependent upon RecA activity both for sustaining the 

genomic content and for viability which is in agreement with studies involving seqA 

deletions (Kouzminova et al., 2004;Rotman et al., 2009;Rotman et al., 2014). 

Additionally, we found that inactivation of the dif site resulted in reduced viability in 

the seqA mutants indicating that the mutants exhibit chromosome dimerization which 

is a sign of massive homologous recombination. Together, these results indicate that 

there are real double strand breaks in the seqA mutants. 

 It has been reported that lack of functional SeqA leads to so called “single –ended” 

fragmentation, i.e. chromosome fragments containing oriC and not Ter (Rotman et 

al., 2014) indicating that double strand breaks are generated at the replication forks. 

The double strand breaks were suggested to be a result of segregation “catching up” 

with replication and tearing the replication fork apart. However, the replicated sister 

loci stay co-localized for 10-20 minutes before separation (Fossum-Raunehaug et al., 

2014;Nielsen et al., 2006a), thus the model from (Rotman et al., 2014) seems 

unreasonable. We found that a combination of either the seqA2 or the seqA4 mutation 

and a rep deletion led to poor viability, indicating that the restart mechanism observed 

in rep mutants was no longer possible in the absence of SeqA function. Recently, it 

was found that there is a distance, of 200-250 nm, between SeqA and the replisome, 

whereas the SeqA sister complexes are less than 30 nm apart (Helgesen et al., 2015). 

We suggest that the sister SeqA complexes function as stabilization barrier by trailing 

the replication fork at a considerable distance, thereby facilitating restart and 

recombination repair events.  

 



Paper II

The dnaX gene in Escherichia coli encodes both the  and  subunit of the polymerase 

III holoenzyme.  is the full length protein while  is a truncated, frame shifted 

version of . Both subunits are part of the clamp loader complex, a multi-subunit 

complex responsible for loading of the -clamp of the DNA polymerase which 

ensures replication processivity. The dnaXE145A mutant was discovered in connection 

with a screen searching for multicopy suppressors of parE10 (Ts); over-expression of 

the dnaX gene suppressed the parE10 (Ts) mutant (Levine and Marians, 1998) 

whereas this was not the case for the dnaXE145A gene (Espeli et al., 2003). The 

mutated proteins were reported to be functional in vitro, and apart from problems with 

partitioning DNA in rich medium, the mutant showed few phenotypes in vivo. In this 

study we have characterized the in vivo effect of the dnaXE145A mutation further by 

different approaches including flow cytometry, quantitative PCR (qPCR), pulsed field 

gel electrophoresis (PFGE), microarray and viability assays.  

DNA histograms of rifampicin and cephalexin treated dnaXE145A cells obtained by 

flow cytometry (run-out samples), revealed an unusual asynchrony phenotype with 

irregular numbers of peaks which were not well separated. This indicates that not all 

forks were able to complete replication. This was supported by a high oriC/ter ratio 

found by quantitative PCR. The dnaXE145A mutation was then transferred to a recBC 

(Ts) background and the chromosomes from exponentially growing dnaXE145A recBC 

(Ts) cells were subjected to PFGE. We could thereby investigate whether or not the 

observed elongation issues somehow compromised the genomic stability. Indeed, the 

dnaXE145A mutant suffered from extensive chromosomal fragmentation in the absence 

of RecBCD. Replication mutants, like the rep mutant, have been reported to show 

RuvABC-dependent double strand breaks in the absence of RecBCD (reviewed in 

(Michel et al., 2007)). Inactivation of RuvABC in addition to RecBCD thereby 

suppresses the formation of double strand breaks (Michel et al., 2007). However, 

inactivation of ruvB in a dnaXE145A recBC (Ts) strain was not possible indicating that 

the dnaXE145A mutant requires RuvABC, perhaps for stabilization and processing of 

Holliday junctions. Microarray based marker frequency analysis showed that the 

dnaXE145A cells seem to suffer from collapsed replication forks indicating that the 



point mutation results in lack of ability to rescue stalled forks. Moreover, we found 

that the dnaXE145A mutant induced the SOS response when grown in GluCAA medium 

and suffered from loss of viability when combined with a dif site deletion; both clear 

indications of massive homologous recombination. In light of these results, we 

suggest that the dnaXE145A cells suffer from real double strand breaks during 

replication possibly because direct restart of stalled forks, i.e. restart without 

homologous recombination, is somehow impaired.  

To further investigate the role of the  and proteins  in genome stability we combined 

the dnaXE145A mutation with a rep deletion. Loss of Rep helicase has been reported to 

cause frequent stalling of replication forks, but the stalled replication forks are able to 

restart by reversal either directly or via homologous recombination (Michel et al., 

2007). The dnaXE145A rep double mutant did not exhibit decreased viability, however 

the oriC/ter ratio was increased and the histogram of run-out samples obtained by 

flow cytometry indicated severe elongation issues. The phenotype of dnaXE145A 

mutant thereby seemed to be enhanced by additional fork stalling caused by the rep 

deletion. This indicates that the stalled forks are not restarted directly and therefore 

require rescue by homologous recombination.   

The mutated residue in the dnaXE145A mutant is not reported to be involved in the 

clamp loading process. It could however be involved in interactions with yet unknown 

protein partners and thereby facilitating rescue of stalled replication forks. Evidence 

suggests that the -clamps are actively unloaded and this has been proposed to be a 

role for the clamp loader (Hedglin et al., 2013). Moreover, a DNA bridging protein 

called CrfC has been suggested to connect -clamps and thereby hold the sister DNA 

molecules together (Ozaki et al., 2013). Perhaps these complexes need to be removed 

prior to reversal of the replication fork. The dnaXE145A mutant might lack the ability to 

unload -clamps thereby making it difficult for the stalled fork to reverse resulting in 

replication fork collapse. Another possibility is that the  and  proteins are involved 

in replication fork regression either directly or via interaction partners. However, the 

impaired rescue of stalled forks dnaXE145A mutant could also be due to deficiency in 

recruitment of the -clamp during PriA or PriC mediated reloading of the replisome. 

Further elucidation is required to establish a mechanism explaining the phenotypes of 

the dnaXE145A mutant. 



Paper III

Cells of E.coli and V.cholera display different replication patterns and SeqA 

structures per foci per cell depending on the nutrient availability/growth medium. 

Both bacteria have the ability to grow with overlapping replication cycles in rich 

media, whereas slow growth resembles the eukaryotic cell cycle. E.coli cells contain 

one circular chromosome (4.6 Mb), whereas the genome of V.cholera cells is 

distributed over two circular chromosomes; ChrI (2.96 Mb) and ChrII (1.07 Mb) with 

unique origins called oriI and oriII respectively.  

The aim of this study was to investigate whether the amount of SeqA in the cell 

changed according to the growth conditions in these two bacteria. The amount of 

SeqA per cell was therefore detected in four different media for E.coli and two 

different media for V.cholera by Western blot and plating. The cell cycles parameters 

for E.coli cells grown in different media were found by subjecting the data obtained 

from flow cytometry to an excel based simulation program. Since no published 

software exists to simulate the replication pattern of bacteria with two chromosomes, 

the replication parameters for V.cholera were calculated from the derived cell cycle 

patterns for cells grown in fructose and LB in the previous published work (Stokke et 

al., 2011).  

We found that the number of SeqA molecules per fork remained constant over a wide 

range of growth conditions in E.coli. Moreover, the number of SeqA molecules per 

replication fork during rapid growth (LB medium) was similar in both E.coli and 

V.cholera. The SeqA protein has been reported to complex with newly replicated 

DNA and thereby contribute to organization of the DNA in both E.coli and V.cholera 

(Brendler et al., 2000;Fossum-Raunehaug et al., 2014;Fossum et al., 2007;Helgesen 

et al., 2015;Hiraga et al., 1998;Yamazoe et al., 2005;Waldminghaus et al., 

2012;Stokke et al., 2011). It has also been reported that SeqA is important for genome 

stability in E.coli (Rotman et al., 2009;Rotman et al., 2014). Thus, a constant number 

of SeqA molecules per fork might be crucial for genome stability in E.coli. Since the 

number of SeqA molecules per fork is similar in both E.coli and V.cholera during 

rapid growth, there is reason to believe that SeqA also has a role in genome stability 

in V.cholera. 



The number of SeqA molecules per replication fork was not constant in V.cholera for 

the two growth conditions tested. Specifically, there was a higher amount of SeqA per 

replication fork during slow growth (minimal medium supplemented with fructose) 

than during rapid growth (LB medium). Interestingly, the number of SeqA molecules 

per origin was found to be constant in V.cholera in contrast to E.coli. The role of 

SeqA in V.cholera is not clear. The higher amount of SeqA per fork during slow 

growth could be due to a currently unknown function of SeqA in V.cholera.  

 

 



4. General discussion

4.1 The role of SeqA, and proteins in genome stability

In the course of my PhD period, results from a microscopy project in our lab, which 

aimed at investigating the distance between SeqA and the replisome, shed light on 

how SeqA might stabilize the newly replicated DNA. Advanced microscopy methods 

revealed that there is a considerable distance of about 200-250nm between the SeqA 

structure and the replisome, whereas the sister SeqA complexes are on average less 

than 30 nm apart (Helgesen et al., 2015) (Figure 15). The sister DNA molecules 

might enjoy the stability provided by the SeqA structure trailing the replication fork. 

Moreover, the DNA stretch between the SeqA structure and the replisome could be 

optimal for DNA transactions such as recombination and repair, since the sister DNA 

molecules are in close proximity as depicted in figure 15.  

 

Figure 15 Cartoon illustrating how sister SeqA complexes (shown in red) bind behind 

the replication fork and potentially add stability to the fork. The DNA stretch between 

SeqA and the replisome could be optimal for DNA transactions such as fork 

regression. 



4.1.1 SeqA structures behind the replication fork are important
for genome stability

Loss of functional SeqA has been reported to cause phenotypes associated with 

increased need for DNA repair, including induction of the SOS response (Lu et al., 

1994) and chromosomal fragmentation when RecBCD is lost (Rotman et al., 

2009;Rotman et al., 2014). Moreover, most of the SeqA molecules in the cell are 

located behind the replication fork in complex with newly replicated DNA (Brendler 

et al., 2000;Fossum et al., 2007;Hiraga et al., 1998;Onogi et al., 1999;Waldminghaus 

et al., 2012). Thus, there is reason to believe that SeqA might be involved in 

maintenance of genome stability. However, the role of SeqA in sequestration 

complicates the picture since lack of SeqA results in over-initiation due to 

unscheduled initiations (Waldminghaus and Skarstad, 2009). Such extra initiations 

may lead to shorter distance between each replication fork and increase the 

probability that a fork from behind can catch up with the fork in front and cause a 

double strand break as it replicates the last nucleotide of the nascent template strand, 

so-called rear ending. This led us to the question; could over-initiation alone explain 

the genomic instability in cells lacking SeqA?  

By including a strain that contained eight mutated GATC sites specifically in oriC 

(Bach and Skarstad, 2004), we showed that lack of sequestration is not critical in 

terms of genome stability (Paper I). This mutant, oriCm3, lacks sequestration because 

SeqA is unable to bind to the mutated GATC sites in oriC. However, SeqA can still 

bind to GATC sites on the rest of the chromosome. Thus, the oriCm3 mutant has fully 

functional SeqA molecules behind the replication fork. Utilizing the oriCm3 mutant 

as a control enabled us to distinguish the role of SeqA in sequestration from its 

function behind the replication fork. In this study we used the seqA2 and the seqA4 

mutants which lack the ability to bind DNA and to form multimers, respectively 

(Fossum et al., 2003;Odsbu et al., 2005). In vivo studies including flow cytometry and 

pulsed field gel electrophoresis revealed that loss of functional SeqA behind the fork 

was much more critical for the genome stability in the cells than lack of sequestration. 

By treating exponentially growing cells with rifampicin and cephalexin we could 

obtain histograms of run-out samples (so-called run-out histograms) by flow 



cytometry. The run-out histograms of the seqA mutants displayed peaks that were 

almost inseparable whereas the run-out histogram of the oriCm3 mutant had much 

more distinct peaks. This indicates that the seqA mutants suffer from elongation 

issues. In the absence of RecBCD the seqA mutants exhibited extensive chromosomal 

fragmentation. Lack of sequestration alone, the oriCm3 mutant, resulted in a low 

degree of chromosomal fragmentation. Thus, this indicates that extra initiations are 

not hazardous to the cells as long as SeqA is binding behind the fork. Moreover, the 

oriCm3 mutation had no effect on the growth rate, whereas the doubling time of the 

two seqA mutants was increased with about 20 %. According to the results from Paper 

I, multimerization of SeqA molecules behind the replication fork seems to be 

important for genome stability.  

4.1.2 Double strand break formation in the absence of
functional SeqA
 

Investigation of chromosomal fragmentation by pulsed field gel electrophoresis 

requires inactivation of RecBCD to avoid repair or degradation of double strand 

breaks. Chromosomal fragmentation in the absence of RecBCD does, however, not 

automatically mean that the cells suffer from real double strand breaks. Several 

replication mutants have been reported to undergo replication fork reversal (reviewed 

in (Michel et al., 2007)). According to the replication fork reversal model, the nascent 

leading and lagging strands anneal and regress as a result of fork stalling. The 

resulting double strand end is then processed by RecBCD and the stalled replication 

fork can be restarted either directly or by homologous recombination (see section 

1.4.3). Specifically, RecBCD either degrades the double strand end or makes a 

substrate for RecA if there is a Chi site present. Either pathway results in a substrate 

for PriA and replication can thus be restarted. Inactivation of RecBCD on the other 

hand has been found to result in cleavage of reversed fork structures by RuvABC. 

Thus, inactivation of RuvABC in addition to RecBCD suppresses the phenotype; the 

chromosomal fragmentation can no longer be seen by pulsed field gel electrophoresis. 

In paper I we wanted to investigate whether or not the chromosomal fragmentation 

observed for the seqA mutants in the absence of RecBCD was RuvABC dependent. 



However, we were unable to introduce a ruvB deletion to the seqA mutants in a recBC 

(Ts) background (permissive temperature). We therefore believe that the protein 

complex RuvABC is crucial for the seqA mutants, implying a high presence of 

Holliday junctions, which are stabilized and processed by this resolvasome, in these 

mutants.   

Combining the seqA mutants with a recA deletion resulted in reduction of viability, 

which is in agreement with (Rotman et al., 2014). We also found that both seqA 

mutants suffer from extensive chromosomal degradation in the absence of RecA, 

indicating that homologous recombination is crucial to sustain the DNA in these cells. 

Thus, the lethality of seqA recA mutants is most likely due to formation of double 

strand breaks which can only be mended by RecA. This is also supported by the 

significant reduction in lethality when either seqA mutation was combined with a dif 

deletion, indicating formation of chromosome dimers as a result of homologous 

recombination. Replication fork reversal mutants have been reported to rely on 

RecBCD for viability because this protein complex orchestrates restart, either directly 

or via homologous recombination. Since these stalled forks can be restarted directly 

loss of RecA is manageable. However, this is clearly not the case for cells lacking 

functional SeqA.  

4.1.3 How does SeqA secure genome integrity during
replication?

Our results from paper I suggest that SeqA structures behind the replication fork help 

to maintain genomic stability during replication. This is in agreement with another 

study involving seqA deletions (Rotman et al., 2014). The chromosomal fragments 

from seqA deleted strains were here reported to contain oriC but not ter, thereby 

implying that the double strand breaks occurred during replication. The model in 

(Rotman et al., 2014) suggests that lack of SeqA causes the segregation fork to collide 

into the replication fork, leading to a rupture at a single stranded region as the 

segregation machinery pulls the sister DNA molecules apart. It has been proposed that 

SeqA delays separation of the newly synthesized DNA (Joshi et al., 2013). However 



the model in (Rotman et al., 2014) is not in agreement with the requirement for SeqA 

during slow and rapid growth or with studies of loci segregation. Loss of SeqA is 

reported to affect the growth rate during rapid growth but not during slow growth 

(Boye et al., 1996). Consequently, the functions of SeqA seem to be more important 

during rapid growth than during slow growth. During slow growth the cell cycle in 

E.coli resembles the eukaryotic cell cycle i.e. replication is initiated and completed 

within the same generation. In a nutrient rich media however, the cells of E.coli 

exhibit overlapping replication; a new round of replication is initiated before the 

previous round has completed. Samples for pulsed field gel electrophoresis were 

obtained from cells grown in a rich medium (LB) and such a growth condition results 

in multi fork replication (six replication forks per chromosome). Recent findings show 

that newly replicated sister chromosomes co-segregate during rapid growth (Fossum-

Raunehaug et al., 2014;Helgesen et al., 2015). The DNA from each sister 

chromosome therefore stays in the same cell half (Figure 16). Thus, the segregation 

fork argument in (Rotman et al., 2014) does not seem relevant. Moreover, the 

segregation argument does not seem relevant during slow growth either since it has 

been reported that replicated sister loci stay co-localized for 10-20 minutes (Nielsen et 

al., 2006a). Thus, it is more likely that the observed chromosomal fragmentation is 

due to challenges related to several ongoing forks than to segregation issues. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 16 Schematic cartoon of segregation during rapid growth. Replisomes are 

indicated by green stars, origins by black dots and ter as pink squares. The figure 

illustrates how new DNA from each chromosome co-segregates during rapid growth. 

 

So, why do cells lacking functional SeqA suffer from double strand breaks? Double 

strand breaks can stem from several different scenarios. If the replication fork for 

instance encounters a nick in one of the template strands the nascent DNA duplex  

will be disconnected from the rest of the chromosome, thereby causing a double 

strand break, a model referred to as replication fork collapse (Kuzminov, 1999). 

However, loss of SeqA has been reported to result in an aberrantly high level of 

negative superhelicity (Weitao et al., 1999). Thus, the presence of nicks in the DNA 

of a cell lacking functional SeqA has been considered unlikely. The already 

mentioned rear-ending model is on the other hand a much more likely scenario in a 

cell without functional SeqA in which both proper sequestration (which causes 

spacing between the forks for at least one third of the generation) and SeqA structures 

behind the forks are absent. Unscheduled initiations will thereby result in less spacing 

between ongoing forks. Moreover, obstacles in front of the forks, such as tightly 

bound protein complexes or hairpin structures, might cause fork stalling. Taken these 

aspects into consideration it is not unlikely that a replication fork from behind might 

rear-end into a replication fork in front by replicating the last nucleotide on the 

nascent template strand. The difference in chromosomal fragmentation in the oriCm3 



and the seqA mutants in the absence of RecBCD indicates that SeqA structures 

trailing the replication fork might function as a barrier, thereby preventing such rear-

ending (Figure 17).  

However, it was recently reported that double strand break formation in the absence 

of SeqA does not seem to stem from rear-ending (Rotman et al., 2014). According to 

the rear-ending model only incomplete template strands (not fully replicated) will lead 

to a fragment as the replication forks from behind replicate their last nucleotide. 

Consequently, given that the primary template is intact only new DNA will be 

fragmented. Loss of SeqA has however been reported to cause similar fragmentation 

of the old (pre-labeled) and new (post-labeled) DNA in a recBC (Ts) background 

(Rotman et al., 2014). However, it was also reported that the applied method lacked 

the ability to exclude rear-ending in the seqA mutants (Rotman et al., 2014). Thus, 

the function of SeqA as a replication fork barrier is still a possibility. If this is the 

case, SeqA is able to prevent rear-ending in two ways. First by sequestering the 

origins and thereby providing a minimum space between ongoing forks, and second 

by functioning as a protective barrier. The rear-ending model implies that the 

replisome from behind can get past the replisome in front, this scenario might not be 

realistic unless the replisome in front has dissociated due to fork stalling. Complete or 

partial replisome dissociation at stalled forks is still an open question. However, 

restart directed by PriA and PriC is implicated in several restart models (reviewed in 

(Heller and Marians, 2006;Kreuzer, 2005;Yeeles et al., 2013)), suggesting that at least 

DnaB and the DNA polymerase have dissociated and need to be re-loaded. The 

requirement for these restart proteins indicates that the replisome can dissociate 

during fork stalling. If so, the replication fork from behind will have full access to the 

nascent template strands. We suggest that further investigation of the rear-ending 

model is necessary to provide answers about the potential role of SeqA as a 

replication fork barrier.  

 

 

 



 

 

 

 

Figure 17 Schematic representation of SeqA as a stabilizing barrier preventing rear-

ending of replication forks that catch up with the fork  in front.  

 

Another proposed, but less mechanistically elucidated model is replication fork 

breakage. According to this model the instability of a stalled fork can result in a 

rupture in the newly unwound leading or lagging template strand resulting in a double 

strand break (Kuzminov, 1995). This model could also explain the formation of 

double strand breaks in the seqA mutants. The sister SeqA structures are reported to 

be in close proximity (less than 30 nm apart) (Helgesen et al., 2015) (Figure 15) and 

might add stabilization to the area behind the replisome. Stalled replication forks 

might enjoy this stabilization. During replication, positive supercoils are proposed to 

arise as a result of template unwinding. This is likely to cause swiveling of the 

replisome resulting in intertwining of the sister DNA molecules in form of 

precatenanes and thereby holding the sister strands together. The SeqA complex 

might function as a barrier preventing diffusion of these precatenanes. If so, loss of 

SeqA might result in breakage of stalled replication forks due to dissociation of the 

sister strands. The bridging protein CrfC has been proposed to link -clamps at the 

sister DNA strands thereby holding them together (Ozaki et al., 2013). SeqA might 

also facilitate this cohesion mechanism.  



4.1.4 SeqA might facilitate restart of stalled replication
forks

In paper I we show that combining a seqA mutation with a rep deletion results in 

decreased viability. Loss of Rep helicase has been reported to cause extensive fork 

stalling, however, the forks are normally restarted by replication fork reversal. So 

what does the co-lethality of these double mutants tell us? Perhaps the reduced 

viability indicates that the proposed stabilization by SeqA (Figure 15) facilitates 

rescue of stalled replication forks by holding the sister DNA molecules together and 

allowing the space and protection for the reaction to occur. However, it could also be 

argued that loss of Rep helicase just leads to more stalled forks and that this is why 

the viability is reduced. Then again, both scenarios indicate that SeqA might be 

important for replication fork restart, because if the problem is more stalled 

replication forks when Rep is absent, the result of such stalled forks are reflected in 

the viability of the double mutants. Another argument could be that the amount of 

RecBCD is limited and that the cells die because there is not enough RecBCD to 

orchestrate both double strand break repair and fork restart in the double mutants. 

RecBCD is not up-regulated during the SOS response (Courcelle et al., 2001) and the 

loss of both functional SeqA and Rep might be a rather unnatural situation for the cell. 

However, in paper II we show that combining the rep deletion with a mutation that 

causes homologous recombination and induces the SOS response, dnaXE145A, does not 

result in decreased viability. Thus, it seems unlikely that RecBCD activity (or a 

similar activity possibly induced by SOS) is a limiting factor.  

A potential role of SeqA in facilitating restart might be reflected in a study where they 

inhibited TopoIV in cells lacking SeqA (Khodursky and Cozzarelli, 1998). 

Specifically, the cells were treated with norfloxacin which is a drug that inhibits 

TopoIV resulting in formation of double strand breaks. The study showed that cells 

without SeqA could not complete replication after norfloxacin treatment whereas cells 

with SeqA could (Khodursky and Cozzarelli, 1998). The finding might suggest that 

the SeqA structures behind the replication forks are important for either double strand 

break repair or restart after double strand break repair, or perhaps both.  



Interestingly, in E.coli the number of SeqA molecules per cell was found to vary 

greatly with different growth conditions whereas SeqA per replication fork was 

constant (Paper III). Perhaps this reflects the role of SeqA as a stabilizing barrier, that 

each replication fork requires a defined amount of SeqA molecules to build SeqA 

structures that may convey stability and facilitate restart of stalled replication forks. 

The number of SeqA molecules per fork during rapid growth (LB medium) was 

similar in E.coli and V.cholera indicating that SeqA structures promote stability of 

replication forks in both bacteria. However, the number of SeqA per fork did not seem 

to be constant during rapid (LB medium) and slow (fructose medium) growth in 

V.cholera. This result might reflect that SeqA has other functions in V.cholera. 

Moreover, the results obtained from rapid and slow growth suggested that SeqA per 

origin is constant in V.cholera whereas this is not the case in E.coli. The fact that 

SeqA per origin remains constant during slow and rapid growth might indicate that 

SeqA is involved in sequestration and perhaps timing of initiation at oriI and oriII. 

However, SeqA might also have other unknown roles in V.cholera and further 

investigation is required to shed light on all the functions of SeqA in V.cholera.  

4.1.5 The dnaXE145Amutation results in replication fork collapse
 

The dnaX E145A mutation was discovered in a screen searching for mutated dnaX 

alleles that no longer suppressed the parE10 (Ts) phenotype (Espeli et al., 2003). 

Specifically, the parE10 allele leads to loss of TopoIV activity at the non-permissive 

temperature resulting in lethality and partition phenotypes (Levine and Marians, 

1998). The dnaX gene, encoding  and  proteins, has been reported to be a high copy 

suppressor of the phenotype of the parE10 allele (Espeli et al., 2003;Levine and 

Marians, 1998). Expression of neither E145A nor E145A proteins could suppress the 

temperature sensitivity of the parE10 (Ts) mutant (Espeli et al., 2003). Purified E145A 

and E145A proteins were however reported to be functional in vitro (Espeli et al., 

2003). The in vivo phenotype was in this study reported to be limited to problems with 

partitioning of  DNA in rich media.  



In paper II we characterized the dnaXE145A mutant further to investigate additional in 

vivo phenotypes. Results from flow cytometry indicated that this mutant also suffers 

from elongation issues. Both DNA content and cell mass were found to be higher in 

these cells compared to wild type cells and the run-out histogram showed additional 

and less separated peaks indicating cells with aberrant chromosome numbers. By 

transferring the dnaXE145A mutation to a recBC (Ts) strain we were able to assess 

whether these potential replication problems resulted in genomic instability. Indeed, 

the dnaXE145A mutant showed a significant degree of chromosomal fragmentation 

indicating that the mutation somehow affects the maintenance of genome stability 

during replication. As already mentioned, chromosomal fragmentation in the absence 

of RecBCD has in some replication mutants been reported to be RuvABC dependent 

(reviewed in (Michel et al., 2007)). Inactivation of both RecBCD and RuvABC in 

these mutants therefore abolishes the fragmentation observed by pulsed field gel 

electrophoresis. However, like the seqA mutants (Paper I) it was not possible to 

combine the dnaXE145A recBC (Ts) strain with a ruvB deletion (at the permissive 

temperature), indicating that the dnaXE145A mutant requires RuvABC for viability.  

By using microarray we were able to shed light on the source of double strand break 

formation in the dnaXE145A mutant. During exponential growth the relative abundance 

of chromosomal loci diminishes exponentially with increased distance from the origin 

(Sueoka and Yoshikawa, 1965). Consequently, a semi log plot of gene dosage versus 

chromosomal position should show a pair of straight lines descending from an apex at 

oriC (Simmons et al., 2004). The dnaXE145A mutant had an increased gene dosage of 

oriC proximal genes compared to the wild type both when grown in LB and GluCAA 

medium. Thus, it seems that the dnaXE145A mutant suffers from rather extensive 

replication fork collapse, i.e. many of the initiated replication forks do not seem to 

reach terminus in these cells. The chromosomal fragmentation observed by PFGE in 

the absence of RecBCD thereby seems to originate from replication fork collapse. 

Moreover, by utilizing qPCR we found that the oriC/ter ratio was increased in the 

dnaXE145A mutant which is also in agreement with forks that are collapsing.  

The dnaXE145A  recBC (Ts) mutant suffered from decreased viability at the non-

permissive temperature. Moreover, combining the dnaXE145A mutant with a dif 

deletion resulted in reduced viability indicating that the mutant undergoes extensive 



homologous recombination, leading to chromosome dimerization which is lethal to 

the cells if the dimers are not resolved (see section 1.4.4 and 4.1.8 for more 

information about formation and resolution of chromosome dimers). Saturation of the 

repair capacity by homologous recombination induces the SOS response (Kuzminov, 

1999). Thus, in light of the decreased viability of the dnaXE145A  dif mutant we 

wished to investigate whether or not the dnaXE145A mutation resulted in induction of 

the SOS response. Indeed, the dnaXE145A mutant cells induced the SOS response when 

grown in a rich medium (GluCAA). Together these results constitute a rather clear 

indication of formation of double strand breaks in the dnaXE145A mutant which 

according to the results from microarray analysis are due to replication fork collapse.  

However, the results did not exclude that the dnaXE145A mutation itself resulted in 

increased stalling of replication forks. One possible explanation could be that the 

dnaXE145A mutation affected the loading of -clamps onto Okazaki fragments during 

replication and thereby perturbed lagging strand synthesis. Evidence suggests that 

stalling of the lagging strand polymerase only affects the current Okazaki fragment, 

leaving behind a gap in the lagging strand that requires RecFOR mediated repair 

(reviewed in (Heller and Marians, 2006)). Could this be the case in the dnaXE145A 

mutant?  To investigate this scenario we combined the dnaXE145A mutant with a recF 

deletion to prevent any potential gap repair. If the dnaXE145A mutation caused 

interruption in lagging strand synthesis this would be reflected in the viability of the 

dnaXE145A recF mutant. However, this double mutant did not suffer from decreased 

viability, indicating that the dnaXE145A mutant cells do not have problems with lagging 

strand synthesis.  

4.1.6 and proteins are implicated in replication fork restart

Direct restart of replication forks has been defined as restart without homologous 

recombination in contrast to recombination dependent replication (RDR) (Kreuzer, 

2005). Chromosomal fragmentation in the absence of RecBCD observed by PFGE, 

replication fork collapse studies by microarray, induction of the SOS response (in 

GluCAA) and a marked decrease in viability when combined with a dif deletion 



together strongly indicate that the dnaXE145A  mutant undergoes extensive homologous 

recombination perhaps because direct restart is no longer possible. 

Results from flow cytometry indicate that replication fork rescue is impaired in the 

dnaXE145A mutant. The wild type cells (W3110) have a cell cycle pattern where they 

initiate at two origins in the newborn cells, contain four origins and two partially 

replicated chromosomes for most of the cell cycle and exhibit four fully replicated 

chromosomes after rifampicin and cephalexin treatment (run-out samples). Cells with 

four fully replicated chromosomes were also present in the run-out histogram of the 

dnaXE145A mutant, probably representing cells with forks that had not collapsed. 

However, the run-out histogram also displayed several additional peaks showing that 

there are cells with abnormal numbers of chromosomes thus deviating from the 

normal cell cycle.  

So, what is the run-out histogram of the dnaXE145A mutant telling us Cells with 

aberrant chromosome numbers could be a result of extra initiations like in the oriCm3 

and seqA mutants (Paper I). However, since aberrancies in regulation of initiation in 

the dnaXE145A mutant is unlikely it is reasonable to assume that its unusual replication 

run-out originates from a problem with replication fork restart. We therefore interpret 

this phenotype to be a result of extensive homologous recombination, leading to 

delayed cell division and resolution of dimers as indicated by higher DNA content, 

increased cell mass and markedly reduced viability in combination with a dif deletion. 

The less separated peaks indicate that there are cells with intermediate DNA contents, 

implying that fewer forks have completed replication. These cells most likely contain 

recombination intermediates that are stabilized by RuvABC. Moreover, it is possible 

that the cells containing aberrant chromosome numbers such as three, five, six or 

seven could be a result of degradation of whole chromosome arms in the absence of 

replication fork rescue. As already mentioned, such selective chromosomal 

degradation has been reported previously during run-out in the absence of RecA 

(Skarstad and Boye, 1993) (see section 4.1.10 and section 4.3.1). 

If the dnaXE145 mutation affects restart of stalled replication forks increased fork 

stalling should enhance the phenotype. One way to induce replication fork stalling is 

to inactivate Rep helicase. The proposed restart mechanism implies that stalled forks 



can be restarted directly or via homologous recombination in cells lacking Rep 

(Michel et al., 2007). Cell cycle simulation showed that the rep mutant has a longer 

C period than the wild type (Paper II), which is probably due to a lot of fork stalling 

and subsequent restart. However, the run-out histogram of the rep mutant showed 

that the cells contained fully replicated chromosomes. This means that the restart of 

forks could be performed in the presence of rifampicin. Combining the dnaXE145A 

mutant with the rep deletion enabled us to investigate whether or not the dnaXE145A 

mutation affected restart of these stalled replication forks. Indeed, the run-out 

histogram of the double mutant indicated rather clearly that the restart mechanism 

reported for the rep single mutant was severely perturbed by the dnaXE145A mutation. 

Specifically, just a subset of the cells in the double mutant showed a chromosome 

number that is in accordance with the cell cycle pattern of the rep single mutant. In 

other words, the described run-out pattern of the dnaXE145Amutant was exaggerated in 

the absence of Rep. Thus, the phenotype of both the single and double mutant 

implicates a role for the  and  proteins in direct replication fork restart, possibly 

involving regression of forks. However, which part of the direct restart the  and  

proteins are involved in is still an open question. 

4.1.7 How do and proteins facilitate replication fork rescue?

dnaXE145A mutation is a mutation of a surface residue (Jeruzalmi et al., 2001) from 

glutamic acid to alanine in position 145. The physical property of this residue has 

thereby been changed drastically as a result of the mutation. Glutamic acid is a polar 

and charged residue whereas alanine is a non-polar and hydrophobic residue. 

Consequently, if residue 145 in the  and  proteins is in fact involved in an 

interaction with another protein, it is reasonable to assume that the amino acid change 

in the dnaXE145A mutant would affect this interaction. This mutated residue is located 

in domain I (Gao and McHenry, 2001c). The  and  proteins interact with several 

proteins within the replisome. Thus, the dnaXE145A mutation could potentially interrupt 

one of these interactions. However, the residues that have been reported to interact 

with other parts of the replisome are located in domain III, IV and V (Gao and 



McHenry, 2001c). Domain IV and V are unique to the  subunit (Gao and McHenry, 

2001c). Domain IV is responsible for interaction with the DnaB helicase (Gao and 

McHenry, 2001b), whereas the  subunit of the DNA polymerase interacts through 

the C-terminal domain (domain V) (Gao and McHenry, 2001c). The  and  proteins 

also interact with the  and  subunits of the clamp loader but these interactions take 

place through domain III (Gao and McHenry, 2001a). This domain also enables 

oligomerization of  and  proteins (Glover et al., 2001). The dnaXE145A mutation is 

therefore unlikely to disrupt any of the known interactions in the replisome. Thus, if 

the mutation in fact disrupts an interaction with another protein, this interaction is so 

far unknown.  

In paper II we suggest three potential explanations of how the  and  proteins might 

facilitate replication fork rescue. One possibility is that these proteins have an 

undiscovered role in clamp loading during replication fork restart. The nature of the 

stalled fork will most likely dictate the requirement and pathway of restart. Several 

investigations have shown how the DnaB helicase and the DNA polymerase require 

re-loading as a result of fork stalling (reviewed in (Heller and Marians, 2006;Yeeles et 

al., 2013)). PriA, PriB, PriC and DnaT are proteins that enable loading of DnaB and 

thereby aid in replisome assembly outside oriC (see section 1.4.2). DnaB loading can 

be either PriA or PriC mediated, depending on the fork structure. Specifically, PriA is 

reported to recognize D-loops resulting from homologous recombination and stalled 

fork structures where the terminus of the nascent leading strand is positioned near the 

branch point (a small gap of 3-5 nucleotides). PriC is on the other hand proposed to 

act at fork structures with a leading strand gap of at least seven nucleotides. The 

mutated residue in the dnaXE145A mutant could perhaps be involved in recruitment and 

loading of the -clamp after DnaB is loaded, during the last step of restart, mediated 

by either PriA or PriC. If this is the case, the rescue of naturally stalled forks would 

then be inhibited in the dnaXE145A mutant, possibly resulting in replication fork 

collapse.  

Replication fork reversal is implicated in several restart mechanisms including 

template switching and excision repair (Kreuzer, 2005). Replication fork restart in the 

rep mutant, which is reported to involve such fork regression, was clearly perturbed 

as a result of the dnaXE145A mutation. An alternative to clamp loading at the end of 



restart may therefore be that the clamp loader interacts with components that enable 

replication fork reversal. Different proteins have been suggested to act at stalled fork 

structures depending on the mutant. RecA is for instance proposed to regress stalled 

replication forks when DnaB is lacking, whereas RuvABC is reported to mediate 

regression of forks in cells lacking functional DnaE, HolD and also partially in Rep-

less cells (Michel et al., 2007). Thus, the proteins involved seem to be depending on 

the cause of fork stalling. The  and  proteins could potentially be involved by 

interacting with RecA or RuvAB, directly or via another component.  

A third possibility is that -clamps must be unloaded before restart can take place. 

Evidence suggests that the clamp loader is also involved in -clamp unloading 

(reviewed in (Hedglin et al., 2013)). It was recently reported that without active 

unloading the -clamps will accumulate due to the slow kinetics of dissociation 

(Moolman et al., 2014). Moreover, a dynamin-like protein CrfC has been proposed to 

hold the sister DNA molecules together by binding to -clamps (Ozaki et al., 2013). 

Thus, in a scenario where sister DNA strands are held together by -clamps and CrfC 

proteins it might be crucial to unload the -clamps so that this cohesion mechanism 

does not perturb restart of the fork. Perhaps these complexes need to be removed prior 

to regression of the fork. Residue 145 in the  and  proteins might be involved in this 

unloading process during replication fork restart. The observed replication fork 

collapse in the dnaXE145A mutant might therefore stem from inhibition of restart due to 

CrfC bound -clamps.  

As already mentioned, extra  and  proteins have been reported to rescue the 

temperature sensitivity of the parE10 (Ts) mutants, whereas this was not the case for 

the E145A and E145A proteins (Espeli et al., 2003;Levine and Marians, 1998). The  

and  proteins were proposed to be involved in proper localization of the two TopoIV 

subunits, ParC and ParE, thereby ensuring TopoIV activity only at the end of 

replication, when the two daughter chromosomes require decatenation (Espeli et al., 

2003). The E145A and E145A proteins were suggested to lack this ability (Espeli et al., 

2003). In light of our results we propose that extra  and  proteins might suppress the 

parE10 (Ts) mutant phenotypes by replication fork rescue. Evidence suggests that 

TopoIV also functions during elongation by removing precatenanes. Precatenanes are 

intertwined sister DNA structures that arise due to unwinding of the template strands. 



Inhibition of TopoIV by norfloxacin has been reported to result in recombination 

repair (Khodursky and Cozzarelli, 1998;Levine and Marians, 1998). It was also 

shown that TopoIV could support replication fork progression when gyrase was 

inhibited, either by resolving positive supercoils ahead of the fork or replication fork 

precatenanes behind the replication fork (Khodursky and Cozzarelli, 1998). 

Formation of precatenanes has been a matter of debate. Recently, it was suggested 

that precatenanes do occur as replication progresses and that TopoIV resolves these 

(Cebrian et al., 2015). Unresolved precatenanes might lead to accumulation of 

positive supercoils in front of the fork since an equilibrium exists between the two. In 

vitro studies suggest that increased supercoiling ahead of the fork can result in 

replication fork reversal (Postow et al., 2001). The parE10 (Ts) mutant has been 

reported to rely on PriA for viability indicating that there is a lot of replication restart 

in this mutant (Grompone et al., 2004). In light of the results in paper II it is tempting 

to speculate that over-expression of  and  proteins suppresses the parE10 (Ts) 

phenotype by replication fork rescue.  

4.1.8 The seqA2, seqA4 and dnaXE145Amutants suffer from
dimer formation

Combining either the seqA2, seqA4 or the dnaXE145A mutation with a dif deletion 

resulted in decreased viability (Paper I and II), indicating dimer formation. Dimers are 

reported to be a result of homologous recombination as cleavage of Holliday junctions 

may lead to cross-over products (see section 1.4.4). XerC and XerD are site-specific 

recombination enzymes that resolve dimers at the dif site. Unresolved dimers are 

lethal to cells so by deleting the dif site the degree of dimer formation can be assessed 

in these cells.  

As mentioned in the introduction, it has been proposed that RuvB might control dimer 

formation by dictating RuvC cleavage of the HJ. Specifically, the strand passing 

through the RuvB rings 3´ towards the HJ would be subjected to cleavage (Cromie 

and Leach, 2000;van Gool et al., 1999). According to this model dimerization would 

then occur during repair of real double strand breaks and not during replication fork 



reversal (Cromie and Leach, 2000).  RuvABC has been reported to prevent dimer 

formation in a rep mutant (Michel et al., 2000), which is in agreement with the 

model above. The ability of RuvABC to control dimerization has however been 

questioned in (Grove et al., 2008). Our results from paper I and paper II indicate that 

there is dimer formation in the seqA mutants and the dnaXE145A mutant as a result of 

recombinational repair of real double strand breaks. However, these results do not 

provide any information about the frequency of dimer formation in these mutants. 

Thus, we do not know if a dimer occurs every time a fork needs to be rescued or for 

instance half of the time.  

4.1.9 Replication fork reversal a conserved pathway for restart
of stalled replication forks

Evidence for replication fork reversal was first obtained in vitro by electron 

microscopy almost 40 years ago (Higgins et al., 1976). The data was however limited 

and controversial and the model did not receive much attention. A growing body of 

evidence now suggests that replication fork reversal is an evolutionarily conserved 

response to different types of replication stress such as lesions, secondary structures 

and topological constraints (reviewed in (Neelsen and Lopes, 2015)).   

In the work presented in this thesis we have obtained evidence indicating novel roles 

of SeqA (Paper I),  and  (Paper II) in the restart mechanism involving replication 

fork reversal. Interestingly, these proteins all exhibit other functions which are well 

characterized, SeqA as a negative modulator of replication and the  and  proteins as 

a part of the clamp loader complex. RecA is an example of a recombination protein 

that has also been proposed to reverse stalled forks in E.coli (reviewed in (Michel et 

al., 2007)). The eukaryotic homolog of RecA, Rad51, has now been reported to 

mediate fork regression as a result of replication stress in human cells (Zellweger et 

al., 2015). Thus, the replication fork reversal mechanism is a nice example of how 

studies in a simpler model organism can be extrapolated to higher organisms.  

The SeqA protein is only found in the -proteobacteria. However, the clamp loader in 

mammalian cells, CFC, contains subunits that have resemblance with the  protein 



(reviewed in (Hedglin et al., 2013). Cohesin is a multi-protein complex conserved 

from yeast to human that has several functions including sister chromatid cohesion 

(SCC) and accurate chromosome segregation. Evidence suggests that cohesins also 

promote replication fork restart by facilitating fork regression (Tittel-Elmer et al., 

2012;O'Neil et al., 2013). It is tempting to compare this function to the role of SeqA 

in E.coli.  

So, why is it important to study and gain more knowledge about restart mechanism 

such as replication fork reversal? Fork regression is actually a potential therapeutic 

target in cancer therapy. Poly (ADP-ribose) polymerase (PARP) is involved in 

regulation of several processes in mammalian cells including DNA repair and 

chromatin functions (reviewed in (Herceg and Wang, 2001)). PARP has also been 

reported to mediate fork regression after Topoisomerase I inhibition (Ray et al., 

2012). Evidence suggests that restart after TopoI inhibition is RecQ dependent (Berti 

et al., 2013). RecQ is a conserved helicase first recognized in E.coli (Nakayama et al., 

1984). PARP inhibition is reported to deregulate RecQ dependent restart of regressed 

forks, thereby affecting the stability of the fork (Berti et al., 2013). 

Chemotherapeutical treatment combined with PARP inhibitors results in 

chromosomal breakage (Ray et al., 2012;Berti et al., 2013;Rouleau et al., 2010). 

Thus, PARP inhibitors can thereby be utilized in cancer therapy to eliminate tumors 

that are deficient in homologous recombination. Accordingly, factors that are 

involved in formation or stabilization of regressed forks may constitute potential 

therapeutic targets in cancer treatment.  

 

4.1.10 Replication run out phenotypes

In paper I and II we utilized flow cytometry as a tool to investigate abnormal 

replication patterns. Treating the cells with rifampicin and cephalexin allows us to 

inhibit new rounds of replication and cell division respectively. Run-out histograms 

can thereby be obtained by flow cytometry thereby revealing any abnormalities in 

completion of replication. Wild type cells growing exponentially will all follow the 

same cell cycle pattern and initiate replication once per cell cycle (Skarstad et al., 



1986). This is called a synchronous phenotype. Cells with aberrant chromosome 

number after run-out are often referred to as asynchrony phenotypes. One example is 

impaired regulation of initiation of replication resulting in extra initiations which are 

shown as additional peaks in the run-out histogram. The run-out histograms obtained 

from the oriCm3 and the seqA mutants are examples of this (Paper I Figure 2). 

However, the run-out histogram of the seqA mutants did not only show cells with 

even and odd chromosome numbers, the peaks were also much less distinct than in 

the oriCm3 mutant. Cells with such intermediate DNA content indicate elongation 

issues i.e. the replication forks are not able to finish replication. The same problem 

was observed for the dnaXE145A mutant and it was exaggerated in the dnaXE145A rep 

mutant (Paper II). In light of the results obtained form paper I and paper II, we 

interpret this phenotype to be a result of such extensive homologous recombination. 

Dimerization and delayed cell division are situations that would lead to higher 

chromosome numbers after rifampicin and cephalexin treatment. Moreover, the less 

distinct peaks might indicate the presence of recombination intermediates such as 

Holliday junctions. 

 Interestingly, the rep mutant did not show this unusual run-out (Paper II). Although 

these cells required longer time to replicate the chromosome (longer C period), the 

run-out histogram indicated that all forks were able to complete replication. As 

already mentioned, Rep-less cells are reported to restart forks either directly or via 

homologous recombination i.e. the replication fork reversal model. Perhaps, the direct 

restart pathway is preferred in these cells thereby minimizing the degree of 

homologous recombination. This could explain why the run-out histogram of these 

cells does not exhibit the unusual phenotype which we suggest is due to extensive 

homologous recombination.   

In paper I we utilized a recA assay to assess how inactivation of RecA affected the 

oriCm3 mutant, the seqA mutants and the rep mutant. Specifically, we transferred 

the mutations to a recA (Ts) strain and used flow cytometry to study the nature of 

chromosomal degradation in the mutants during rifampicin and cephalexin treatment 

in a recA + and recA - context. This recA mutant has been reported to show selective 

chromosomal degradation during run-out at the non-permissive temperature (Skarstad 

and Boye, 1993). The absence of RecA function leads to selective degradation of new 



DNA (Koppes, 1987), indicating that replication fork regression occurs during run-

out, thus regenerating parental chromosomes. We found that the oriCm3 recA (Ts) 

mutant and a rep recA (Ts) mutant both followed the same patterns as the recA (Ts) 

single mutant. However, the seqA recA (Ts) mutants displayed a different pattern with 

much more extensive and non-selective chromosomal degradation, possibly indicating 

that replication fork reversal did not occur.  

Degradation in the absence of RecA is often referred to as reckless degradation. The 

selective chromosomal degradation in the recA mutant during run-out at the non-

permissive temperature is indicated by a peak in the run-out histogram that 

corresponds to cells with three chromosomes in addition to cells with two and four 

chromosomes (Supplementary figure 2 in paper I). More specifically, there are fewer 

cells with four chromosomes and more cells with two and three chromosomes in the 

run-out histogram. Thus, the new DNA resulting from regressed forks is suggested to 

be fully degraded in the absence of RecA (Skarstad and Boye, 1993). One explanation 

for this run-out phenotype might be that the DNA from regressed forks is degraded by 

RecBCD due to lack of RecA. Deletion of recD did abolish this selective 

chromosomal degradation (Skarstad and Boye, 1993). Such a scenario is in 

accordance with increased reckless degradation when Rep is inactivated (paper I), 

since it has been proposed that lack of Rep helicase results in extensive fork 

regression. However, further elucidation is required to establish a mechanism behind 

this reckless degradation.  

 



4.2 Concluding remarks

In this thesis it has been shown that SeqA (Paper I) and  and  (Paper II) proteins 

seem to be important for maintenance of chromosomal integrity in E.coli.  Our results 

also indicate that their function is implicated in rescue of stalled replication forks 

although the exact mechanism needs to be elucidated. In paper III we found that the 

number of SeqA molecules per replication fork remains constant over a wide range of 

nutrient conditions, which is in accordance with the result from paper I, i.e. that SeqA 

structures behind the replication fork are important for genome stability. The amount 

of SeqA per fork in rapidly growing (LB medium) V.cholera cells is similar to E.coli. 

Thus, SeqA in V.cholera might also have a role in genome stability.  



4.3 Future perspectives

There are two aspects in this thesis that we wish to shed more light on. First, we 

would like to investigate the selective chromosomal degradation run-out in the 

absence of RecA further. Results from paper I supported that this reckless degradation 

might be a result of fork regression. Further elucidation might reveal more 

information about the mechanism behind this reckless degradation (section 4.3.1). 

Second, the role of SeqA in V.cholera is still not clear. In paper III we found that the 

number of SeqA molecules per fork was similar in E.coli and V.cholera during rapid 

growth (LB medium). The number of SeqA molecules per fork was however higher 

during slow growth in V.cholera (fructose medium). Moreover, in contrast to E.coli, 

the number of SeqA molecules per origin was constant during rapid and slow growth 

in V.cholera. However, these results are just based on two growth conditions and 

hence no conclusions can be drawn without further studies. We would therefore like 

to investigate this further by including additional growth conditions (section 4.3.2).  

4.3.1 Investigation of the selective chromosomal degradation
run out
 

The selective chromosomal degradation observed by replication run-out in absence of 

RecA might be, as already mentioned, a result of degradation of new DNA of 

regressed forks (Paper I). In (Skarstad and Boye, 1993), it was found that RecBCD 

was responsible for the degradation. Moreover, it has been reported that only new 

DNA becomes degraded in the absence of RecA (Koppes, 1987). A potential scenario 

is that RecBCD degrades the double strand end resulting from a regressed fork, like in 

the replication fork reversal model. However, since there is no RecA present RecBCD 

might continue to degrade the new DNA instead of preparing for RecA binding. If so, 

the new DNA might be degraded all together by RecBCD. The old DNA, the template 

strands, might then somehow anneal again resulting in a fully intact chromosome. At 

the moment this is rather speculative. However, we would like to address this scenario 

further. The scenario described above would require migration of the HJ resulting 



from fork regression. One way to elucidate this hypothesis further is therefore to 

inactivate RuvABC and RecG in the recA (Ts) strain and assess how loss of these 

proteins affects the selective chromosomal degradation during replication run-out.  

4.3.2 Completion of manuscript in preparation
 

As already mentioned, we have investigated the amount of SeqA in E.coli and 

V.cholera during different growth rates (paper III). The results from E.coli showed 

that the number SeqA molecules per replication fork were constant over a wide range 

of growth conditions. Moreover, the amount of SeqA molecules per replication fork 

was similar during fast growth (LB medium) in both bacteria indicating that SeqA 

also has a role in genome stability in V.cholera. However, during slow growth 

(fructose medium) the number of SeqA molecules per fork seemed to be higher in 

V.cholera than in E.coli. The role of SeqA in V.cholera is still unclear and there could 

be so far unknown functions that might explain this observation. We need to include 

other growth conditions to asses this further. Interestingly, the number of SeqA 

molecules per origin was found to be constant during rapid and slow growth in 

V.cholera. Perhaps, this indicates a role for SeqA in regulation of initiation at oriI and 

oriII. As mentioned in the introduction, it has been reported that oriI initiates prior to 

oriII and that replication of ChrI and ChrII terminates simultaneously (Demarre and 

Chattoraj, 2010;Egan and Waldor, 2003). The mechanism behind this regulation is not 

fully understood. Our result from paper III might indicate that SeqA is involved in 

this regulation since the number of SeqA molecules per origin is kept constant during 

slow and rapid growth. However, this is just based on two growth conditions. Thus, 

additional growth conditions need to be tested to elucidate this further.  



List of Errata

1) The word continuous has been replaced with the word continues on page 11, 

second paragraph, third sentence. This is a typographical error.  

2) The direction of DNA synthesis has been corrected from 3`-5` to 5`-3` on page 

19, second paragraph, second sentence. It has also been made clear in the 

following sentence that the leading and lagging template strands, and not the 

newly synthesized strands, are oriented in the 3`-5` and 5`-3` direction 

respectively by including the word template (…leading and lagging template 

strands….) .  Moreover, the polarity of the template strands has been removed 

in the fourth sentence (page 19, second paragraph) which describes leading 

and lagging strand synthesis. These are all typographical errors.  

3) The word parenteral has been replaced with the word parental on page 19, 

second paragraph third sentence. This is a typographical error.  

4) The word growth has been included on page 37, second paragraph, third 

sentence (..during rapid growth..). This is a typographical error.  

 

 



Reference List

J Biol Chem 275

EMBO J 22

Mol Microbiol 51

Mol Microbiol 22

Cell 121

et al.

Nat Struct Mol Biol 20

J Biol Chem 275

EMBO J 21

et al.
Science 277

Nucleic Acids Res 18

Res Microbiol 142

Proc Natl Acad
Sci U S A 93



Proc Natl Acad Sci U S A 102

EMBO J 14

EMBO J 18

EMBO J 19

Cell 53

Bioinformatics 22

et al.
J Biol Chem 290

J Mol Biol 31

J Mol Biol 289

Genetics 158

Nature 404

Mol Cell 6

J Biol Chem 275

PLoS Genet 6

J Theor Biol 43



Cell 114

Mol Cell 11

Proc Natl Acad
Sci U S A 87

EMBO J 26

Mol Microbiol 47

PLoS One 9

J Biol Chem 276

J Biol Chem 276

J Biol Chem
276

J Biol Chem 276

DNA Repair (Amst) 4

J Bacteriol 185

J Bacteriol 186



DNA Repair
(Amst) 7

EMBO J 24

Nat Struct Biol 9

Mol Microbiol 34

Cold Spring Harb Perspect Biol 5

Nucleic Acids Res 43

Nat Rev Mol Cell Biol 7

Mutat Res 477

J Mol Biol 101

Genes Cells 8

Methods Mol Biol
46

Mol
Cell 1

Nat Rev Mol Cell Biol 7

Mol Biotechnol
11

Cell 106

PLoS Genet 9



Nucleic Acids Res 33

Proc Natl Acad Sci U S A
110

J Biol Chem 273

J Biol Chem
271

EMBO J 2

Mol Gen Genet 209

Proc Natl Acad Sci U S A 101

Annu Rev Microbiol 59

J
Bacteriol 120

Bioessays 17

Microbiol Mol Biol Rev 63

J Mol Biol 64

Science 282

Genes Dev 23

Mol Microbiol 54



J Bacteriol 180

Curr Opin Microbiol 8

Cell 77

EMBO J 13

Methods Mol Biol 1054

J Mol Biol 270

Mol Cell 27

J Biol Chem 279

J Bacteriol 112

DNA Repair (Amst) 6

Proc Natl Acad Sci U S A 101

Mol Microbiol 37

Mol Microbiol 52

et al.
Nat Commun 5

J Bacteriol 187



Mol Gen Genet 195

J
Biol Chem 270

Nat Rev Mol Cell Biol 16

Mol Microbiol 61

Mol Microbiol 62

J Bacteriol 189

Mol Cell 24

Mol Microbiol 64

J Biol Chem
274

J Biol
Chem 281

Trends Genet 29

Genes Cells 10

Mol Microbiol 31

J Biol Chem 270

J Biol Chem 268



Mol Cell Biol 8

Plasmid 62

et al.

Cell Rep 4

Science 300

Proc
Natl Acad Sci U S A 90

Proc Natl Acad Sci U S A 98

EMBO J 26

et al.
Nat

Struct Mol Biol 19

Mutat Res
750

Cell 133

Mol Microbiol 72

Mol
Microbiol 93

J Bacteriol 189

Nat Rev Cancer 10

Cell 50



Mol Microbiol 40

Cell 95

Cell 50

Mol
Microbiol 51

Methods Enzymol 262

J Bacteriol 175

EMBO J 5

Cold Spring
Harb Perspect Biol 5

J Bacteriol 163

Cell 82

EMBO J 20

PLoS One 7

Microbiology 157

Genetics 52

et al.

Mol Cell 48

Mol Microbiol 37



Proc Natl Acad Sci U S A 87

Genes Dev 13

Mol Microbiol 14

Plasmid 61

Nucleic Acids Res
40

Mol Microbiol 34

J Biol Chem 268

Mol Microbiol 55

Nucleic Acids Res 20

Cold Spring Harb Perspect Biol 5

et al.

J Cell Biol 208

J Bacteriol 129
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /NOR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




