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 Ultraviolet irradiation induces DNA damage that can block the progression of the 

replication machinery or generate gaps in the nascent DNA, depending on which 

template the lesion is found. Characterization of the mechanisms by which DNA 

synthesis resumes and the integrity of the template restored following UV-induced 

damage is important to understand how genome stability is maintained in all organisms. 

When progression of replication is blocked at a UV-induced lesion, several lines of 

evidence suggest that the resumption of replication requires that the blocking lesion is 

repaired. A remaining question is how or if the nascent DNA and replication machinery 

are displaced so repair enzymes can gain access to the damaged DNA and effect repair. 

Biochemical studies have shown that RecG and RuvABC can catalyze this reaction on 

synthetic DNA substrates and it has been proposed that one or both may be required to 

catalyze this reaction in vivo. In this study, it is shown that ruvAB, ruvC, and recG 



mutants resume DNA synthesis at a time and rate that is similar to wild-type and that 

neither gene product is required to maintain the structural integrity of blocked replication 

forks, indicating that RuvABC and RecG are not essential for the resumption of 

replication. Although DNA synthesis continued, ruvAB and ruvC mutants accumulated 

unresolved Holliday junctions during replication after UV irradiation, leading to a general 

deterioration in the integrity of the genomic DNA, suggesting a potential role for 

RuvABC in processing Holliday junctions that accumulate following replication past 

lesions that do not arrest the replication machinery. Structural intermediates induced by 

UV-irradiation were also characterized by two-dimensional agarose gel electrophoresis in 

recG, recJ, recQ, xonA, recBC, and recD mutants. It is shown that recJ, recQ, and xonA 

mutants form UV-induced intermediates that resemble those observed in wild-type cells, 

but persist for a modestly longer period prior to their resolution. recBC mutants form 

UV-induced intermediates that appear similar to wild-type, but these intermediates persist 

throughout the times that were examined. In contrast, recD mutants form unique 

intermediates both in the presence and absence of UV irradiation that are not observed in 

wild-type.  
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CHAPTER I 

INTRODUCTION 
 
 

The processes of DNA repair and replication are highly conserved between 

Escherichia coli and humans. Both cells must accurately replicate their genome in order 

to ensure that each daughter cell inherits an exact copy of the genome. However, DNA 

damage can block the replication machinery and impair its ability to accurately complete 

its task (Howard-Flanders et al., 1968; Setlow et al., 1963). DNA damage encountered 

during replication can lead to cell death, mutagenesis, or genomic rearrangements and is 

thought to play a primary role in carcinogenic transformation in humans (Friedberg, 

2003). To deal with these impediments, all cells contain efficient mechanisms to repair 

damaged DNA and to ensure that accurate replication is maintained when damaged DNA 

is encountered (for review see (Courcelle et al., 2004; Michel et al., 2004).  

Over the years, several mutants of E. coli have been shown to exhibit an impaired 

ability to replicate in the presence of DNA damage (Courcelle et al., 1997; Courcelle et 

al., 1999; Courcelle & Hanawalt, 1999; Rangarajan et al., 2002). Many of these gene 

products have functional homologs in humans (Ellis et al., 1995; Shinohara et al., 1993; 

Yu et al., 1996). For example, humans have five genes that are homologous to the E. coli 

RecQ helicase, which has been shown to act at arrested replication forks following UV-

induced DNA damage (Courcelle & Hanawalt, 1999; Ellis et al., 1995; Kitao et al., 1998; 
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Kitao et al., 1999b; Puranam & Blackshear, 1994; Seki et al., 1994; Yu et al., 1996). 

Three of these genes, BLM, WRN, and RecQL4 have been implicated in Bloom’s 

syndrome (Ellis et al., 1995), Werner’s syndrome (Imbert et al., 1996; Yu et al., 1996), 

and Rothmund-Thomson syndrome (Kitao et al., 1999a; Kitao et al., 1999b), 

respectively. Each of these syndromes renders patients prone to developing cancers due 

to mutations in the RecQ homolog (for review, see (Mohaghegh & Hickson, 2001). In 

part for this reason, the bacterium E. coli has proven to be an extremely valuable tool for 

modeling the genetic events that can lead to the development of cancer in humans. 

UV irradiation at ~254 nm induces two predominant forms of DNA damage, the 

pyrimidine 6-4 pyrimidone photoproduct (6-4 PP) and the cyclobutane pyrimidine dimer 

(CPD), and represents a useful lesion to approach the general question of how cells cope 

with DNA damage (Friedberg et al., 1995). Figure 1.1 demonstrates the formation of 

these lesions using adjacent thymines as an example. Following UV irradiation, CPDs are 

formed between four to ten times more frequently than 6-4 PPs, yet cause less distortion 

to the DNA and are recognized by the nucleotide excision repair proteins less efficiently 

than 6-4 PPs, resulting in slower kinetics of repair (Friedberg et al., 1995; Mitchell et al., 

1990; Mitchell et al., 1985).  

Historically in E. coli,  the repair of UV induced DNA damage was characterized 

through two predominant mechanisms: a light-dependent mechanism and a light-

independent mechanism (Friedberg et al., 1995). In the presence of visible light (300-500 

nm), thymine dimers can be directly removed by photoreactivation (Jagger, 1958). This 

light-dependent mechanism utilizes the enzyme photolyase, encoded by the phr gene  
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Figure 1.1.  UV irradiation induces DNA damage in the form of cyclobutane pyrimidine  
                    dimers and 6-4 photoproducts. 
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(Sancar et al., 1983). Photolyase absorbs light in the range of 300-500 nm and breaks the 

cyclobutane ring, restoring the base (Sancar, 1994). Cells lacking Phr are modestly 

hypersensitive to UV compared to wild-type cells (Husain & Sancar, 1987). 

Photoreactivation is found in many bacteria, archaea, and eukaryotes, but is missing in 

humans (Li et al., 1993). Due to the minor contribution of Phr to survival of UV 

irradiated E. coli and the absence of homologs in the human genome, the light-

independent pathways in E. coli may represent a more useful model for understanding 

mechanisms that operate to repair DNA damage in human cells.  

The light-independent repair of UV lesions occurs via the nucleotide excision 

repair pathway (Friedberg et al., 1995). This pathway involves three principle steps: 

recognition of the lesion, excision of the region containing the lesion, and resynthesis of 

the excised strand. The protein UvrA is the lesion recognition protein (Sancar & Hearst, 

1993). UvrA binds and recruits UvrB, forming a UvrA2UvrB complex at the lesion site 

(Orren & Sancar, 1989). Once the lesion has been found, the UvrA2UvrB complex 

dissociates (Moolenaar et al., 2001; Skorvaga et al., 2002). UvrC then binds to UvrB, 

forming an UvrBC-DNA complex. UvrC introduces one incision at either the fourth or 

fifth phosphodiester bond from the 3’ side of the lesion and another incision at the eighth 

phosphodiester bond from the 5’ side of the lesion (Verhoeven et al., 2000). Another 

endonuclease, Cho, can introduce an incision on the 3’ side of the lesion at a site that is 

four nucleotides away from the cut site of UvrC, suggesting that this endonuclease is 

involved in nucleotide excision repair when UvrC is not capable of producing incisions to 

the 3’ side of the lesion (Moolenaar et al., 2002). UvrD helicase releases the region  
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Figure 1.2.  Nucleotide excision repair of thymine dimers.  
 
(A) UV irradiation induces the formation of thymine dimers into the DNA. (B) Incisions 
are made by the UvrABC complex four or five bases to the 3’ side of the UV lesion and 
eight bases to the 5’ side of the UV lesion. (C) UvrD helicase releases the section of 
damaged DNA between the two incisions made by the UvrABC complex. (D) DNA 
Polymerase I resynthesizes the section of DNA removed. (E) Ligase seals the nick, 
restoring the DNA. 
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between the two incisions, DNA polymerase I fills in the twelve to thirteen base gap, and 

ligase seals the remaining nick (Sancar, 1996) (Fig. 1.2).  

UV-induced DNA damage blocks DNA polymerases and RNA polymerases and 

can prevent the essential processes of replication and transcription (Bonner et al., 1992; 

Michalke & Bremer, 1969; Setlow et al., 1963). In the absence of photolyase, nucleotide 

excision repair is essential to remove lesions from the bulk of the genome, which is 

referred to as global nucleotide excision repair (Hanawalt, 2002). A second subpathway 

of repair is transcription-coupled nucleotide excision repair. This subpathway was 

discovered when it was observed that lesions in actively transcribed genes were repaired 

with more rapid kinetics than those in the overall genome and was later shown that the 

preferential repair was specific to the transcribed strand of the active gene (Bohr et al., 

1985; Mellon & Hanawalt, 1989; Mellon et al., 1987). Consistent with this observation, 

biochemical studies have shown that lesions in the non-transcribed strand do not arrest 

the RNA polymerase, whereas UV lesions in the transcribed strand block the RNA 

polymerase (Donahue et al., 1994; Selby & Sancar, 1990). Transcription-coupled repair 

in E. coli requires the nucleotide excision repair proteins, a functional RNA polymerase, 

and a transcription-repair coupling factor encoded by the gene mfd (Hanawalt, 2002; 

Selby et al., 1991). Mfd recognizes and binds to the stalled RNA polymerase-DNA 

template-RNA complex and then recruits nucleotide excision repair proteins to the lesion 

(Selby & Sancar, 1994; Selby & Sancar, 1995; Selby et al., 1991). Mfd displaces the 

RNA polymerase and the nascent transcript to allow the nucleotide excision repair 

proteins to gain access to and remove the damaged DNA, and it has been proposed that 
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the arrested RNA polymerase acts as a signal that recruits Mfd (Selby & Sancar, 1993; 

Selby & Sancar, 1994).  

UV-induced DNA damage also blocks DNA polymerases (Chan et al., 1985; 

Cordeiro-Stone et al., 1997; Livneh, 1986; Setlow et al., 1963; Svoboda & Vos, 1995; 

Taylor & O'Day, 1990; Veaute et al., 2000). Immediately after a moderate dose of UV 

irradiation, DNA synthesis in E. coli is transiently inhibited, but resumes at a time that 

correlates to when the UV lesions have been removed by the nucleotide excision repair 

proteins (Courcelle et al., 2003; Setlow et al., 1963). Restarting replication following 

arrest is known to require several proteins, including the nucleotide excision repair 

proteins, RecA, and several gene products of the recF pathway, including RecF, RecR, 

RecO, RecJ, and RecQ (Chow & Courcelle, 2004; Courcelle et al., 1997; Courcelle et al., 

1999; Courcelle et al., 2003; Courcelle & Hanawalt, 1999). The ability of these proteins 

to protect or degrade the DNA at arrested replication forks was characterized by 

radioactively labeling the DNA synthesized immediately before UV irradiation in mutant 

strains of E. coli to monitor whether the labeled DNA was maintained or degraded 

following UV-induced damage (Courcelle et al., 1997; Horii & Suzuki, 1970). Using this 

assay, it was found that the RecQ helicase and RecJ exonuclease act together to degrade 

the nascent DNA synthesized at blocked replication forks (Courcelle & Hanawalt, 1999). 

This degradation was further shown to preferentially occur on the nascent lagging strand 

of DNA at the blocked replication fork (Courcelle & Hanawalt, 1999). It was also found 

that the nascent DNA degradation at the blocked replication fork is limited by RecF-O-R 

and it was suggested that RecF-O-R act to facilitate the binding of the RecA filament to 
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the three-strand DNA region produced at the blocked replication fork following the 

processing of the nascent DNA (Chow & Courcelle, 2004; Courcelle et al., 1997). In 

addition to these gene products, the recovery of DNA synthesis also depends upon 

nucleotide excision repair proteins (Courcelle et al., 1999; Kato et al., 1977). In the 

absence of nucleotide excision repair, the nascent DNA at the replication fork is 

protected, but replication does not resume. These observations have led to the idea that 

RecJ and RecQ and RecF-O-R act to process and stabilize the replication fork at a DNA 

lesion until nucleotide excision repair proteins can gain access and remove the blocking 

UV lesion (Courcelle et al., 2003). This type of model implies that after repair has 

occurred, the replication holoenzyme could then simply resume at the point where the 

disruption occurred. Importantly, the resumption of replication following lesion removal 

would suggest that no strand exchanges or recombinational products would be required or 

produced when replication resumes in this manner (Courcelle et al., 1997; Courcelle et 

al., 2003). 

When the replication machinery encounters a blocking lesion, the DNA 

polymerase stalls at the site of the lesion (Chan et al., 1985; Cordeiro-Stone et al., 1997; 

Livneh, 1986; Setlow et al., 1963; Svoboda & Vos, 1995; Taylor & O'Day, 1990; Veaute 

et al., 2000). It has been proposed that before the blocking lesion can be removed, the 

nascent DNA and the replication machinery at the replication fork will be displaced. 

Displacement of the nascent strand would, in effect, move the branch point of the 

replication fork backwards and generate a 4-arm branched structure at a point prior to 

where replication arrested (Courcelle et al., 2003). The existence of such a structure was 
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examined in vivo by characterizing the replication intermediates that form following UV 

irradiation in mutant strains of E. coli containing the plasmid pBR322 (Courcelle et al., 

2003). pBR322 utilizes the host’s replication machinery, making it a useful tool to 

identify intermediates observed on replicating molecules (Kingsbury & Helinski, 1973). 

It was found that a transient, X-shaped structure formed in wild-type cells within 15 min 

after a UV dose of 50 J/m2 and began to wane ~30 min following UV at a time that 

correlated with when the lesions had been removed and robust replication had resumed 

(Courcelle et al., 2003). recF, recO, and recR mutants, which fail to maintain the arrested 

replication forks, did not accumulate the X-shaped intermediates following UV 

irradiation (Chow & Courcelle, 2004; Courcelle et al., 2003). However, the subsequent 

removal of RecJ or RecQ, which degrade the nascent DNA at arrested replication forks, 

partially restored the UV-induced intermediate, strongly suggesting that a portion of these 

X-structures represented the displacement of the nascent DNA at blocked replication 

forks (Courcelle et al., 2003). 4-arm branched molecules have also been shown to form in 

partially replicated plasmid molecules stalled at termination sites (Postow et al., 2001). 

Since these regressed intermediates occurred in reconstituted replication reactions in 

vitro, it is likely that the reversal of the replication fork in plasmids may be analyzed by 

an increase in positive supercoiling ahead of arrested replication forks.  

A remaining question of this model is does the recovery of replication require 

replication fork reversal and if so, are enzymes required to catalyze this reaction in vivo? 

Two candidate enzymes for this activity are the branch migration proteins RecG and 

RuvAB. RecG was initially discovered in a screen for mutants with increased sensitivity 
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to UV irradiation and a reduced frequency of recombination during conjugation (Storm et 

al., 1971). RecG has regions of homology to Mfd and has been proposed to promote the 

formation of Holliday junctions at arrested replication forks in vivo based upon in vitro 

assays with synthetic molecules and UV survival studies (Mahdi et al., 2003; McGlynn & 

Lloyd, 2000; McGlynn & Lloyd, 2001b; McGlynn et al., 2001). In vitro, purified RecG 

has been shown to bind to and unwind synthetic 3- and 4-arm DNA oligomeric structures 

as measured by the rate that the synthetic substrates were dissociated (McGlynn & Lloyd, 

1999). Using plasmids with reconstituted replication forks stalled by excessive 

supercoiling, it was further shown that RecG can act at stalled replication forks to form a 

4-arm, Holliday junction by displacing the nascent DNA (McGlynn et al., 2001).  

RuvABC is also a candidate for acting at arrested replication forks to form 

Holliday junctions. The ruv locus, consisting of ruvA, ruvB, and ruvC, was originally 

identified through a genetic screen for UV-sensitive mutants (Otsuji et al., 1974). These 

mutants also were found to have a reduced ability to form recombinant molecules during 

conjugation and transduction assays (Lloyd et al., 1984; Otsuji et al., 1974). Purified 

RuvA binds as a tetramer to Holliday junctions and recruits the binding of two 

hexametric rings of RuvB (Dickman et al., 2002; Rafferty et al., 1996). Together, RuvA 

and RuvB act as a helicase that catalyzes the branch migration of the Holliday junction in 

either the 5’-3’ or 3’-5’ direction, depending on reaction conditions (McGlynn & Lloyd, 

2001a; Parsons et al., 1992; Parsons & West, 1993). RuvAB was also shown to be able to 

catalyze the conversion of synthetic 3-arm oligonucleotide structures to 4-arm branch 

substrates in vitro, although the reverse reaction preferentially occurs (McGlynn & 
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Lloyd, 2001a). Purified RuvC is an endonuclease that binds to and resolves synthetic 

Holliday junctions by introducing symmetric nicks at the junction point, producing 

nicked-duplex products (Connolly et al., 1991). RuvABC proteins were found to have 

phenotypes that arise in temperature sensitive alleles of  dnaB at the restrictive 

temperature (Seigneur et al., 1998). Incubation at the restricted temperature inactivates 

the DnaB replicative helicase and arrests replication (Wechsler & Gross, 1971). Under 

these conditions, double-strand breaks were seen to accumulate in their genome in the 

absence of the double-strand break repair proteins RecBCD (Michel et al., 1997). If 

RuvABC is additionally inactivated in this background, the formation of double-strand 

breaks was significantly reduced, suggesting that Holliday junctions form after 

inactivation of DnaB and are subsequently cleaved by the RuvABC resolvasome 

(Seigneur et al., 1998).  

Even though both RuvAB and RecG proteins have been shown to act at arrested 

replication forks to form Holliday junctions in vitro, this activity has not yet been 

identified in vivo at replication forks arrested at UV-induced DNA damage. Mutant 

strains of E. coli deficient in RuvAB or RecG are hypersensitive to UV irradiation, 

indicating that these proteins have an essential role following UV-induced DNA damage. 

It is therefore important to identify where and when these proteins are required in the cell. 

 
Significance 

The well established link between inaccurate replication, DNA damage, and 

cancer makes it important to identify the processes and proteins involved in repair and 

replication in the presence of DNA damage. However, the mechanisms involved in 
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processing and repairing DNA lesions that are encountered during replication remain 

poorly understood. This dissertation characterizes several candidate gene products for 

their potential role in processing and restoring the DNA template following replication in 

the presence of UV-induced DNA damage. The major objective of this research was to 

identify the cellular roles of RuvAB and RecG in promoting cell survival after UV 

induced damage, as well as other potential candidate gene products. Many of these 

candidate gene products were initially identified as proteins that would affect the 

frequency of recombination during conjugation or transduction. Subsequent 

characterization revealed that many of these gene products also play critical roles in 

maintaining the integrity of the genome in the presence of DNA damage, yet their 

functional roles often remain poorly defined. In characterizing the functional roles of 

RuvABC and RecG, this dissertation sought to further our understanding of the 

mechanisms that operate to maintain the genomic stability in both microbial and 

eukaryotic organisms.  
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CHAPTER II 

RuvAB AND RecG ARE NOT ESSENTIAL FOR THE RECOVERY OF 

DNA SYNTHESIS FOLLOWING UV-INDUCED DNA DAMAGE                                        

IN ESCHERICHIA COLI 

(Published in Genetics 2004; 166(4):1631-40) 
 
 

Abstract 

Ultraviolet light induces DNA lesions that block the progression of the replication 

machinery. Several models speculate that the resumption of replication following 

disruption by UV-induced DNA damage requires regression of the nascent DNA or 

migration of the replication machinery away from the blocking lesion to allow repair or 

bypass of the lesion to occur. Both RuvAB and RecG catalyze branch migration of three- 

and four-stranded DNA junctions in vitro and are proposed to catalyze fork regression in 

vivo. To examine this possibility, we characterized the recovery of DNA synthesis in 

ruvAB and recG mutants. We find that in the absence of either RecG or RuvAB, arrested 

replication forks are maintained and DNA synthesis resumes with kinetics that are similar 

to that in wild-type cells. The data presented here indicate that RecG- or RuvAB-

catalyzed fork regression is not essential for DNA synthesis to resume following arrest by 

UV-induced DNA damage in vivo. 
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Introduction 

All cells must accurately replicate their entire genome each time they reproduce. 

Although the replication machinery is extremely processive, DNA damage such as that 

induced by far-ultraviolet light (254 nm) can block the progression of the DNA 

replication machinery and prevent it from completing its task (Howard-Flanders et al., 

1968; Setlow et al., 1963). The failure to accurately resume replication following 

disruption by DNA damage can result in mutation if an incorrect nucleotide is 

incorporated, rearrangement if replication resumes from the wrong site, or lethality if the 

blocking lesions cannot be overcome. In Escherichia coli, the recovery of replication 

following UV irradiation correlates with the time at which the lesions have been repaired 

by nucleotide excision repair (Courcelle et al., 1999; Courcelle et al., 2003). Cells 

deficient in nucleotide excision repair are unable to remove UV-induced DNA lesions, 

fail to recover replication, and exhibit elevated levels of mutagenesis, rearrangements, 

and cell lethality (Courcelle & Hanawalt, 2001; Hanawalt, 2002; Howard-Flanders, 1968; 

Howard-Flanders et al., 1968; Rothman & Clark, 1977).  

The recovery of replication also depends on RecA and several gene products of 

the RecF pathway (Courcelle et al., 1997; Courcelle et al., 1999; Courcelle & Hanawalt, 

2001; Rothman & Clark, 1977). In the absence of RecA, RecF, RecO, or RecR, the 

blocked replication fork is not maintained, replication fails to recover, and extensive 

degradation of the nascent DNA at the replication fork occurs (Chow & Courcelle, 2003; 

Courcelle et al., 1997; Courcelle et al., 1999; Courcelle et al., 2003). The RecQ helicase 

and RecJ nuclease also belong to the RecF pathway and partially degrade the nascent 
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lagging strand of the arrested replication fork prior to the resumption of replication 

(Courcelle et al., 2003; Courcelle & Hanawalt, 1999). These observations have led to the 

general model that RecA and these RecF pathway gene products function to maintain and 

process blocked replication forks until the blocking lesion can be repaired by nucleotide 

excision repair or bypassed by translesion DNA polymerases (Courcelle et al., 1997; 

Courcelle et al., 1999; Courcelle et al., 2003; Rangarajan et al., 2002). It is proposed that 

RecF, RecO, and RecR help stabilize activated RecA filaments at the arrested replication 

fork structure, thereby maintaining the replication fork DNA and limiting the degradation 

of the nascent DNA by RecJ and RecQ (Chow & Courcelle, 2003; Courcelle et al., 1997; 

Courcelle et al., 1999; Courcelle et al., 2003). The genetic observation that mutations in 

recF, recO, or recR delay the induction of LexA regulated gene expression following 

DNA damage is consistent with the idea that there is less activated RecA present at early 

times when RecF-O-R is absent (Hegde et al., 1995; Thoms & Wackernagel, 1987). 

Based upon this model, it has been proposed that the repair of the DNA lesions in 

this situation may require displacement of the arrested replication machinery and nascent 

DNA to allow repair enzymes to gain access to the damaged region (Courcelle et al., 

1997; Courcelle et al., 1999; Courcelle et al., 2001). The displacement of the nascent 

DNA would allow the parental template strands in that region to reanneal, in effect 

reversing the branch point of the replication fork to generate a four-arm regressed 

intermediate (Fig. 2.1). Other models have speculated that replication fork regression 

could facilitate a recombination-mediated template switch that allows synthesis to occur  
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Figure 2.1.  Proposed function of RecG or RuvAB during the recovery of replication                 
                    forks arrested at UV-induced lesions.  
 
(A) Replication is normally extremely processive (B) but is arrested by DNA lesions in 
the leading strand template (Higuchi et al., 2003; Pages & Fuchs, 2003). (C) RecQ 
displaces the nascent lagging strand for degradation by RecJ. Based on in vitro 
characterizations, it has been suggested that RecG or RuvAB catalyze fork regression as 
part of the process required for the recovery of replication. (D) RecFOR and RecA limit 
nascent DNA degradation and maintain the replication fork until the blocking lesions can 
be repaired or bypassed. (E) Then, the replication fork can be re-established (F) and 
processive replication can resume. 
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past the blocking lesion (Cox, 2002; Higgins et al., 1976; Jaktaji & Lloyd, 2003; 

Kuzminov, 2001; Lusetti & Cox, 2002; Michel et al., 2001; West, 2003).  

Direct evidence for regressed replication fork intermediates has been observed 

following replication arrest on plasmids. Plasmid replication forks blocked by the DNA 

binding protein Tus form a reversed intermediate both in vivo and in vitro (Olavarrieta et 

al., 2002; Postow et al., 2001). In this case, replication fork regression occurs 

spontaneously following arrest due to the unwinding of positive supercoils ahead of the 

replication fork (Postow et al., 2001). A transient regression of the replication fork also 

occurs following arrest by UV-induced DNA damage on plasmids in vivo (Courcelle et 

al., 2003). The regressed replication fork persists until a time correlating with lesion 

removal and the resumption of DNA replication. Similar to arrested replication forks on 

the chromosome, the arrested replication fork intermediates on the plasmid are 

maintained by RecA, RecF, RecO, and RecR, and are processed by RecQ and RecJ 

(Courcelle et al., 2003).  

Although UV-induced replication fork reversal occurs on plasmids, it is not 

known whether fork regression also occurs on the bacterial chromosome or whether fork 

regression is required for replication to resume following disruption. Both RecG and 

RuvAB have been proposed to catalyze fork reversal in vivo based on their in vitro 

activities (Courcelle et al., 2001; McGlynn & Lloyd, 2001a; McGlynn & Lloyd, 2001b). 

The ruv locus, consisting of ruvA, ruvB, and ruvC, was originally identified in a genetic 

screen for UV-sensitive mutants (Otsuji et al., 1974). In addition to their hypersensitivity 

to UV, ruv mutants also exhibit lower recombination frequencies during conjugation and 
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transduction and abnormalities in cell division following UV irradiation as seen by the 

accumulation of long filamentous cells that fail to undergo septation (Lloyd et al., 1984; 

Otsuji et al., 1974). Purified RuvA and RuvB form a complex that binds to Holliday 

junctions and promotes ATP-dependent branch migration (Parsons et al., 1992; Parsons 

& West, 1993). RuvC interacts with RuvAB at Holliday junctions and produces 

symmetric endonucleolytic incisions at the crossover point to resolve joint molecules 

(Connolly et al., 1991). In vitro, RuvAB can promote branch migration on synthetic 

replication fork structures to form Holliday junctions (McGlynn & Lloyd, 2001a). 

However, the enzyme complex preferentially catalyzes the reverse reaction, converting a 

four-arm Holliday junction into a three-arm, replication fork-like structure (McGlynn & 

Lloyd, 2001a).  

Mutations that inactivate RecG also render cells moderately sensitive to UV and 

reduce the frequency of conjugational recombination (Storm et al., 1971). Purified RecG 

is a helicase that is also capable of promoting branch migration of Holliday junctions 

(Lloyd & Sharples, 1993). In addition, RecG catalyzes the conversion of synthetic three-

arm replication fork substrates into four-arm molecules in a manner that preferentially 

displaces what would represent the nascent lagging strand (McGlynn & Lloyd, 1999; 

McGlynn & Lloyd, 2001b). 

These biochemical characterizations have led to the general view that RecG and 

potentially RuvAB are required for the recovery of replication following UV-induced 

DNA damage. We examined this possibility directly and observed that following 

replication disruption by UV-induced DNA damage, the replication fork is maintained 



27 

 

and DNA synthesis resumes at a time comparable to wild-type when either RecG or 

RuvAB is absent.  

 
Materials and Methods 

 
Bacterial strains and UV irradiation 

Our parental strain, SR108, is a thyA36 deoC2 derivative of W3110 (De Lucia & 

Cairns, 1969). The strains HL946 (SR108 recF332::Tn3) and HL921 (SR108 

recA306::Tn10) have been described previously (Courcelle et al., 1997; Courcelle et al., 

1999). The strains CL008 (SR108 recG258::Tn5), CL532 (SR108 ruvA59::Tn10), and 

CL578 (SR108 ruvAB6204::kan) were constructed by P1 transduction of the 

recG258::Tn5, ruvA59::Tn10, and ruvAB6204::kan alleles from JC19245 (gift from S. 

Sandler), RDK2641 (Lombardo & Rosenberg, 2000), and TP541 (Murphy et al., 2000) 

respectively into SR108. The strains CL628 (SR108 recQ6215::cam recF332::Tn3), 

CL011 (SR108 recG258::Tn5 recF332::Tn3), and CL744 (SR108 ruvAB6204::kan 

recF332::Tn3) were constructed by P1 transduction of the recQ6215::cam, 

recG258::Tn5, and ruvAB6204::kan alleles from TP648 (Murphy et al., 2000), CL008, 

and CL578 respectively into HL946. The strain CL561 (SR108 recG258::Tn5 

ruvA59::Tn10) was constructed by P1 transduction of the recG258::Tn5 allele into 

CL532. ruvA59::Tn10 is reported to be a polar mutation affecting both ruvA and  ruvB 

(Sharples et al., 1990). Phenotypes were confirmed by antibiotic resistance and, when 

appropriate, UV hypersensitivity or nascent DNA degradation. 
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UV irradiation for all experiments was performed using a Sylvania 15-watt 

germicidal lamp (254 nm) at an incident dose of 0.9 J/m2/sec. 

 
UV survival studies   

Fresh overnight cultures were diluted 1:100 in 10 ml of Davis medium (2.0 g 

KH2PO4, 7.0 g K2HPO4, 0.5 g Na3C6H5O7, 0.1 g MgSO4, 1.0 g (NH4)2SO4 per liter, pH 

7.0) supplemented with 0.4% glucose, 0.2% casamino acids, and 10 µg/ml thymine 

(DGCthy medium) and grown to an OD600 of 0.5 in a 37ºC shaking incubator. Serial 

dilutions of each culture were plated in triplicate on Luria-Bertani plates supplemented 

with 10 µg/ml thymine and UV irradiated at the indicated doses. Plates were incubated 

overnight at 37ºC and colonies were counted the next day. 

 
Growth rates 

 Fresh overnight cultures were diluted 1:1000 in DGCthy medium and 200 µl 

aliquots were plated on a 96 well microtiter plate. The optical density at 600 nm for each 

culture was measured with Molecular Devices SPECTRAmax Plus and analyzed with 

SOFTmax Pro 4.0. 

 
Total DNA accumulation 

 Fresh overnight cultures were diluted 1:100 in 40 ml DGCthy medium 

supplemented with 0.1 µCi/ml [3H] thymine (60.5 Ci/mmol) and grown to an OD600 of 

0.4 in a 37ºC shaking incubator. At this time, half the culture was UV irradiated with 27 

J/m2 and the other half was mock irradiated. At 5 min intervals, duplicate 200 µl aliquots 

were precipitated in 5 ml of 5% trichloroacetic acid (TCA) and filtered onto Millipore 
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glass fiber prefilters. The amount of 3H-labeled DNA on each filter was determined by 

liquid scintillation counting (Courcelle et al., 1999).  

 
Density labeling and CsCl analysis  

Fresh overnight cultures were diluted 1:100 in 20 ml of DGCthy medium 

supplemented with 0.1 µCi/ml of [14C] thymine (53 mCi/mmol) and were grown to an 

OD600 of 0.5 (approximately 108 cells/ml) in a 37ºC shaking incubator. At this time, half 

the culture was UV irradiated with 27 J/m2 and the other half was mock irradiated. 

Cultures were then filtered onto FisherBrand general filtration 0.45 µm membranes, 

washed with 1X NET buffer (100 mM NaCl, 10 mM Tris, pH 8.0, 10 mM EDTA, pH 

8.0), resuspended in 10 ml DGC medium supplemented with 20 µg/ml 5-bromouracil in 

place of thymine and 0.5 µCi/ml [3H] thymine (60.5 Ci/mmol), and allowed to recover 

for a period of 1 hr in a 37ºC shaking incubator. Two volumes of ice cold NET buffer 

were added to the 10ml cultures, and the cells were then pelleted, resuspended in 150µl 

TE (10mM Tris, 1mM EDTA, pH 8.0), and lysed in 170 µl of 0.5 M H2KPO4/KOH, pH 

12.5 and 1.25% Sarkosyl. Isopycnic alkali CsCl gradients composed of 0.3 g of a DNA 

lysate solution, 2.23 g CsCl and 3.31 g of a 0.1M H2KPO4/KOH, pH 12.5 solution 

(refractive index 1.4055) were centrifuged to equilibrium at 80,000 g for 96 hr at 20ºC. 

Gradients were collected in approximately 30 fractions onto Whatman No. 17 paper, 

washed in 5% TCA, and then in 95% ethanol. The quantity of 3H and 14C in each fraction 

was determined by liquid scintillation counting (Courcelle et al., 1997).   
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Rate of DNA synthesis  

The assay to measure the rate of DNA synthesis was modified from previous 

studies (Khidhir et al., 1985; Rangarajan et al., 2002). Fresh overnight cultures were 

diluted 1:100 in 50 ml of DGCthy medium supplemented with 0.1 µCi/ml of [14C] 

thymine (53 mCi/mmol) and grown to an OD600 of 0.4 in a 37ºC shaking incubator. At 

this time, half the culture was UV irradiated with 27 J/m2 and the other half was mock 

irradiated. At the indicated times, 1 µCi/ml [3H] thymidine (77.8 Ci/mmol) was added to 

duplicate 0.5 ml aliquots for 2 min at 37ºC, before the cells were lysed and DNA 

precipitated in 5 ml of 5% TCA, and filtered onto Millipore glass fiber prefilters. The 

amount of 3H and 14C on each filter was determined by liquid scintillation counting. 

 
Degradation of nascent and genomic DNA 

Fresh overnight cultures were diluted 1:100 in 10 ml DGCthy medium 

supplemented with 0.1 µCi/ml [14C] thymine (53 mCi/mmol) and grown to an OD600 of 

0.4 in a 37ºC shaking incubator. Cultures were labeled for 5 sec with 1 µCi/ml [3H] 

thymidine (77.8 Ci/mmol), filtered onto FisherBrand general filtration 0.45 µm 

membranes, washed with NET buffer, and resuspended in non-radioactive DGCthy 

medium. Cultures were immediately irradiated with a UV dose of 27 J/m2. At the 

indicated times, duplicate 0.2 ml aliquots (triplicate for the 0 time point) were 

precipitated in 5 ml of 5% cold TCA and filtered on Millipore glass fiber prefilters. The 

amount of 3H and 14C on each filter was determined by liquid scintillation counting 

(Courcelle et al., 1997).   
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Results 

 
RuvAB and RecG are not required for the recovery of DNA synthesis following UV-

induced DNA damage  

Isogenic strains lacking either RecG, RuvAB, or both gene products were 

constructed by standard P1 transduction. As previously reported, the recG and ruvAB 

mutants were moderately hypersensitive to UV irradiation (Fig. 2.2A) (Bolt & Lloyd, 

2002; Gregg et al., 2002; Ryder et al., 1994). In the ruvAB recG double mutant, the 

hypersensitivity was more severe than in either single mutant and was comparable to that 

of recA (Fig. 2.2A). However, unlike recA, the ruvAB recG double mutant grew poorly 

even in the absence of exogenous DNA damage (Fig. 2.2B). Previous studies have 

documented that RecA is absolutely required for the recovery of replication following 

inhibition of DNA synthesis (Howard-Flanders, 1968), yet recA mutants grow at rates 

comparable to wild-type cells in the absence of DNA damage. This observation then 

suggests that replication is not frequently inhibited in the absence of DNA damage. 

Furthermore, the poor growth of the ruvAB recG mutant relative to that of recA under 

these same conditions indicates that RuvAB or RecG is required to process DNA 

structures other than disrupted replication forks that arise during the normal replication 

cycle. However, this observation alone does not preclude the possibility that in addition 

to these alternative roles, they may also be required to process replication forks prior to 

their recovery. 

To determine whether the hypersensitivity of ruvAB or recG mutants results 

directly from a failure to resume DNA synthesis following disruption by UV irradiation,  
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Figure 2.2.  Survival following UV irradiation and growth in the absence of DNA   
                    damage of wild-type, recF, recG, ruvAB, and ruvAB recG strains of   
                    Escherichia coli.  
 
(A) The percent of cells surviving the indicated dose of UV irradiation is plotted for each 
strain. Survival curves represent an average of at least two independent experiments. (B) 
The optical density of each strain at 600 nm is plotted over time. wild-type (), recF 
(), recG (∆), ruvAB (), recA (), and ruvAB recG ().  
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we monitored DNA synthesis after UV irradiation in these mutants by [3H] thymine 

incorporation. Following a UV dose of 27 J/m2, wild-type cultures exhibited a transient 

arrest of replication before synthesis resumed at a rate comparable to that in unirradiated 

cultures (Fig. 2.3). In contrast, recF mutants, which are deficient in the resumption of 

disrupted replication forks (Courcelle et al., 1997; Courcelle et al., 1999), exhibited no 

further increase in the amount of [3H]-labeled DNA following UV irradiation. When we 

examined UV irradiated cultures of ruvAB or recG, we observed that both mutants 

resumed replication at a time comparable to that in wild-type cultures (Fig. 2.3).  

We also examined ruvAB recG double mutants to determine if the absence of both 

gene products prevented the recovery of replication following UV-induced DNA damage. 

In these mutants, the rate of DNA synthesis recovered to an extent that was comparable 

to unirradiated ruvAB recG cultures. However, the slow growth that occurs in 

unirradiated ruvAB recG cultures makes it inappropriate to compare the recovery 

observed in this mutant directly to wild-type cells.  

The recovery of replication in ruvAB and recG mutants was also monitored by 

density labeling the DNA synthesized during the first hour following UV irradiation. 

Irradiated or mock irradiated cultures were incubated in medium containing 5-

bromouracil in place of thymine for one hour such that the DNA made during this period 

was greater in density than that of the DNA synthesized before treatment. DNA 

synthesized during the recovery period was then isolated and quantitated in isopycnic 

alkali CsCl gradients. By this measure, wild-type cultures had almost completely 

recovered replication one hour after UV irradiation, as seen by the nearly equivalent  
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Figure 2.3.  recG and ruvAB recover robust replication at a time similar to that in wild- 

       type cells.  
 
Cultures grown in the presence of [3H] thymine were either UV irradiated with 27 J/m2 
() or mock irradiated (). The amount of 3H incorporated over time is plotted. Cultures 
were irradiated at time 0. Each graph represents an average of three independent 
experiments. Error bars represent one standard deviation.  
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amounts of DNA synthesis in the irradiated and unirradiated cultures (Fig. 2.4). By 

contrast, very little DNA synthesis occurred following UV treatment in recF mutants. 

When we examined post-irradiation DNA synthesis in ruvAB and recG mutants, we 

observed an amount of DNA synthesis that was comparable to the unirradiated controls, 

indicating that DNA synthesis was resuming similar to that in wild-type cultures (Fig. 

2.4).   

In ruvAB recG double mutants, we observed an intermediate amount of DNA 

synthesis in the irradiated culture relative to the unirradiated culture. However, both 

irradiated and nonirradiated cultures exhibited abnormal patterns of replication, with a 

significant amount of the DNA synthesis migrating at densities in the intermediate and 

light regions of the gradient. DNA migrating in these regions may indicate elevated levels 

of recombination or repair synthesis. The detection of this type of synthesis in 

unirradiated ruvAB recG mutants may be due in part to the toxicity associated with the 5-

bromouracil that is used to density label the DNA in this assay. The toxicity of 5-

bromouracil is thought to be due in part to the lower incorporation efficiency of this base 

analog compared to thymine and also because the bromine group on the analog is labile, 

leading to elevated levels of uracil and uracil glycolyase-induced nicks in the DNA. 

Incubation in media containing 5-bromouracil results in elevated levels of sister 

chromatid exchanges and cell death within approximately two rounds of replication 

(Hackett & Hanawalt, 1966; Krasin & Hutchinson, 1978; Little, 1976). Thus, similar to 

the previous assay, a direct comparison between wild-type and ruvAB recG mutants 

should be interpreted with caution. However, some DNA synthesis occurs in the UV  
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Figure 2.4.  recG and ruvAB cultures synthesize a similar amount of DNA as wild-type  
       cultures during the first hour after UV-irradiation.  

 
The amount of DNA synthesized in UV irradiated (25 J/m2) or mock irradiated cultures 
was determined by density labeling the DNA with 5-bromouracil and subsequent 
isolation in alkali CsCl gradients. DNA synthesized before treatment [14C] (); DNA 
synthesized following treatment [3H] (). Each graph represents one of at least two, 
independent experiments. 
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irradiated ruvAB recG mutants, although the viability of these cells is clearly 

compromised and abnormal relative to wild-type cells even in the absence of UV 

irradiation.  

The previous two assays indicate that replication recovers in the absence of either 

recG or ruvAB. However, it remains possible that although robust replication resumes in 

ruvAB or recG mutants, the time at which DNA synthesis recovers may be delayed 

relative to wild-type. To examine this possibility in recG and ruvAB mutants, we 

measured the rate of DNA synthesis following UV irradiation by incubating [14C] 

thymine labeled cultures for 2 min with [3H] thymidine at various times after treatment. 

The rate of DNA synthesis (3H incorporation/min) could then be determined relative to 

the total amount of DNA present (14C incorporation) at specific times following 

treatment. Using this assay, we observed that the rate of DNA synthesis was reduced by 

approximately 90% in wild-type cells at early times following UV irradiation (Fig. 2.5). 

Within 20 min, the rate of DNA synthesis began to recover, and by 40 min, the rate of 

replication was nearly restored to pre-irradiation levels and there was a detectable 

increase in total DNA accumulation. In UV-irradiated recF mutants, the reduction in 

DNA synthesis was more severe and, consistent with our previous assays, the rate of 

synthesis did not recover. However, following UV irradiation of recG or ruvAB mutants, 

we observed that the time and efficiency with which DNA synthesis recovered were 

similar to those in wild-type. These observations indicate that RuvAB or RecG function 

is not essential for replication to resume following disruption by UV-induced DNA 

damage. In the ruvAB recG double mutants, the rate of DNA synthesis recovered to a  
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Figure 2.5.  recG and ruvAB resume DNA synthesis with kinetics similar to that of wild- 

       type following UV irradiation.  
 
Cultures grown in the presence of [14C] thymine were pulsed-labeled with [3H] thymidine 
for 2 min at the indicated times following either 27 J/m2 of UV irradiation or mock 
irradiation. The relative amount of 14C and 3H incorporated into the DNA is plotted over 
time. Cultures were irradiated at time 0. Graphs represent an average of three 
independent experiments. Error bars represent one standard deviation. Total DNA in 
mock irradiated cultures (); total DNA in irradiated cultures (); rate of DNA synthesis 
in mock irradiated cultures (); rate of DNA synthesis in irradiated cultures ().  
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significant extent and approximated the recovery observed in wild-type cultures much 

more closely than that in recF mutants. Although direct comparisons between these 

strains should be made with caution, the observation that DNA synthesis is inhibited to a 

greater extent in recF mutants than in ruvAB recG double mutants suggests that the 

recovery of DNA synthesis in the single mutants is not due to the simple interpretation 

that RecG and RuvAB serve redundant functions in this respect. The double mutant 

recovers to a greater extent than the recF mutant despite the fact that it is much more 

sensitive to DNA damage and grows more poorly than the recF mutant (Fig. 2.2). 

 
RuvAB and RecG are not required to maintain the replication fork after UV irradiation 

Strains lacking RecF, RecO, or RecR fail to maintain disrupted replication forks, 

resulting in extensive degradation of the nascent DNA at the replication fork (Courcelle 

et al., 1997; Courcelle et al., 2003). Both RecG and RuvAB have also been proposed to 

act on arrested replication fork structures in vivo (McGlynn & Lloyd, 2001a; McGlynn & 

Lloyd, 2001b). To determine whether RuvAB or RecG are required to maintain 

replication forks arrested at UV-induced DNA damage in vivo, we measured the amount 

of degradation that occurred in the nascent DNA at the replication fork. To this end, 

[14C]-labeled cultures were pulsed-labeled with [3H] thymidine for 5 sec, transferred to 

non-radioactive media, and immediately UV irradiated. Then, the amount of radioactivity 

remaining in the DNA was followed over time. This assay allowed us to compare the 

amount of degradation that occurred in the nascent strands of the replication fork directly 

to the total DNA in the cell. In UV irradiated wild-type cells, we observed a limited 

amount of nascent DNA degradation at times prior to the recovery of replication, 
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consistent with our previous studies (Fig. 2.6) (Courcelle & Hanawalt, 1999). In recF 

mutants, the replication fork was not maintained and approximately half of the nascent 

DNA was degraded.  By comparison, in ruvAB or recG mutants, the nascent DNA was 

not extensively degraded following UV irradiation. In addition, ruvAB recG double 

mutants did not exhibit extensive degradation of DNA following UV irradiation, 

indicating that these gene products are not required to maintain or protect the nascent 

DNA at replication forks.  

The nascent DNA degradation that occurs prior to the resumption of replication is 

dependent on RecQ helicase and RecJ nuclease (Courcelle & Hanawalt, 1999). RecQ 

helicase is required to displace the nascent lagging strand for degradation by RecJ 

nuclease in vivo. Based on in vitro characterizations, it has been proposed that RecG and 

potentially RuvAB also displace the nascent lagging strand of arrested replication forks 

(McGlynn et al., 2001; Michel et al., 2001). If true, then we would predict that 

inactivation of RecG or RuvAB should also prevent nascent DNA degradation from 

occurring similar to when RecQ is inactivated. To test this possibility, we examined the 

degradation that occurred in UV irradiated recF mutants that were also deficient in either 

RuvAB or RecG. As shown in Figure 2.6, the absence of RuvAB or RecG did not prevent 

the extensive degradation of the nascent DNA in recF mutants. In contrast, in recF 

mutants that also lacked RecQ, the degradation of nascent DNA was significantly 

reduced. The lack of nascent DNA processing in the recF recQ mutant was most evident 

during the first hour following UV irradiation (Fig. 2.6). This result indicates that RuvAB  
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Figure 2.6.  RuvAB or RecG is not required to maintain arrested replication forks or  
                   displace the nascent DNA prior to degradation following UV irradiation.  
 
[3H] thymidine was added to [14C] thymine pre-labeled cells for 5 sec, washed, and UV 
irradiated in non-labeled medium. The relative amount of 3H and 14C remaining in the 
DNA is plotted over time. Graphs represent an average of at least three independent 
experiments for each strain. Error bars represent one standard deviation. Total DNA [14C] 
(); nascent DNA [3H] ().  
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and RecG are not required to displace the nascent lagging strand prior to degradation in 

vivo.  

Since this assay specifically measures nascent DNA degradation, and previous 

studies have shown this degradation occurs preferentially on the nascent lagging strand 

(Courcelle & Hanawalt, 1999), it remains possible that RuvAB or RecG facilitates the 

displacement of the nascent leading strand or portions of the lagging strand that are not 

subject to degradation and therefore are not detected in this assay.  

 
Discussion 

Based on biochemical data, several studies have speculated that either RecG or 

RuvAB catalyze replication fork regression in vivo and play a critical role in promoting 

the recovery of replication when it is blocked by DNA damage (Bolt & Lloyd, 2002; 

Gregg et al., 2002; McGlynn & Lloyd, 1999; McGlynn & Lloyd, 2001a; McGlynn & 

Lloyd, 2001b). Using a number of cellular assays, we examined the contribution of 

RuvAB and RecG to the ability of cells to recover replication following UV irradiation in 

vivo. We found that the absence of either RecG or RuvAB does not affect the cell’s 

ability to resume DNA synthesis. In addition, unlike RecF, RecO, or RecR, we observe 

that RuvAB or RecG is not required to maintain replication forks following arrest by 

DNA damage and that neither protein prevents the extensive nascent DNA degradation 

that occurs in the absence of RecF.  

Although these results cannot exclude the possibility that RuvAB or RecG 

proteins catalyze fork regression in vivo, they demonstrate that their function is not 

required for DNA synthesis to resume following UV-induced DNA damage. It remains 
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possible that RuvAB- or RecG-catalyzed replication fork regression increases the 

accuracy or fidelity of replication recovery, but that the regression is not essential for the 

resumption to occur. By analogy, both RecJ and RecQ process, or partially degrade, the 

nascent DNA at arrested replication forks in a manner that is believed to increase the 

frequency that replication resumes from the proper location (Courcelle & Hanawalt, 

1999). However, the absence of either RecJ or RecQ does not prevent replication from 

resuming following UV irradiation, although it does effect the time at which DNA 

synthesis resumes (Courcelle & Hanawalt, 1999). A second possibility is that fork 

regression catalyzed by RecG and RuvAB is required for recovery in only a small subset 

of the total arrested-fork substrates and therefore is below our limit of detection in these 

cellular assays. Another possibility is that alternative or redundant activities may allow 

replication to recover in the absence of RecG or RuvAB.  Along this line of reasoning, 

RadA was recently speculated to offer a third potentially redundant activity for 

replication fork processing based upon survival studies (Beam et al., 2002). However, if 

either RecG- or RuvAB-catalyzed fork regression is a predominant mechanism by which 

arrested replication forks normally resume, it seems reasonable to expect that we would 

have observed a delay in the timing, or a reduction in the efficiency, of the resumption of 

DNA synthesis. Even allowing for potential redundancies, one might expect that the 

secondary activity would promote recovery with different (or reduced) kinetics when the 

primary activity is absent. Our observations show that even though ruvAB and recG 

mutants are more sensitive to UV irradiation than wild-type cells, ruvAB and recG 

mutants are able to recover DNA synthesis as efficiently as wild-type cells, arguing 
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against a requirement for either of these enzymes in a prominent pathway that allows 

DNA synthesis to resume. 

 The poor growth of ruvAB recG double mutants is often interpreted to suggest 

that replication is frequently disrupted by DNA damage or other impediments during 

replication which then requires processing by branch migration enzymes in order to 

resume (Mandal, 1993; Ryder et al., 1994). However, cell viability is an extremely broad 

criterion by which to measure a specific question such as the ability for DNA synthesis to 

resume. The survival of a cell could also be compromised by any of a large number of 

alternative DNA processing events such as chromosome partitioning, replication 

termination, or resolution of joint dimer chromosomes, among others. The observation 

that wild-type cells recover from UV doses that reduce the viability of recG or ruvAB 

mutants by greater than 99% highlights the observation that these enzymes are essential 

for some DNA processing event that arises in these cells following moderate levels of 

DNA damage. If any of the several processing events mentioned above were to function 

as the preferred targets for these branch migration enzymes, the normal resumption of 

DNA synthesis would not be expected to be impaired, but could result in elevated levels 

of lethality in the presence of DNA damage. A second possibility is that the DNA 

synthesis that occurs in recG or ruvAB mutants represents an aberrant form of DNA 

synthesis, potentially resuming from the wrong template, and leads to lethality in the 

absence of RecG or RuvAB processing. However, it is clear from the observations 

presented in this study that the lethality is not the result of a failure to resume DNA 

synthesis, such as occurs in recF or recA mutants. 
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Other genetic studies have previously been interpreted to support a role for 

RuvAB or RecG at arrested replication forks. Following prolonged incubation of a 

thermosensitive dnaB mutant at the restrictive temperature, elevated levels of double-

strand breaks accumulate in the genome of recBC mutants as observed by pulsed-field 

gel electrophoresis (Michel et al., 1997). The accumulation of double-strand breaks in 

dnaB recB mutants requires RuvABC function (Seigneur et al., 1998). Based on these 

observations, it has been speculated by others that inactivation of replication proteins 

such as DnaB may mimic the disruption that occurs following replication fork encounters 

with DNA damage (Gregg et al., 2002; Jaktaji & Lloyd, 2003). It was further speculated 

that if this interpretation were true, then the RuvAB-dependent double-strand breaks 

could be explained if RuvAB catalyzed the formation of Holliday junctions at stalled 

replication forks which are then cleaved by RuvC endonuclease or degraded by RecBCD 

(Bolt & Lloyd, 2002; Cox et al., 2000; Gregg et al., 2002). Based on these observations in 

thermosensitive replication mutants, it has been inferred from several subsequent studies 

that RuvABC and RecBCD are required to resume replication following arrest by DNA 

damage. However, our observations indicate that the resumption of DNA synthesis 

following UV-induced DNA damage does not require RuvAB, and several previous 

studies have shown that replication resumes normally in recBC and recD mutants 

following UV-induced DNA damage (Courcelle et al., 1997; Courcelle & Hanawalt, 

1999; Khidhir et al., 1985). Furthermore, although RecJ and RecQ process the nascent 

DNA at lesion arrested replication forks, RecBCD does not degrade the nascent DNA at 

arrested replication forks (Courcelle et al., 1997; Courcelle & Hanawalt, 1999; Khidhir et 
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al., 1985). Therefore, we believe these observations indicate that the events and enzymes 

operating at lesion-blocked replication forks are different from those that occur following 

the removal of specific proteins of the replication machinery.   

The basis for the proposal that RecG may promote the rescue of arrested 

replication forks in vivo comes primarily from survival studies following UV irradiation 

(Gregg et al., 2002; Jaktaji & Lloyd, 2003). By examining the survival of recG mutants 

following UV irradiation in various genetic backgrounds, it has been widely speculated 

that RecG promotes the rescue of stalled replication forks through a number of different 

recovery pathways (Dillingham & Kowalczykowski, 2001; Gregg et al., 2002; Jaktaji & 

Lloyd, 2003; McGlynn & Lloyd, 2000; McGlynn & Lloyd, 2002). However, if this were 

true, one would predict that the absence of RecG would have an effect on the cell’s 

ability to recover DNA synthesis following UV irradiation. Our observation that recG 

recovers DNA synthesis with kinetics similar to that in wild-type cells argues against the 

interpretation that RecG has an essential role in promoting the rescue of arrested 

replication forks following UV-induced DNA damage. However, this does not 

necessarily exclude the possibility that RecG participates in the recovery process or 

possibly enhances strand displacement at arrested replication forks. 

Although many gene products have been intensely studied for how they affect 

recombinational processes over the years, the conceptual realization that many of the 

“rec” gene products function to maintain the strands of genetic information rather than 

rearrange them during chromosome replication has been suggested previously and 

investigated recently (Campbell, 1984; Courcelle et al., 1997). This perspective has 
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generated significant amounts of discussion and renewed enthusiasm in the question of 

how replication recovers following disruption. As a result, in some cases, genes have 

been speculated to be required for this process based primarily on the observation that 

their respective mutants grow poorly or render cells hypersensitive to UV. RuvAB and 

RecG have both been characterized for their recombinational roles and only recently were 

proposed to promote the recovery of replication based on the observation that the mutants 

are moderately hypersensitive to UV irradiation (Bolt & Lloyd, 2002; McGlynn & Lloyd, 

2001a; McGlynn & Lloyd, 2001b; McGlynn et al., 2001). Although this represents a 

good starting point for investigation, the recovery of replication is not the only process 

required for successful reproduction, and UV hypersensitivity does not always correlate 

with a defect in the recovery of replication. For example, both recF and recBC mutants 

are equally hypersensitive to UV irradiation, but while recF mutants fail to recover 

replication following UV irradiation, recBC mutants recover replication normally 

(Courcelle et al., 1997; Courcelle & Hanawalt, 1999). By comparison, recJ and recQ 

mutants are not sensitive to UV irradiation, yet these gene products participate in the 

processing of nascent DNA at replication forks prior to the recovery of replication 

(Courcelle & Hanawalt, 1999). Although the results presented here cannot exclude the 

possibility that RuvAB or RecG participate in the regression of the arrested replication 

forks, we can conclude that neither gene product is essential for DNA synthesis to 

resume. This implies that the hypersensitivity of these mutants arises from an event(s) 

that potentially occurs after replication resumes or because replication resumes from the 

wrong template or the wrong place in their absence. It will be important to develop novel 
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cellular assays to determine whether replication fork regression is required for the 

resumption of replication on the bacterial chromosome. In light of these observations, it 

may also be useful to consider potential alternative roles for RecG and RuvAB function 

following UV-induced DNA damage.  
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CHAPTER III 

RuvABC IS REQUIRED TO RESOLVE HOLLIDAY JUNCTIONS THAT          

ACCUMULATE FOLLOWING REPLICATION ON DAMAGED  

TEMPLATES IN ESCHERICHIA COLI 

 
Abstract 

 
RuvABC is a helicase-endonuclease that promotes branch migration and 

resolution at Holliday junctions on DNA. Mutants deficient in RuvABC are 

hypersensitive to UV irradiation, yet the molecular event(s) that require RuvABC 

processing in UV-irradiated cells are not known. In order to characterize the cellular role 

of the RuvABC complex, we utilized two-dimensional agarose gel electrophoresis in 

combination with transmission electron microscopy and alkaline sucrose gradients to 

monitor the integrity and the structural intermediates that occur in UV-irradiated ruvAB 

and ruvC mutants. We show here that although ruvAB and ruvC mutants resume 

replication following UV-induced arrest, the replicated molecules contain unresolved 

Holliday junctions. The formation of Holliday junctions correlates with an eventual loss 

in the integrity of the genomic DNA as monitored by alkaline sucrose gradients. The 

strand exchange intermediates that accumulate in the absence of RuvAB are distinct from 

those observed at arrested replication forks and are not resolved by the branch migration 

enzyme RecG. Potential roles for RuvABC in processing non-replication arresting lesions 
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or in resolving structures generated following replication on damaged templates are 

discussed.   

 
Introduction 

Irradiation of Escherichia coli with far-ultraviolet light (254 nm) induces DNA 

damage that blocks DNA polymerases and can arrest the replication machinery (Chan et 

al., 1985; Setlow et al., 1963). UV-induced DNA lesions that cannot be repaired may lead 

to mutations if the wrong base is incorporated, rearrangements if replication resumes 

from the wrong site, or cell lethality if the block to replication cannot be overcome. Yet 

despite these challenges, E. coli cells are able to survive and faithfully pass on their 

genome following UV doses that produce thousands of lesions per genome, indicating 

that cells contain efficient mechanisms to deal with these impediments to replication 

(Howard-Flanders et al., 1969). The mechanism(s) that operate to restore replication or 

the DNA template upon encounters with DNA damage are likely to depend on whether 

the lesion is found in the leading or lagging strand template of the DNA (Higuchi et al., 

2003; McInerney & O'Donnell, 2004; Pages & Fuchs, 2003). Recent studies using 

plasmid substrates have shown that lesions in the leading strand template arrest the 

overall progression of the replication machinery both in vivo and in vitro (Higuchi et al., 

2003; Pages & Fuchs, 2003). Comparatively, lesions in the lagging strand template do not 

arrest the progression of replication, but instead result in nascent strand gaps at the sites 

opposite to the lesions (Higuchi et al., 2003; McInerney & O'Donnell, 2004).  

In the case where replication is arrested by UV-induced damage, several proteins 

associated with the recF pathway are required to protect and maintain the structural 
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integrity of the arrested fork. RecF, RecO, RecR, and RecA, are needed to maintain the 

DNA at the replication fork until the blocking lesion can be repaired by the nucleotide 

excision repair proteins or bypassed by translesion DNA polymerases (Courcelle et al., 

1997; Courcelle, 1999; Courcelle et al., 2003; Horii & Suzuki, 1970; Rangarajan et al., 

2002). Additionally, RecJ, a 5’-3’ single-strand exonuclease, and RecQ, a 3’-5’ DNA 

helicase, process or partially degrade the nascent DNA at the replication fork before 

replication resumes (Courcelle et al., 2003; Courcelle & Hanawalt, 1999). This nascent 

DNA processing is thought to enhance the ability of RecF-O-R and RecA to bind to and 

maintain the fork and to allow repair enzymes to gain access to the lesion by backing up 

the replication fork, resulting in the formation of a 4-arm branched structure similar to a 

Holliday junction (Courcelle et al., 2003; Courcelle & Hanawalt, 1999; Hishida et al., 

2004). Under conditions where either the nascent DNA processing or repair cannot occur, 

the recovery of DNA synthesis is delayed and becomes dependent on translesion 

synthesis by Pol V (Courcelle et al., 2005a).  

The events that process and repair lesions and gaps that are generated by damage 

that does not arrest replication are less well understood. Early models proposed that the 

nascent strand gaps may be restored by exchanging and then resynthesizing these regions 

with the homologous regions from sister chromosomes (Ganesan, 1974; Rupp et al., 

1971). Consistent with this type of model, a large body of work has shown that in repair 

deficient mutants, UV irradiation leads to elevated levels of recombination-dependent 

strand exchanges during the period when the nascent strand gaps are joined (Johnson, 

1977; Rothman & Clark, 1977). Although Holliday junctions are formed during these 
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exchanges, the high level of lethality associated with replication deficient mutants after 

UV make it difficult to determine if the exchanges are associated with a process that 

promotes survival (Rupp & Howard-Flanders, 1968). Similar models speculated that 

transient pairing and exchanges between the gaps and sister chromatids may restore the 

region to a form that can be repaired by the nucleotide excision repair proteins (Bridges 

& Sedgwick, 1974). This type of model would be consistent with the idea that survival 

may be promoted by a common pathway involving both recombination and repair 

proteins (Courcelle, 1999). More recent models have proposed that translesion DNA 

synthesis by the damage-induced polymerases may restore these substrates (Courcelle et 

al., 2005a; Courcelle et al., 2004; Shen et al., 2003). This type of model is supported by 

the observation that these polymerases are not essential for replication to resume, but 

contribute to survival and mutagenesis following UV irradiation (Courcelle et al., 2005a; 

Fuchs et al., 2001; Napolitano et al., 2000; Reuven et al., 1999; Servant et al., 2002). In 

addition, reconstitution of translesion synthesis in vitro utilizes a gapped substrate that is 

coated by a RecA filament and contains a beta clamp loaded at the lesion site, a substrate 

very similar to that predicted to occur at non arresting DNA lesions (Tang et al., 1999). 

However, characterization of how these lesions are processed in vivo is complicated by 

the fact that both arresting and non-arresting lesions are produced by UV irradiation and 

the processing of each form may in fact share common enzymatic steps. 

The formation and resolution of a Holliday junction intermediate has been 

proposed to occur in models that deal with both arrested replication forks and gaps 

containing single-strand DNA lesions (Courcelle et al., 2004; Marians, 2004; Michel et 
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al., 2004). The similarity in structure between the recently characterized fork substrates at 

DNA damage and Holliday junctions led to the concept that branch migration may be 

required following arrest in order to move the replication fork away from the lesion 

before repair can occur. Similarly, Holliday junctions are a central intermediate required 

to repair nascent gaps in many of the early post-replication repair models (Ganesan et al., 

1988; Howard-Flanders, 1975; Rothman & Clark, 1977; West et al., 1982). 

Both RuvABC and RecG have been shown to act on synthetic Holliday structures 

in vitro (Lloyd & Sharples, 1993; Parsons et al., 1992; Tsaneva et al., 1992). The ruv 

locus was originally identified through a genetic screen that isolated mutants that were 

hypersensitive to UV irradiation (Otsuji et al., 1974). RuvABC was also identified 

biochemically, as enzymes that would specifically resolve and promote migration of 

Holliday junctions (Connolly et al., 1991; Connolly & West, 1990; Dunderdale et al., 

1991; Parsons et al., 1992). Purified RuvA forms a tetramer that specifically binds 

Holliday junction structures and recruits two hexameric rings of RuvB (Lloyd & 

Sharples, 1993; Rafferty et al., 1996). Together, RuvA and RuvB act as a helicase that 

catalyzes an ATP-dependent migration of four-way branched DNA junctions in either the 

5’−3’ or 3’−5’ direction, depending on reaction conditions (McGlynn & Lloyd, 2001a; 

Parsons et al., 1992; Parsons & West, 1993). RuvC is an endonuclease that binds as a 

dimer to Holliday junctions and resolves these structures by making symmetric incisions 

in the DNA (Connolly et al., 1991; Shah et al., 1997). In vitro studies have suggested that 

RuvC-mediated resolution of Holliday junctions occurs once the RuvAB complex has 

been removed from the DNA (Dickman et al., 2002). However, other studies support the 
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idea that an equilibrium exists between RuvAB and RuvABC complexes and efficient 

resolution appears to require all these gene products (Eggleston et al., 1997; Eggleston & 

West, 2000; Shah et al., 1994).  

RecG is also a helicase that exhibits branch migration in vitro. RecG was 

originally identified through a screen for mutants with increased sensitivity to UV 

irradiation and subsequently shown to exhibit decreased frequencies of conjugational 

recombination (Storm et al., 1971). RecG binds to Holliday junctions as a monomer and, 

depending on the reaction conditions, can promote ATP-dependent branch migration in 

either the 3’−5’ or 5’−3’ directions (Lloyd & Sharples, 1993; McGlynn & Lloyd, 2001b; 

Whitby, 1993). Additionally, RecG was shown to preferentially bind to synthetic three-

arm structures and unwind these structures into four-arm branched structures that would 

resemble a Holliday junction (McGlynn & Lloyd, 1999). 

Due to the ability of RuvABC and RecG to branch migrate Holliday junction 

structures in vitro and the similarities between the branched structures that form at 

blocked replication forks and Holliday junctions, recent studies have focused on the 

possibility that RuvAB or RecG processing may operate at arrested replication forks 

following DNA damage (Courcelle & Hanawalt, 2001; McGlynn et al., 2001; Seigneur et 

al., 1998). However, following arrest by UV-induced DNA damage, the absence of either 

RuvAB or RecG does not impair the resumption of DNA synthesis, indicating that 

neither protein is essential for replication to resume following arrest (Donaldson et al., 

2004). To further characterize the cellular role of RuvABC and RecG that is required for 

survival after DNA damage, we monitored the structural integrity and intermediates that 
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occurred in these mutants following UV irradiation. We found that although DNA 

synthesis resumed following arrest in ruvAB or ruvC mutants, the replicated DNA 

accumulated Holliday junctions. The failure to resolve the Holliday junctions correlated 

with an eventual loss of genomic DNA integrity that is likely to result in the observed 

lethality in these mutants.  

 
Materials and Methods 

 
Bacterial strains 

 Our parental strain, SR108, is a thyA36 deoC2 derivative of W3110 (De Lucia & 

Cairns, 1969). Strains HL952 (SR108 uvrA:Tn10), CL008 (SR108 recG258::Tn5), 

CL532 (SR108 ruvA59::Tn10), CL561 (SR108 recG258::Tn5 ruvA59::Tn10), and 

CL684 (SR108 recR6212:cat883 recJ284:Tn10) have been described previously 

(Courcelle, 1999; Courcelle et al., 2003; Donaldson et al., 2004). CL577 was constructed 

by P1 transduction of the ruvC53eda-51::Tn10 allele from RDK2615 into SR108 (Harris 

et al., 1996). Cells were transformed with plasmid pBR322 by electroporation for 

experiments involving two-dimensional agarose gel analysis (Sambrook & Russell, 

2001). Phenotypes were confirmed by antibiotic resistance and, when appropriate, UV 

hypersensitivity. 

All cultures were UV irradiated on a rotating platform using a Sylvania 15-watt 

germicidal lamp (254 nm) at an incident dose of 0.9 J/m2/sec. 
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Rate of DNA synthesis 

Fresh overnight cultures were diluted 1:100 in 50 ml of Davis medium 

supplemented with 0.4% glucose, 0.2% casamino acids (DGC media), and 0.1 µCi/10 

µg/ml of [14C] thymine and were grown to an OD600 of 0.3 in a 37ºC shaking incubator. 

At this time, half the culture was UV irradiated with 27 J/m2 and the other half was mock 

irradiated. At the times indicated, 1 µCi/ml [3H] thymidine was added to 0.5 ml aliquots 

of culture for 2 min at 37ºC. Cells were then lysed, and the DNA was precipitated in 5 ml 

5% trichloroacetic acid (TCA) and filtered onto Millipore glass fiber filters. Duplicate 

aliquots were taken at each time point. The amount of 3H- and 14C-labeled DNA on each 

filter was determined by liquid scintillation counting. 

 
Alkaline sucrose gradients 

Fresh overnight cultures were diluted 1:100 in DGC media supplemented with 0.9 

µCi/4 µg/ml [14C] thymine to an OD600 of 0.4. Immediately following UV irradiation 

with 27 J/m2, 9 µCi/ml [3H] thymidine (77.8 Ci/mmol) was added to the culture for 5 min 

at 37ºC. Cells were filtered, washed with 5 ml 1X NET (100 mM NaCl, 10 mM Tris, pH 

8.0, 10 mM EDTA, pH 8.0), and resuspended in DGC media supplemented with 10 

µg/ml thymine. 0.5 ml aliquots of the culture were removed at each time point, mixed 

with an equal volume of cold 2X NET, pelleted, and resuspended in 0.1 ml of buffered 

sucrose (0.01 M Tris, pH. 8.0, 0.01 M EDTA, 0.110 M NaCl, 5.1% sucrose). All samples 

were kept on ice until the end of the time course. 0.025 ml of each sample (~107 cells) 

was then layered on top of sucrose gradients (5-20% sucrose gradients in 0.1 N NaOH) 

that had 0.1 ml of 5% Sarkosyl in 0.5 N NaOH layered on top. Gradients were 
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centrifuged for 2 hr at 60,000 g at 20ºC. Gradients were collected on Whatman No. 17 

chromatography paper and the amount of 3H- and 14C- labeled DNA present in each 

fraction was determined by liquid scintillation counting (Courcelle et al., 2005a).  

 
Two-dimensional agarose gel electrophoresis 

Cultures containing the plasmid pBR322 were grown overnight in the presence of 

100 µg/ml ampicillin. 0.2 ml of this culture was pelleted and resuspended in 20 ml of 

DGC medium supplemented with 10 µg/ml thymine and grown without ampicillin to an 

OD600 of 0.5 in a 37ºC shaking incubator. At this time, cultures were irradiated with 50 

J/m2 and transferred to a new, prewarmed flask in the 37ºC shaking incubator. At the 

indicated times, a 0.75 ml aliquot of culture was transferred to an equal volume of 2X 

NET, pelleted, resuspended in 0.15 ml of lysozyme solution (1 mg/ml lysozyme, 0.5 

mg/ml RNase A in TE, pH 8.0,) and incubated for 20 min at 37ºC. Then, 0.025 ml of 

20% Sarkosyl and 0.01 ml of 10 mg/ml Proteinase K was added to the samples and 

incubation continued for 1 hr at 55ºC. Samples were then extracted twice with four 

volumes of phenol:chloroform:isoamyl alcohol (25:24:1), followed by one extraction 

with four volumes of chloroform:isoamyl alcohol (24:1), dialyzed against 200 ml of TE 

(100 mM Tris, 1mM EDTA, pH 8.0) for 3 hr on floating 47 mm Whatman 0.05 µm pore 

disks (Whatman #VMWP04700) and then digested with PvuII restriction endonuclease 

(New England Biolabs) overnight at 37ºC. Samples were then extracted with two 

volumes chloroform:isoamyl alcohol (24:1) extraction and loaded directly on the gel.  

The genomic DNA samples were initially separated in a 0.4% agarose gel in 1X 

TBE (Tris-Borate-EDTA, pH 8.0) at 1 V/cm for 15 hr. For the second dimension, the 
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lanes were excised, rotated 90º, and recast in a 1% agarose gel in 1X TBE, and 

electrophoresed at 6.5 V/cm for 7 hr. DNA in the gels was transferred to a Hybond N+ 

nylon membrane by standard Southern blotting and the plasmid DNA was detected by 

probing with 32P-labeled pBR322 that was prepared by Nick translation (Roche Applied 

Science) using dCTP (6000 Ci/mmol, MP Biomedicals) and visualized using a STORM 

Molecular Dynamics PhosphorImager with its associated ImageQuant analysis software 

(Molecular Dynamics). 

 
Transmission electron microscopy 

DNA was prepared as described for the two-dimensional gel analysis except that 

60 ml cultures were grown and UV irradiated. The entire culture was then pelleted at the 

indicated time and resuspended in 4.8 ml lysozyme solution. Rather than dialysis, the 

DNA was precipitated by adding 0.3 volumes of 10 M ammonium acetate and 3 volumes 

of ethanol, then pelleted by centrifugation, resuspended in 0.06 ml TE (pH 8.0) and 

digested with PvuII restriction endonuclease as before. The sample was split and 

analyzed in parallel by two-dimensional agarose gel electrophoresis. One half of the 

sample was transferred and analyzed by Southern analysis, and the second half was 

stained with 0.5 µg/ml ethidium bromide, and the intermediates were excised from the 

gel, extracted from the agarose using GeneClean Spin Filters Extraction Kit (Qbiogen), 

and resuspended in 0.01 ml of TE (pH 8.0).   

Purified DNA was prepared for transmission electron microscopy using either a 

formamide or aqueous drop technique (Thresher & Griffith, 1992). Formamide samples 

contained 0.100 µg/ml DNA in 10X TE (pH 8.0) and 50% formamide (v/v). Aqueous 
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samples contained 0.2 µg/ml DNA in 0.25 M ammonium acetate (pH 7.6). For both 

procedures, cytochrome c was added (8 µg/ml final concentration) and a 0.05 ml droplet 

was transferred to a clean Parafilm sheet in a closed Petri dish. After 90 sec, a parlodian-

coated 300 mesh copper grid was touched to the surface of the drop, dipped in 75% 

ethanol for 45 sec, 90% ethanol for 5 sec, and then rotary shadow casted with 2.5 cm 

Platinum: Palladium (80:20) (EM Sciences) using a Kinney KSE 2A-A evaporator. 

Samples were observed and photographed under a JEOL JEM-100CXII transmission 

electron microscope (JEOL USA, Peabody, MA) at 60 kV.  

 
Results 

 
The integrity of genomic DNA deteriorates at late times following the recovery of 

replication after UV irradiation in ruvAB and ruvC mutants  

Although ruvAB mutants are hypersensitive to UV irradiation, our previous work 

has shown that DNA synthesis resumes normally following UV-induced DNA damage 

(Donaldson et al., 2004). This observation suggests that the UV sensitivity in these 

mutants is not due to a failure to restore replication following arrest. To further 

characterize the nature of why ruvABC mutants are hypersensitive to UV irradiation, we 

monitored the integrity of the DNA made before and after a UV dose of 27 J/m2 and 

compared it to the recovery of DNA synthesis in these mutants. The recovery of DNA 

synthesis was monitored by following the rate that [3H] thymidine was incorporated into 

[14C]-prelabeled cultures after an identical 27 J/m2 dose of UV irradiation. In wild-type 

cells, this dose initially inhibits the rate of DNA synthesis by ~90% before replication 
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begins to recover ~20 min after irradiation without any significant reduction in survival 

(Donaldson et al., 2004) (Fig. 3.1A). Consistent with our previous observations, although 

this dose severely impaired the survival of ruvAB and recG mutants, DNA synthesis 

resumed with kinetics that were similar to wild-type cells (Donaldson et al., 2004) (Fig. 

3.1A). In contrast, recJ and uvrA mutants, which have been shown to directly participate 

in the resumption of DNA synthesis, exhibited a significant delay and failed to recover 

DNA synthesis, respectively (Courcelle et al., 2005b; Courcelle, 1999) (Fig. 3.1A).  

To follow the integrity of the post-irradiation DNA synthesis and genomic DNA 

during this same time period, we monitored the size of these fragments in alkaline 

sucrose gradients. To this end, [14C]thymine prelabeled cultures were labeled with 

[3H]thymidine for 5 min following UV irradiation. Cultures were then transferred to non-

radioactive media and allowed to recover. At various times during the recovery period, 

the relative size of the 14C-labeled genomic DNA and 3H-labeled post-irradiation DNA 

synthesis was determined by sedimentation in alkaline sucrose gradients. Immediately 

following UV irradiation, the 3H-labeled post-irradiation DNA synthesis produced 

smaller sized fragments that migrated more slowly, separating from the large 14C-labeled 

genomic DNA which migrated to the bottom of the gradient. In UV irradiated wild-type 

cultures, the genomic DNA remained primarily intact throughout the recovery period and 

the post-irradiation DNA fragments were gradually joined, returning to a size that was 

approximately equal to that of the overall genomic DNA within 45 min after UV (Fig. 

3.1B).  

 



     
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
 
 

 
 
Figure 3.1.  ruvAB and ruvC mutants resume DNA synthesis, but the integrity of the genomic DNA deteriorates at late times     
                   following UV irradiation. 
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Figure 3.1 (continued) 
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Figure 3.1 (continued) 
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Figure 3.1 (continued) 
 
A: ruvAB and ruvC mutants resume DNA synthesis with similar kinetics as wild-type. 
Cultures grown in the presence of [14C] thymine were pulsed-labeled with [3H] thymidine 
for 2 min at the indicated times following either 27 J/m2 of UV irradiation or mock 
irradiation. The relative amount of 14C and 3H incorporated into the DNA is plotted over 
time. Cultures were irradiated at time 0. Graphs represent an average of two independent 
experiments. Error bars represent one standard deviation. Total [14C]-DNA in mock 
irradiated cultures (); total [14C]-DNA in irradiated cultures ();[3H]-DNA synthesis in 
2 min in mock irradiated cultures ();[3H]-DNA synthesis in 2 min in irradiated cultures 
().  3H and 14C at -10 min: WT 16234.05 and 3165.64, ruvAB 13789.59 and 1697.10, 
recG 20528.5 and 1970.14, ruvAB recG 14178.18 and 2043.61, uvrA 14670.93 and 
1767.17, and ruvC 3705.82 and 2133.75. The low 3H values in ruvC are due to the 
utilization of 3H thymidine with a lower specific activity. B: The integrity of the genomic 
DNA in ruvAB and ruvC mutants begins to deteriorate at late times following UV-
induced DNA damage. Cells grown in the presence of [14C] thymine were labeled for 5 
min with [3H] thymidine following 27 J/m2 of UV irradiation and examined at the 
indicated times by alkaline sucrose gradient analysis. Larger DNA fragments sediment 
more rapidly at the bottom of the gradient. The percentage of the total 14C genomic DNA 
(◊) and 3H DNA made during the first 5 min post UV () for each fraction is plotted. 
Each time course represents one of at least two, independent experiments. Total 3H and 
14C in each gradient at time 0: WT 2668.5 and 3799.19, ruvAB 2321.8 and 3367, ruvC 
2121.1 and 2265, and recG 2605.57 and 2789.21. C: Deterioration of the genomic DNA 
does not occur in recJ, or uvrA mutants, but does occur in ruvAB recG double mutants. 
Experiments were performed as in B. Percentage of the total 14C genomic DNA (◊) and 
percent of 3H DNA made during the first 5 min post UV () for each fraction is plotted. 
Each time course represents one of at least two, independent experiments. Total 3H and 
14C in each gradient at time 0: ruvAB recG 1113.49 and 2926.93, recJ 4344.72 and 
2124.62, and uvrA 4701.49 and 2096.22.  
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When we examined ruvAB and ruvC mutants, we observed that the post-

irradiation DNA synthesis and genomic DNA sedimented with a similar pattern to that of 

wild-type cultures at early times after UV irradiation (Fig. 3.1B). However, at times when 

the DNA had been fully restored in wild-type cultures, the integrity of the genomic DNA 

began to deteriorate in ruvAB and ruvC cultures. This was observed as a general loss of 

the peak corresponding to the large, 14C-labeled DNA fragments that sedimented 

throughout 60 and 90 min gradients. By contrast, genomic integrity was maintained 

throughout the recovery period in recG cultures and the post-irradiation DNA synthesis 

was joined and restored with kinetics that were similar to wild-type cultures (Figure 

3.1C). recG mutants are approximately as hypersensitive to UV as ruvAB or ruvC 

mutants, suggesting that the defect in maintaining the genomic DNA integrity is specific 

to ruvABC mutants and not simply due to the elevated levels of lethality that occur in 

these populations. In the absence of both RuvAB and RecG, the genomic DNA 

deteriorated with a pattern that was similar to the ruvAB single mutant, indicating that the 

phenotype in ruvAB mutants is dominant and cannot be compensated for by the presence 

or absence of RecG. In addition, although UV-irradiated recJ and uvrA mutants exhibited 

a delay in joining the post-irradiation DNA fragments that roughly correlated with the 

delayed resumption of DNA synthesis, the size of the genomic DNA primarily remained 

intact throughout the recovery period (Figure 3.1A, C). These observations suggest that 

the failure to maintain the integrity of the genomic DNA in ruvAB and ruvC mutants is 

distinct from the events that are associated with the recovery of replication following 

UV-induced arrest.  
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ruvAB and ruvC mutants accumulate Holliday junctions that fail to resolve following 

replication on damaged templates  

The deterioration of genomic DNA at late times after UV irradiation in ruvAB and 

ruvC mutants suggested that structural abnormalities may exist in the DNA following 

replication in these mutants. To examine this possibility, we examined the structural 

intermediates that occur on the plasmid pBR322 during replication in the presence of 

DNA damage by two-dimensional (2D) agarose gel electrophoresis. This technique is 

able to differentiate and identify the structural properties of replicating DNA fragments 

(Friedman & Brewer, 1995). Cultures of E. coli containing the plasmid pBR322 were UV 

irradiated with 50 J/m2 and analyzed by 2D agarose gel electrophoresis. In previous 

studies, we have shown that this dose generates, on average, 1 lesion per plasmid and that 

~90% of wild-type cells are able to survive and form viable colonies (Courcelle et al., 

2003). At various times following UV irradiation, total genomic DNA was purified, 

digested with PvuII, and analyzed by 2D agarose gels. PvuII linearizes pBR322 in a 

region ~400 bp downstream from its unidirectional origin of replication and generates a 

migration pattern that approximates a simple Y arc (Fig. 3.2A). 

By this assay, in the absence of any DNA damage or at times immediately 

following UV irradiation, only normal Y-shaped molecules were observed in wild-type, 

ruvAB, ruvC, recG, and uvrA mutants (Fig. 3.2A, B and data not shown). Following UV-

induced DNA damage in wild-type cultures, previous work from our group has shown 

that a class of more slowly migrating intermediates accumulate in the cone region of two-

dimensional agarose gels (Courcelle et al., 2003). The intermediates that migrate in this  
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Figure 3.2.  ruvAB and ruvC mutants accumulate branched structures following  
                   replication on damaged templates after UV irradiation.  
 
A: Diagram of the migration pattern of PvuII digested pBR322 observed by 2D agarose 
gel analysis in the absence and presence of UV-induced DNA damage. In the absence of 
UV irradiation, plasmids migrate as prominent linear, 4.4 kb fragments (i) and Y-shaped 
replicating molecules that migrate more slowly due to their larger size and non-linear 
shape (ii, iii, iv). These Y-shaped molecules form an arc that extends out from the main, 
linear fragment. In the presence of UV damage, molecules that contain more than one 
branch point (double Y or X-shaped structures) are observed and migrate more slowly in 
the cone region of the gel (v). 
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Figure 3.2 (continued) 

B: 2D agarose gels of WT, ruvAB, ruvC, recG, ruvAB recG, and uvrA mutants at the 
indicated times following UV irradiation. Cells containing the plasmid pBR322 were UV 
irradiated with 50 J/m2 and genomic DNA was purified, digested with PvuII, and 
analyzed by 2D agarose gels. Gels shown represent one of at least two, independent 
experiments. C: The average percent of Y-shaped replicating molecules (�), cone region 
intermediates (), and higher order branched intermediates (ο) relative to the amount of 
non-replicated linear molecules is plotted. Plots represent an average of two independent 
experiments. Error bars represent one standard deviation. 
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region are consistent with molecules having four arms or two branch points (Fig. 3.2A). 

In previous work, we demonstrated that a portion of these intermediates are formed at 

arrested replication forks following displacement of the nascent DNA (Courcelle et al., 

2003). The nascent strand displacement and fork regression on the plasmid is probably 

catalyzed by positive supercoiling induced by replication on the plasmid molecule 

(Postow et al., 2001). Consistent with this interpretation, the cone region intermediates 

are not observed in recF-O-R mutants, which fail to protect the nascent DNA from 

degradation by the RecJ nuclease (Chow & Courcelle, 2004; Courcelle et al., 2003). 

However, inactivation of the RecJ nuclease restores the cone region intermediates in recF 

mutants (Courcelle et al., 2003).  

Consistent with our previous studies, in wild-type cells, the intermediates that 

migrate in the cone region were resolved at a time that correlated with when robust 

replication resumed and the UV-induced lesions were repaired (Courcelle et al., 2003) 

(Fig. 3.2B, C). In contrast, uvrA mutants were not able to resume DNA synthesis within 

90 min following UV irradiation and intermediates continued to accumulate in the cone 

region throughout this time period (Fig. 3.2B, C). Surprisingly, when we examined 

ruvAB and ruvC mutants, we observed that a class of intermediates also accumulated in 

the cone region (Fig. 3.2B, C). These intermediates persisted throughout the time course 

and migrated as fully replicated branched molecules, twice the molecular size of the 

plasmid. At later times, higher order branched intermediates accumulated that were four, 

eight, or sixteen times the molecular size of the plasmid, suggesting that a portion of 

these intermediates continued to replicate more than once during the time course (Fig. 
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3.2B, C). Interestingly, a significant portion of these branched intermediates resolved into 

linear molecules during electrophoresis in the 2nd dimension of the gel, as evidenced by 

the line from the fully replicated molecule containing four equal branches that migrated 

down to linear molecules (Fig. 3.2B). This is in contrast to uvrA mutants, which 

accumulated similar, higher order intermediates, but no in situ migration of these 

intermediates were observed during the gel electrophoresis. Since branch migration of 

symmetrical 4-way junctions is an isoenergetic process (Friedman & Brewer, 1995; 

Tsaneva et al., 1992), the resolution of these intermediates in ruvAB or ruvC mutants may 

suggest that the molecules contain a symmetrical Holliday junction. The branched 

intermediates in these mutants were specific to UV-induced damage since no 

intermediates were observed in the absence of DNA damage or immediately following 

UV irradiation in ruvAB and ruvC mutants (Data not shown and Fig. 3.2). In recG 

mutants, the UV-induced replication intermediates observed were similar to those that 

appeared in wild-type. Although the overall quantity of Y-shaped and cone region 

intermediates was slightly higher than those that occurred in wild-type cells at early times 

after UV, they were processed and resolved with kinetics that were similar to wild-type 

and no accumulation of these intermediates was observed (Fig. 3.2B, C).  

We also examined ruvAB recG mutants to determine if the absence of both gene 

products would result in the formation of abnormal structural intermediates following 

UV-induced DNA damage. The intermediates observed in ruvAB recG mutants following 

UV irradiation were similar to those observed in ruvAB mutants (Fig. 3.2B, C). This 

suggests that the accumulation of UV-induced intermediates observed in the ruvAB 
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mutant is specific to RuvAB function and that the intermediates are not acted upon by 

other branch migration enzymes. It must be noted, though, that immediately following 

UV damage (time 0) intermediates appear in the cone region of the ruvAB recG double 

mutant that are not observed in ruvAB or recG single mutants (Fig. 3.2B). Furthermore,  

ruvAB recG mutants exhibit poor growth even in the absence of UV damage, suggesting 

that at least one of these gene products must be present to process an event or structure 

that occurs during normal cellular replication, even in the absence of UV damage 

(Donaldson et al., 2004). However, the intermediates in the cone region only appear to 

accumulate and convert to higher order branched molecules after UV irradiation, 

suggesting that the UV-induced intermediates that form in this mutant are, at least in part, 

attributed to a deficiency in RuvABC processing.  

 
The intermediates that accumulate in ruvAB mutants are distinct from those associated 

with arrested replication forks 

Cone region intermediates in ruvAB or ruvC mutants accumulate despite the fact 

that DNA synthesis resumes normally. As described above, intermediates that accumulate 

in the cone region of mutants lacking recF and recJ are thought to represent branched 

molecules that have arrested prior to completion since replication fails to recover 

following arrest in these mutants (Courcelle et al., 2003). To characterize the cone region 

intermediates that accumulate in ruvAB mutants, we compared the shape and migration 

pattern of intermediates that formed in wild-type 15 min after UV, recR recJ mutants 45 

min after UV, and ruvAB mutants 45 min after UV by 2D agarose gels and transmission 

electron microscopy (Fig. 3.3). For electron microscopy, DNA was purified from larger 
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60 ml cultures then concentrated by ethanol precipitation prior to digestion by PvuII 

restriction enzyme for the 2D agarose gel analysis. Parallel samples of the concentrated 

DNA were subjected to 2D agarose gels. One sample was used for Southern analysis and 

served to identify the locations of the intermediates in the gel, while the other half was 

stained with ethidium bromide, and the DNA was extracted and purified from the gel for 

electron microscopic analysis.  

As mentioned previously, in the absence of DNA damage, only Y-arc replication 

intermediates are observed in wild-type, ruvAB, and recR recJ mutants. When molecules 

from this region in wild-type were examined by electron microscopy, it was found that 

the region consisted predominantly of the expected Y-shaped structures (Fig. 3.3A). 

Molecules examined from this region in ruvAB and recR recJ mutants also predominantly 

contained Y-shaped molecules and were indistinguishable from wild-type (data not 

shown).  

Fifteen minutes after UV irradiation in wild-type cells, the damage-induced 

structures were comprised of intermediates that were evenly distributed throughout the 

cone region (Fig. 3.3B). By comparison, the damage-induced intermediates that were 

observed in either ruvAB or recR recJ mutants 45 min after UV irradiation formed 

predominantly in specific and distinct areas of the cone region (Fig. 3.3B). In the recR 

recJ mutant, the cone region intermediates accumulated primarily along the side of the 

cone farthest from the origin, corresponding to smaller molecules. Comparatively, the 

intermediates in the cone region of ruvAB mutants accumulated along the side of the cone 

that is proximal to the origin, corresponding to larger molecules (Fig. 3.3B). 
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Figure 3.3.  Electron microscopic analysis of plasmid DNA intermediates in wild-type  
                    cultures in the absence of DNA damage and WT, ruvAB, and recR recJ  
                    mutants following UV irradiation.  
 
A: In the absence of UV irradiation, PvuII digested pBR322 prepared from WT cells 
forms linear, nonreplicated molecules (i) and Y-shaped replication intermediates (ii). A 
diagram and an actual 2D agarose gel representing the migration pattern of pBR322 in 
WT cells is shown. DNA extracted from specific areas of the 2D gel was observed by 
transmission electron microscopy. Micrographs represent the structure observed for the 
particular region of the gel. Scales for each micrograph represent 0.5 µm. The number of 
molecules examined by electron microscopy from the nonreplicated linear fragment and 
the Y-shaped replication arc are listed in the table and represent the totals from two 
independent experiments. 
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Figure 3.3 (continued) 

B: The branch intermediates in ruvAB mutants are fully replicated molecules, whereas the 
branched intermediates in recR recJ mutants contain unreplicated regions. Diagrams and 
actual 2D agarose gels representing the migration pattern of pBR322 in WT, ruvAB, and 
recR recJ mutants are shown. DNA extracted from specific areas of the 2D gels was 
observed by transmission electron microscopy. Micrographs represent the structure 
observed for the particular region of the gel. Scales for each micrograph represent 0.5 
µm. The number of molecules examined by electron microscopy from the cone region of 
ruvAB and recR recJ mutants and their shape is listed in the table. The numbers represent 
the totals from two independent experiments in each strain. 
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When we examined the cone region intermediates from recR recJ mutants by 

transmission electron microscopy, a large portion of the molecules were found to have a 

double Y-shape, containing four branches that extended from two distinct junction points 

on the molecule (Fig. 3.3B). While the double Y-shaped molecule is not the shape that 

we would have predicted would form at the arrested replication fork of a unidirectional 

plasmid, it is clearly consistent with the idea that replication in these mutants arrested 

prior to completion. It is not precisely clear how this structure is formed. It is possible 

that the structure represents the synthesis of the lagging strand back through the origin or 

replication after the leading strand has arrested. Alternatively, some branch migration 

may occur during the preparation of the DNA that alters the structure following arrest. 

We also cannot rule out the possibility that the structure is altered during the 

concentration or precipitation procedures used in the samples prepared for electron 

microscopy. Consistent with this latter possibility, the quantity of molecules migrating in 

the cone region was slightly higher and contained some higher migrating species in the 

2D gels that were prepared for electron microscopy analysis as compared to those 

prepared by our standard method (data not shown).  

In contrast to the partially replicated molecules that were seen in recR recJ 

mutants, cone region intermediates from ruvAB mutants were predominantly found to be 

X-shaped molecules that contained four branches extending from a single junction point 

(Fig. 3.3B). In general, these molecules were equivalent in size to two linear molecules 

that contained a single Holliday junction. This observed shape is consistent with what 

would be predicted for this region of the gel (Bell & Byers, 1983; Friedman & Brewer, 
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1995; Lucas & Hyrien, 2000). When the larger, higher order intermediates that migrated 

beyond the cone region were examined in the ruvAB mutants, they were found to be 

predominantly made up of molecules that contained a single Holliday junction or were 

linear dimers that contained four linear molecules that all radiated from a single junction 

(data not shown). The observation that replication recovers and continues at rate 

comparable to wild-type cells following UV-induced damage taken together with the full 

length molecules observed by 2D agarose gels and electron microscopy are consistent 

with the idea that the unresolved Holliday junctions may arise as an intermediate that 

occurs during processing and repair of a subset of lesions that are bypassed or skipped 

over by the replication machinery.  

 
Discussion 

ruvAB and recG mutants are hypersensitive to UV irradiation, but are not required 

for replication to resume following arrest at UV-induced DNA damage. Therefore, in an 

attempt to determine the cellular role of these proteins that is required for resistance to 

UV irradiation, here we considered the possibility that the proteins may process lesions at 

sites other than the arrested replication fork. We found that the integrity of the genomic 

DNA in ruvAB and ruvC mutants began to deteriorate at late times after UV irradiation 

and that this correlated with the accumulation of unresolved Holliday junctions in vivo. 

Although the molecular size of these molecules suggests that they were fully replicated, 

the observation that they were resistant to PvuII digestion suggests that they may contain 

significant single-strand regions. The higher order intermediates that are seen to 

accumulate in ruvAB and ruvC mutants are consistent with the idea that replication was 
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not able to continue on these molecules and was able to reinitiate even in the absence of 

resolution of the initial rounds of replication. We did not observe any obvious defects in 

recG mutants as compared to wild-type cells in the assays we utilized in this study. 

Although we were unable to identify a potential role for the RecG helicase, the lack of a 

phenotype in these mutants indicates that the abnormalities observed in ruvAB and ruvC 

mutants specifically require RuvABC processing and are not able to be acted upon by 

other branch migration enzymes, such as RecG or RecJ. 

The accumulation of unresolved Holliday junctions despite the completion of 

replication of the chromosome would lead to lethality and a loss of genomic integrity if 

the chromosomes fail to partition properly. Consistent with this idea are early studies that 

found that cells lacking RuvABC filamented after UV irradiation and contained high 

numbers of anucleated or multinucleated cells (Otsuji et al., 1974). Overtime, the ruvAB 

cultures accumulated large numbers of anucleate cells and a few filamentous cells 

contained non-partitioned, centrally aggregated chromosomes (Ishioka et al., 1998). At 

late time points, the DNA from UV irradiated ruvAB and ruvC mutants was also found to 

aggregate and failed to enter pulsed field agarose gels, an observation that could suggest 

strand exchanges may be accumulating on the chromosome (Ishioka et al., 1998).  

The evidence presented here suggests that RuvABC is involved in processing 

intermediates that are associated with the repair or tolerance of lesions at sites other than 

the arrested replication fork. Some recent studies have suggested that lesions on the 

lagging strand template may not arrest the replication apparatus (Higuchi et al., 2003; 

McInerney & O'Donnell, 2004; Pages & Fuchs, 2003). If true, it is possible that RuvABC 



84 

 

may be required in this case to process the lesions in the gapped lagging strand template, 

which are thought to be produced in these events. The Holliday junctions that accumulate 

in ruvAB and ruvC mutants may suggest that RuvABC is required to resolve strand 

exchange intermediates that arise due to the repair of gaps that form on the lagging strand 

daughter DNA. The formation of these Holliday junctions that do not block replication 

would potentially result in the partitioning defects and loss of viability, as has been 

observed by others (Ishioka et al., 1998; Otsuji et al., 1974).  

It is also possible that RuvABC may be acting at Holliday junctions that have 

formed at arrested replication forks. Previous work by others has shown that substrates 

for RuvABC are also generated in temperature sensitive alleles of  dnaB at the restrictive 

temperature (Seigneur et al., 1998). Incubation at the restricted temperature inactivates 

the DnaB replicative helicase and arrests replication (Wechsler & Gross, 1971). Under 

these conditions, double-strand breaks arose in the genome in the absence of the double-

strand break repair proteins RecBCD (Michel et al., 1997). If RuvABC is additionally 

inactivated, the formation of double-strand breaks was significantly reduced, suggesting 

that Holliday junctions form after inactivation of DnaB and are subsequently cleaved by 

the RuvABC resolvasome (Seigneur et al., 1998). It seems reasonable to speculate that a 

similar Holliday junction substrate may be generated both following UV irradiation and 

inactivation of DnaB. The DnaB helicase is thought to track along the lagging strand 

template and interacts and affects primase, properties that may suggest lagging strand 

abnormalities occur in dnaB mutants. The possibility that unique substrates arise in each 

case should also not be excluded from consideration. The data presented here suggests 
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that RuvABC resolves Holliday junctions that form due to repair of damaged DNA that 

did not significantly impair the ability of replication to resume. Based on current models 

of replication fork dynamics, we speculate that RuvABC may be required to resolve 

Holliday junctions that arise as an intermediate in the lagging strand template, which do 

not arrest replication. It will be important to further explore the possibility of RuvABC 

acting on lesions that form specifically on the leading strand template or the lagging 

strand template in vivo.  
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CHAPTER IV 

UV-INDUCED REPLICATION INTERMEDIATES OF pBR322 

VISUALIZED BY TWO-DIMENSIONAL AGAROSE                             

GEL ELECTROPHORESIS 

 
Abstract 

 UV irradiation induces DNA damage that blocks DNA polymerases and can 

prevent the continuation of replication. Although several gene products have been 

identified that, when mutated, impair the ability of replication in the presence of DNA 

damage, the cellular function of several of these gene products has not been well 

characterized. To explore potential roles for these candidate gene products following UV 

irradiation, we utilized two-dimensional agarose gel electrophoresis to examine the 

structural properties of plasmid pBR322 following UV irradiation in several of these 

candidate mutants. We observed that replicating plasmids in recJ, xonA, and recQ 

mutants formed a transient cone region, or X-shaped intermediates, following UV 

irradiation that resembled those observed in wild-type cultures, although the 

intermediates persisted approximately 15 min longer in each of these mutants as 

compared to wild-type cultures. By contrast, the UV-induced cone region intermediates 

that accumulated in recBC and recD mutants persisted throughout the 90 min time 

course. Also, as previously reported, replication of the plasmid pBR322 in recD mutants 
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generated linear multimers and contained unique intermediates that occurred even in the 

absence of DNA damage. These observations are discussed and compared to other 

mutants that have been previously characterized by this technique. 

 
Introduction 

UV-induced DNA damage blocks DNA polymerases and RNA polymerases and 

can prevent the essential processes of replication and transcription (Bonner et al., 1992; 

Michalke & Bremer, 1969; Setlow et al., 1963). UV-induced DNA damage that blocks 

the progression of the replication machinery can lead to mutations or cell lethality 

(Howard-Flanders et al., 1968; Setlow et al., 1963). To deal with these impediments, cells 

are equipped with various mechanisms to ensure that replication can complete its task 

even in the presence of moderate levels of DNA damage  (reviewed in (Courcelle et al., 

2004; Marians, 2004; Michel et al., 2004). Several mechanisms have been proposed to 

operate to process DNA damage encountered during replication, depending on the type of 

damage encountered and potentially which template strand encounters the damage. 

Lesions on the lagging strand template do not block replication, while lesions on the 

leading strand template block the DNA polymerase and stall replication (Cordeiro-Stone 

et al., 1999; Higuchi et al., 2003; McInerney & O'Donnell, 2004; Pages & Fuchs, 2003).  

In the case where replication arrests at the site of the lesion, several lines of 

evidence suggest that the replication fork regresses, backing away from the blocking 

lesion to allow for the nucleotide excision repair proteins to gain access to and remove 

the damaged DNA (Courcelle et al., 1999; Courcelle et al., 2003; Courcelle & Hanawalt, 
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2001; Higgins et al., 1976; Michel et al., 1997; Robu, 2001). Maintaining the replication 

fork and processing these intermediate substrates has been shown to depend on RecA and 

several gene products of the recF pathway (Chow & Courcelle, 2004; Courcelle et al., 

1997; Courcelle & Hanawalt, 1999; Robu, 2001). Following arrest, the 3’-5’ helicase 

RecQ and the 5’-3’ single-strand specific exonuclease RecJ have been shown to 

preferentially displace and degrade the nascent lagging strand at the replication fork 

(Courcelle & Hanawalt, 1999). The nascent strand processing by RecJ and RecQ is 

limited by RecF, RecO, RecR, and RecA. The processing is proposed to facilitate fork 

regression and enhance the ability of RecA to bind and form a filament at this site, which 

maintains the arrested replication fork until the UV lesion is repaired by the nucleotide 

excision repair proteins (Chow & Courcelle, 2004; Courcelle et al., 2003; Hishida et al., 

2004). Following repair of the obstructing lesion, the replication fork could reset and 

normal replication could continue (Courcelle et al., 2003).  

In contrast to the arrest at replication, some studies currently suggest that lesions 

that form on the lagging strand template do not block the replication machinery, but will 

instead result in the formation of nascent strand gaps opposite to the site of the lesion 

(Higuchi et al., 2003; McInerney & O'Donnell, 2004). This observation is consistent with 

early findings on the chromosome that showed that following UV irradiation, some 

limited replication can still be detected that contains gaps in regions where the lesion 

formed (Ganesan et al., 1988; Rothman & Clark, 1977; Rupp & Howard-Flanders, 1968). 

However, the events that process and repair nascent strand gaps that form following UV 

irradiation are not well understood. We have previously shown that RuvABC is not 
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essential for DNA synthesis to resume (Donaldson et al., 2004), but is required to resolve 

Holliday junctions that form due to replication occurring on damaged templates 

(Donaldson et al., 2005). This role of RuvABC was identified by analyzing the structural 

intermediates that formed following UV irradiation. The abnormalities observed in ruvAB 

mutants despite the apparent normal resumption of DNA synthesis highlights the need to 

characterize the structural intermediates that may occur in other UV-sensitive mutants 

that appear to recover replication normally.  

Two-dimensional (2D) agarose gel electrophoresis is a technique that allows for 

the identification of DNA structural intermediates that form following UV irradiation. 

The technique of 2D agarose gels was first utilized to separate closed circular plasmid 

species from nicked and linear molecules (Oppenheim, 1981). The technique was further 

developed to separate branched structures from linear molecules by Bell and Byers, who 

found that by increasing the voltage and agarose concentration in the second dimension, 

X-shaped structures could be resolved from other linear species (Bell & Byers, 1983). 

This technique has since been refined and applied to both eukaryotic and prokaryotic 

systems to identify different structures that occur on DNA molecules (Bell & Byers, 

1983; Brewer & Fangman, 1987; Courcelle et al., 2003; Friedman & Brewer, 1995; 

Kuzminov et al., 1997; Martin-Parras et al., 1991; Martin-Parras et al., 1998; Olavarrieta 

et al., 2002).  

Characterizing replicating fragments on the E. coli chromosome by 2D agarose 

gels is complicated by the fact that replication through any given sequence on the 

chromosome is a rare event. To address this issue, the 4.4 kb plasmid pBR322 can be 



97 
 

 

used to identify intermediates associated with replicating DNA fragments. The plasmid’s 

moderate copy number and smaller size facilitate the detection of a rare event such as 

replication through a specific DNA sequence. Following the initiation of replication, 

pBR322 utilizes the E. coli host’s replication proteins to replicate its own template 

(Bremer & Lin-Chao, 1986; Tomizawa, 1984; Tomizawa & Som, 1984), suggesting that 

intermediates observed on the plasmid may also occur during replication on the 

chromosome. In addition, previous studies have characterized the replication properties 

and UV-induced intermediates of pBR322 (Courcelle et al., 2003; Martin-Parras et al., 

1991; Martin-Parras et al., 1998).  

Here, we extended these previous studies to characterize the replication 

intermediates that arise in several mutants of E. coli that lack proteins proposed to have 

cellular roles in the presence of DNA damage. We analyzed the structural intermediates 

that formed following UV irradiation in xonA (Exo I), recJ, recQ, recBC, and recD 

mutants to identify potential intermediates that these enzymes may be responsible for 

processing in vivo.  

 
Materials and Methods 

 
Bacterial strains and UV irradiation  

Our parental strain, SR108, is a thyA36 deoC2 derivative of W3110 (De Lucia & 

Cairns, 1969). The strains HL922 (SR108 recB21recC22 argA81::Tn10), HL923 (SR108 

recD1011 argA81::Tn10), HL924 (SR108 recJ284::Tn10), HL1034 (SR108 

xonA::cat300), and CL581 (SR108 recQ6215::cat883) have been reported previously 
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(Courcelle et al., 2003; Courcelle & Hanawalt, 1999). Cells were transformed with 

plasmid pBR322 by electroporation (Sambrook & Russell, 2001). Phenotypes were 

confirmed by antibiotic resistance and, when appropriate, UV hypersensitivity. 

UV irradiation was performed using a Sylvania 15-watt germicidal lamp (254 nm) 

at an incident dose of 0.9 J/m2/sec. 

 
Two-dimensional agarose gel electrophoresis 

0.2 ml of overnight cultures grown in the presence of 100 µg/ml ampicillin were 

pelleted, resuspended in 20 ml of Davis medium supplemented with 0.4% glucose, 0.2% 

casamino acids, 10 µg/ml thymine (DGCthy media), and grown without ampicillin to an 

OD600 of 0.5 in a 37ºC shaking incubator. Following a UV dose of 50 J/m2, cultures were 

transferred to a new, prewarmed flask and returned to the 37ºC shaking incubator. At the 

indicated times, 0.75 ml aliquots of culture were transferred to an equal volume of 2X 

NET (200 mM NaCl, 20 mM Tris, pH 8.0, 20 mM EDTA, pH 8.0), centrifuged for 90 sec 

at 14,000 rpm, resuspended in 0.15 ml of lysozyme solution (1 mg/ml lysozyme, 0.5 

mg/ml RNase A in 10 mM Tris, 1 mM EDTA, (pH 8.0)), and incubated for 20 min at 

37ºC. 0.025 ml of 20% Sarkosyl and 0.010 ml of 10 mg/ml Proteinase K were added and 

incubation continued for 1 hr at 55ºC. Samples were then extracted twice with four 

volumes of phenol:chloroform:isoamyl alcohol (25:24:1), followed by one extraction 

with four volumes of chloroform:isoamyl alcohol (24:1), prior to dialysis on 47 mm 

Whatman 0.05 µm pore disks (Whatman #VMWP04700) floating on a 200 ml beaker of 

TE (100 mM Tris, 1mM EDTA, pH 8.0) for 3 hr. Samples were then restricted with 
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either PvuII or SacII restriction enzyme (New England Biolabs) at 37ºC overnight. 

Samples were then extracted with two volumes of chloroform:isoamyl alcohol (24:1) and 

loaded directly on the gel.  

The genomic DNA samples were initially separated in a 0.4% agarose gel in 1X 

TBE (Tris, Boric Acid, EDTA, pH 8.0) at 1 V/cm for 15 hr. The lanes were then excised, 

rotated 90 degrees, and recast in a 1% agarose gel in 1X TBE and electrophoresed at 6.5 

V/cm for 7 hr. DNA in the gels was transferred to a Hybond N+ nylon membrane 

(Amersham) and the membrane was probed with 32P-labeled pBR322 that was prepared 

by Nick translation (Roche Applied Science) using α-dCTP (6000 Ci/mmol, MP 

Biomedicals). Radioactivity was visualized using a STORM Molecular Dynamics 

PhosphorImager with its associated ImageQuant analysis software (Molecular 

Dynamics). 

 
Results and Discussion 

 
A model for studying replication intermediates using two-dimensional agarose gel 

electrophoresis  

To examine UV-induced replication intermediates on the plasmid pBR322 by 2D 

agarose gel electrophoresis, strains containing the plasmid pBR322 were UV irradiated 

with 50 J/m2. We have shown previously that this dose generates an average of 1 lesion 

per plasmid and reduces survival of wild-type cultures by ~10% (Courcelle et al., 2003). 

At various times following UV irradiation, total genomic DNA (chromosomal and 

plasmid) was purified and digested with restriction endonucleases prior to agarose gel 
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electrophoresis. Two different restriction endonucleases were utilized in this study. The 

restriction endonuclease PvuII linearizes the plasmid pBR322 at a location that is ~400 

bp downstream of the origin of replication and allows us to examine the structural 

properties of the replication fork as it progresses through the molecule. The restriction 

endonuclease SacII restricts the genomic DNA, but leaves the plasmid pBR322 intact, 

allowing us to examine multimeric or catenated molecules that may result from 

replication in the presence of UV-induced DNA damage.  

The first dimension of the 2D gel separated DNA in a low percentage agarose gel 

(0.4%) at a low voltage (1 V/cm2) for 15 hr to resolve DNA fragments primarily by size. 

For the second dimension, the lanes were excised, rotated 90º, recast in a high percentage 

agarose gel (1.0%), and electrophoresed at a high voltage (6.5 V/cm2) for 7 hr to separate 

DNA fragments according to both shape and size. Figure 4.1 is a representative diagram 

of the migration pattern of pBR322 when it is either undigested (Fig. 4.1A) or restricted 

near the origin of replication (Fig. 4.1B).  

Figure 4.2 shows the migration pattern of structural intermediates that arise in 

pBR322 purified from wild-type cells at various times following UV irradiation. pBR322 

restricted with PvuII from wild-type cells produced only non-replicating linear molecules 

and replicating Y-shaped molecules immediately after UV irradiation (time 0) (Figs. 4.1B 

and 4.2A). The non-replicating 4.4 kb linear molecules produced the most prominent spot 

seen in the 2D agarose gel of the restricted plasmid. The replicating, Y-shaped molecules 

formed an arc that extended from the linear fragment to a point that correlated to 8.8 kb 

in length, or a fully replicated linear molecule. After UV irradiation, transient cone region  
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Figure 4.1.  Migration pattern of two-dimensional agarose gels.  
 
The first dimension separates DNA by size. This lane is excised, rotated 90º, and 
electrophoresed in the second dimension to separate DNA by shape. A: The migration 
pattern of undigested plasmid pBR322 following UV irradiation. The prominent species 
in the absence of DNA damage migrate as supercoiled monomers and open circle 
monomers. Smaller quantities of linear and dimer molecules can also be detected. 
Following UV irradiation, the level of dimer (and higher order) circular molecules 
increases, as does the level of linear, linear dimer, and catenated molecules. For 
description of structures and pattern of migration, please see text. B: Migration pattern of 
PvuII digested plasmid pBR322 following UV irradiation. In the absence of DNA 
damage, the non-replicating linear molecules migrate as 4.4 kb fragments, while Y-
shaped replicating molecules migrate more slowly, forming an arc that extends out from 
the linear fragments. Molecules that form double-Y structures and X-structures appear in 
the cone region following UV irradiation. 
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intermediates were visible that migrated above the Y-arc, peaking between 15 and 30 min 

after UV irradiation (Courcelle et al., 2003) (Fig. 4.2A). We have shown previously that 

these cone region intermediates consist of double-Y and X-structures that have formed at 

arrested replication forks and replication through damaged templates, respectively 

(Courcelle et al., 2003; Donaldson et al., 2005) (Fig. 4.1B). Previous work has shown that 

the cone region intermediates persist until a time that correlates with when the UV-

induced lesions had been removed from the DNA by the nucleotide excision repair 

proteins in wild-type cultures (Courcelle et al., 2003). 

Figure 4.2B shows the migration pattern of structural intermediates that arise in 

undigested pBR322 purified from wild-type cells following UV irradiation. These 

samples were digested with SacII, which does not restrict the plasmid, but digests the 

chromosomal DNA, making the samples easier to manipulate. The 2D agarose gels of 

undigested pBR322 were used to identify the end products of replication on damaged 

molecules and is useful to distinguish between supercoiled and open circle molecules, as 

well as multimers and catenante structures. The locations of unreplicated supercoiled and 

open circle monomers and dimers have been identified by others by relaxing supercoiled 

molecules using DNaseI to produce predominantly open circle molecules (Martin-Parras 

et al., 1998). These structures migrated in the 2D gels at the positions indicated in Figure 

4.1A. The discontinuous arc that appeared between the open circle monomer and 

supercoiled monomer species is reported to consist of knotted supercoiled molecules 

(Martin-Parras et al., 1998). Dual faint, but visible arcs radiated from the open circle 

monomer molecules and extended to the open circle dimers and the catenate structures.  
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Figure 4.2.  UV-induced replication intermediates of pBR322 from wild-type cultures. 
 
A: 2D agarose gels of PvuII digested pBR322 following UV irradiation. Cells containing 
the plasmid pBR322 were UV irradiated with 50 J/m2 and the total genomic DNA was 
purified, restricted with PvuII, and resolved by 2D agarose gels at the times indicated. 
The percent of the molecules in the Y-arc (�) and in the cone region () are plotted 
relative to the amount of linear DNA in the sample and are based upon two independent 
experiments. Errors bars represent one standard deviation. B: 2D agarose gels of 
undigested pBR322 following UV irradiation. DNA prepared as in (A) except digested 
with SacII rather than PvuII. SacII does not restrict the DNA of plasmid pBR322. Gels 
represent one of at least two independent experiments. 
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The arc between open circle monomer and open circle dimer has previously been 

reported to correspond to replication intermediates that had an open circle with a double-

strand tail that increased in size, a Cairns or theta-shaped structure (Brewer & Fangman, 

1987; Martin-Parras et al., 1998; Sundin & Varshavsky, 1980). The second arc between 

the open circle monomer and the catenate species is suggested to correspond to catenated 

dimers of differing linking numbers (Brewer & Fangman, 1987; DiNardo et al., 1984; 

Martin-Parras et al., 1998; Sundin & Varshavsky, 1980). Previous studies that examined 

replication on SV40 plasmids in human cells suggested that catenates formed as a normal 

intermediate during the completion of replication and typically involved interlocked 

daughter molecules that contained nicks or gaps at the terminus (Sundin & Varshavsky, 

1980; Sundin & Varshavsky, 1981). Figure 4.2B shows that in wild-type cells, catenated 

dimers appeared to accumulate within ~15 min and after UV irradiation. The formation 

of these species correlated with the time that cone region intermediates were observed in 

the PvuII digested samples, suggesting that these species may reflect the structures 

maintained during the repair of gaps and/or lesions that have formed on the molecules.  

 
recJ, recQ, and xonA mutants form intermediates that resemble those of wild-type 

following UV irradiation  

Over the years, several genes have been identified, that when, mutated impair the 

cell’s ability to replicate and survive in the presence of UV-induced DNA damage. 

Although these gene products promote survival following UV irradiation, in many cases 

little is known about the specific role(s) these enzymes have in the cell. As mentioned 
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above, the 3’-5’ helicase RecQ and the 5’-3’ exonuclease RecJ have been shown to 

process the nascent lagging strand DNA at arrested replication forks (Courcelle & 

Hanawalt, 1999). In addition to its role in processing the arrested replication fork, RecQ 

has also been suggested as to having an important role in suppressing genomic 

rearrangements (Hanada et al., 1997; Hishida et al., 2004). Although, the removal of RecJ 

or RecQ does not prevent the cell’s ability to resume DNA synthesis, it does result in a 

delay (for recJ) or a reduced rate (for recQ) in the recovery of DNA synthesis after UV 

irradiation (Courcelle et al., 2005). In addition, both recQ mutants and recJ mutants have 

altered patterns and frequency of recombination induced by DNA damage, suggesting 

that abnormal intermediates may accumulate in their absence (Hanada et al., 1997; Ukita 

& Ikeda, 1996).  

Consistent with our previous results, recJ and recQ mutants formed cone region 

intermediates that migrated and appeared similar to wild-type cells following UV 

irradiation (Courcelle et al., 2003) (Fig. 4.3A). While subtle, the cone region 

intermediates appeared to remain evident in both recJ and recQ mutants ~15 min longer 

than in the wild-type cultures, perhaps reflecting the delayed recovery in these mutants 

(Fig. 4.3A). However, the difference was not quantitatively significant and the 

intermediates were resolved by the end of the time course, similar to wild-type cultures. 

Comparatively, when we examined the structural intermediates associated with 

undigested pBR322 molecules from recJ and recQ mutants, we did not observe any 

detectable differences in the multimeric structures or catenates that formed during the  
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Figure 4.3.  UV-induced replication intermediates of pBR322 from ruvAB, recG, recQ,  
                    recJ, and xonA mutants of Escherichia coli.  
 
A: 2D agarose gels of PvuII digested pBR322 following UV irradiation. Cells containing 
the plasmid pBR322 were UV irradiated with 50 J/m2 and the total genomic DNA was 
purified and restricted with PvuII and resolved by 2D agarose gels at the times indicated. 
Gels shown represent one of at least two independent experiments. The percent of 
molecules in the Y-arc (�) and in the cone region () are plotted relative to the amount 
of linear DNA in the sample. Note the different scale on the ruvAB graph. Graphs are 
based on two independent experiments. Error bars represent one standard deviation.  
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Figure 4.3 (continued) 
 
B: 2D agarose gels of undigested pBR322 following UV irradiation. DNA was prepared 
as in (A) and restricted with SacII, and resolved by 2D agarose gels at the times 
indicated. Gels shown represent one of at least two independent experiments. 
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recovery period of UV irradiated recQ or recJ mutants when compared to wild-type cells 

(Fig. 4.3B).  

Another protein with a similar function to RecJ is Exonuclease I. Exo I, encoded 

by xonA, is an exonuclease that degrades single-strand DNA in the 3’-5’ direction, which 

is opposite in polarity to that of RecJ (Lehman & Nussbaum, 1964). Exo I copurifies with 

RecA and has been implicated in DNA repair and recombination (Bedale et al., 1993; 

Burdett et al., 2001; Phillips et al., 1988; Viswanathan & Lovett, 1998). The polarity of 

Exo I raises the possibility that it could process the nascent leading strand DNA at 

blocked replication forks. However, xonA mutants have a similar pattern of nascent DNA 

processing as wild-type, suggesting that this gene product is not involved in processing 

nascent DNA at the arrested replication fork or that the level of degradation is below 

what can be detected in our assays (Courcelle & Hanawalt, 1999). To expand upon these 

previous results, we examined the UV-induced intermediates that formed on pBR322 

molecules from xonA mutants (Fig. 4.3). When we examined the migration pattern of 

xonA mutants digested with PvuII, we found that the cone region intermediates formed 

were similar to those observed in recQ and recJ mutants. The intermediates also appeared 

to persist slightly longer than in wild-type cultures, although again this difference was not 

statistically significant (Fig. 4.3A). 2D agarose gels of undigested pBR322 molecules 

from xonA mutants after UV irradiation showed that molecular species in xonA mutants 

were similar in kind and quantity to those observed in wild-type cells (Fig. 4.3B). 

We have shown previously that strains deficient in the branch migration proteins 

RuvAB or RecG did not exhibit a delay in the resumption of DNA synthesis following 
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UV irradiation (Donaldson et al., 2004). However, the removal of RuvAB, not RecG, 

resulted in the accumulation of structures in the cone region of the 2D agarose gel 

following UV irradiation, indicating an important role for RuvAB in processing Holliday 

junctions that accumulate due to replication occurring on damaged templates (Donaldson 

et al., 2005) (Fig. 4.3A). To further characterize these intermediates, we examined 2D 

agarose gels of undigested plasmid pBR322 from ruvAB mutants. We found that these 

mutants accumulated species that would be consistent with the formation of catenated 

dimers (Fig. 4.3B). It is reasonable to speculate that the unresolved Holliday junctions 

and catenated molecules in ruvAB mutants may lead to a failure of the chromosome to 

partition properly and result in the UV hypersensitive phenotype associated with these 

mutants. Consistent with this view, previous studies have shown that following UV 

irradiation, ruvAB mutants filament extensively. These filaments contain regions of 

multinucleate and anucleate regions between the locations where septation should occur 

(Ishioka et al., 1998; Otsuji et al., 1974).  

 
recBC and recD mutants are not able to remove X-structures that arise following UV 

irradiation 

In addition to the proteins mentioned above, RecBC and RecD also have roles in 

processing DNA in the presence of damage. Purified RecBCD unwinds and degrades 

duplex DNA from a double-strand end and is important for the repair of double-strand 

breaks (Kowalczykowski et al., 1994; Kuzminov, 1999; Smith, 1998). The DNA 

degradation continues in a progressive manner until reaching a specific sequence, the Chi 
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Site (reviewed in (Kuzminov, 1999). Upon encountering the Chi site, the nuclease 

activity is attenuated, although the helicase activity continues to unwind DNA. It is 

thought that RecA is then recruited to this substrate to initiate recombination (Amundsen 

et al., 2000). recBC mutants are deficient in all known activities of RecBCD, have a 

reduced recombination frequency as measured by conjugation and transduction, have a 

low plating efficiency, and are sensitive to DNA damage (Chaudhury & Smith, 1984; 

Clark, 1973). recD mutants are deficient in exonuclease activity, but are still able to 

unwind DNA and are proficient in recombination (Amundsen et al., 1986). Additionally, 

recD mutants have normal cell viability as compared to wild-type following UV 

irradiation (Chaudhury & Smith, 1984). Strains deficient in RecBC or RecD appear to 

process the nascent DNA normally following the arrest of replication (Courcelle & 

Hanawalt, 1999). The absence of RecBC or RecD does not impair the cell’s ability to 

resume replication (Courcelle et al., 1997; KH Chow, unpublished results). However, 

although recBC mutants begin to recover DNA synthesis at a time that is similar to wild-

type cultures, the rate of synthesis does not return to pre-UV rates within 90 min (KH 

Chow, unpublished results).  

In an attempt to further understand the cellular roles that RecBC and RecD might 

have following UV-induced DNA damage, we examined the replication intermediates 

that occurred on pBR322 molecules from recBC and recD mutants using 2D agarose gels 

(Fig. 4.4). In recBC, mutants the migration pattern of PvuII digested pBR322 was found  

to be similar to that observed in wild-type cells (Fig. 4.4A). However, unlike wild-type 

cells and as previously reported, the intermediates that migrated in the cone region of  
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A: 2D agarose gels of PvuII digested pBR322 following UV irradiation. Cells containing 
the plasmid pBR322 were UV irradiated with 50 J/m2 and the total genomic DNA was 
purified and restricted with PvuII and resolved by 2D agarose gels at the times indicated. 
The percent of molecules in the Y-arc (�) and in the cone region () are plotted relative 
to the amount of linear DNA in the sample. Graphs are based on two independent 
experiments. Error bars represent one standard deviation. B: 2D agarose gels of 
undigested pBR322 following UV irradiation. DNA was purified as in (A) and restricted 
with SacII, and resolved by 2D agarose gels at the times indicated. Gels shown represent 
one of at least two independent experiments. 
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recBC mutants persisted throughout the 90 min time course (Fig. 4.4A). To further 

characterize the structural intermediates that persisted in this strain, undigested pBR322 

molecules from recBC mutants were also examined. We did not observe any detectable 

differences in the species or quantities of products generated during the recovery period 

following UV irradiation, making the events that lead to the persistence of the X-shaped 

molecules in the PvuII digested samples unclear (Fig. 4.4). 

Similar to recBC mutants, PvuII digested pBR322 molecules from recD mutants 

also formed cone region intermediates that persisted throughout the 90 min time course in 

response to UV irradiation (Fig. 4.4A). In contrast to recBC mutants, however, recD 

mutants additionally contained a class of unique structural intermediates that were 

present both in the absence and presence of UV irradiation. These unique intermediates 

migrated as a tail of shorter products that extended from the 8.8 kb linear spot (Fig. 

4.4A). Examination of undigested pBR322 from recD mutants indicated that long, linear 

multimers of pBR322 formed even in the absence of DNA damage (Fig. 4.4B). Previous 

studies have shown that RecD is required to prevent plasmid replication from occurring 

via a rolling circle mechanism and that this results in reduced plasmid stability in recD 

mutants (Biek & Cohen, 1986; Niki et al., 1990).  

These results indicate that RecBC or RecD are required to process DNA 

intermediates generated by UV-induced DNA damage. However, the nature of the 

substrate that requires processing is not clear. The presence of linear multimers in recD 

mutants in the absence of UV irradiation, taken together with the persistence of the cone 

region intermediates following UV irradiation, suggests that RecD may be processing a 
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common substrate that occurs during both normal replication and DNA repair. The 

possibility that the replication defect in recD mutants is simply exaggerated by the 

presence of UV damage also cannot be excluded.  

Here we have investigated several mutants for potential intermediates that may 

indicate the cellular substrate for these gene products in vivo. Together with previous 

data, our results suggest that RecJ, RecQ, and potentially Exo I may have roles in 

processing UV-induced intermediates that would increase the efficiency by which 

replication resumes. RecBC and RecD both have roles in processing UV-induced 

intermediates as well, but may also have a functional roles in the absence of DNA 

damage. The question of what specific role(s) that RecBC or RecD has during normal 

cellular replication and how it relates to its role following UV-induced DNA damage is 

an interesting problem that merits further investigation. 
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CHAPTER V 

SUMMARY 
 
 

The bacterium Escherichia coli has served as a useful model organism for 

characterizing how cells respond to DNA damage. The genetics of this organism are well 

characterized, allowing for rapid construction of specific mutants. Additionally, the 

processes of replication, transcription, and repair are highly conserved between E. coli 

and humans, allowing us to dissect how these complicated cellular processes occur in a 

simpler, more manipulable system such as E. coli. 

This project utilized DNA damage induced by UV irradiation as a model lesion to 

dissect the general question of how replication occurs in the presence of DNA damage. 

Lesions that are induced by UV irradiation have been shown to block the progression of 

replication machinery (Howard-Flanders et al., 1968; Setlow et al., 1963). Following UV 

irradiation, DNA synthesis undergoes a brief arrest before resuming again (Courcelle et 

al., 2003; Setlow et al., 1963). The time at which replication resumes correlates with 

when the lesions have been removed from the DNA and UV-induced intermediates have 

been processed (Courcelle et al., 2003). Although several proteins are known to be 

involved, the specific processes by which replication resumes following arrest at a UV 

lesion or continues in the presence of a non-arresting lesion are not completely 

understood. This dissertation focused upon characterizing several candidate gene 
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products for their potential roles in either the recovery of DNA synthesis following UV 

irradiation or potentially processing UV-induced lesions that fail to arrest the progression 

of the replication machinery. 

 Following UV irradiation, it has been proposed that the nascent DNA at the 

arrested replication fork will be displaced and processed to generate a 4-arm branched 

structure that resembles a Holliday junction. This would then expose the blocking lesion 

and allow the nucleotide excision repair proteins to gain access to and remove the 

damaged DNA (Courcelle et al., 2003). RuvAB and RecG have both been proposed to 

potentially form Holliday junctions at arrested replications forks based primarily upon in 

vitro studies and UV survival assays (Courcelle & Hanawalt, 2001; McGlynn & Lloyd, 

1999; McGlynn & Lloyd, 2001; Seigneur et al., 1998). Chapter II of this dissertation 

tested the hypothesis that RuvAB or RecG may be required for DNA synthesis to resume 

following UV irradiation. We showed that the absence of either RecG or RuvAB did not 

affect the time or kinetics that DNA synthesis resumed. We also showed that RuvAB and 

RecG were not required for maintaining the structural integrity of the arrested replication 

fork following UV irradiation. This suggests that if RuvAB or RecG is involved in 

catalyzing fork regression, it is not essential for the resumption of DNA synthesis 

following UV-induced DNA damage.  

 Chapter III’s surprising result that RuvAB or RecG are not essential for the 

resumption of DNA synthesis following arrest led us to pursue the question of “Why are 

strains deficient in RuvAB or RecG hypersensitive to UV irradiation?” The impaired 

survival following UV-induced DNA damage clearly indicates that these gene products 



123 

 

are required for some function that promotes viability when the cells are exposed to UV. 

Chapter III of this dissertation explored the possibility that RuvABC or RecG are 

involved in alternative processes following UV irradiation other than the direct 

processing of arrested replication forks. We explored this possibility using two-

dimensional agarose gel electrophoresis, along with transmission electron microscopy 

and alkaline sucrose gradients to monitor the structural integrity and intermediates of 

ruvAB and recG mutants following UV irradiation. We showed that even though DNA 

synthesis resumed following arrest, mutants lacking RuvAB or RuvC accumulated 

Holliday junctions following replication on damaged templates. The failure to resolve the 

Holliday junctions correlated with a loss in the integrity of the genomic DNA at later 

times following UV. These Holliday junctions were further examined by transmission 

electron microscopy and were found to be structurally distinct from the intermediates 

observed to accumulate in mutants that fail to resume replication following arrest. We 

proposed that RuvABC may be necessary to resolve Holliday junctions that accumulate 

at a subset of lesions that are skipped over by the replication apparatus. 

The technique of two-dimensional agarose gel electrophoresis to reveal structural  

intermediates associated with the recovery of replication following UV-induced DNA 

damage has proven to be a useful tool for identifying the potential cellular functions of 

several candidate gene products (Courcelle et al., 2003; Donaldson et al., 2005). To make 

use of this, Chapter IV used two-dimensional agarose gels to survey several mutants for 

potential intermediates that may indicate the cellular substrates for these gene products in 

vivo. The UV-induced intermediates of strains deficient in RecJ, Exo I (xonA), RecQ, 
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RecBC, and RecD were analyzed by two-dimensional agarose gel electrophoresis. We 

showed that recJ, recQ, xonA, and recBC mutants did not accumulate UV-induced 

intermediates that were distinct from those observed in wild-type cells by this assay 

(Courcelle et al., 2003). However, in the recJ, recQ, and xonA mutants, the UV-induced 

cone region intermediates persisted for 15 min beyond the time that they had been 

resolved in wild-type cultures. By contrast, the cone region intermediates in recBC and 

recD mutants persisted throughout the 90 min time period we examined. Additionally, 

recD mutants formed long, linear multimers both the absence and presence of UV-

induced DNA damage as has been reported previously.  

These results suggest several experimental predictions and questions that could be 

pursued in the future. First, what is the role of RecG? The assays we utilized in these 

studies were unable to identify any significant abnormalities in recG mutants that could 

account for its hypersensitivity to DNA damage. RecG catalyzes the formation of 

Holliday junctions from replication fork-like structures in vitro, yet these activities have 

not been identified in vivo. Second, what are the molecular events that generate the DNA 

cross-overs observed in ruvAB and ruvC mutants? Third, what are the structures of the 

intermediates that form in recBC and recD mutants? These gene products are involved in 

recombination-mediated repair of double-strand breaks and the roles of these proteins in 

the cell in the presence of UV-induced DNA damage need to be identified. Are they part 

of a second pathway that the cell will choose if not able to repair the damaged lesions by 

nucleotide excision repair? It will be important to further characterize these and other 

proteins in cellular processes that occur in the presence of DNA damage. 
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