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1. Introduction

When the anti-parallel duplex structure of DNA was first postulated it paved a logical pathway to the proposal of semi-
conservative DNA replication in which the two parental strands are unwound to provide a template for de novo
polynucleotide chain synthesis (Crick & Watson, 1953a; 1953b). Whilst the structure of DNA makes for a relatively
simple model for the DNA replicative processes this simplicity is counter balanced by the array of complex molecular
pathways which must orchestrate the high fidelity duplication of chromosomes. These mechanisms need to cope with a
variety of types of damage to the parental duplex, which must be processed in a relatively error free fashion. Failures to
correct DNA damage associated with the progression of the DNA replicative machinery, the replisome, can render a cell
unviable or diseased. Conversely, alterations to genomes, be they single base pair changes or more substantial structural
rearrangements, are required to instil genetic change, which is essential for the evolution of living systems. One repair
process associated with replication is genetic recombination, which serves to repair breakages in DNA strands and failed
forks. Failures in recombinogenic processing of replication-associated lesions is associated with significant genome
rearrangements and in humans these have been linked directly to genetic disease states, including cancers (Abeysinghe
et al., 2006; Admire et al., 2006; Aguilera & Gomez-Gonzalez, 2008; Bartek et al., 2007; Chen et al., 2010; Halazonetis et
al., 2008; Lambert et al., 2005; Lemoine et al., 2005; Putnam et al., 2009; Weinstock et al., 2006; Weinert et al., 2009;
Moynahan & Jasin, 2010). Whilst recombination mechanisms serve other functions in genome dynamics, such as the
programmed conjoining of homologous chromosomes during meiosis, it could be argued that the primary role of
recombination is to mediate genome repair in close association with the replisome.

Here we will explore current understanding of the types of DNA replication-associated lesions which require
recombination processing and the current models proposed for the various recombination mechanisms which ultimately
repair and maintain genetic integrity during cellular duplication events. Replication-associated recombination also plays
distinct functional roles in regulation of specific genomic events, such as mating type switching in fission yeast
(Dalgaard & Klar, 1999), and it regulates some genomic regions via distinct mechanisms, such as the highly repetitive
rDNA locus (Dalgaard et al., 2011; Chapter X, this book). Whilst we will not consider these specific regulatory
mechanisms here, this chapter will provide an understanding of the mechanistic basis of the role of recombination in
preserving genome integrity in response to aberrations in the replicative process and will thus provide an enlightened
platform for further reading relating to regulation of specific genomic events/regions.

2. The generation of replication-associated recombinogenic lesion

The process of DNA replication can result in unscheduled generation of recombinogenic DNA lesions which can take the
form of single-stranded gaps within a duplex, one-sided DNA double-strand breaks (DSBs), two-sided DSBs or
collapsed fork structures. Breaks in the DNA arise due to the replisome encountering an array of distinct problems. In
this section we outline models which have been proposed for the generation of distinct classes of lesion .

2. 1. The conversion of single-stranded nicks into DSBs

Nicks or short gaps can be generated in one strand of the duplex during normal cellular metabolism. They can be
generated by a single broken bond in the sugar-phosphate backbone of one strand or by the excision of a nucleotides
during excision repair processes, such as nucleotide excision repair (NER) (for example, see Moriel-Carretero & Aguilera,
2010a; 2010b); moreover, nicks in the duplex can be generated by internally orexternally generated DNA damaging
agents, such as highly reactive superoxide radicals or radiation.
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Figure 1. Replication-associated recombinogenic lesions. (A) Generation of a one-sided DSB. A unidirectional replication
fork approaches a nick (discontinuity in one of the parental duplexes), and a one-sided break is generated. (B)
Generation of a two-sided DSB. Opposing forks converge on the side of a parental strand nick to generate a two-sided
DSB. (C) Generation of a DSB from a inter-strand cross link (ICL). Replication forks converge on an ICL. This generates a
structure which is cleaved by structure-specific nuclease activity, which in turn creates a two-sided DSB. The cross
linked abduct remains associated with the unbroken duplex and translesion polymerase synthesis past the abduct
generating a complete duplex with an abduct associated with one strand which can now undergo an excision repair
(vertical black arrows). (D) single-stranded gap generated by lesion skipping. The replisome ‘skips” a DNA damage
abduct (purple oval) leaving a ssDNA gap behind the fork. (E) Replication fork collapse at a replication barrier. The
replisome encounters a barrier to progression and fork stability becomes compromised. The replisome dissociates from
the DNA leaving a fork-like branched structure which requires processing for repair / fork recovery. (F) Replication fork
collapse due to uncoupling of the replicative helicase and the polymerase. The uncoupling of the helicase (red oval with
white arrow) from the polymerases (purple oval) results in the helicases running ahead of new strand synthesis
generating extensive regions of ssDNA and ultimately causing fork demise.

When a nick is encountered in either the leading or the lagging strand template by a unidirectional DNA replication fork
then a one-sided DSB can result (Figure 1A) (for example, see Harper et al., 2010). The generation of this break can be
concomitant with the “fill in” of the nick in the unbroken duplex, or the nick can remain in the duplex associated with the
other parental strand. If a nick should be proximal to the point at which replication forks converge, or it stalls the
progression of a unidirectional fork permitting time for the arrival of a converging fork to replicate from the opposite
direction, then there is a chance that both forks will now encounter a template strand discontinuity, potentially resulting
in a two-sided DSB (Figure 1B). The one-sided and two-sided DSBs differ considerably in that a one-sided DSB needs to
undergo a repair mechanism which will ideally re-establish a functional DNA replication fork to permit the replicative
process to continue; whereas a two-sided DSB needs to undergo post replication repair to produce a continuous duplex.

2.2 The generation of two-sided DSBs as a result of inter-strand cross linking

The Crick and Watson strands of a DNA duplex are held together by hydrogen bonds between the organic bases. Such
hydrogen bonding is readily broken by the helicases associated with the replisome to expose the parental strands of a
duplex to the template-dependent actions of the DNA polymerases. However, when covalent bonds are formed between
two strands of a duplex helicases can no longer dissociate the template strands and replication fork progression is halted.
The prevalence of such covalent linkage in a cell not exposed to specific DNA damaging agents is unclear, although a
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number of anti-cancer drugs, such as mitomycin C and cisplatin act through the generation of covalent inter-strand cross
links (Vasquez, 2010). The proposed model for DSB generation in response to covalent cross links (and subsequent
repair) is dependent upon additional factors mediating breakage in response to the stalling of the replication fork (Figure
1C) (Nakanishi et al., 2011). To generate a two-sided DSB it is proposed that forks travelling in opposing directions
converge upon the site of the cross linkage. This triggers unknown nucleases, possibly the structure-specific
endonuclease Mus81-Emel(Mms4) (see below) to cleave one of the parental strands either side of the site of the cross
link. This, in combination with the fact that leading and lagging strand synthesis for that template strand were not
complete (due to the cross link) results in a two-sided DSB (Figure 1C). This results in a cross linked nucleotide (or
nucleotides, dependent upon the position of the cleavage) being associated with the other, uncleaved template strand
(Figure 1C, bottom). It is proposed that this cross linked entity has the ability to ‘swing’ out of the way of the DNA
polymerases and that translesion polymerases replicate past the cross linked adduct; at this stage an inappropriate base
may be inserted, and so this mechanism is potentially highly mutagenic. The cross linked adduct in the new daughter
duplex is proposed to be recognised by the NER pathway (Wood, 2010), which will remove the adduct and use the
strand which was newly synthesised via by translesion synthesis (TLS) as the template for repair. TLS is mediated by a
number of distinct DNA polymerases (Prakash et al., 2005; Loeb & Monnat, 2008; Ho & Scharer, 2010), which are thought
to be recruited to the sites of lesions via activity of proliferating-cell nuclear antigen (PCNA), a homotrimer which plays
multiple roles at the replication fork during both normal unperturbed replication (Navadgi-Patil & Burgers, 2009;
Stoimenov & Helleday, 2009). The repaired daughter template now becomes the homologous substrate for
recombination-mediated DSB repair and so if a mutated DNA sequence is generated by a TLS it is transferred to the
other duplex in a stable fashion, ensuring that this process results in two new duplexes, both with stably inherit cross
linking agent-induced mutation.

2.3 The generation of arecombinogenic single-stranded DNA gaps via lesion bypass

Whilst DSBs are one of the most potentially dangerous lesions in DNA due to the fact that they represent an un-tethering
of covalent linkages, single-stranded DNA (ssDNA) gaps in DNA also represent significant biological problems, not only
because they have the potential to mediate gross chromosomal rearrangements, but also because they represent the loss
of one of the transcriptional templates (Lehmann & Fuchs, 2006). Also, if left unrepaired, gaps can be converted into
DSBs in subsequent rounds of DNA replication (see above). Whilst ssDNA gaps can be generated by other means (for
example, incomplete NER), they can be generated when the replisome encounters an adduct on the duplex (for example,
see Lopes et al., 2006; Figure 1D). If the replisome can ‘skip’ the adduct, replication will progress leaving a ssDNA gap in
the wake of the fork (Figure 1D). The nature of adducts capable of being ‘skipped” and the prevalence of this route of gap
generation is difficult to discern, but when generated, such lesions can trigger distinct repair pathways (see below).

2.4 The generation of dysfunctional fork structures

DNA replication forks can encounter blocks to their progression as a result of normal chromosome dynamics such as
collisions between the replisome and RNA polymerases (Aguilera, 2002; Prado & Aguilera, 2005; Poveda et al., 2010;
Tuduri et al.,, 2010) / nascent transcripts (Mischo et al., 2011), encounters with adducts on the DNA (for example, see
Cordeiro-Stone et al., 1999) such as those which might be caused by DNA damaging agents (Mirkin & Mirkin, 2007) or
encounters with unusual DNA structures (for example, see Narayanan et al., 2006). In some biological systems barriers to
the progression of the DNA replication fork have evolved to play a programmed role in specific chromosomal regulatory
pathways, such as the RTS1 replication fork barrier which is required for efficient mating type switching in the fission
yeast (Dalgaard & Klar, 2001; Dalgaard et al., 2009; Vengrova et al., 2002). Stalling of a fork can result in what is often
referred to as ‘fork collapse’” where some or all of the proteins of the replisome dissociate from the fork leaving non-
replicative fork structures (Figure 1E) (for example, see Weinert et al., 2009). Moreover, the replicative helicases, which
unwind the DNA duplex to provide single-stranded template, can become uncoupled from the replicative polymerases
(for example, see Pacek & Walter, 2004; Pages & Fuchs, 2003; Lopes et al., 2006), this can result in fork collapse and more
extensive regions of ssDNA become associated with the failed fork structure (Figure 1F). Nucleotide depletion is also
thought to result in replication fork collapse; the ribonucleotide reductase inhibitor hydroxyl urea is frequently used to
deplete nucleotide pools and so disrupt the progression of the S-phase. In these cases the fork failure does not result in
strand breakage, but a structure is generated which is thought to require recombination-associated mechanisms to re-
establish a functional fork structure. The replisome is associated with functions which serve to prevent fork collapse and
these functions have intimate mechanistic links to the checkpoint signal transduction pathways which can be triggered
in the event of a replication-associated lesion generating a significant initiator signal (most likely ssDNA). Moreover,
there are factors associated with the repolisome known as the replication fork progression complex which serves to
monitor the ‘traffic’ ahead of the DNA replication fork and mediate a stable and appropriate delay in the fork
progression (presumably until the barrier is removed) and the “so called “sweepase’ (for example, see Ivessa et al., 2003)
which functions to remove barriers, such as RNA polymerases, to prevent them triggering a barrier response in the
replisome thereby minimises the chance of a potential fork collapse scenario. This chapter will not review the function of
these anti-collapse and fork stabilisation mechanisms, or their link to the cellular checkpoint systems and the reader is
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directed to a number of other excellent reviews which cover these subjects in more detail (Bartek et al., 2004; Branzei &
Foiani, 2007a; 2007b; 2009; 2010; Grallert & Boye, 2008; Harrison & Haber, 2006; Lambert et al., 2007; Labib, 2008; Labib &
Hodgson, 2007; McFarlane et al., 2010; Paulsen & Cimprich, 2007; Putnam et al., 2009; Yao & O’Donnell, 2009).

3. Models for recombination-mediated recovery from replication-associated lesion damage

Homologous recombination requires the presence of a homologous duplex molecule which can be employed as a
surrogate template for synthesis-dependent repair of breaks and gaps in duplex DNA molecules. During the repair of
replication-generated two-sided DSBs or gaps the aim of recombination is to repair the lesions post replicatively. The
aim of the repair process for other replication induced recombinogenic lesions is to re-engage a functional replication
fork to permit the completion of genomic replication prior to cell division. Here we will consider the various models
proposed for the repair of the recombinogenic lesions described above. For simplicity of understanding we will firstly
outline the proposed models at the level of the DNA strands and then in subsequent sections we will consider the
proteins which might mediate these repair mechanisms (see section 4).

‘!' (a) Figure 2. Model for recombination mediated
generation of a DNA replication fork from a one-
sided DSB. (a) The one-sided break is processed to
| generate a single-stranded overhang with a free 3'

(b) end (arrow head). (b) The 3' single-stranded end
% invades the nascent sister chromatid to form a D-
| loop. (c) The D-loop undergoes nucleolytic

N\ / processing and strand ligation to re-generate a

| functional DNA replication fork.

3.1. The processing of a one-sided DSB to re-establish a functional replication fork

On generation of a one-sided DNA break, it is likely that the broken nascent duplex remains associated with the other
nascent duplex molecule. This association is primarily facilitated by cohesin, a complex of conserved proteins which
serve to maintain inter-sister associations prior to sister chromatid segregation at the metaphase to anaphase transition
(for reviews, see Merkenschlager, 2010; Nasmyth & Haering, 2009; Sherwood et al., 2010; Wood et al., 2010; Xiong &
Gerton, 2010). The broken end will be exposed permitting association with recombination mediators and will undergo
initial end processing. Given that homologous recombination repair of breaks is dependent upon one of the participating
strands providing a substrate for new strand synthesis, a free 3’ ssDNA end must be generated during end processing.
This processing is often referred to as end resection [Figure 2 step (a)] (see section 4.1). Following this, the free 3" end of
the ssDNA invades a homologous duplex, in this case the sister chromatid, to establish a so called D-loop (displacement
loop) structure [Figure 2, step (b)]. This generates a structure which can be recognised by structure-specific
endonucleases, such as the Mus81-Emel (Mms4) heterodimer (see section 4.), which cleaves the anti-parallel strand to
which the invading strand is annealed; thus, following a one step strand ligation, a structure resembling a DNA
replication fork is re-established and replication can proceed [Figure 2 step (c)]. This model is appealing as it is a
relatively simple pathway to fork re-establishment and it is in essence similar to break-induced replication (for reviews,
see McEachen & Haber, 2006; Llorente et al., 2008). It is dependent upon there being an intimate association between the
recombination mediators and the factors required to re-build a functional replication fork, although little is known about
this relationship at this proposed step.

3.2. Two-sided DSB repair

Two-sided DSBs provide a particular challenge for the cell as gaps in a DNA duplex must be ‘filled” whilst maintaining
the original DNA sequence, although, in the case of cross linking agent-induced DSBs, this can be mutagenic (see above).
One of the major factors governing how a DSB is processed is the stage within the cell division cycle that the break is
generated (Branzei & Foiani, 2008; Heyer et al., 2010). In G; of the cell division cycle homologous recombination repair of
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chromosomal breakage could have detrimental outcomes, such as a loss of heterozygocity through inter-homologue
recombination events. Two-sided DSBs generated in G; are more likely to be processed by a non-homologous DNA end
joining mechanism (for reviews, see Lieber, 2010; Mladenov & Iliakis, 2011). The lesions generated in G; are not likely to
have a causal association with the DNA replication machinery and so will not be covered in this chapter.
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Figure 3. Models for post replication DSB repair. (a) Following the generation of a DSB (Centre, top), the ends undergo
processing by nuclease and/or helicase activity to generate single-stranded 3' ends (arrow heads). (b) Single-strand
annealing (SSA): short regions of exposed complementary sequences within the single-stranded ends can anneal; this can
result in an intermediate which is stable enough for repair polymerases and DNA ligase to seal the DSB, resulting in an
unbroken duplex with an associated deletion of intervening DNA sequence. (c) D-loop formation: processed ends can
also undergo a strand invasion reaction and displace a strand from an homologous DNA duplex to create a
displacement-loop (D-loop) structure. The invading end forms the substrate for repair polymerase activity which uses
the complementary strand for template-dependent chain elongation of the invading strand (dotted green line). (d)
Synthesis-dependent strand annealing: the dissolving of the D-loop can result in the elongated 3' end of the invading
single-stranded DNA annealing to the other 3' end of the DSB. This interaction is stable enough to permit repair
polymerase and DNA ligase to ‘fill-in” the gap and re-seal the duplex without cross over or deletion of break-associated
sequence. (e) Double Holliday junction (dHJ) formation: the D-loop becomes extended by continuous polymerase
activity at the 3' end of the invading strand. This stabilises the D-loop and second end capture occurs which results in a
dH]J following further polymerase and DNA ligase activity. (f) & (g) dHJ resolution: Structure-specific nucleases cleave
the dHJ resolving it, restoring two separate duplex molecules. This can be with (g) or without (f) crossing over of
flanking chromatid arms, dependent upon the sites of cleavage within the two Holliday junctions. (h) & (i) dH]J
dissolution: alternatively, branch migration activity mediated by helicases can “push’ the two Holliday junction together
forming a hemicatenane structure; this is resolved by topoisomerase activity resulting in two separate duplexes without
any associated crossing over of flanking chromatid arms.

Two-sided DSBs which arise in response to DNA replication-associated breakage will be produced in the presence of a
sister chromatid (Figure 1B & C) which can provide an appropriate partner for homologous recombination-mediated
DSB repair. The early stages of two-sided DSB processing are likely to have mechanistic commonalities with one-sided
DSB repair. The ends will undergo processing to expose 3" ssDNA ends [Figure 3(a)]. If end processing exposes regions
of ssDNA which have short complimentary sequences, then these regions have the potential to anneal and form a stable
intermediate which might then undergo processing, including endonucleolytic removal of the non-annealed flap (most
likely by the XPF family endonucleases, Schwartz & Heyer, 2011), new strand synthesis and ligation, to seal the broken
end [Figure 3(b)]. This process is referred to as single-strand annealing (SSA), and whilst it repairs the broken
chromosome, it results in the deletion of DNA sequences between the short homology regions and this can be
mutagenic.
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Alternatively, processed breaks with 3" single-stranded free ends can undergo recombination repair which entails the
initial invasion of one of the free 3’ ends into an homologous sister duplex molecule, [Figure 3(c)]. Following strand
invasion by the free 3’ end, repair DNA polymerases catalyse chain extension of the invading 3’ end using the anti-
parallel strand of the invaded duplex as the template. This process generates new DNA which spans the position of the
original break, and thus this repair pathway is replication-dependent. The structure at this point can be referred to as an
extended D-loop, as the replicative extension of the invading strand has displaced the opposing strand in the invaded
duplex to a greater extent [Figure 3(c)]. At this point one of two key pathways can ensue. Firstly, the extended invading
strand can dissociate from the homologous duplex and dissolve the D-loop structure, with the invaded duplex
remaining intact (see section 4.3). The dissociated broken end, and the now extended 3’ tail can anneal with the ssDNA
of the 3’ tail of the other side of the DSB resulting in a hydrogen bond-dependent, end-to-end reconnecting of the DSB
[Figure 3(d)]. Further DNA polymerase ‘fill-in" and ligation result in a full repair of the DSB with no deletion of any
DNA flanking the DSB site and provided the DNA sequence of the participating homologue was identical to that of the
broken chromosome (which might not be the case for inter-strand crosslink-induced breaks), this is a non-mutagenic
process, with the original sequence being faithfully restored [Figure 3(d)]. Moreover, this process does not involve the
cross over exchange of duplexes between participating homologues and so, provided the polymerase steps of the process
were faithful, no genetic change should arise from this pathway. This is referred to as synthesis-dependent strand
annealing (SDSA) (for recent reviews of DSB repair see San Filippo et al., 2008; Heyer et al., 2010; Moynahan & Jasin,
2010).

Figure 4. Models for post replicative, recombination-mediated gap repair. Gaps may be generated by the replisome
‘skipping’ a lesion in one strand of the DNA (orange oval). (a & b) The 3' side of the gap (magenta arrow head) is
converted to single-stranded DNA via helicase action. The single-stranded end invades the adjacent nascent sister
chromatid to form a D-loop. The 3' end of the invading strand provides a substrate for DNA polymerase which extends
the invading strand (dotted magenta line). The D-loop then either dissolves (a) or stabilises permitting second strand
capture by the displaced D-loop (b). (c & d) If the D-loop is dissolved the newly elongated single-strand re-anneals with
the single-stranded region filling the gap. Further processing by nucleases and ligase repair the gap; lesions associated
with the gap remain in the new duplex and these can be acted on by other excision repair pathways (black vertical
arrows flanking the lesion). (e) D-loop stabilisation associated with D-loop extension by continued DNA polymerase
activity on the invading strand and second strand capture can result in a dHJ. The dHJ can be resolved by structure-
specific nuclease digestion (f) or by dissolution (g). Resolution can potentially result in crossing over of the daughter
duplexes, dependent upon the strand specificity of the dHJ cleavage reactions (f). Dissolution of the dHJ does not result
in crossing over (g). (h-j) Strand invasion of the fully replicated duplex by the lesion-containing ssDNA gap results in a
structure which provides a substrate for structure-specific nuclease attack (i). This results in a duplex at the site of the
lesion and the gap is transferred to the undamaged daughter duplex and is subsequently filled by repair polymerases (j).
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At the D-loop stage [Figure 3(c)] a more extensive expansion of the D-loop (via polymerase activity or continued strand
invasion) is thought to stabilise this structure, making its dissolution, and ultimately the SDSA pathway less likely. D-
loop stabilisation results in the capture of the second 3’ end of the processed DSB; second end capture is mediated by the
displaced strand of the D-loop which will have anti-parallel complementarity with the second end of the DSB (Nimonkar
& Kowalczykowski, 2009). Second end capture and subsequent continued activity of repair polymerases and DNA ligase
results in the formation of two adjacent Holliday junctions, often referred to as a double Holliday junction (dHJ) [Figure
3(e)]. dHJs are a covalent linkage between homologous duplexes, most likely formed between sister chromatids and
have only recently been demonstrated to be recombination intermediates during DSB repair in mitotically dividing cells
(Bzymek et al., 2010). For sister chromatids joined in this way to be properly segregated at anaphase the dHJ must be
processed to restore two independent duplex molecules. This separation of conjoined duplexes can be mediated by one
of two mechanisms. Firstly, the resolution of the dHJ by structure-specific endonucleases (see section 4.5), which can
result in crossing over [Figure 3(g)] or non-cross over [Figure 3(f)] outcomes, dependent upon the position within the
junction the resolving enzyme cleaves. Alternatively, the dHJ can be dissolved by helicase/translocase-like activities
which branch migrates the two Holliday junctions toward each other, resulting in a structure known as a hemicatenane
[Figure 3(h)]; this can then be resolved by topoisomerase activity to disconnect the duplexes [Figure 3(i)] (see Section
45).

3.3. Post replicative recombination-mediated repair of a single-stranded gap

The generation of gaps due to, for example, lesion skipping by the replisome, has the advantage that the replication
process can largely continue without delay, leaving the gap to be repaired after the fork has passed [Figure 1D]. Such
lesions are not as potentially harmful as DSBs as the covalent continuity of at least one of the strands ensures that the
DNA molecule remains a continuous thread; this also has the advantage that the replication process will have produced
a cohesin-dependent associated sister duplex; this ensures that there is an accessible homologous partner permitting a
recombination-mediated mechanism to mediate the gap repair. Recombination mediated gap repair has some features in
common with DSB repair, but also presents distinct challenges to the repair machineries of the cell. One commonality is
that it needs to be initiated with a strand invasion reaction. In DSB repair this occurs after the broken ends have been
processed to generate free 3' ends. In gap repair the substrates available to the recombination mediators provide some
distinct options [Figure 4]. Firstly, the 3' end of the gapped strand can invade the intact replicated sister, generating a D-
loop structure, thus providing a 3' ended substrate for polymerase-mediated strand extension, using the anti-parallel
strand of the homologous duplex as a template [Figure 4 (a & b)]. As for the initial step in DSB repair, the D-loop can
either be dissolved [Figure 4(c)] or can stabilise, permitting second strand capture, which in this case is the unreplicated
strand from the parental duplex which the replisome skipped to form a dHJ [Figure 4(c)]. Dissolution of the D-loop
following extension of the invading strand, results in a template-directed repair of the gap. This strand now re-anneals
with the anti-parallel strand from the duplex from which it originated and following a final strand processing and re-
ligation, the gap is filled [Figure 4(d)]. This processes results in any gap causing lesions to be transmitted to one of the
new daughter duplexes, which can then be repaired (say by NER) [Figure 4(d)]. Alternatively, the second strand capture
of by the displaced ssDNA of the stable D-loop can result in the formation of a dHJ, which can be resolved, resulting in
either cross over or non-cross over products [Figure 4(f)], or dissolved [Figure 4(g)] in a similar fashion to the clearance
of dHJs generated in DSB repair (see above) (Figure 3). An alternative possibility involves strand invasion of the intact
sister duplex by the ssDNA within the gap [Figure 4(h)]. Processing of this intermediate structure will result in a new
duplex being generated at the previously gapped lesion site and a new lesion-free gap in the opposite duplex, which can
now be filled by repair polymerase activity [Figure 4 (i & j)] (for recent reviews of DSB repair see San Filippo et al., 2008;
Heyer et al., 2010; Moynahan & Jasin, 2010).

3.4. recombination-mediated repair of collapsed DNA replication forks

When replication fork stabilisation mechanisms fail and forks collapse, there is a partial or full dissociation of the trans-
acting factors required to continue the progression of DNA replication. This results in a fork structure which is stalled
and incapable of re-associating with the factors needed for continued replication. The distinct events which can create
collapsed forks (see above) are likely to provide failed replicative structures which present subtly distinct substrates to
the recombination and replication re-start programs, however, the ultimate requirement will be to re-establish a
functional DNA replication fork in all cases.

One way in which a failed fork can be processed is to convert it to a one-sided DSB [Figure 5(a)]. This could be via the
action of structure-specific nucleases such as Mus81-Emel (see below). Such DSBs would then be acted upon by
recombination factors to generate a new DNA replication fork (Section 3.1) [Figure 5(a)]. Alternatively, the failed fork
can undergo a fork regression and the nascent strands of the daughter duplexes can anneal with one another to form a
region of duplex DNA which protrudes away from the template duplex [Figure 5(b & c)] (Higgins et al., 1976; Sogo et al.,
2000). This regressed fork structure is often referred to as a ‘chicken foot’ structure due to its passing resemblance to a
three toed chicken’s foot [Figure 5(b & c)]. The chicken foot structure can itself potentially be cleaved by nuclease activity
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Figure 5. Models for the recombinogenic repair of collapsed DNA replication forks. See the main text for full details (Section 3.4). The figure shows two distinct types of
collapsed forks; these are schematically represented as the top two structures in the image. The top structure is a fork which has collapsed without encountering a DNA
damage lesion (for example, another replication barrier or a helicase-polymerase uncoupling). The lower structure represents a fork which has collapsed due to a DNA
damage abduct on one strand of the DNA (small red oval). The large grey arrows indicate the possible routes to repair / fork recovery. Holliday junction resolution is
indicated by black arrows with a scissor symbol; Holliday junction dissolution is represented by black arrows with a pushing hand symbol.
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to generate a one-sided DSB [Figure 5(d)], or it can undergo a number of distinct routes of processing; the processing of
the structure can be dependent upon the structural configuration of the duplex generated by the re-annealing of the
nascent daughter strands (the middle toe of the foot). This can have either a 5" [Figure 5(b)] or 3" [Figure 5(c)] ssDNA tail,
depending upon how it was formed; for example, if lagging strand synthesis extends beyond the position reached by the
leading strand, then a 5 single-stranded tail can be generated on fork reversion [Figure 5(b)]; however, if the leading
strand extended beyond the lagging strand at fork collapse the reversion will result in a tail with protruding single-
stranded DNA with a free 3’ end [Figure 5(c)]. Duplex regions of nascent daughter strands which result in flush ends (no
significant overhang of single-stranded DNA) can potentially be recognised as a DSB and processed to generate single-
stranded 3' DNA ends [Figure 5(g)].

A reversed fork with a 5 single-stranded overhang on the protruding nascent strand duplex [Figure 5(b)] can provide a
substrate for polymerase mediated extension of the free 3" end using the 5 terminating strand as a template (sometimes
referred to as template switching); this will result in a flush or near flush end to the nascent strand duplex [Figure 5(e)].
If the original fork collapse was caused by a lesion in leading strand template [Figure 5(b)], then re-reversal of the
chicken foot following polymerase activity will result in the re-annealing of the leading strand with the 3' end now
positioned beyond the lesion on the original leading strand template [Figure 5(f)]; thus the generation of a chicken foot
intermediate provided a means to generate a new template (the nascent lagging strand) from which the leading strand
could be extended to ultimately permit lesion bypass upon reversion of the chicken foot [Figure 5(f)]. Alternatively, if the
flush ended duplex generated from annealed / filled in nascent strands is recognised by end processing factors, the 5'
end can be resected exposing a 3' single-stranded tail in the nascent strands duplex [figure 5(g)]. This free 3' end now acts
as a substrate for recombinases which mediate the invasion of this strand into the template duplex at a position ahead of
the position at which the fork failed [Figure 5(h)]. Processing by DNA polymerase and ligase activities results in the
formation of a dHJ structure behind the position of the strand invasion, which now becomes a newly established DNA
replication fork [Figure 5(i &j)]. As for dHJ structures generated in gap repair or following two-sided DSB repair, the dH]J
can be processed via a resolution (cross over or non-cross over) route [Figure 5(i)] or dissolution route [Figure 5(j)].
Either of these routes provides the fork the ability to bypass lesions on the original parental template which may have
been an impediment to the progression of the fork.

If the original fork failed leaving a leading strand extended relative to the lagging strand, then reversion of the fork will
directly generate a single-stranded tail to the duplex of nascent strand with a free 3' end [Figure 5(c)]. This provides a
substrate directly for a recombinase-mediated strand invasion to ultimately re-establish a fork following dH]J processing.
In this case, there is no template for further extension of the nascent leading strand prior to strand invasion from the
chicken foot state, and so this is not a lesion bypass mechanism, rather a mechanism for re-establishment of a collapsed
fork. Again, the dHJ structure can be resolved or dissolved, with the former potentially generating cross over products
[Figure 5(k)] (for recent reviews of recombination-mediated fork recovery see Aguilera & Gémez-Gonzalez, 2008; Allen
etal., 2011; Branzei & Foiani, 2010; Petermann & Helleday, 2010).

4. Mediators of recombinational repair of failed DNA replication forks

The collapse of replication forks or the generation of recombinogenic lesions such as strand breakages can arise for a
number of reasons and can generate a range of distinct substrates for subsequent recombinognic repair (Aguilera &
Goémez-Gonzélez, 2008; Budzowska & Kanaar, 2009; Branzei & Foiani, 2010; Peterman & Helleday, 2010; Allen et al.,
2011). There are an array of factors which recognise these lesions, often with a strong substrate specificity, and there are
also a number of distinct factors which can act upon processed substrates and the intermediates from which they form.
Extensive studies have now started to shed light on this complexity and clear pictures are emerging for the role some of
these factors may play in the proposed models proposed for recombination-mediated repair of lesions generated during
DNA replication (Section 3). Here we will overview some of the key factors which have been associated with these
proposed repair models.

4.1 DSBs: the first response

When DNA damage occurs, it is recognised by factors which signal to checkpoint pathways prompting the recruitment
of other proteins which, in turn, initiate the repair process. In the case of DSBs one of the first responses is the alteration
of the modification status of a histone variant known as H2AX (Fernandez-Capetillo et al., 2004; Ismail & Hendzel, 2008;
Lukas & Bartek, 2009). This histone has a tyrosine residue (Y142) in the carboxy tail which, in the absence of DNA
damage is phosphorylated by subunits of the H2AX interacting chromatin remodelling complex WICH (Poot et al., 2004;
Bozhenok et al., 2002). On DNA damage this residue is de-phosphorylated by Eyal and Eya3 phosphatases (Cook et al.,
2009), permitting the phosphorylation of H2AX serine 139 (5139) by the ATM checkpoint kinase (Rogakou et al., 1998;
Burma et al., 2001). This ATM-dependent modification is required for the binding of MDC1 a protein which recruits the
MRN complex, one of the key mediators of DSB end resection (see below) (Stucki et al., 2005; Lukas et al., 2004; Stucki &
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Jackson, 2006). Recruitment of MDC1 is concomitant with the recruitment of RNF8, which functions in consort with the
E3 ubiquitin conjugase Ubc13 to ubiquitinate histones H2A and H2B at break sites (Huen et al., 2007; Kolas et al., 2007;
Mailand et al., 2007; Zhao et al., 2007; Wu et al., 2009). These modified histones are recognised by RAP80, a co-
constituent of a complex containing the breast cancer susceptibility gene BRCA1 (reviewed in Yun & Hiom, 2009b; Wu et
al., 2010). The role of BRCA1 at broken ends remains unclear (Yun & Hiom, 2009b; Wu et al., 2010), but in combination
with another protein, CtIP, it regulates the repair pathway choice between NHE] and homologous recombination in a
cell cycle-dependent fashion, possibly through the modulation of the MRN resection complex (see below; Yun & Hiom,
2009a). It has also been postulated to assist another breast cancer susceptibility gene, BRCA2, to stabilise the formation of
filaments of the strand-exchange mediator Rad51 onto 3' ssDNA ends (see below; reviewed in Wu et al., 2010), as well as
potentially modulating the activity of the MRN complex for end processing (see below; Greenberg et al., 2006).

Replication protein A (RPA) is a heterotrimer which is also recruited to ssDNA at break sites, although the order of
recruitment of some of the trans acting factors to break sites remains uncertain. RPA plays central roles in a number of
DNA processing pathways, including normal DNA replication (Oakley & Patrick, 2010). The role of RPA is thought to be
to maintain ssDNA in a conformation which permits other factors to access ssDNA devoid of intra-strand hydrogen
bonding, although RPA also seems to play a central role in recruiting and orchestrating the various factors capable of
repair processing of ssDNA; moreover, RPA-ssDNA complexes at breaks are required for checkpoint activation (Zou &
Elledge, 2003; Binz et al., 2004; Anantha & Borowiec, 2009; Oakley & Patrick, 2010). In response to DNA damage the mid-
sized subunit of RPA, RPA2, undergoes phosphorylation by the checkpoint machinery and it is proposed that this
phosphorylation switches the activity of RPA from one related to normal DNA replication to one in which it recruits
DNA repair factors to ssDNA (Binz et al., 2004; Anantha & Borowiec, 2009; Oakley & Patrick, 2010). One of the factors
RPA recruits is Rad52, which assists the loading of the strand invasion recombinase Rad51 (see below) to ssDNA (Park et
al., 1996; Jackson et al., 2002; Plate et al., 2008). Rad51-mediated strand invasion and the correct association of Rad51 with
ssDNA generated at broken ends is dependent upon the correct removal of RPA, which is dependent upon Rad52 and
RPA phosphorylation (New et al., 1998; Wu et al., 2005; Anantha et al., 2007; Sleeth et al., 2007; Vassin et al., 2009; Deng
et al., 2009; Sugiyama & Kantake, 2009). So, phosphorylated RPA plays a critical role in orchestrating the early events at
break sites to ultimately favour a recombination-mediated repair pathway.

Homologous recombination-mediated repair of a broken end requires the resection of the 5' end (see above). This is
mediated by a combination of helicase and nuclease activity and currently two pathways are proposed for extensive 5'
end resection (Huertas, 2010; Mimitou & Symington, 2011). Both pathways are thought to be initiated by the
heterotrimeric Mrell-Rad50-Nbs1(Xrs2 in Saccharomyces cerevisine) (MRN / MRX) complex, along with its partner
protein CtIP (also called RBBPS; Sae2 in S. cerevisiae), which are recruited to the ends by MDC1 (see above). The nuclease
activity of Mrell then mediates the removal of a short oligonucleotide from the 5' end (Neale et al., 2005; Mimitou et al.,
2008; Zhu et al., 2008; Shim et al., 2010; Mimitou & Symington, 2011). This initial end processing makes the end
refractory to the Ku proteins which mediate a non-homologous DNA end joining DSB repair pathway, which is more
prevalent in G; and so is less relevant to replication-associated breakage (Mimitou et al., 2010); moreover, initial end
processing paves a way for the two distinct and redundant pathways, in which the MRN(X) complex plays a structural
role, to enhance the more extended processing of the 5' end. Indeed it has been postulated that MRN-CtIP recruits the
mediators of the more extensive resection to the break sites (Mimitou & Symington, 2011). There appears to be species-
specific distinctions for the importance of the initial short resection; in fission yeast and mouse cells this seems to play a
more critical role than the primary resection event in S. cerevisiae (Limbo et al., 2007; Williams et al., 2008).

Both pathways that mediate further extensive end processing are important to prevent unscheduled chromosomal
changes, and it has been demonstrated that when both are compromised there are significant increases in de novo
telomere generation as DSB sites (Chung et al., 2010; Lydeard et al., 2010). The first pathway for more extensive 5'
resection involves the action of the 5'-3' exonuclease Exol, whilst the second requires the action of the Sgs1-Top3-Rmil
(STR) complex in concert with RPA (see above) and the endonuclease Dna2 (Mimitou et al, 2008; Zhu et al., 2008; Gravel
et al., 2008; Nimonkar et al., 2011). Sgs1 is the S. cerevisiae orthologue of the mammalian RecQ-like helicase BLM (Chu &
Hickson, 2009; Bernstein et al., 2010; Monnat, 2010). Reconstitution experiments appear to demonstrate that the RecQ-
like helicase (Sgs1/BLM) is required to first unwind the duplex and the resection is then completed by the
endonucleolytic activity of Dna2, with Top3-Rmil playing a non-essential stimulatory role (Gravel et al., 2008; Cejka et
al., 2010; Nicolette et al., 2010; Niu et al., 2010; Nimonkar et al., 2011); in this case the role of Top3 differs from its role in
Holliday junction dissolution function, where the Top3 catalytic activity is essential (Niu et al., 2010). In addition to
driving the nucleolytic degradation of the 5' end, it has also been proposed that CtIP (Sae2) serves to bind to the 3' end to
protect it from degradation (Hartsuiker et al., 2009; Nicolette et al., 2010; Mimitou & Symington, 2011).

Many of the studies which have resulted in delineating the pathways of events at DSBs for subsequent repair by
homologous recombination have been carried out using ionizing radiation-induced DSBs or other means of generating
DSBs. The relevance of these studies to the mechanisms of repair of DSBs which are generated by DNA replication
associated events remains uncertain. Whilst it seems unlikely that these pathways will differ greatly, distinctions can be
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envisaged; for example, DSBs generated in non-replicating chromatin might present a chromatin substrate which is
distinct from the chromatin in proximity to the replisome. Given the fact that many of the early signalling and
recruitment events are linked directly to histone modifications (see above), then there may be unique replication-
associated mechanisms which require elucidation.

4. 2 Strand invasion

The repair of 3' ssDNA at ends of broken chromosomes or ssDNA regions generated via a replication discontinuity or
fork regression by homologous recombination mechanisms need these ssDNA regions to undergo a strand invasion of a
homologous duplex (Figures 2-4). This is mediated by the conserved Rad51 recombinase which is the eukaryote
orthologue of the bacterial RecA protein (Sung et al.,, 1994; Baumann et al., 1996). Rad51 association with ssDNA
involves a range of accessory factors which aid the removal of other ssDNA binding proteins such as RPA, which
prevents ssDNA forming secondary structures which would inhibit Rad51 nucleation. Moreover, these accessory factors
assist Rad51 in achieving ssDNA binding and nucleoprotein filament formation whilst competing with a range of other
factors within an environment where many proteins are vying to access the ssDNA. The ordering and precise function of
many of these accessory mediator proteins remains uncertain (San Filippo et al., 2008; Lisby & Rothstein, 2009; Heyer et
al., 2010). There are many distinct classes of mediator function and how they intercalate with one another also remains
unclear. The first of the mediators are the Rad51 paralogues, which form two distinct complexes. These proteins share
core homology with Rad51, and whilst they can form functional dimers, they do not undergo nucleation into continuous
filaments and they cannot independently mediate strand exchange. In humans there are five of these paralogues,
RAD51B-D and XRCC2-3, and in budding yeast there are four which form two distinct complexes, Rad55-Rad57 and
Shul-Psy3 (Heyer et al., 2010). The fission yeast, Schizosaccharomyces pombe, also possesses multiple Rad51 (Rhp51 in S.
pombe) paralogues, along with an additional Rad51 mediator, Sws1, suggesting that their mechanisms of action are likely
to be highly conserved (Grishchuk & Kohli, 2003; Khasanov et al., 2004; Martin et al., 2006). In addition to these Rad51
paralogues, fission yeast and mammalian cells have an additional pair of Rad51 mediators, Swi5 and Sfrl (Akamatsu et
al., 2003; 2007; Haruta et al., 2006; Khasanov et al., 2008; Akamatsu & Jasin, 2010). S. cerevisiae also has orthologues of
both of these proteins, but these appear to function in a meiosis-specific fashion (McKee & Kleckner, 1997; Tsubouchi &
Roeder, 2004; Hayase et al., 2004).

A second mediator, Rad52 (Rad22 in S. pombe), oligomerises into a toroidal structure (Shinohara et al., 1998; Stasiak et al.,
2000; Ranatunga et al., 2001) and interacts with Rad51. It is required for Rad51 loading onto ssDNA and for RPA
removal (for review, see San Filippo et al., 2008; Mortensen et al., 2009). Much of the work to elucidate the role of Rad52
has come from budding yeast and the importance of Rad52 as a Rad51 mediator in mammalian cells remains unclear but
it appears to have only a minor role as a mediator in more complex systems (Fujimori et al., 2001; Symington, 2002; San
Filippo et al., 2008). Rad52 also plays a critical role in SSA (Figure 3b), and break induced replication (for reviews, see
McEachen & Haber, 2006; Llorente et al., 2008). During SSA it is postulated to mediate the stable formation of the SSA
intermediate in a Rad51-independent fashion (Mortensen et al., 1996, Nimonkar et al., 2009; reviewed in Symington et
al., 2002; McEachern et al., 2006; San Filippo et al., 2008; Nimonkar & Kowalczykowski, 2009).

The third Rad51 mediator is the breast cancer susceptibility gene 2 (BRCA2; also called FANCD1). BRCA?2 interacts with
Rad51 (Scully et al., 1997; Sharan et al., 1997; Carreira & Kowalczykowski, 2009), which it does via 8 BRC domains, with
some of the BRC domains preventing Rad51 nucleation on dsDNA and others aiding the loading on ssDNA; thus it is
proposed that BRCA2 goes to the ds-ssDNA junctions preventing nucleation of Rad51 onto dsDNA whilst positively
influencing ssDNA association (Yang et al., 2005; Carreira et al., 2009; Jensen et al., 2010). It has been demonstrated that
this can occur at the 3' or 5' junctions with equal efficiency and thus it is postulated that BRCA2 plays an equal role in
both end and gap repair as gapped DNA would have ss-dsDNA junctions with both 3' and 5' ends. Intriguingly, BRCA2
also appears to protect regions of ssDNA from MRN-mediated degradation at stalled replication forks. It is proposed
that BRCA2 functions to inhibit the Mrell destruction of the reversed forks which are intermediates in some stalled fork
recovery pathways (Figure 5). This represents a novel function for BRCA2 in prevention of forming recombinogenic
lesions, rather than mediating their repair (Schlacher et al., 2011).

An interacting partner of BRCA2 has recently been identified, partner and localizer of BRCA2 (PALB2; also called
FANCN; Tischkowitz & Xia, 2010), which serves to assist BRCA2 localisation to the sites of DNA damage (Sy et al., 2009;
Zhang et al., 2009a; 2009b). PALB2 also associates with BRCA1 and it is proposed that BRCA1 stabilises BRCA2, which in
turn mediates Rad51 nucleation to ssDNA indicating a direct functional link between BRCAland BRCA2 (Zhang et al.,
2009a; 2009b; Moynahan & Jasin, 2010). BRCA1 seems to play an additional role as it associates with the BRIP1 helicase
(also termed FANC]J / BACH1) which has a poorly defined role in homologous recombination, but has been proposed to
dissolve non-canonical DNA structures such as G quadruplexes which may be refractory to normal replication and
homologous recombination processing (Wu et al., 2008; Moynahan & Jasin, 2010). BRIP1 may play a key role in
regulating levels of homologous recombination as it also has the potential to inhibit D-loop formation when over
expressed and so could be an anti-recombinase (see below) (Sommers et al., 2009).
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In addition to assisting BRCA2 in mediating Rad51 nucleation, PALB2 has also been demonstrated to enhance D-loop
formation by Rad51 in conjunction with another Rad51 interacting protein, Rad51AP1 (Dray et al., 2010; Buisson et al.,
2010). Whilst RAD51AP1 was first identified as a Rad51 interacting protein over ten years ago (Kovalenko et al, 1997;
Mizuta et al., 1997), evidence has only more recently been put forward to demonstrate its function in enhancing Rad51-
mediated strand invasion activity (Wiese et al., 2007, Modesti et al., 2007). PALB2 also interacts with MRG15, a
component of a histone acteyltransferase-deacetylase complex implicated in both transcriptional regulation and DNA
repair processes providing further clues as to how these proteins may interact with DNA in the context of chromatin
(Hayakawa et al., 2010 and references therein).

The Rad54 motor protein is another conserved protein which assists in Rad51 function. However it plays a “Jack of all
trades” role and seems to have other distinct functions in recombination (reviewed in Tan et al., 2003; Heyer et al., 2006;
Symington & Heyer, 2006; Mazin et al., 2010). It has an ATP-dependent DNA translocase activity (with no measurable
helicase activity) (Thomai et al., 2005; Amitani et al., 2006), and functionally interacts with Rad51 to stimulate Rad51-
mediated strand exchange and heteroduplex extension (Clever et al., 1997; Petukhova et al., 1998; Raschle et al., 1998;
Solinger et al., 2001). Rad54 is a Snf2 family member and it has ATP-dependent chromatin remodelling activity and this
is thought to function to assist the Rad51 recombinase by either clearing recombinogenic lesions of histones, or
remodelling the histones in the intact homologous duplex to be invaded and thereby assisting strand invasion /
homology searching (Aleviadis et al., 2002; Alexeev & Kadonaga, 2003; Jaskelioff et al., 2003; Wolner & Peterson, 2005;
Kwon et al., 2007; Zhang et al., 2007). Among its other activities Rad54 also has the ability to disrupt Rad51-generated D-
loops via a structure branch migration activity (Burgreev et al., 2007), although this apparent paradox might simply
relate to a requirement to switch from a D-loop intermediate to a preferred SDSA pathway to avoid crossover outcomes
[Figure 3(d)] (Heyer et al., 2010). The switch between pro- to anti-recombinase may be regulated in a temporal fashion
and may be regulated by distinct modifications / interactions associated with Rad54 (Mazin et al., 2010).

More recently, two new factors have been found to be essential for the proper loading of Rad51 to the sites of replication
stress induced ssDNA in human cells. These factors are MMS22L (Mms22 in S. cerevisine) and TONSL (NFKBIL2)
(O’'Donnell et al., 2010; Duro et al., 2010). Their depletion results in a failure to load Rad51 in response to replicative
stress, despite end processing occurring, indicating that this dimeric factor works at the stage of regulating Rad51
activity, although the exact mechanism of their action remains unclear (O’Donnell et al., 2010; Duro et al., 2010).
Consistent with a central role in delineating the homologous recombination pathway choice following replication fork
stalling, both Mms22 and its binding partner Mmsl1 are required for recovery from genotoxic agents which perturb DNA
replication in both fission and budding yeasts (Hryciw et al., 2002; Duro et al., 2008; Dovey et al., 2009; Vejrup-Hansen et
al., 2011).

Rad51 forms a filament on ssDNA and this structure mediates the invasion of the homologous duplex in an ATP-
dependent reaction (Holthausen et al. 2010). Stable nucleation progression requires an initial 4-5 Rad51 monomers to
bind to the ssDNA; this process does not require the hydrolysis of ATP, but ATP binding does influence the reaction
(van der Heijden et al., 2007). The exact mode of homologue searching remains unclear (for example, see Holthausen et
al., 2010). Once D-loops are formed, they provide intermediates which can drive the synthesis-dependent repair of
gapped or broken regions, paving the way for subsequent processing of the various intermediates that this key, initial
event may have formed (Figures 2-5). Products of these events can be re-established forks, SDSA products, dHJs and
break-induced replication initiating structures.

4.3 Anti-recombinase activities

Given the complexity of eukaryote genomes and the highly repetitive nature of some, there are instances where it is
beneficial to the organism to avoid recombination pathways which might have potentially detrimental outcomes if it is
permitted to proceed, or to proceed down a crossover proficient pathway. This is illustrated by Bloom’s Syndrome
patients who have a mutation in an anti-recombinase activity (BLM helicase), giving rise to measurably elevated levels of
inter-sister chromatid exchange events and higher levels of genome instability (German et al., 1965). The recombination-
mediated repair of breakage associated with replication is more likely to follow a non-crossover route via non-crossover
resolution/ dissolution of more complex recombination intermediates, such as dHJs and hemi-catanane-like structures,
or via a SDSA pathway. A group of so called “anti-recombinase” proteins have been identified which can serve to
prevent unwanted and ectopic recombination events and to direct recombination down specific, non-crossover lineages,
such as SDSA [for example, see Figure3(d)]. Anti-recombinases are proposed to function at two key stages. Firstly they
can disrupt the Rad51 presynaptic filament, thus preventing the generation of D-loop intermediates. Alternatively, they
can serve to dissolve D-loop structures prior to them stabilising and generating more complex recombination
intermediates capable of driving crossover events. These activities are largely mediated by a group of helicases and the
study of their roles as anti-recombinases is made more complex by the fact that there is a high degree of functional
redundancy and that they possess both pro- and anti-recombination activities, most likely linked to substrate and
temporal specificity. The known anti-recombinase helicases are the Srs2 family (budding yeast and fission yeast), the
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RecQ family (conserved, but five family members have been identified in humans: BLM, WRN, RECQL1, RECQL4 and
RECQLS5), Fbh1 family (fission yeast and humans), FANCM family [fission yeast (Fml1/2), budding yeast (Mphl) and
humans] and RTEL and BRIP1 (FANC]J) (humans; XPD family helicases) (for reviews, see Branzei & Foiani, 2007c; Chu &
Hickson, 2009; Whitby, 2009; White, 2009; Wu et al., 2009; Bernstein et al., 2010;Marini & Krejci, 2010; Monnat, 2010;
Yusufzai & Kadonaga, 2011). In addition to the helicases, the Rad54 translocase also has the ability to dissolve
recombination intermediates and has potential anti-recombinase activity (see above; Bugreev et al., 2007).

How these multiple factors are co-ordinated /uniquely specified to distinct damage sites is poorly understood; however,
SUMOylation of the replisome component PCNA is known to be required for the recruitment of at least one anti-
recombinase, Srs2, indicating an intimate link between residual replication mediators and regulators of replication
recovery pathways (Stelter & Ultrich, 2003; Papouli et al., 2005; Pfander et al., 2005)

4.4 Regression of stalled / damaged forks

A number of the pathways postulated for the recovery of a DNA replication fork from a terminal breakdown or for
lesion bypass require the regression of the replication fork to make a four way structure, the chicken foot, which has
structural similarities to a Holliday junction (Figure 5; see above). As for anti-recombination activities a number of
potential players have been posited to mediate fork regression. Firstly, the human RecQ orthologue, BLM, which is also
proposed to function in Holliday junction dissolution (see below), has been demonstrated to possess fork regression
activity (Ralf et al., 2006), although the physiological relevance of this is difficult to discern.

Secondly, extensive studies have indicated that the FANCM helicase/translocase has the ability to regress stalled forks
into the four way structure (Gari et al, 2008a; 2008b; Sun et al., 2008). Intriguingly, FANCM has been demonstrated to
form a functional bridging role between the BLM pathway and FANC pathways, suggesting that distinct potential fork
reversion activities have a close association in response to stalled replication forks (Deans & West, 2009). The histone-
fold protein dimer MHF1-MHEF2 has recently been identified as a co-factor for FANCM is (Thompson & Jones, 2010;
Singh et al., 2010; Yan et al., 2010); this factor has been implicated in centromere kinetochore function (Amano et al.,
2009) which has lead to the suggestion that FANMC activity is required to prevent functional genomic regions, made up
of repeat sequences which may be highly refractory to DNA replication, from becoming highly unstable (Yan et al.,
2010). However, a recent model has been proposed in which recombination triggered by modulation of the progression
of a DNA replication fork may play a functional role in centromere dynamics and may also account for the specific
requirement for the FANCM co-factors to associate with centromereic regions (McFarlane & Humphreys, 2010).

The third pathway proposed to play a role in fork regression is mediated by another Snf2 family helicase/translocase of
S. cerevisiae, Rad5, which has previously been implicated in translesion synthesis (for review, see Unk et al., 2010). Rad5
has E3 ubiquitin ligase activity, which is mediated through a RING finger domain (Ulrich & Jentsch, 2000). Rad5 can
mediate fork regression (Blastyak et al., 2007) and four way structures observed in wild-type S. cerevisae cells, in response
to fork stalling agents, do not accumulate in Rad5-deficient cells (Minca & Kowalski, 2010). It has been proposed that
Rad5 may regress a stalled fork and that this provides a substrate for recombination-mediated processing to re-establish
a functional fork (Figure 5) (Yusufzai & Kadonaga, 2011). Mammalian cells have two putative Rad5 orthologues, the
helices-like transcription factor (HLTF) and SNF2 histone linker PHD RING helicase (SHPRH) (Unk et al., 2010). To date
fork regression activity has been demonstrated for HLTF, but not SHRPH (Blastyék et al., 2010). Both HLTF and SHRPH
possess E3 ubiquitin ligase activity and they mediate the polyubiquitination of PCNA at stalled forks, indicating a role
for these proteins in modulation of replisome factors in response to stalled forks (Motegi et al., 2008), although another,
independent PCNA ubiquitination pathway has also been demonstrated indicating possible functional redundancy
(Krijger et al., 2011). Additionally, this paralogue pair has been demonstrated to have distinct ubiquitination activities to
regulate unique mutation avoidance mechanisms (Lin et al., 2011).

Recently, the ATP-dependent annealing helicase SMARCAL1 (SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, sub-family a-like 1) / HARP (HepA-related protein) (Yusufzai & Kadonaga, 2008), which is
associated with Human Schimke Immune-osseous Dysplasia (SIOD) (Boerkoel et al., 2002), has been implicated as a
potential fork regression helicase (Bansbach et al., 2009; Ciccia et al., 2009; Driscoll & Cimprich, 2009; Yuan et al., 2009;
Yusufzai et al., 2009). It is proposed that SMARCAL1/HARP is recruited to stalled forks via an active direct recruitment
interaction with RPA where it serves to reduce the levels of potentially deleterious ssDNA via a strand annealing
mechanism (Driscoll & Cimprich, 2009; Yusufzai & Kadonaga, 2011). A second strand annealing helicase activity has
recently been identified, AH2 (annealing helicase 2) suggesting there could be a family of annealing helicases which play
a role in genome stability regulation, although no direct link between AH2 and replication fork protection / regression
has yet been demonstrated (Yusufzai & Kadonaga, 2010).

In addition to the above factors the Rad54 translocase can mediate branch migration of Holliday junction-like structures
(Mazin et al., 2010). It has been proposed that, in combination with Rad51, it is capable of mediating a fork regression
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(Bugreev et al, 2010). Interestingly, Rad54 also exhibits interactions with the structure-specific nuclease Mus81
(reviewed in Mazin et al., 2010), which has been postulated to cleave regressed forks (see below), this might point to
failed forks being highly dynamic and promiscuous in which pathway is ultimately ‘chosen’ for fork repair (Figure 5).
Rad54 is likely to lie at the centre of such fluidity, as it can serve at multiple stages of the recombination processes
associated with stalled fork recovery possessing both pro- and anti-recombination activities (Tan et al., 2003; Heyer et al.,
2006; Mazin et al, 2010).

Whilst these various helicase/translocase activities have been associated with the regression of forks, to date no activity
has been proposed to revert the regressed four way structure to reform the replication fork, although this role could be
mediated by the Rad54 protein (Bugreev et al., 2010). It is assumed that such activity is required, but it is also postulated
that the regressed fork, the chicken foot, can provide a substrate for structure-specific nucleases. Such nucleases could
cleave the regressed fork forming a substrate for further recombination-mediated fork restoration / repair pathways
(Figures 5). One conserved candidate for this cleavage is the Mus81-Emel(Mms4) dimer, which has nucleolytic activity
on a range of structures which could be generated by fork regression (Osman & Whitby, 2007). However, there are other
structure-specific nucleases, namely the SIx1-Slx4 (SLX4-BTBD12) and Genl (Yenl) nucleases which have been
demonstrated to have the ability to cleave structures which may be generated by stalled or regressed forks (reviewed in
Svendsen & Harper, 2010; Schwartz & Heyer, 2011).

4.5 Holliday junction resolution / dissolution

Whilst Holliday junction resolution in bacteria is mediated by a relatively simple single protein mechanism, identifying
the activities which are responsible for the processing of Holliday junctions in eukaryotes has revealed a significantly
more complex picture. However, from this complexity key players are starting to emerge which are capable of mediating
Holliday junction resolution or dissolution (Mankouri & Hickson, 2007; Schwartz & Heyer, 2011; Svendsen & Harper,
2011). As for other mechanisms in the repair of replication-associated damage, it is clear there is a degree of functional
redundancy between these pathways (for example, see Weschsler et al., 2011). dHJs can undergo classical
endonucleolytic resolution, or they can alternatively undergo dissolution (Figures 3-5); however, single Holliday
junctions, are incapable of being processed down the dissolution route. Unlike resolution, dissolution cannot result in
crossing over and dissolution does not require a classical Holliday junction resolvase activity.

The first of the potential Holliday junction resolution activities is provided by the Mus81 structure-specific endonuclease.
This works in concert with a partner protein Emel (Mms4) (Osman & Whitby, 2007; Ciccia et al., 2008). It is required for
the recovery from replicative stress and Mus81-deficient cells are sensitive to agents which cause replication-associated
DNA damage (for examples, see Boddy et al., 2001; Roseeaulin et al., 2008; Svendsen et al., 2009) and exhibit high levels
of chromosomal re-arrangements during normal mitotic proliferation (for example, see Dendouga et al., 2005). Mus81
has been demonstrated to have Holliday junction resolution activity, possibly via a nick and counter nick mechanism
(Boddy et al., 2000; Gaillard et al., 2003), but conclusive evidence that this activity is responsible for its role in
maintaining genome stability in response to replication fork failures is difficult to discern for two reasons. Firstly, Mus81
has the ability to cleave other, non- Holliday junction structures during the processing of substrates generated by
replication-associated DNA damage (Ciccia et al., 2003; Osman et al., 2003; Whitby et al., 2003; Fricke et al., 2005).
Secondly, Mus81 does not show a particularly strong preference for Holliday junctions with continuous strands and
favours structures which resemble nicked Holliday junctions (for example, see Fricke et al., 2005), although Mus81
modifications / interaction might favour Holliday junction specificity in vivo (Osman & Whitby, 2007, Schwartz &
Heyer, 2011). Interestingly, Mus81 has been demonstrated to interact with Rad54, which has Holliday junction branch
migrating capabilities; this might serve to indicate that targeting of Mus81 specifically to Holliday structures can be
linked to early events within the repair process via the central regulator Rad54 (Interthal & Heyer, 2000).

The second protein with Holliday junction resolvase activity is the SIx1-Slx4 complex (Fekairi et al., 2009; Svendsen et al,.
2009), which has been demonstrated to mediate the repair of failed replication forks (Frickle & Brill, 2003; Deng et al.,
2005) and, as for many replciation repair factor genes, is implicated in the cancer predisposition disorder Fanconia
anemia (Crossan et al., 2011). As for Mus81, SIx1-4 has structure-specific endonucelase activity which does not favour
fixed Holliday junctions, leading to early suggestions that they played no role in Holliday junction resolution (Fricke &
Brill, 2003). Later work has now demonstrated the ability of SIx1-4 complex to cleave Holliday junctions (Fekairi et al.,
2009; Munoz et al., 2009; Svendsen et al,. 2009), although the physiological significance of these studies remains
controversial (Schwartz & Heyer, 2011).

Thirdly, Genl (Yenl) was identified as a bona fide Holliday junction resolvease (Ip et al., 2008; Rass et al., 2010), although
it too cleaves model replication fork intermediates (Ip et al., 2008; Rass et al., 2010). Human and yeast cells dysfunctional
for Genl(yenl) do not have measurable phenotypes indicating a role in genome maintenance (for example, see Svendsen
et al., 2009), but further analysis demonstrates a degree of redundancy with other proposed Holliday junction processing
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pathways (Blanco et al., 2010; Tay & Wu, 2010; Ho et al., 2010; Weschsler et al., 2011). The failure of Gen1(Yenl)-deficient
cells to exhibit any significant defect in genome stability pathways, and the complete absence of a Gen1 orthologue in the
fission yeast, has lead to the suggestion that Holliday junctions do not play a major role in DNA damage processing
pathways, including the responses to failed replication forks (Schwartz & Heyer, 2011). This argument is further
supported by the findings that other Holliday junction resolving nucleases have a very low preference for bona fide
Holliday junctions (see above). However, the presence of measurable dHJs in mitotic cells at least demonstrates that
these structures are present and so play some role in at least one DNA damage recovery pathway during mitotic
proliferation (Bzymek et al., 2010).

Finally, many of the models described above which involve a dHJ as a recombination intermediate indicate that these
intermediates can be dissolved to form hemicatanene structures (see above; Figures 3-5). In Section 4.1 we describe the
STR complex (Sgs1-Top3-Rmil) which plays an enhancer role during extensive end resection of DSBs (see above). This
complex also has the ability to serve as a “dissolvasome” for dHJs (Mankouri & Hickson, 2007). Dissolvasome activity
involves Sgsl (BLM) helicase mediating the convergent migration of the two Holiday junctions to form the
hemincatanane and Top3 activity then resolves the catanated strands (Chang et al., 2005; Mullen et al., 2005; Yin et al.,
2005; Raynard et al., 2006; Wu et al., 2006; Bussen et al., 2007; Yang et al., 2010). The role of Rmil is to stimulate the final
Top3-mediated de-catenation reaction (Cejka et al., 2010). Mammalian cells have an additional factor, Rmi2, which also
serves as an essential component of the dissolvasome complex (BLM-Top3a-Rmil-Rmi2) (Singh et al., 2008). Given that
sister chromatid exchanges are rare events in cells with a fully functional dissolvasome, and that these become elevated
when dissolvasome components are perturbed (for example, German et al., 1965), it is likely that this is a major route for
dH]J processing, although there is considerable overlap and redundancy with other dHJ resolution factors (see above; for
example, Weschler et al., 2011), although Holliday junction containing structures do persist in S. cerevisiae cells following
DNA damage in the absence of Sgs1 and Top3 function (Mankouri et al., 2011).

5. Closing remarks

DNA replication is at the very center of the regulation of life on earth. Perturbation of replicative processes can generate
an array of highly distinct lesions which require processing to ensure that the biological requirements associated with
genome duplication are met in full. This has resulted in the evolution of multiple complexes and competing pathways,
each capable of acting on specific substrates. These pathways share common players and parsimony has driven the
development of distinct and in some cases opposing roles for central regulators. Moreover, the complexity of distinct
pathways requires the temporal modification of specific regulators, which must be co-ordinately timed to allow step-
wise progression of a given process. Here we have presented some of the models proposed for the repair and processing
of replication-associated lesions. We have demonstrated the many possible routes a specific substrate can follow and we
have provided a basic overview of the key trans factors and their functional capabilities. It is clear that many of these
factors have overlapping roles and that the many pathways in which they serve make elucidation of the exact
mechanisms difficult and many key questions remain open to experimental scrutiny.
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