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The links between recombination and replication have been appreciated for decades and it is
now generally accepted that these two fundamental aspects of DNA metabolism are insep-
arable: Homologous recombination is essential for completion of DNA replication and vice
versa. This review focuses on the roles that recombination enzymes play in underpinning
genome duplication, aiding replication fork movement in the face of the many replisome
barriers that challenge genome stability. These links have many conserved features across all
domains of life, reflecting the conserved nature of the substrate for these reactions, DNA.

The interplay between replication and re-
combination is complex in terms of both

mechanism and integration within DNA me-
tabolism. At the heart of this interplay is the
requirement for single-stranded DNA (ssDNA),
the substrate for DNA-strand-exchange pro-
teins, to initiate recombination (Cox 2007b;
San Filippo et al. 2008). Whether, when, and
where this ssDNA is generated determines the
functional relationship between replication and
recombination, a relationship that can operate
in both directions. Homologous recombination
enzymes are critical for successful completion
of genome duplication (Kogoma 1997; Cox
et al. 2000) but DNA replication also underpins
homologous recombination, as discussed else-
where in this collection. The links between re-
combination and replication are therefore inti-
mate and one cannot be considered in isolation
from the other. However, involvement of DNA-
strand-exchange proteins, regardless of the met-
abolic context, comes with the unavoidable risk
of genome rearrangements. This genome insta-

bility can occasionally increase evolutionary fit-
ness but more frequently is deleterious to the
viability of the individual.

This review will focus on fundamental as-
pects of the links between replication and re-
combination enzymes rather than simply pro-
viding a list of known enzymes and reactions.
The substrate, DNA, is identical in all of these
reactions and this is reflected in the high mech-
anistic conservation of replication and recom-
bination.

DE NOVO INITIATION OF REPLICATION
BY RECOMBINATION

The intimate links between homologous recom-
bination and DNA replication were first noted in
the bacteriophage T4 (Luder and Mosig 1982).
Early T4 genome duplication occurs at specific
origins but once a replisome reaches one of the
DNA ends then the inability to complete lagging
strand synthesis results in a 30 ssDNA end (Kreu-
zer and Brister 2010). Binding of this ssDNA by
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the bacteriophage DNA-strand-exchange pro-
tein, UvsX, results in strand invasion and for-
mation of a D-loop with a homologous region
either within the same DNA molecule, directed
by terminal redundancy within the T4 genome,
or another T4 DNA molecule within the same
cell (Liu and Morrical 2010). The D-loop is a
central intermediate in the interplay between
recombination and replication, providing a spe-
cific branched DNA structure that can be rec-
ognized by replication initiators and a 30 DNA
end to prime leading strand synthesis (Fig. 1)
(McGlynn et al. 1997; Mueser et al. 2000). Load-
ing of the replicative helicase onto the chro-
mosome by these replication initiators acts as
a trigger for assembly of other replication en-
zymes to form the functional replisome. Thus,
recombination allows DNA structure-directed
replication initiation as opposed to the DNA
sequence-directed initiation occurring at spe-
cific origins (Heller and Marians 2006a).

Replisome assembly at D-loops appears to
be conserved throughout evolution, providing a
structural link between recombination and rep-
lication initiation (McGlynn and Lloyd 2002;
San Filippo et al. 2008). Indeed, recombina-
tion-directed formation of D-loops via process-
ing of double-stranded DNA breaks can sustain
chromosomal duplication in the absence of
normal origin function in bacteria, not just vi-
ruses (Kogoma 1997). However, de novo initi-
ation of genome duplication via D-loops de-
mands homologous sequences and so requires
a second copy of the genome to be present or
terminal redundancy within the genome, as in
T4 (Kreuzer and Brister 2010). Recombination-
initiated replication thus imposes constraints
on ploidy and genome structure that are avoid-
ed by the use of specific origins of replication.
Specific replication origins also provide greater
potential for regulation via the initiator. How-
ever, recombination-dependent formation of D-
loops, although being supplanted for de novo
initiation of genome duplication in nonviral
life-forms, still plays key roles in overcoming
replicative problems.

THE PROBLEM WITH DNA REPLICATION

DNA lesions, proteins bound to the template,
R-loops, DNA secondary structures, and topo-
logical strain can all inhibit replisome move-
ment. Replisomes paused at such barriers can
continue duplication whether the original block
is removed or bypassed (Marians et al. 1998;
Guy et al. 2009; Pomerantz and O’Donnell
2010; Yeeles and Marians 2011) but paused
replisomes lose activity as a function of time
(Marians et al. 1998; McGlynn and Guy 2008;
Petermann et al. 2010), implying that pausing
increases the probability of loss of replisome
function. Oxidative damage to replication en-
zymes in vivo (Davies 2005) could also result in
fork breakdown, a very different form of dam-
age because it is not associated with template
blocks and so cannot be bypassed. Such damage
might create problems especially when occur-
ring in replication enzymes with low turnover
rates in vivo but the extent of this potential
problem is unknown.

3′ ssDNA endA

B
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D

D-loop

Figure 1. D-loop formation and the initiation of rep-
lication. Strand exchange initiated via a 30 DNA end
(A) results in the formation of a D-loop with a ho-
mologous duplex (B). This branched DNA structure
can act as a target for replication initiation proteins
that results in loading of the replisome (C) and con-
sequent leading and lagging strand synthesis. The
strand exchange process generates a Holliday junc-
tion behind the replication fork that must be removed
to allow the sister chromosomes to segregate (D).

A.H. Syeda et al.

2 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016550



Determining the frequency with which
replisomes pause and subsequently lose activity
in vivo is technically difficult. Most pausing
events in E. coli do not lead to replisome inac-
tivation but pausing frequency is high, suggest-
ing that even a low probability of paused fork
inactivation presents challenges to genome
stability (Gupta et al. 2013). Perhaps the most
compelling evidence for the challenge posed by
loss of replisome activity is the severe loss of
viability in the absence of the E. coli replication
restart enzyme PriA (Lee and Kornberg 1991;
Nurse et al. 1991). PriA binds to DNA structures
associated with replisome breakdown such as
D-loops and forks (McGlynn et al. 1997), re-
sulting in loading of the replicative helicase
and replisome reassembly (Liu et al. 1999; Cad-
man et al. 2005; Lopper et al. 2007). PriA acts
therefore as a DNA structure-specific replica-
tion initiator, restarting replication away from
oriC in the event of replisome breakdown. The
importance of this replisome reassembly is un-
derlined by the inviability of cells lacking PriA
and a second structure-specific initiator PriC
(Sandler 2000). PriA and PriC have comple-
mentary DNA substrate specificities, binding
preferentially to forked DNA with and without
a leading strand present at the branch point,
respectively (Heller and Marians 2005b). The
inviability of cells lacking both enzymes pro-
vides direct evidence for the low probability of
replisomes assembled at oriC being able to com-
plete chromosome duplication.

The multiple origins per chromosome in
eukaryotes, including normally dormant but
activatable origins, provide a means of com-
pleting replication when a replisome breaks
down that is not available in bacteria (Blow
et al. 2011). However, although multiple origins
might reduce the need for replisome reloading,
inactivation of paused forks in eukaryotes does
present challenges to genome stability (Aguilera
and Gomez-Gonzalez 2008; Petermann and
Helleday 2010; Petermann et al. 2010; Duch
et al. 2012). Forks can lose activity in regions
with low origin density, which may reduce the
probability of broken fork rescue by adjacent
origin firing, a situation in which common frag-
ile sites and associated ultrafine anaphase brid-

ges can occur (Chan et al. 2009; Letessier et al.
2011; Ozeri-Galai et al. 2011; see also Bizard and
Hickson 2014). Inactivation of replisomes with-
in unidirectionally replicated sections of the ge-
nome (Murray and Carr 2008) will also create
a requirement for replisome reassembly. A high
density of transcribing RNA polymerases might
also present barriers to replisome movement
that are so substantial as to inhibit both con-
verging replication forks (Trautinger et al. 2005;
Duch et al. 2012; McGlynn et al. 2012). Con-
verging forks are therefore unlikely to provide a
safety net for inactivated replisomes that is suf-
ficiently robust to ensure genome stability.

THE STRUCTURE OF BLOCKED
REPLICATION FORKS

DNA-strand-exchange proteins, nucleases, and
helicases all possess specific DNA structure
specificities, and so the structures of blocked
forks dictate mechanisms of recombination en-
zyme-mediated processing.

DNA lesions such as cyclobutane pyrimi-
dine dimers that act as single-strand-specif-
ic blocks can inhibit either the leading or the
lagging strand polymerase. The discontinuous
nature of lagging strand synthesis facilitates re-
priming of replication downstream from a non-
coding lesion, leaving an ssDNA gap that must
be repaired subsequently by recombination with
the sister duplex or by translesion synthesis
(Rupp et al. 1971; Lehmann 1972; Smith 2004;
Lopes et al. 2006). Repriming of DNA synthesis
can also occur downstream from lesions within
the leading strand template, resulting in for-
mation of a ssDNA gap that, as for the lagging
strand, must be repaired after passage of the fork
(Rupp and Howard-Flanders 1968; Lehmann
1972; Amado and Kuzminov 2006; Elvers et al.
2011; Yeeles and Marians 2011). However, high
levels of DNA damage do inhibit replication
fork progression (Setlow et al. 1963; Edenberg
1976). Thus, bypass mechanisms might deal ef-
ficiently with low, but not high, densities of
DNA lesions. However, the relative frequency
of lesion bypass versus fork breakdown as a
function of lesion density remains unknown.
Even when fork breakdown does occur, PriC-
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directed replisome reassembly might be able to
reinitiate replication downstream from leading
strand lesions without the need for recombina-
tion enzymes in Escherichia coli (Heller and Ma-
rians 2005a,b, 2006b). However, it is unknown
whether eukaryotes have a PriC-like activity.
If both bypass and restart reactions fail, then
continued movement of the replicative heli-
case could allow lagging strand synthesis to
continue for some way beyond the terminated
leading strand to generate a blocked fork with a
gap on the leading strand (Svoboda and Vos
1995; Pagès and Fuchs 2003; Yeeles and Marians
2013).

Another type of strand-specific DNA lesion,
a discontinuity in the phosphodiester back-
bone, results in loss of the replication fork struc-
ture and generation of a dsDNA end, requiring
reintegration of the dsDNA end via recombina-
tion and replisome reassembly to reform the
fork (Fig. 2) (Hanawalt 1966; Skalka 1974; Kuz-
minov 2001; Hashimoto et al. 2012). Such
breaks in one strand might arise as a result of
occasional failure to repair DNA lesions or to
ligate adjacent Okazaki fragments (Gottesman
et al. 1973; Kouzminova and Kuzminov 2008;
Moriel-Carretero and Aguilera 2010). Topo-
isomerases may also fail to reseal breaks within
DNA strands, either when covalent topoiso-
merase–DNA complexes are stabilized via drugs
such as the anticancer agent camptothecin or
when topoisomerases act on damaged DNA
(Pommier et al. 1998; Pommier 2013). The fre-
quency with which such discontinuities arise is
difficult to assess directly. However, the need for
efficient double-stranded DNA end processing
in E. coli appears to be associated with direct
processing of replication forks rather than re-
pair of DNA ends released by collision of forks
with strand discontinuities (Capaldo et al. 1974;
Seigneur et al. 1998; McGlynn and Lloyd 2000).
Single strand breaks might therefore be rare
(McGlynn and Lloyd 2000).

Nucleoprotein complexes, interstrand cross-
links, and topological strain require removal
of the original block for resumption of replica-
tion because such barriers inhibit both poly-
merases and the helicase, preventing bypass
reactions (McGlynn 2013). Saccharomyces cere-

visiae forks stalled by the programmed nucleo-
protein barrier within the rDNA array possess
very little ssDNA on either template strand
(Gruber et al. 2000). Similarly, although E. coli
forks blocked by the Tus– ter replication barrier
in vitro have 50–70 bases of ssDNA on the lag-
ging strand template, there is little on the lead-
ing strand template (Hill and Marians 1990).

UNDERPINNING REPLICATION FORK
MOVEMENT VIA RECOMBINATION
ENZYMES

There are many mechanisms by which recom-
bination enzymes could aid replication fork
movement but obtaining good evidence for
any of these mechanisms being operative in
vivo has proven difficult. Potential mechanisms
are often inferred from indirect evidence, rais-
ing difficulties in interpretation given the over-

DiscontinuityA
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Figure 2. Generation of a dsDNA end by a replisome
encountering a discontinuity within a template DNA
strand. The discontinuity is depicted within the lead-
ing strand template (A) but the same outcome would
result from a lagging strand template discontinuity.
Processing of the free dsDNA end (B) by exonucleases
would result in a 30 ssDNA substrate (C), which could
be used to generate a D-loop via strand exchange (D).
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lap between different pathways of replication
repair. It is also important to note that the in-
volvement of recombination enzymes does not
necessarily result in exchange of DNA strands
between duplexes. Even when strand exchange
does occur this may have no genetic conse-
quences if it occurs between identical regions
on the sister duplexes generated by the origi-
nal fork. Conversely, strand exchange between
homologous chromosomes can lead to loss of
heterozygosity in eukaryotes (St Charles and
Petes 2013), whereas nonallelic exchange within
the same, or between different, chromosomes
can cause gross chromosomal rearrangements
(Lambert et al. 2005; Liu et al. 2011; Mizuno
et al. 2012).

FORK STABILITY

Recombination enzyme-dependent stabiliza-
tion of damaged forks implies that DNA at
inactivated forks is at risk from nucleolytic deg-
radation. Degradation could be owing to en-
donucleolytic cleavage of ssDNA or branched
structures at the fork, or to exonucleolytic deg-
radation of DNA ends at ssDNA gaps, the fork
itself, or via fork regression. Such degradation
could facilitate replisome repair (see below) but
could also result in loss of genetic information
and/or aberrant recombination.

RecA, the bacterial DNA-strand-exchange
protein, and RecFOR minimize degradation of
DNA in E. coli cells exposed to UV light (Cour-
celle and Hanawalt 2003). One explanation is
that RecFOR promotes RecA binding to SSB-
coated ssDNA at the fork, with the resultant
nucleoprotein filament inhibiting access of nu-
cleases to the DNA (Courcelle et al. 1997, 2003;
Morimatsu and Kowalczykowski 2003). How-
ever, RecAFOR-dependent replication restart
may prevent degradation of DNA at the fork
simply by promoting resumption of replication,
possibly via fork regression or the repair of
dsDNA ends (see below), rather than directly
stabilizing the fork DNA (Rudolph et al. 2007,
2008). RecA-dependent stabilization of blocked
forks is therefore still an open question.

BRCA2-dependent stabilization of binding
of Rad51, the eukaryotic DNA-strand-exchange

protein, at or near stalled forks, inhibits nucle-
olytic degradation of nascent DNA (Hashimoto
et al. 2010; Schlacher et al. 2011). Fork stabiliza-
tion could therefore be a conserved feature of
DNA-strand-exchange enzymes. There are also
multiple mechanisms to stabilize blocked repli-
cation forks in eukaryotes that do not require
recombination enzymes (Lopes et al. 2001; Ter-
cero and Diffley 2001; Katou et al. 2003; Szyjka
et al. 2005; Tittel-Elmer et al. 2009; Vaisica et al.
2011). Perhaps the increased numbers of forks
in eukaryotes demands a reduced probability
of individual blocked fork instability, requiring
multiple stabilization mechanisms. Alternative-
ly, different replicative blocks might require dif-
ferent mechanisms to promote blocked fork
stability.

DNA-strand-exchange proteins might also
play very different roles in terms of replisome
stability as opposed to forked DNA stability.
RecA promotes polymerase dissociation from
DNA containing an abasic lesion in a reaction
that is facilitated byRecFOR when SSB is present,
implying that facilitated disassembly may allow
subsequent processing and restart of blocked
replication forks (McInerney and O’Donnell
2007). Indeed, RecA promotes bypass of damage
via activation of translesion DNA polymerases
(Schlacher et al. 2006; Indiani et al. 2013), a re-
action that might provide a mechanism of last
resort if other fork processing pathways fail to
restart replication (Courcelle et al. 2006).

Targeting of replication forks by DNA-
strand-exchange proteins, regardless of the out-
come of this binding, will likely inhibit other
types of blocked fork processing and also pre-
sents the risk of genome rearrangements occur-
ring. The binding of strand exchange proteins to
ssDNA is therefore regulated (Krejci et al. 2012)
with turnover of nucleoprotein filaments by
specific helicases being a key factor in balancing
replication, repair, and recombination (Krejci
et al. 2003; Veaute et al. 2003, 2005; Antony
et al. 2009; Long et al. 2009). Other, less well-
characterized, mechanisms also exist to modu-
late DNA-strand-exchange protein activity at
forks (Moore et al. 2003; Cox 2007a; Bakhlanova
et al. 2010). Such control balances the need to
repair damaged replication forks with the need
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to minimize genome instability, raising the pos-
sibility that strand exchange protein-mediated
remodeling of blocked replication forks might
occur only rarely.

BLOCKED FORK PROCESSING WITHOUT
FORK REGRESSION

The conceptually easiest link between replica-
tion and recombination is the breakdown of
replication on encountering a discontinuity in
either the leading or the lagging template strand.
This would result in release of one of the sister
duplexes with a dsDNA end, a substrate for re-
combination, and would result in D-loop for-
mation with homologous sequences on the sis-
ter duplex (Fig. 2) (McGlynn and Lloyd 2002;
Aguilera and Gomez-Gonzalez 2008). Assum-
ing that the original discontinuity in the intact
sister duplex was repaired, replisome reassembly
onto the D-loop would result in restoration of
a functional replication fork. PriA in bacteria
provides a well-characterized means of such
D-loop targeting (Xu and Marians 2003; Heller
and Marians 2006a), whereas break-induced
replication in eukaryotes (Llorente et al. 2008;
Symington and Gautier 2011; see also Mehta
and Haber 2014) indicates similar repair of sin-
gle dsDNA ends is a universal feature of genome
duplication.

Other types of block, such as nucleotide
damage or protein–DNA complexes, would
not lead directly to loss of the branched DNA
structure characteristic of replication but may
require DNA processing to facilitate repair or
bypass of the block and/or replisome reassem-
bly. Potential processing reactions include exo-
nucleolytic degradation of the leading and/or
the lagging strands, endonucleolytic cleavage at
or behind the fork, and unwinding/rewinding
of template and/or nascent DNA strands.

Exonucleolytic processing of blocked forks
could be initiated either at the 30 end of the
nascent leading strand or the 50 end of the lag-
ging strand. Degradation of a nascent strand that
has been extended significantly beyond the oth-
er strand might promote spontaneous reanneal-
ing of the parental DNA although binding of
exposed ssDNA by SSBs could inhibit reanneal-

ing. Prevention of reannealing of ssDNA might
facilitate the loading of strand exchange pro-
teins onto ssDNA at the fork with possible con-
sequences as regards fork remodeling or stabil-
ity. DNA-strand-exchange proteins bound at
the fork may be able to promote regression
(Seigneur et al. 2000; Robu et al. 2001). An al-
ternative, but not mutually exclusive, view is
that nucleofilament formation results in protec-
tion of DNA at the fork from excessive degrada-
tion by nucleases, facilitating repair of blocking
lesions and resumption of replication (Cour-
celle et al. 2003, 2006; Bryant et al. 2009).

Endonucleolytic processing of blocked
replication forks might also occur. Multiple
branched DNA-specific endonucleases have
been characterized in eukaryotes that cleave
DNA flaps, forks, and Holliday junctions
(Schwartz and Heyer 2011; Rass 2013). Two of
these (Mus81-Mms4 and Slx1-Slx4 in S. cerevi-
siae) have been implicated in recombination-
mediated repair of damaged replication forks
(Fricke and Brill 2003; Hanada et al. 2007;
Osman and Whitby 2007). Direct cleavage of
blocked replication forks by these branched
DNA-specific endonucleases has therefore been
proposed as one means of promoting replica-
tion repair, with cleavage releasing a single
dsDNA end that can be recombined back with
the sister duplex to provide a D-loop substrate
for replisome reloading (Fig. 3) (Ahn et al. 2005;
Hanada et al. 2006). However, it is not clear how
such direct cleavage followed by recombination
would facilitate removal of the original repli-
cative block. Perhaps destruction of the fork
facilitates access of excision repair enzymes to
the blocking lesion. Recombination-directed re-
start might also facilitate replication through
stochastic blocks such as protein–DNA com-
plexes (Payne et al. 2006). Direct cleavage could
also promote recombination in the vicinity of
interstrand cross-links, a type of lesion known to
require recombination for repair (Hanada et al.
2006; Raschle et al. 2008). Alternatively, mam-
malian forks stalled for prolonged periods could
be rescued by a combination of adjacent origin
firing and MUS81-directed cleavage of the orig-
inal blocked fork (Hanada et al. 2007; Peter-
mann et al. 2010). Homologous recombination
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from the cleaved fork might then allow com-
pletion of duplication of the intervening DNA
(Petermann et al. 2010). However, convinc-
ing evidence for direct cleavage of replication
forks in vivo, as opposed to DNA intermediates
formed from the original fork, is lacking. The
peak of Mus81 activity also occurs during mito-
sis rather than S phase, implying that resolution
of joint molecules in mitosis rather than cleav-
age of blocked replication forks during S phase
might be the primary function of this endo-
nuclease (Matos et al. 2011). It should also be
borne in mind that utilization of these different
branched DNA-specific endonucleases varies
among different eukaryotes and so it is difficult
to generalize concerning the importance of di-
rect cleavage of blocked forks (Schwartz and
Heyer 2011).

BLOCKED FORK PROCESSING WITH FORK
REGRESSION

Reannealing of the parental DNA strands at a
fork, together with annealing of the nascent
strands, would result in formation of a four-
stranded structure that resembles aclassical Hol-
liday junction (Figs. 4A,B and 5A,B) (Hotchkiss
1974). Genetic and physical evidence that fork
regression can occur has been reviewed else-
where in detail (Atkinson and McGlynn 2009).
The frequency of regression appears low as
judged by electrophoretic and electron micro-
scopic techniques (Sogo et al. 2002; Pohlhaus
and Kreuzer 2006) indicating that fork regres-

Replisome block

Removal of block

Strand exchange

D-loop formation

A

B

C

Figure 3. Direct cleavage of blocked replication forks.
Cleavage (gray triangle) of template DNA at blocked
replication forks (A,B) can release a free dsDNA end
(C). Strand exchange-mediated D-loop formation
could then restore a functional replisome allowing
completion of genome duplication assuming that
the original block was removed.

C

B

A

D F

E

Lesion bypass Lesion repair

Figure 4. Template switching may provide the means
to bypass or repair strand-specific DNA lesions. Fork
regression (A,B) could allow the lagging strand to
provide a template for extension of the blocked lead-
ing strand (B,C). Subsequent reversal of the original
regression would result in bypass of the lesion and
reinitiation of replication at the reconstituted fork
structure (D). Note that such fork structures resemble
the branched DNA found within D-loops and, at least
in bacteria, replication reinitiation proteins can re-
load the replication apparatus back onto these forks.
Alternatively, fork regression could reposition the le-
sion opposite an intact lagging strand template, pro-
moting excision repair (B,E). Reversal of fork regres-
sion would again reform the fork to allow replication
reinitiation (F).
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sion might be a pathological event. However,
many genetic observations can be explained by
invoking fork regression with such models being
supported by the identification of enzymes able
to catalyze regression in vitro (Aguilera and Go-
mez-Gonzalez 2008; Atkinson and McGlynn
2009). Blocked fork regression would not have
to be a frequent event for it to be an important
method of fork processing with respect to via-
bility and genetic assays might provide sensitive
readouts of such events. It is therefore difficult to
unequivocally state the importance of fork re-
gression based on one set of observations alone.

What might drive fork regression? Positive
torsional strain ahead of the fork can promote

rewinding of the parental DNA strands and
hence regression (McGlynn et al. 2001; Postow
et al. 2001). Several helicases/translocases have
also been shown to catalyze fork regression in
vitro (McGlynn and Lloyd 2001; Machwe et al.
2006; Ralf et al. 2006; Webb et al. 2007; Betous
et al. 2012). Regression also appears to be a
universal catalytic property of DNA-strand-ex-
change proteins in vitro, a property that can
explain the in vivo functions of RecA and
Rad51 in the face of certain replicative blocks
(Seigneur et al. 2000; Robu et al. 2001; Courcelle
et al. 2003; Kadyrov and Drake 2004; Yoon et al.
2004). However, the initial binding of strand
exchange proteins requires ssDNA, implying

D-loop

Exonuclease

B

A

D

E

C

I M

H L

K

JF

G

Exonuclease

D-loop

Holliday
junction

Holliday
junction

Figure 5. Fork regression coupled with exo- or endonuclease-mediated processing could provide multiple
pathways for replication fork restart. Fork regression after blockage of the replisome (A,B) could generate a
dsDNA end that could be fully degraded by exonucleases (C,D) to reconstitute a fork structure onto which the
replisome can be reloaded (E). Alternatively, Holliday junction endonucleases might cleave the regressed fork
(F) to generate a dsDNA end that can catalyze D-loop formation and replisome reloading (G– I). Endonucleo-
lytic cleavage could also occur after strand exchange between the DNA end formed by fork regression and the
homologous sequence within the parental duplex, providing an intramolecular recombination reaction that
might limit the potential for aberrant recombination (J–M).
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that access of these proteins to blocked forks will
depend on the nature of the replicative block
and processing of the blocked fork by exonucle-
ases (see above).

How might fork regression facilitate ge-
nome duplication? DNA lesions within the lead-
ing strand template, if not bypassed by reprim-
ing, may be refractory to excision repair owing
to the absence of a complementary DNA strand
and so continue to block leading strand synthe-
sis. Fork regression might allow extension of the
blocked leading strand using the nascent lagging
strand as a template (Fig. 4B) (Fujiwara and
Tatsumi 1976; Higgins et al. 1976). This tem-
plate switching reaction might then allow by-
pass of the original lesion on reversal of fork
regression and reloading of the replication ap-
paratus at the fork (Fig. 4C,D). Postreplicative
bypass mechanisms are emerging as important
in eukaryotes (Blastyak et al. 2007; Hishida et al.
2009) but perhaps the best evidence to date for
template switching is the reconstitution of this
reaction in vitro using bacteriophage T4 en-
zymes (Manosas et al. 2012).

Regression followed by direct reversal might
also promote repair, as opposed to bypass, of
DNA lesions. Regression of forks halted by
strand-specific lesions would reposition the le-
sion opposite a complementary DNA strand,
facilitating excision repair followed by repli-
some reassembly on reversal of regression (Fig.
4B,E,F) (Courcelle et al. 2003, 2005). Degrada-
tion of the extruded duplex arm, as opposed to
reversal of fork regression, might provide an
alternative means of replication restart after
fork regression (Fig. 5C) (Seigneur et al. 1998;
Michel et al. 2004). Regression followed by deg-
radation of the dsDNA end and restart could
also promote replication through stochastic
blocks such as protein–DNA complexes.

Regressed forks might also be cleaved by
endonucleases rather than be removed by direct
reversal or degradation of the extruded dsDNA
arm. Cleavage of the four-stranded structure by
a Holliday junction endonuclease would gener-
ate one intact sister duplex, after ligation of the
phosphodiester backbone, and a second duplex
with a dsDNA end (Fig. 5F,G) (Seigneur et al.
1998). This cleavage would destroy, rather than

remodel, the original fork structure, necessitat-
ing strand exchange between the dsDNA end
and the intact sister duplex to reform the fork
via D-loop formation (Fig. 5G–I). Like regres-
sion followed by degradation of the extruded
dsDNA arm, recreating an active replication
fork upstream of the original block could pro-
mote access of repair enzymes to the block or
provide a second opportunity for the replisome
to translocate through stochastic blocks. How-
ever, the need for recombination subsequent to
cleavage of the regressed fork would create a risk
of inaccurate recombination, raising questions
as to the frequency of such processing relative to
degradation of the extruded arm under normal
circumstances (Seigneur et al. 1998; Flores et al.
2001; Michel et al. 2004).

It is also possible that the recombination
event could occur before any cleavage (Fig.
5J–M). The reversal followed by degradation
model assumes that exonucleases would de-
grade the extruded duplex arm completely (Fig.
5C,D). However, this exonucleolytic degrada-
tion could also generate ssDNA that could act
as a substrate for recombination (Louarn et al.
1991), with strand exchange occurring poten-
tially with the homologous sequence within the
reformed parental duplex (Fig. 5K) (Seigneur
et al. 1998; Ahn et al. 2005). Reassembly of the
replisome at the D-loop would generate a rep-
lication fork with two upstream Holliday junc-
tions, both of which would require resolution
by endonucleases or helicases/topoisomerases
(Fig. 5L). Although such a reaction would again
result in the risk of inaccurate homologous re-
combination, this risk might be reduced by
physical association of the dsDNA end and the
target donor sequence. However, although each
enzymatic step of this potential pathway has
been characterized within other contexts, the
only direct evidence for such a mechanism
comes from the early stages of bacteriophage
T4 infection (Long and Kreuzer 2008).

WHEN REPLICATION FORKS COLLIDE—
A BLOCK IN ALL BUT NAME

Work on replicative problems has focused on
forks running into barriers to progression.
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Most eukaryotic and bacterial forks must also
collide with a converging fork during every cell
cycle. What happens when these collisions oc-
cur is poorly understood. Hyperrecombination
is a feature of the E. coli replication termination
zone (Bierne et al. 1991; Louarn et al. 1991) and
depends on dsDNA end processing (Horiuchi
et al. 1994). Colliding E. coli replisomes might
also be prone to overreplication (Rudolph et
al. 2009a,b, 2010, 2013), possibly owing to the
replicative helicase continuing to unwind the 30

end of the opposing nascent leading strand (Hi-
asa and Marians 1994). These putative 30 ssDNA
flaps could result in binding of RecA, stimulat-
ing pathological recombination events if not de-
graded rapidly by exonucleases (Rudolph et al.
2010, 2013). Although even less is known about
replication termination in eukaryotes, the broad
zones in which replisomes collide in S. cerevisiae
act as hot spots of mitotic recombination (St
Charles and Petes 2013). X-shaped interme-
diates, chromosome breaks, and enhanced ge-
nome rearrangements also become detectable
within termination zones when replisome fu-
sion is perturbed (Fachinetti et al. 2010). Given
the number of replication termination events in
eukaryotes, recombination might therefore be
an undesirable, unavoidable side reaction dur-
ing fork fusion.

CONCLUDING REMARKS

The wide variety of potential barriers encoun-
tered by replication forks result in the genera-
tion of many different types of blocked fork
structures. Blockage does not necessarily lead
to replisome inactivation but there are many
potential circumstances when clearance/bypass
of the block by the original replisome cannot
occur. Under such circumstances remodeling of
the DNA may be needed together with reassem-
bly of the replication apparatus. Recombination
enzymes, either with or without DNA-strand
exchange occurring, provide a battery of op-
tions to accommodate replication breakdown.
We are currently at the point of understanding
many of the potential reactions that can occur
with the complement of replication and recom-
bination enzymes present in vivo. The challenge

now lies in determining which of these pathways
operate and how they interface under normal
circumstances.
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