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Mechanisms of Recombination: Lessons from E. coli
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The genetics and biochemistry of genetic recombination in E. coli has been studied for over four
decades and provides a useful model system to understand recombination in other organisms.
Here we provide an overview of the mechanisms of recombination and how such processes
contribute to DNA repair. We describe the E. coli functions that are known to contribute to
these mechanisms, step by step, and summarize their biochemical properties in relation to the
role these proteins play in vivo. We feature areas of investigation that are newly emerging, as
well as work that provides a historical perspective to the field. Finally, we highlight some of the
questions that remain unanswered.

Keywords genetic recombination, DNA repair, genetic rearrangements, replication fork repair

INTRODUCTION
Genetic recombination between homologous DNA se-

quences permits rescue of broken or incompletely replicated
chromosomes in all organisms. The core proteins in homologous
recombination are related in the three domains of life, RecA in
bacteria, RadA in archaea and Rad51 in eukaryotes, suggest-
ing that homologous recombination is an ancient process and
is likely to be similar in all cells. Nowhere is the process of
genetic recombination better understood than in the bacterium
Escherichia coli. This review is designed to present an intro-
duction to the mechanisms of recombination and a portal to
more detailed information concerning the biochemical and ge-
netic properties of E. coli’s recombination proteins. In particular,
we will feature the biological consequences of these functions.
Finally, we will address some of the persistent or emerging ques-
tions that remain to be answered.

RECOMBINATION MECHANISMS AND
THEIR ASSOCIATION WITH DNA REPAIR
The Idea of Recombination as a Form of DNA Repair

The connection between homologous recombination func-
tions and DNA repair was evident from the first recombination
mutants isolated in E. coli in what would become known as the
recA, recB, and recC genes (Clark and Margulies, 1965; Howard-
Flanders and Theriot, 1966; Emmerson and Howard-Flanders,
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1967). Mutants which failed to yield genetic recombinants after
Hfr crosses or P1 transduction were found to be uniformly sensi-
tive to ultraviolet light, which produces replication-blocking le-
sions, and to X-irradiation, which produces DNA strand breaks.
Recombination mutants also poorly survive treatment with re-
active oxygen species (including hydrogen peroxide), alkylating
agents (including MMS), cross-linking agents (including Mito-
mycin C and cisplatin) and replication inhibitors (hydroxyurea
and azidothymidine) (Sargentini and Smith, 1986; Linn and Im-
lay, 1987; Beam et al., 2002; Nowosielska et al., 2004; 2006;
Foti et al., 2005). This property, sensitivity to DNA damage,
is seen for many different recombination mutants in all genet-
ically tractable organisms. It can be argued that the emergence
of homologous recombination derives from its primary impor-
tance for repair of damaged chromosomes, especially damage
that arises inevitably during replication.

We now appreciate that three types of recombination reac-
tions can mediate the repair of damaged chromosomes: bro-
ken fork repair, double-strand break repair and recombinational
gap-filling repair. The reader is directed to a number of recent
reviews on this topic for more details (Kuzminov, 1999; Cox,
2001; Cromie et al., 2001; Wyman et al., 2004; Kreuzer, 2005;
Michel et al., 2007). It is useful to consider these mechanisms
prior to discussion of specific recombination enzymes to under-
stand how these functions may be specialized for one or more
of these repair reactions. Recent evidence suggests that recom-
binational repair is particularly important during DNA repli-
cation; in higher organisms the lack of recombination causes
accumulation of catastrophic DNA breaks during replication re-
sulting in cell death (Lim and Hasty, 1996; Tsuzuki et al., 1996).
In E. coli the inactivation of recombination proteins leads to
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reduced cell viability (Capaldo and Barbour, 1975) and, if the
burden of DNA lesions is elevated, lethality (Kouzminova et al.,
2004).

Common to all these recombinational repair mechanisms is
the pairing of homologous DNA strands from two different
molecules. This involves DNA strand transfer to form “heterodu-
plex” DNA, which, through base-pairing interactions, provides
precision to the joining processes that will lead to repair. The
RecA protein plays a central role in this synapsis reaction. In ad-
dition, another common feature of these recombinational mech-
anisms is the formation of branched DNA structures that must
ultimately be resolved into duplex DNA molecules for the com-
pletion of recombination.

Broken Fork Repair
The first reaction we will discuss allows a broken replication

fork (also known as a “collapsed” fork) to be repaired, restoring
an intact fork upon which replication can be reinitiated. Such
broken forks can arise by replication on a nicked template, as
has been demonstrated in vivo (Kouzminova and Kuzminov,
2004). Alternatively, stalled replication forks may be severed
by endonucleases (Michel et al., 2007). Breakage of the fork
appears to be stimulated by difficulties in replication (such as
those afforded by mutations to the replisome complex.) In the
absence of recombination to repair a broken fork, the broken
chromosome would be degraded.

In this model (Figure 1), one strand of the broken arm is di-
gested (“resected”) to reveal a 3′ single-stranded tail (Figure 1B).
This end invades the homologous duplex, causing displacement
of one of the two strands and formation of a branched interme-
diate known as a D (displacement)-loop (Figure 1C). Extension
of the heteroduplex region (see below) between the invading
strand and its partner, with concomitant displacement of the
other strand, moves the junction in a process known as “branch
migration” (Figure 1C’). [Note that branch migration in the op-
posite direction will decrease the region of heteroduplex and
ultimately dissolve the joint; see Figures 5B and 6B.] Branch
migration that extends the heteroduplex into the duplex region
of the invading DNA molecule produces a 4-strand branched
structure known as a Holliday junction. Cleavage or “resolu-
tion” of the appropriate strands of these branched molecules,
either the D-loop (Figure 1D) or Holliday junction (Figure 1D’)
and ligation of strands restores a fork structure.

Broken fork repair has been well studied in E. coli, where
the process has been called “recombination-dependent replica-
tion” (RDR) (Kogoma, 1996), or double-strand end repair (DSE
repair) (Cromie et al., 2001). After the completion of replica-
tion fork repair, the replisome must be reassembled to reinitiate
replication. In E. coli, special replication restart factors are re-
quired to reload the replisome’s DNA helicase after such repair
reactions (Marians, 2004). In eukaryotes, this type of mecha-
nism constitutes a process known as “break-induced replication”
(Symington, 2002; McEachern and Haber, 2006).

FIG. 1. Broken fork repair–a one-ended repair event. (A) The
broken chromosome is resected to reveal 3’ single-strand DNA
by RecBCD. (B) RecA is loaded onto the ssDNa and catalyzes
strand invasion at the region of homology in an intact sister chro-
mosome. (C) This produces the structure known as the “D-loop”.
(C’) Branch migration of the D-loop can extend the heterodu-
plex region and generate a 4-crossed strand intermediate, the
Holliday junction. The branched structures are resolved by D-
loop cleavage (D) or Holliday junction cleavage (D’). (E) and
(E’) Fork structures formed by resolution. PriA re-establishes
a replication fork by loading of DnaB helicase on the lagging
strand template.

Double-Strand Break Repair
In another mechanism, frank double-strand breaks can be re-

paired by interactions with a homologous chromosome. This
differs from the first in that two ends, rather than one, are re-
cruited into the repair reaction, but is similar in other respects.
Because E. coli lacks a pathway to join non-homologous ends,
homologous recombination is the only means to salvage broken
chromosomes.

The double-strand break repair model (Szostak et al.,
1983), proposed to explain yeast meiotic recombination, is
a useful starting point (Figure 2). A broken end invades to
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MECHANISMS OF RECOMBINATION 349

FIG. 2. Double-strand break repair – a two-ended repair event.
(A) A broken chromosome. (B) Resection by RecBCD to re-
veal 3′ single-strand ends. (C) RecA catalyzes strand invasion,
potentially of both ends of the break. (D) DNA synthesis from
the invading strands regenerates any missing information from
the break, and produces a two-Holliday junction intermediate.
(E) Holliday junctions are resolved by cleavage. Shown is a
cleavage pattern, in a different sense at each junction, that will
give rise to crossover products. Non-crossovers can be produced
by cleavage in the same sense at each junction, not shown.
(F) Mature crossover products, with exchange of DNA flank-
ing the site of repair. (C’) In the SDSA (“synthesis depen-
dent strand annealing) variation of the mechanism, one bro-
ken end is engaged, and primes DNA synthesis. (D’) Branch
migration in the direction to destabilize the joint. (E’) Disso-
lution of the joint permits the two broken strands to anneal.
(F’) The second end primes synthesis from the annealed inter-
mediate to seal to the two strands. Note that genetic information
can be transfered to the broken chromosome from the synthe-
sis in part C’, although non-crossover products are exclusively
formed.

form a D-loop or Holliday junction; the displaced strand in
this intermediate can recruit and pair with the second resected
broken end. Lost information from either broken end can be
restored by DNA synthesis in this paired intermediate. Two
Holliday junctions are formed by this process (a feature clearly
demonstrated for yeast meiotic recombination intermediates;
see Schwacha and Kleckner, 1995). Their resolution yields two
intact chromosomes, which may or may not have exchanged
the flanking information, (“crossover” or “non-crossover”
products). Because E. coli possesses a circular chromosome,
crossovers between sister chromosomes will form a dimeric
circular chromosome. A site-specific recombination system,
reliant on protein XerCD at the dif site near the terminus,
resolves such dimeric chromosomes into monomers for proper
segregation to daughter cells (Blakely et al., 1993).

In a variant version of double-strand break repair, known as
“synthesis-dependent strand annealing” (SDSA), capture of the
two broken ends occurs sequentially. The synapsis of the second
end is dependent on successful synapsis of the first end. When the
first end invades, DNA synthesis from this invading strand ex-
tends it beyond the point of the original break. Dissolution of this
strand exchange intermediate frees the invading strand so that it
may now anneal to the other processed broken end. This accom-
plishes repair of the break, without the requirement for cleavage
of any branched structure, and so does not yield crossover prod-
ucts. The SDSA variation of double-strand break repair is be-
lieved to underlie mating-type switching in yeast (Haber, 1998),
repair of transposon-induced breaks in Drosophila (Nassif et al.,
1994), and extreme resistance to radiation-induced breaks in the
bacterium, Deinococcus radiodurans (Zahradka et al., 2006).

In E. coli, DSB repair has been studied by introduction of
double-strand breaks from sequence-specific endonucleases and
excision of transposable elements. Ionizing radiation also pro-
duces DSBs, a particularly lethal lesion to bacteria, but it is
important to remember that other lesions such as base and sugar
oxidation and single-strand breaks are also produced by such
radiation. In most of these repair events, the partner for repair is
the intact sister chromosome, although recombination with other
chromosomes sharing homologous sequences can be detected.

In practice, two-ended double-strand break repair can be diffi-
cult to distinguish from one-ended replication fork break repair.
Double-strand break repair is not necessarily associated with
the replication fork, although many agents that produce DSBs
will produce broken forks. (For example, nicks or gaps are con-
verted to DSBs at the fork by replication). Transposon excision is
also targeted to newly replicated DNA and coordinated with the
passage of the replication fork (Roberts et al., 1985; Yin et al.,
1988), presumably so that the breaks may be more efficiently re-
paired. DSB repair also differs from replication fork break repair
in that repair of two ends could be coordinated, so may require
specific functions not necessary for single-end break repair. Al-
ternatively, repair of the two broken ends could involve inde-
pendent and uncoordinated one-ended repair, with each event
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350 N. S. PERSKY AND S. T. LOVETT

establishing a replication fork. The “classical” recombination
measured after Hfr conjugation or P1 transduction involves ds-
DNA ends and is thought to occur in the latter way, with each
end of the transferred DNA fragment independently repaired to
establish a new replication fork (Smith, 1991; Kogoma et al.,
1996).

Gap-Filling Recombinational Repair
In the third type of DNA repair associated with homolo-

gous recombination, single-strand DNA gaps can be filled by
strand transfer reactions between sister or homologous chro-
mosomes (Figure 3). A daughter-strand gap may be produced
by incomplete replication, in which synthesis was blocked by
template or nascent strand damage, DNA secondary structure
or tightly bound proteins. Although daughter strand gap repair
(DSGR) was one of the first proposed mechanisms for recom-
binational repair (Rupp et al., 1971), it is the most poorly un-
derstood (Smith, 2004). The recombinational gap repair process
has been best studied in E. coli after UV irradiation, where it
has been called “post-replication repair.” Gap-filling was histor-
ically assayed by conversion of low molecular weight newly-

replicated DNA into larger species by thymidine labeling and
denaturing sucrose gradient centrifugation (Rupp and Howard-
Flanders, 1968; Rupp et al., 1971). Such studies demonstrated
that newly replicated DNA became associated with parental
DNA concomitant with repair, suggesting a recombinational
mechanism for gap-filling. Newer studies involve the transfor-
mation of synthetically produced gapped plasmid molecules in
which a replication-blocking lesion has been introduced into the
gap (Berdichevsky et al., 2002). Although recombination clearly
contributes to gap-filling and in E. coli is arguably the predomi-
nant mechanism of gap-filling (Berdichevsky et al., 2002), note
that other lesion tolerance mechanisms can also fill gaps, such as
translesion DNA synthesis (Goodman and Tippin, 2000). This
latter mechanism is sometimes referred to as “error-prone post-
replication repair” because of the involvement of low-fidelity
polymerases and its tendency to produce mutations.

A model for recombinational gap-filling is shown in Figure 3.
The single-strand region of the gap pairs with its complement
on an intact DNA molecule. This strand invasion may be aided
by displacement by one or both of the strands that flank the
gap. Because this synapsis does not involve a free end, this

FIG. 3. Recombinational gap-filling repair. No dsDNA ends involved. (A) Gapped substrate molecule. (B) Strand exchange by
RecA produces a joint molecule. Note that this pairing must be accompanied by topological changes to interwind the DNA strands.
(C) Recruitment of ends flanking the joint produces Holliday junctions that can be resolved by cleavage. (C’) Alternatively, the
crossed strand of the half-Holliday junctions can be cleaved. (D) Recombinant product, with gap filled.
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MECHANISMS OF RECOMBINATION 351

pairing presents topological problems that may be relieved by
topoisomerases. DNA synthesis primed from the ends replaces
the transferred strand, setting up a branched molecule, consisting
of one or more crossed strands. Cleavage of these restores two
duplex molecules and the gap is filled. Like the double-strand
break model, cleavage of these junctions can also yield crossover
or non-crossover products.

Recombination at gaps differs from the above double-strand
break recombination mechanisms in the nature of the initiating
substrate. It is therefore not surprising to find that it depends on
a different set of proteins from those that mediate DSB repair.
Gap-filling may not necessarily require resection, although some
small gaps may have to be widened to allow cooperative binding
of recombination proteins (see below). In addition, single-strand
gaps left by incomplete replication are likely to be bound sta-
bly by single-strand DNA binding protein, SSB, which must be
removed to allow access to recombination proteins.

Early genetic studies underestimated the contributions of the
gap-filling mechanism of recombination. This is, in part, because
the classical methods of measuring recombination in E. coli af-
ter conjugation and transduction, involving dsDNA ends, report
DSB-mediated recombination and not that associated with gap-
filling mechanisms. In repair of DNA damage, recombinational
gap repair can be difficult to distinguish in practice from repair
of double-strand breaks. Many agents that produce gaps, such
as UV irradiation, will also produce double-strand breaks. In the
repair of DNA damage, we likely underestimate the contribution
of gap repair to survival: gaps that fail to be repaired are likely
converted to double-strand breaks and repaired by DSB-specific
repair mechanisms.

Conclusion
These idealized mechanisms of recombinational repair pro-

vide us with a framework to understand the proteins involved in
different recombination reactions and their influence on different
types of repair reactions and events involving genetic exchange.

RECOMBINATION PROTEINS AND THEIR FUNCTIONS
Introduction

In thinking about recombination mechanisms, it is useful to
break down the process into three distinct steps in which the
DNA substrates are processed prior to strand invasion, paired
to form heteroduplex DNA intermediates and are matured to
recombinant products. The first step, “pre-synapsis” involves
the production of recombinogenic single-strand DNA and the
cooperative binding of the strand exchange protein, RecA. The
second-step, “synapsis” requires RecA-mediated homologous
pairing, strand invasion and formation of heteroduplex interme-
diates. These heteroduplexes are subject to processing which
may stabilize or destabilize these recombination intermediates.
The third step “post-synapsis” or “resolution” involves the dis-
solution of intermediates, including any branched molecules in-
volved in the process, removal of recombination proteins and for-

mation of intact duplex DNA recombinant products. Reassembly
of the replication fork may also be required post-synaptically. In
all the aforementioned recombination mechanisms, RecA pro-
tein plays a central role. A number of these steps are fluid and
can be catalyzed in alternative ways. In addition, some proteins
appear to be specialized for particular recombination mecha-
nisms: for instance, there are proteins involved in gap repair that
are not required for double-strand break repair and vice versa.

In this context, we will introduce the functions in E. coli
that have been implicated in genetic recombination and briefly
summarize their biochemical properties. For more details of the
biochemical mechanisms, please consult recent reviews (Cox,
2007b; Kowalczykowski, 2000). Additional discussion of the
genetic properties of E. coli recombination mutants can be found
dispersed in several reviews (Clark, 1973; 1991; Smith, 1987;
Smith and Wang, 1989; Clark and Sandler, 1994; West, 1997;
Kuzminov and Stahl, 2005).

A. Presynapsis
To prepare for recombination, DNA substrates are processed

by nucleases and helicases to reveal single-strand DNA regions,
which are bound by the central strand exchange protein RecA. In
vivo, RecA is actively loaded by at least two distinct mechanisms
involving RecBCD or RecFOR. This filament both protects the
DNA and potentiates subsequent synapsis and strand exchange.
A number of other proteins modulate the stability of the RecA
helical presynaptic filament. Special structural proteins may also
coordinate or tether DNA ends.

Single-Strand DNA: the Signal for Recombination
Persistent single-strand DNA in the cell is recombinogenic.

Although ssDNA is produced transiently during replication, its
persistence signals the presence of gaps produced by incom-
plete replication. Binding of RecA to this ssDNA (see below)
will initiate the recombination process. Persistent ssDNA may
be bound with single-strand DNA binding protein, SSB, which
must be removed and replaced with RecA.

Double-strand breaks in DNA, other lesions that require re-
combination to be repaired, must be converted to partial single
strands to initiate recombination. In this case, single-strand DNA
is produced actively by exonuclease digestion of one of the two
strands, a process known as resection. Once the ends are single-
stranded, they will bind RecA protein to initiate the homology
search process (see below.) Because a 3′ end can prime new
DNA synthesis, thereby aiding the recombination reaction and
stabilizing the heteroduplex joint, (see Figure 5F below) resec-
tion of DSBs appears to occur universally in the 5′ to 3′ direction,
to reveal a 3′ ssDNA tail at the break site.

RecBCD and Resection of DSBs
Double strand breaks are processed into recombinogenic sin-

gle strands by the RecBCD nuclease. The RecBCD nuclease
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352 N. S. PERSKY AND S. T. LOVETT

is a complex enzyme that couples ATP-dependent DNA un-
winding to DNA digestion (see reviews by Smith, 2001; Spies,
2005). RecBCD is a particularly potent exonuclease, degrading
hundreds of bases per second from a double-strand end. The
voracity of its nuclease is thought to act as a defense against
viral infection and replication; many bacteriophages with linear
genomes survive by encoding a specific inhibitor of RecBCD,
the most well-known of which is the Gam protein of bacterio-
phage lambda (Enquist and Skalka, 1973). RecBCD’s nuclease
activity is tempered when the enzyme encounters a specific oc-
tamer DNA sequence (known as “Chi”). These sequences are
over-represented in the E. coli genome in one orientation rel-
ative to the progression of the replication fork (Blattner et al.,
1997). The interaction of RecBCD with Chi promotes recombi-
nation in its vicinity (Lam et al., 1974).

What happens at Chi? The structure of RecBCD (Singleton
et al., 2004), bulk reaction and single-molecule studies of the
complex have elucidated the following scenario. Unwinding of
DNA is accomplished by two helicase motors in the RecB and
RecD subunits, contacting the 5′ and 3′ ended strands, respec-
tively (Taylor and Smith, 2003; Dillingham et al., 2005). Upon
loading at a double-strand end, the RecD motor is faster than
the RecB motor, causing a loop to extrude from the complex
as the enzyme translocates on DNA. When the RecC subunit
of the enzyme encounters Chi, forward movement arrests, the
RecD motor disengages from the DNA and the complex moves
more slowly, powered solely by the RecB subunit (Spies et al.,
2005; 2007). This encounter also switches the dispensation of
the strands relative to the nuclease active site in RecB (Dixon and
Kowalczykowski, 1991; Dixon and Kowalczykowski, 1993).
Whereas before Chi, the 3′ ended strand was extensively cleaved,
after Chi recognition, digestion is targeted to the 5′ ending strand.
This allows 3′ single-stranded tails to accumulate, which will be-
come the strand invasion substrate when loaded with RecA (see
section below).

This central role of RecBCD in converting double-strand ends
to 3′ single-strand recombinogenic tails, we believe, causes all
recombination in E. coli arising normally from double-strand
breaks to be highly dependent on a functional RecBCD complex.
This correlation is sufficiently strong that the dependence of a
recombination or repair event on RecBCD has been used to infer
the presence of a DSB end in the process.

The initiation of RecBCD nuclease activity on a DNA end
requires it to be flush; RecBCD nuclease is inhibited by 3′ or 5′

single-strand tails of as little as 25 nucleotides (Prell and Wacker-
nagel, 1980; Taylor and Smith, 1985). Therefore, in the process-
ing of naturally-arising chromosome breaks by RecBCD, there
may be a requirement for “end-blunting” through the action of
single-strand DNA exonucleases. Effects on RecBCD nuclease
activity on linear DNA phage suggest that single-strand exonu-
cleases Exo I, RecJ and SbcCD (see below) play a role in poten-
tiating DNA substrates for RecBCD (Thoms and Wackernagel,
1998).

Resection of DSBs by Other Nucleases in the Absence of
RecBCD

In the absence of RecBCD, double-strand break repair and
recombination involving double-strand ends appears to be in-
efficient. This efficiency can be improved by inactivation of 3′

exonucleases Exo I (also known as SbcB) and SbcCD, so-called
“suppressors of recBC” (Kushner et al., 1971; Lloyd and Buck-
man, 1985; Gibson et al., 1992). This suggests that 3′ single-
strand ends can be produced by enzymes other than RecBCD, but
are unstable and subsequently digested by Exo I or SbcCD nucle-
ase. Recombination at double-strand ends in recBC sbc mutant
strains is catalyzed by the RecFOR pathway (see below), which
provides an alternative mechanism for RecA loading. Resection
of double-strand ends in this case is apparently accomplished
by the combined action of RecQ helicase (Umezu et al., 1990),
to unwind DNA at the ends, and RecJ exonuclease, a 5′ to 3′

single-strand DNA exonuclease (Lovett and Kolodner, 1989).
Inactivation of RecJ and RecQ reduces the efficiency of recom-
bination as measured by conjugation or transduction, both of
which involve double-strand ends, in recBC sbcB sbcCD strains
but not in recBCD+ strains (Lovett and Clark, 1984; Nakayama
et al., 1984; Lovett and Sutera, 1995).

Resection of Gaps?
Replication gaps are already single-stranded and so do not

necessarily require exonuclease action to initiate recombina-
tion. However, some gaps may be too small to nucleate a RecA
filament and may require some widening (Viswanathan and
Lovett, 1998). The single-strand exonucleases Exonuclease I
(Lehman and Nussbaum, 1964) and RecJ (Lovett and Kolod-
ner, 1989) may be required for this step, in concert with a DNA
helicase such as RecQ. After UV irradiation, RecJ in concert
with RecQ promotes degradation of the nascent strand (Cour-
celle and Hanawalt, 1999) and defects in these genes lead to
defects in recovery after irradiation (Courcelle et al., 2006).
In a temperature-sensitive mutant of the fork helicase, DnaB,
both Exo I and RecJ contribute to extensive degradation of the
nascent strand that is induced upon shift to the non-permissive
temperature (Belle et al., 2007). The relationship of this degra-
dation to recombination, however, has not been demonstrated.
In strains that accumulate recombination intermediates and fail
to process them, both RecQ and RecJ promote toxic levels of
recombination (Magner et al., 2007), suggesting that efficient
initiation of recombination at spontaneous lesions (replication
gaps?) requires both functions.

RecA: the Presynaptic Filament
As can be seen from the brief discussion of recombinational

repair mechanisms, strand invasion and heteroduplex forma-
tion are central to these processes. These key reactions are cat-
alyzed by the RecA protein. E. coli mutants in recA are strongly
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deficient for many types of recombination processes, including
a greater than 10,000-fold decrease in recombination after Hfr
crosses, and are exquisitely sensitive to many forms of DNA
damaging agents, including UV and ionizing-radiation (Clark
and Margulies, 1965; Howard-Flanders and Theriot, 1966).
RecA (reviewed in Bianco et al., 1998; McGrew and Knight,
2003; Bell, 2005; Cox, 2007a) is an ATPase that forms a right-
handed helical filament on DNA, with a preference for single-
strand DNA, which it binds at 3 nucleotides per RecA monomer.
In vitro, RecA-ssDNA filaments can catalyze synapsis and strand
exchange between homologous DNA molecules. The RecA fil-
ament also promotes the self-cleavage of the LexA repressor, an
activity called “co-protease”, and thereby controls the onset of
the SOS regulatory response to DNA damage (Walker, 1987).

A recent crystallographic study reveals its structures bound
to single or double-strand DNA (Chen et al., 2008). One of the
properties of this RecA filament, conserved in its archaeal and
eukaryotic orthologs, is the stretching of the DNA to a helical
pitch about 50% greater than that found in B-form double-strand
DNA (Yu et al., 2004), exposing the bases in a way that aids in
the homology search process. Although initially, from RecA’s
ability to catalyze multiple important recombinational reactions
in vitro, much focus of the field was on the properties of RecA
itself, we now appreciate that the formation, dissolution and
activity of the RecA filament is extensively regulated by other
proteins in the cell. Much of this information is newly emerging
(reviewed recently by Cox (2007b)).

Conflict and Cooperation Between RecA and Single-Strand DNA
Binding Protein, SSB

Single-stranded DNA binding protein (SSB) is an abundant
protein that plays a ubiquitous role in many DNA processing ac-
tivities, including replication and repair (see reviews by Lohman
and Ferrari, 1994; Meyer and Laine, 1990). SSB binds to single
stranded DNA with high affinity, removing its secondary struc-
ture (Meyer and Laine, 1990). SSB exists as a tetramer in E. coli
and wraps the DNA around itself in a fashion reminiscent of hi-
stones and dsDNA (Chrysogelos and Griffith, 1982; Meyer and
Laine, 1990; Raghunathan et al., 1997). Its C-terminal domain is
disordered in the crystal structure (Savvides et al., 2004) and is
the site of interaction with various replication and recombination
proteins.

SSB has both stimulatory and inhibitory actions on RecA
strand exchange in vitro. If single-strand DNA is pre-bound
by SSB, it inhibits RecA filament formation (Kowalczykowski
et al., 1987). This inhibition appears to be at the initial nucle-
ation step (Thresher et al., 1988; Joo et al., 2006). However, if
RecA is allowed to bind first, SSB is stimulatory to strand ex-
change, presumably by its ability to melt secondary structures
that would be inhibitory to RecA binding (Kowalczykowski and
Krupp, 1987; Muniyappa et al., 1984). Once RecA has success-
fully nucleated on ssDNA, the presence of SSB does not inhibit
RecA filament extension (Joo et al., 2006).

In vivo, the presence of SSB on recombinogenic ssDNA may
direct its future processing. Mutants in ssb, including those in
the C-terminal interaction domain, are defective in genetic re-
combination and highly sensitive to DNA damaging agents such
as UV light (Glassberg et al., 1979; Wang and Smith, 1982;
Quinones and Piechocki, 1987; Carlini and Porter, 1997). SSB
interacts with a number of proteins, potentiating their activities
(Molineux et al., 1974; Chase and Williams, 1986; Srivenugopal
and Morris, 1986; Meyer and Laine, 1990; Umezu et al., 1993;
Sandigursky and Franklin, 1994; Harmon and Kowalczykowski,
2001; Han et al., 2006; Shereda et al., 2007), including some
that participate in recombination. A new concept is that, rather
than acting merely as passive bystander, SSB may form a scaf-
fold to assemble DNA processing enzymes. Although SSB has
been assumed to protect DNA from nuclease attack, it dramat-
ically stimulates the digestion of ssDNA by exonucleases Exo
I (Molineux and Gefter, 1975) and RecJ (Han et al., 2006).
SSB also recruits and stimulates the RecQ helicase (Umezu and
Nakayama, 1993; Shereda et al., 2007). A genome-wide study
shows a whole system of DNA modification enzymes, including
toposimerases, helicases and nucleases, that interact with SSB
(although potentially indirectly) (Butland et al., 2005) and there
is much to be learned about how these interactions are managed.

Loading the RecA Filament by RecBCD
Although RecBCD’s role in generating single-strand DNA

for initiation has been long appreciated, its involvement in es-
tablishing the RecA presynaptic filament is a fairly recent dis-
covery. The coordination of DNA digestion with RecA loading
is a regulated feature of the RecBCD complex. As discussed in
the previous section, the RecBCD nuclease degrades DNA until
the octamer Chi site in DNA is encountered. Upon recognition
of Chi RecBCD’s nuclease activity is attenuated, its helicase
activity is reduced two-fold, and preferential degradation of the
5′ strand of the duplex produces a 3′ single stranded DNA tail
(Spies, 2005). Recognition of Chi also triggers the RecBCD
complex to direct loading of RecA onto the emergent 3′ single
stranded tail (Anderson and Kowalczykowski, 1997). This load-
ing occurs through the RecB subunit C-terminal domain, which
by itself makes stable complexes with RecA (Spies and Kowal-
czykowski, 2006). Through the active loading of RecA immedi-
ately after the creation of ssDNA end, RecBCD is able to exclude
SSB from binding, explaining why the RecBCD pathway is not
inhibited by SSB overproduction (Moreau, 1988). Supporting a
role in RecA filament formation, RecBCD is required for full
induction of the SOS response following DSB-inducing treat-
ments such as nalidixic acid (Chaudhury and Smith, 1985).

Loading the RecA Filament by RecFOR
An alternative mechanism for RecA loading is provided by

the RecFOR proteins and they provide a solution for RecA to
gain access to SSB-coated single-stranded DNA. The recF gene
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was discovered as a component of a recombination pathway,
initially called the “RecF pathway,” that functions independent
of the RecBCD nuclease (Horii and Clark, 1973). Subsequent
analysis identified two other genes, recO and recR (Kolodner
et al., 1985; Mahdi and Lloyd, 1989), with somewhat similar
effects, now defining the “RecFOR pathway”. Genetic analy-
sis suggested that RecF, RecO and RecR act in some common
fashion to promote RecA function. These mutants have similar
phenotypes, and their recombination and repair deficiency could
be suppressed by a lambda protein, known as “orf” (Sawitzke
and Stahl, 1992), or by mutations in RecA (known as “srf” for
suppressor of recF) (Volkert and Hartke, 1984; Wang and Smith,
1986; Madiraju et al., 1988). One of these srf alleles, RecA803,
altered strand exchange properties of RecA such that it became
less susceptible to inhibition by SSB, leading the authors to pro-
pose that the RecF was involved in overcoming the inhibitory
effects of SSB on RecA (Madiraju et al., 1988). Supporting this
idea, overproduction of SSB leads to phenotypes similar to RecF
deficiency (Moreau, 1988). A number of genetic studies sug-
gested that the RecFOR pathway is specialized for single-strand
gap repair (Wang and Smith, 1984; Galitski and Roth, 1997), in
contrast to the RecBCD-promoted DSB repair, and one might
imagine unrepaired replication gaps would be pre-bound with
SSB. Mutants in RecFOR also are defective in induction of the
SOS response by UV irradiation (Sandler and Clark, 1994), con-
sistent with a defect in RecA filament formation on replication
gaps caused by DNA polymerase arrest at UV lesions in the
template.

In vitro characterization of these proteins confirms genetic
expectations that RecFOR proteins act to control formation of
the RecA filament and direct it to single-strand DNA gaps. Un-
like RecBCD, these proteins appear not to work as a stoichio-
metric machine. Instead, RecF, RecO, and RecR work either
independently or in pairs. Fulfilling the expectations from their
genetic properties, the RecO and RecR proteins act as “media-
tors” to allow RecA to replace SSB on ssDNA. The RecO protein
can bind directly to SSB-coated single stranded DNA as well as
naked single stranded DNA (Luisi-DeLuca and Kolodner, 1994;
Umezuv, 1993; Umezu and Kolodner, 1994). The RecOR pair
promotes the dissociation of SSB and its replacement with RecA
in the single-stranded DNA regions of the gap (Morimatsu and
Kowalczykowski, 2003; Umezu et al., 1993; Umezu and Kolod-
ner, 1994). SSB lacking its C-terminal interaction domain blocks
the RecA-mediator function of RecOR, suggesting that specific
interactions between RecO and SSB are required (Hobbs et al.,
2007). The role of RecF appears to direct and confine RecA fila-
ment formation to the gapped region. The RecF protein binds to
ssDNA/dsDNA junctions preferentially and in conjunction with
RecR prevents RecA loading onto the dsDNA regions (Webb
et al., 1997; Morimatsu and Kowalczykowski, 2003). RecF mu-
tant phenotypes can be partially suppressed by RecOR over-
production (Sandler and Clark, 1994), supporting the idea that
RecOR provide the RecA-mediator function, which RecF directs
to the right location.

Dynamics of the RecA/DNA Filament and its Control
Like other self-assembling structures such as actin and tubu-

lin, the RecA filament is a dynamic structure. RecA filaments
on ssDNA are formed in two steps: first, the rate-limiting nu-
cleation of 4–5 monomers (Galletto et al., 2006), then followed
by filament extension. Net filament growth is 5′ to 3′ on ssDNA
(Register and Griffith, 1985), although single-molecule studies
have shown that the filament can be extended in either direction
(Galletto et al., 2006). ATP binding is required for RecA fila-
ment nucleation (Menetski and Kowalczykowski, 1985; Galletto
et al., 2006) and ATP hydrolysis promotes dissociation of RecA
from the filament, preferentially from the 5′ end (Lindsley and
Cox, 1990).

A number of proteins have been identified that modify the
stability of the RecA:DNA filament (see review by Cox (2007)).
These mechanisms may prevent RecA from initiating recombi-
nation during the exposure of ssDNA during replication or dur-
ing certain excision repair processes. The RecA filament may
also be dismantled after an unsuccessful search for homology,
to allow other gap-filling mechanisms to operate or for a broken
chromosome to be degraded. After the completion of recom-
bination, destabilization of the RecA filament may also aid its
removal from recombination products.

One of the most important modifiers of RecA function, as re-
vealed by both in vitro and in vivo analysis, is the UvrD helicase,
a superfamily-1 3′ to 5′ DNA helicase. UvrD can dismantle the
RecA nucleoprotein filament (Veaute et al., 2005) and acts as
an anti-recombinase when added to in vitro RecA DNA strand
transfer reactions (Morel et al., 1993). Accordingly, mutants in
uvrD are hyper-recombinational in a number of assays (Zieg
et al., 1978; Arthur and Lloyd, 1980; Feinstein and Low, 1986;
Bierne et al., 1997). These results are consistent with the idea
that UvrD may act as a “proofreader” of recombination so that
it cannot occur between short homologous sequences; in its ab-
sence, chromosomal rearrangements are stimulated (Feschenko
et al., 2003; Kang and Blaser, 2006). When late stages of re-
combination are blocked (such as RuvABC mutants, see below),
loss of UvrD is lethal (Magner et al., 2007)–this results from in-
creased accumulation of lethal intermediates in recombination,
since blocks in early functions (such as RecA, RecF, RecQ and
RecJ) relieve this toxicity.

The RecOR proteins, in addition to their role as RecA me-
diator proteins, act to stabilize the RecA:ssDNA filament, es-
pecially at its 5′ end, (Shan et al., 1997; Bork et al., 2001),
either by inhibiting dissociation or encouraging reassociation of
RecA. In vivo, the importance of this filament stabilizing activity
of RecOR versus their mediator activity in displacing SSB from
ssDNA is unclear.

Recently, two other proteins have been identified that modu-
late RecA filament formation: RecX and DinI. RecX was found
as an open reading frame, immediately downstream of the RecA
gene in many organisms (Sano, 1993); DinI is a DNA damage in-
ducible gene whose overexpression produced inhibitory effects
on the SOS response (Yasuda et al., 1998). Visualization of RecA
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cytologically suggest the two proteins have opposite effects on
RecA:DNA structures: mutants in dinI had fewer spontaneous
RecA-GFP foci whereas recX mutants exhibited more foci than
wild-type strains (Renzette et al., 2007). Both RecX and DinI
have been shown to directly bind to RecA (Voloshin et al., 2001;
Stohl et al., 2003; Lusetti et al., 2004b) and have opposing effects
on the stability of the RecA:DNA filament. RecX is able to in-
hibit RecA strand exchange and RecA filament extension (Stohl
et al., 2003; Drees et al., 2004). Interestingly, RecF and SSB
can suppress this inhibition of RecA strand extension by RecX
(Baitin et al., 2008; Lusetti et al., 2006). DinI, at stoichiometric
concentrations, can stabilize already formed RecA filaments and
prevent them from dissociating (Lusetti et al., 2004a). At these
concentrations DinI does not inhibit RecA’s ability to catalyze
strand exchange nor its co-protease activity.

RecN and Organization of DNA Ends
The RecN protein is a predicted coiled coil protein of the SMC

(“structural maintenance of chromosomes”) family of proteins
found in bacteria, archaea and eukaryotes, whose members play
various roles in chromosome architecture, DNA repair and re-
combination (Hirano, 2005; Strunnikov, 2006). SMC proteins
exhibit dumbbell structures, with two head domains connected
via long coils. The recN gene was identified as a gene required
for optimal recombination via the RecFOR pathway, whose ex-
pression is strongly induced by the SOS response to DNA dam-
age (Picksley et al., 1984; Finch et al., 1985). In E. coli, RecN,
a normally unstable protein and degraded by protease ClpXP,
forms GFP-labeled foci after DNA damage. After completion
of repair, aggregates of RecN must be removed by ClpXP to
restore viability (Nagashima et al., 2006).

Further investigation has established RecN as particularly
important for repair of double-strand breaks. Mutants in recN
are sensitive to ionizing radiation, bleomycin, EcoK restriction
following 2-amino-purine incorporation and induction of the
I-SceI nucleases (Picksley et al., 1984; Sargentini and Smith,
1986; Cromie and Leach, 2001; Kosa et al., 2004; Meddows
et al., 2005), all agents that produce double-strand breaks. Dur-
ing conjugational recombination in E. coli, RecN may protect
single-strand DNA or in some way promote single-strand an-
nealing, since sectored colonies that presumably arise by anneal-
ing of genetically distinct strands and formation of heteroduplex
DNA are highly RecN-dependent (Lloyd and Buckman, 1995).

In analogy to the role of other SMC proteins, RecN may play
a role in coordinating DNA ends during double-strand break re-
pair and the subsequent recruitment of other repair factors. Al-
though little direct evidence for this exists in E. coli, cytological
studies of RecN protein in Bacillus subtilis suggests that RecN
is one of initiating factors in establishment of “repair centers”,
visible assemblies of recombination proteins at sites of DNA
damage (Kidane et al., 2004). After treatment with agents that
induce double-strand breaks, RecN-YFP can be seen to form
distinct foci; the later assembly of RecO and RecF fluorescent

foci requires RecN. During the process of natural competence
and DNA transformation, Bacillus subtilis RecN is seen to os-
cillate dynamically throughout the cell; upon entry of ssDNA
RecN foci become fixed at the cell pole at the the DNA uptake
machinery is found (Kidane and Graumann, 2005). This stage is
later followed by the appearance of RecA threads that emanate
from this pole.

Although the biochemical properties of the E. coli RecN have
been difficult to determine because of the insolubility of the pro-
tein, a number of studies of the Bacillus subtilis protein have
elucidated RecN as a DNA binding protein. In vitro, Bsu RecN
is an ATP-dependent ssDNA binding protein (Kidane and Grau-
mann, 2005; Sanchezv, 2008). Among the SMC proteins, this
preference for ssDNA, rather than dsDNA, appears to be unique.
As ascertained by atomic force microscopy, RecN binding to ss-
DNA is insensitive to Bacillus SSB, SsbA, but reversed by RecA
(Sanchezv, 2008). RecN forms aggregates (Kidane et al., 2004),
and promotes rosette structures of protein and DNA (Sanchez
et al., 2008). This activity could easily explain how RecN may
protect single-stranded DNA and assist strand annealing during
double-strand break repair. One might imagine that this activ-
ity would be quite useful in the annealing step of SDSA-mode
of DSB repair, but this has yet to be confirmed by in vivo ex-
periments. Specific interactions of other recombination proteins
with RecN have not been reported but appear likely, given its
function in the establishment of cytologically defined “repair
centers” in Bacillus.

SbcCD, an SMC Nuclease
SbcCD is also an SMC-like protein and is arguably the struc-

tural and functional equivalent of the eukaryotic Mre11-Rad50-
Xrs2/Nbs1 complex (reviewed in Stracker et al., 2004). The
SbcC subunit is a coiled coil protein with an ATPase domain;
SbcD composes the nuclease activity of the protein. (Unlike
the complex in eukaryotes, there is no third subunit.) In vitro,
SbcCD acts as an ATP-independent single-strand DNA endonu-
clease and an ATP-dependent 3′ to 5′ exonuclease (Connelly
and Leach, 1996; Connellyv, 1998; 1999). SbcCD also shows
preference for hairpin secondary structures in DNA, which it
cleaves close to the unpaired tip.

In vivo, SbcCD can initiate recombination between sister
chromosomes by the production of double-strand breaks, the
result of its cleavage at secondary structures formed by inverted
repeats, or palindromic DNA sequences (Cromie et al., 2000;
Bzymek and Lovett, 2001; Eykelenboom et al., 2008). The ex-
onuclease activity of SbcCD may also process ends of broken
chromosomes. This activity could be recombinogenic, poten-
tially helpful in the removal of aberrant structures or tightly
bound proteins at DNA ends. Indeed, in vitro, SbcCD can re-
move a streptavidin/biotin moiety at a 5′ end by its endonuclease
activity (Connelly et al., 2003). Conversely, SbcCD may also act
to inhibit recombination by digestion of 3′ single-strand tailed
recombination substrates, an activity that may account for its
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discovery as a function inhibitory to the RecFOR-mediated re-
combination of double-strand ends (Gibson et al., 1992; Lloyd
and Buckman, 1985). In a clever assay designed to assay the
repair of double-strand chromosome breaks with its sister chro-
mosome (Eykelenboom et al., 2008), SbcCD was found to be
necessary for repair, leading to the suggestion that the SMC
character of the molecule may assist the coordination of two
DNA ends to allow healing specifically by DSB repair recom-
bination. This coordination may channel the substrates into the
two-ended DSB repair mechanism involving limited DNA syn-
thesis (Figure 2) rather than one-ended recombination (broken
fork repair) that would be accompanied by initiation of new
replication forks (Figure 1).

B. Synapsis and Strand Exchange
Once the RecA filament has been formed on ssDNA, it cat-

alyzes three important processes to accomplish strand pairing
and synapsis: (1) a search for homology by transient interac-
tions; (2) once homologous sequences have been located, strand
invasion and synapsis; and (3) extension of heteroduplex re-
gions by branch migration. The recent crystal structure of RecA
bound to single and double-strand DNA (Chen et al., 2008),
and a single-molecule analysis of the strand transfer reaction
(van der Heijden et al., 2008) offer some new insights.

Homology Assessment and Strand Exchange
Evidence suggests that RecA filament has two sites for DNA

binding: a high affinity, primary site that is occupied when the
filament forms on ssDNA and a lower affinity, secondary site in
which the donor dsDNA will be sampled for pairing-potential
(Mazin and Kowalczykowski, 1998). Once homology is sensed,
pairing of the donor duplex is destabilized and a strand from the
duplex is transferred to the recipient single-strand for pairing
(see diagram in Figure 4). In the crystal structure (Chen et al.,
2008), both dsDNA and ssDNA when bound by RecA in the
primary site are stretched overall and underwound; however lo-
cal areas resemble B-form DNA, explaining how Watson-Crick
base-pairing can be assessed in the synaptic complex. This is in
agreement with the idea that the stretching of the donor dsDNA
breaks base-pairing and stacking interactions; the structure re-
veals that these bases can be sampled for pairing, via the local
B-form conformations, with the recipient strand for pairing in
the primary site. (See the schematic illustration of this process
in Figure 4.)

Immediately after strand exchange, the newly formed het-
eroduplex remains in the primary DNA binding site of the RecA
filament, while a single strand is left behind in the secondary site
(Chow et al., 1986). Single molecule studies of RecA in the act
of strand transfer have revealed several critical features (van der
Heijden et al., 2008). Surprisingly, in the presence of ATP, the
region of synapsis, with three strands being protein-bound, oc-
curs only over about 80 nucleotides at any given time, even when
large regions of homology are present. ATP hydrolysis promotes

FIG. 4. Schematic of the RecA-catalyzed strand exchange reac-
tion. RecA binds ssDNA in high-affinity site 1 (A strand in bold)
and recruits partner duplex in low-affinity site two, top of fig-
ure. Stretching of the DNA destabilizes the pairing of the donor
duplex and allows the recipient strand to sample pairing by lo-
cal Watson-Crick base-pairing, middle of figure. Stable pairing,
bottom of figure, causes strand-transfer, with the heteroduplex
product in site 1 and a displaced single-strand in site 2.

release of RecA from the DNA products — as a wave of strand
transfer proceeds, the complex releases its products and leaves
behind an unpaired displaced strand that is wrapped around the
duplex. In the presence of poorly hydrolyzable ATPgammaS,
strand exchange occurs at the same rate, but the DNA is not
released from the filament and a long ternary complex is formed
between RecA and the two DNA molecules.

Topological Issues in Strand Exchange
Strand exchange initiated internally on a gapped molecule

(as in Figure 3) presents potential topological problems, since
the ends are not free to rotate to establish interwound joint
molecules, so-called plectonemic joints, via the RecA filament.
RecA can pair DNA strands that cannot intertwine, and such
“paranemic” joints are stable but disrupted by deproteinization
(DasGupta et al., 1980). These paranemic joints can be con-
verted to plectonemic joints with the addition of topoisomerase
I (Cunningham et al., 1981), suggesting that paranemic joints
are precursors of plectonemic joints. Experiments with oligonu-
cleotides with non-homologies at the ends shows that strand
exchange can indeed occur when axial rotation is obstructed
(Adzuma, 1992). Type I topoisomerases (in E. coli, topoiso-
merase I and III) could in theory function to allow interwinding
during strand exchange at a gap. This topological problem is
not unique to single-strand gaps: even recombination involv-
ing dsDNA linear molecules could initiate pairing somewhat
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removed from the dsDNA end. However, how topological prob-
lems are solved during recombination has not been well investi-
gated. In a plasmid recombination assay, presumably involving
gaps because of its dependence on RecF, a requirement for TopoI
has been reported (Fishel and Kolodner, 1984).

The RecO protein can also anneal single-strand DNA, even
that pre-bound by SSB, and can catalyze strand exchange to form
D-loops (Luisi-DeLuca and Kolodner, 1994; Luisi-DeLuca,
1995; Kantake et al., 2002). This suggests that RecO could assist
RecA in synapsis at gaps that may have topological constraints
and pair less strongly; alternatively, RecO could help recruit the
strands flanking the gap into pairing to form Holliday junctions
(Figure 3C’). In either case, we await genetic data to support
this role for RecO.

Making Strand Exchange Irreversible
After strand displacement, the resulting single strand can be

bound by SSB. In vitro, this sequestration drives the exchange
to completion and prevents the product from re-initiating the re-
verse reaction (Lavery and Kowalczykowski, 1992; Mazin and
Kowalczykowski, 1998). In addition, the displaced strand can
be subject to exonuclease digestion, which stimulates branch
migration by removing the competitor strand for pairing and re-
moves the possibility of reaction reversal (See Figure 5D). In
vitro, both RecJ and Exo I single-strand exonucleases stimu-
late RecA strand exchange between linear duplex and circular
single-strand molecules and so may have a synaptic-stabilization
role in vivo (Bedale et al., 1993; Corrette-Bennett and Lovett,
1995; Konforti and Davis, 1992). In assays for conjugational
recombination that proceeds by the RecBCD-dependent DSB
mechanism, inactivation of both RecJ and Exo I (but neither
singly) causes a reduction of recombination by about 10-fold
(Viswanathan and Lovett, 1998). This is best explained by a
post-synaptic role in which digestion by either RecJ or Exo I
helps promote strand exchange, even when recombination is
initiated by RecBCD. In vivo, RecJ and Exo I appear to act post-
synaptically on heteroduplex joints, as determined by physical
analysis of the recombinant products formed after linearization
of plasmid DNA with terminal repeats (Friedman-Ohana and
Cohen, 1998; Friedman-Ohana et al., 1999). RecJ also stimu-
lates branch migration past regions of non-homologies in vitro
(Corrette-Bennett and Lovett, 1995).

Branch Migration by RecA
Once strand exchange has been initiated by joint molecule

formation, RecA can extend the heteroduplex region by a re-
action known as branch migration. Branch migration can also
be driven between two duplex molecules, with formation of
the crossed 4-strand structure, the Holliday junction. RecA can
catalyze this phase of the reaction but is relatively inefficient
when compared to other branch migration helicases (Adams and
West, 1996; see below), such as RuvAB and RecG. RecA also

is poor at traversing regions of non-homology between the re-
acting molecules (Morel et al., 1994) and a 22 nt non-homology
can be sufficient to block further exchange by RecA.

C. Postsynaptic DNA Processing
An Introduction to D-loop Processing and Holliday Junctions

The product of strand exchange between a resected DSB and
an intact duplex is a D-loop (“Displacement loop”), where a
heteroduplex region is formed between the single strand tail of
the linear molecule and its complement on the recipient dsDNA
molecule (Figure 5A). Although all models of recombination in-
volving double-strand ends show initial strand exchange through
a D-loop intermediate, the ultimate processing of these interme-
diates is not well understood and could be quite complicated. The
D-loop heteroduplex joint is intrinsically unstable — branch mi-
gration (Figure 5B) can diminish the heteroduplex region and
ultimately disrupt the joint structure. In contrast, branch migra-
tion to extend the region of heteroduplex will stabilize the joint
(Figure 5C), and will eventually form a 4-stranded branched

FIG. 5. Stabilization and destabilization of D-loop recombina-
tion intermediate. (A) The D-loop produced by strand exchange
between a resected dsDNA end and an intact homologous du-
plex molecule. (B) Branch migration rightward will destabi-
lize the D-loop by reducing the length of heteroduplex and will
ultimately dissove the joint. (C) Conversely, branch migration
leftward stablizes the joint by extending the heteroduplex, con-
comitant with formation of a Holliday junction (4-strand joint
molecule). Cleavage of this junction, not shown) will produce a
fork structure. (D) Exonuclease digestion associated with branch
migration will also stabilize the joint, without Holliday junction
formation. (E) Cleavage of the D-loop stabilizes the joint and
produces a fork structure. (F) Priming of DNA synthesis from
the invading 3′ strand will also stabilize the joint.
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molecule (the Holliday junction). Not all recombination inter-
mediates will include true Holliday junctions. If exonuclease
activity accompanies the branch migration phase, no such Hol-
liday junction is formed concomitant with heteroduplex exten-
sion (Figure 5D) and the D-loop just grows larger. Cleavage of
the displaced strand of the D-loop can also stabilize the inter-
mediate and can allow the transferred strand to be ligated to its
recipient, producing a covalent recombinant strand and a fork
structure (Figure 5E). Finally, the 3′ end of the invading strand
can be extended by DNA polymerase, extending and stabilizing
the heteroduplex joint (Figure 5F).

Intermediate Structures Posed by DSB Repair vs. Gap Repair
Repair of double-strand breaks, the DSB repair model, in-

volves D-loop formation by the invading dsDNA end, followed
by recruitment of the second end into the D-loop, by pairing with
the displaced strand. This mechanism can produce two Holliday
junctions (Figure 2C), whose resolution can yield crossovers
(Figure 2D–F) or non-crossover products. During yeast meiotic
recombination, double Holliday junctions have been detected
(Schwacha and Kleckner, 1995). In the SDSA variant of DSB
repair, only one end need invade to form a D-loop and initiate
DNA synthesis from the 3′ end (Figure 2C’–D’). The synaptic
intermediate is then dissolved and the 3′ ends of each dsDNA end
can anneal to heal the break, without the production of crossover
products between the donor and recipient (Figure 2E’–F’). The
DNA synthesis in the annealed intermediate (dashed lines in
Figure 2E’–F’) can, however, produce some genetic exchange
from the intact donor DNA molecule to the recipient broken
strand even without crossover at the flanks.

In gap repair, initial pairing forms synaptic structures involv-
ing junctions with a single crossed strand (half-Holliday junc-
tions) connecting donor and recipient DNA molecules (Figure
3B). Engagement of one or both of the broken strands that flank
the gap and branch migration can convert one or both of these
to four-strand Holliday junctions (Figure 3C). Although either
half-Holliday or Holliday junctions in gap repair, in theory, can
be resolved to create recombinant products (Figure 3D), it not
clear what forms exist in vivo.

Reverse versus Forward Branch Migration/RuvAB versus RecG
RuvABC is a coordinated protein machine that acts in the

late stages of replication to migrate and resolve Holliday junc-
tions. RuvA is a specificity factor that targets RuvB to Holliday
junctions, RuvB is the Holliday junction branch migration heli-
case, and RuvC is an endonuclease that specifically cleaves four-
way junctions (West, 1997). RuvA exists as one tetramer or two
tetramers that sandwich the junction, holding the four strands
of DNA in an open square configuration. RuvA is able to pro-
tect the junction from being modified by other DNA processing
enzymes while recruiting RuvB (Kaplan and O’Donnell, 2006).
RuvB itself exists as a hexamer, and two of these hexamers bind

to opposite arms of the Holliday junction, pumping the DNA to
power migration by its ATPase activity. RuvC is finally recruited
to the complex to cleave the Holliday junction DNA. RuvC has
a preferred site for cleavage, and it is thought that one function
of branch migration is to identify and present these sequences to
RuvC for cleavage (West, 1997). RuvC exists as a dimer, and the
mechanism for loading of RuvC remains unclear. The nicks cre-
ated by RuvC can be re-ligated into two DNA duplexes by DNA
ligase, and the Holliday junction becomes completely resolved
(West, 1997). In the absence of RuvAB or RuvC in vivo, Holl-
iday junction recombination intermediates have been shown to
accumulate in the cell (Donaldson et al., 2006). Mutations in
RuvAB or RuvC can be suppressed by expression of RusA, a
cryptic bacteriophage-encoded Holliday junction endonuclease,
that is normally not expressed in E. coli (Mandal et al., 1993;
Sharples et al., 1994; Mahdi et al., 1996).

RecG is a helicase implicated in recombination that can
bind to Holliday junctions, D-loops and other branched struc-
ture, from which it promotes ATP-dependent branch migration.
RecG can not only migrate Holliday junctions but can also form
Holliday junctions from by fork regression in vitro, a mecha-
nism thought to aid in restarting replication at blocked repli-
cation forks (McGlynn and Lloyd, 2002; Briggs et al., 2004;
Baharoglu et al., 2008), but not discussed further here. RecG
binds well to D-loop structures and its helicase activity is di-
rectional on such substrates (Whitby et al., 1993). In contrast to
RuvAB, RecG’s helicase activity acts to disrupt D-loop struc-
tures (Figures 5B and 6B) and can reverse RecA-mediated
strand exchange in vitro (McGlynn and Lloyd, 2002; West,
1997).

Genetic Effects of RuvABC and RecG: Genetic Independence
and Synergy

Both RuvABC and RecG contribute to recombination in vivo.
Inactivation of either complex has little effect on recombination,
as measured after P1 transduction and conjugation, which oc-
curs by a RecBCD-dependent DSB-repair pathway. Inactivation
of both has some synergistic effects, with reduction of recombi-
nation approximately 100-fold (Lloyd, 1991). This suggests that
RecBCD mediated recombination requires the function of either
RuvABC or RecG for maximal efficiency. Survival of cells to X-
irradiation and to chromosomal cleavage by the meganuclease
I-SceI likewise requires either RecG or RuvABC, suggesting
that the two functions define separate and redundant mecha-
nisms of resolution after double-strand break repair (Meddows
et al., 2004).

Although the branch migration and cleavage activity of
RuvABC can act to stabilize and resolve heteroduplex joints
in vitro and in vivo, it is much less clear how RecG’s heli-
case activity contributes to recombination, since its preferred
directionality dissolves heteroduplex joints (Figure 6AB). One
idea is that RecG promotes the dissolution step of the SDSA
variant of double-strand break repair (Meddows et al., 2004)
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MECHANISMS OF RECOMBINATION 359

FIG. 6. How reverse branch migration by RecG can yield re-
combinants. (A) RecG catalyzes reverse branch migration on
D-loops. (B) Joint dissoved by RecG. (C) Extension of 3′ end by
a DNA polymerase. (D) Bubble migration, D-loop translocated
by reverse migration coupled to DNA synthesis. (E) Appropriate
cleavage of D-loop to generate recombinants. (F) Recombina-
tion product, with donor DNA covalently joined to recipient.
(G) Bubble migration converging on replication fork. (H) Res-
olution of half Holliday junction formed by the collision. (I)
Recombinant product, after healing.

(Figure 2D’–E’), where after DNA synthesis in the recombina-
tion intermediate, synapsis is reversed to permit annealing of the
broken chromosomes. This mechanism could clearly contribute
to recombinational DNA repair of breaks but, because it does
not promote genetic crossovers, it is difficult to understand how

this mechanism would contribute to inheritance of markers after
conjugation or transduction. Another notion to explain RecG’s
role is that RecG’s helicase activity is coupled to DNA synthesis
(Meddows et al., 2004), such that the D-loop is not dissolved but
migrates with the polymerase in a manner termed “bubble migra-
tion” (Figure 6CD). Appropriate resolution of these structure or
convergence of the D-loop bubble onto another replication fork
can yield crossover products (Figure 6E–I). Recombination and
repair defects in recG mutants can be corrected by inactivation
of the helicase activity of the PriA replication restart protein (see
below), and it has been suggested that both proteins compete for
access to the 3′ strand of the D-loop (Al-Deib et al., 1996).

Migration and cleavage of Holliday junctions appear to be
more critical for the gap repair recombinational mechanism than
for double-strand break repair. The RuvABC functions have
more pronounced effects on recombination promoted by the
RecFOR pathway than on the RecBCD pathway and were iden-
tified as a classic “RecF pathway” genes for conjugational re-
combination (Lloyd et al., 1984). This may be because RecBCD-
mediated strand exchange at ends through D-loops are more sta-
bilized, for example by larger heteroduplex joints (Figure 5D–
F) and do not obligately form Holliday junctions. In addition,
RecG appears to exhibit more anti-recombinational action on
gap-mediated recombination. In another assay for recombina-
tion induced by DNA damage, the RecFOR pathway is stimu-
lated four-fold by inactivation of RecG (Bichara et al., 2006),
supporting the idea that RecG exerts anti-recombinational ef-
fects by reverse junction migration.

Although RuvABC and RecG can be somewhat redundant
for effects on recombination in some assays, both functions are
required for efficient recombination in other assays, especially
those that appear to involve breaks induced after passage of the
replication fork. In an assay of repair of chromosomal breaks
induced by cleavage at palindrome sequences, efficient survival
required both RuvABC and RecG (Eykelenboom et al., 2008). In
another assay for recombination between sister chromosomes at
short tandem repeats, elevated recombination caused by defects
in DnaB (the replication fork helicase), requires both RuvAB
and RecG (Lovett, 2006) in a mechanism involving RecBCD
(Saveson and Lovett, 1999).

A Role for a RecA Paralog in Late Stages of Recombination
All organisms appear to encode one or more proteins that are

paralogous to their strand exchange proteins (Lin et al., 2006). A
bacterial RecA paralog is encoded by a gene known as Sms (for
sensitivity to MMS) or RadA (named for its sensitivity to radi-
ation), found in virtually every bacterial genome, as well as in
plants. [This nomenclature is unfortunate, since bacterial RadA
protein is not orthologous to archaeal RadA strand exchange
protein and is more similar, in fact, to the archaeal paralog pro-
tein, RadB.] Genetic studies of radA/sms of E. coli show that the
strain is mildly sensitive to certain form of DNA damage (Beam
et al., 2002; Felzenszwalb et al., 1984; Neuwald et al., 1992;
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Sargentini and Smith, 1986; Song and Sargentini, 1996). How-
ever, it has strong synergistic effects on DNA damage survival
when combined with mutants in other recombination genes, par-
ticularly recG (Beam et al., 2002).

In measurements of conjugational recombination, RadA/Sms
appears to have a role somewhat redundant to RuvAB and RecG:
single mutants are not substantially reduced in recombination,
whereas double mutants are more strongly deficient. The triple
radA recG ruvABC mutant is severely recombination defective,
comparable to mutants in recA (Beam et al., 2002). Because of
the known role of RuvABC and RecG in late stages of recom-
bination, this implicates RadA/Sms likewise in post-synaptic
events. RadA/Sms is required, as are RecG and RuvAB, for re-
combination at tandem repeats associated with replication fork
helicase defects (Lovett, 2006) and radA mutants are particu-
larly sensitive to the replication chain-terminator, azidothymi-
dine (Cooper and Lovett, unpublished results). E. coli RadA,
by itself, has no effect on RecFOR-mediated recombination
(Beam and Lovett, unpublished data) and affects only RecBCD-
mediated events (Beam et al., 2002; Lovett, 2006). The effects
of RadA are most pronounced in assays that report recombina-
tion associated with replication, leading to the speculation that
it, in some unknown way, stabilizes D-loops associated with
replication fork repair (Lovett, 2006).

Bacterial RadA possesses, in addition to a domain homolo-
gous to RecA, an N-terminal putative Zn finger and a C-terminal
domain related to the Lon protease. As the catalytic triad of Lon
is not present in bacterial RadA sequences, RadA is unlikely
to function as a protease, leaving the function of this domain
mysterious. The putative Zn finger is clearly important for func-
tion, as the founding mutation, radA100, affects a conserved
cysteine residue in this site (Song and Sargentini, 1996). There
is no published biochemical characterization of the protein: our
unpublished results (Cooper and Lovett, unpublished results)
confirm a weak ATPase activity and binding to single-strand
DNA.

An Alternative for Resolution Involving RecQ
and Topoisomerase III

In yeast, double-Holliday junctions appear to be resolved,
without crossing over, by a mechanism involving Sgs1 (a RecQ-
family helicase) and the type 1 topoisomerase, topoisomerase III
(Topo III), which specifically interact with each other (Gangloff
et al., 1994). RecQ helicase and Topo III have been indicated
as partners in the resolution of replication intermediates. The
mammalian counterparts resolve double Holliday junction struc-
tures in vitro (Wu and Hickson, 2003; Lopez et al., 2005). In E.
coli, RecQ and Topo III have not been shown to interact di-
rectly. However, both proteins interact directly with SSB, as
with other SSB interacting proteins, through the C-terminal tail
of SSB (Shereda et al., 2007; Suski and Marians, 2008). RecQ
directly stimulates Topo III activity (Harmon et al., 1999), and
Topo III stimulates RecQ activity (Suski and Marians, 2008).

RecQ, Topo III, and SSB together in solution can both cate-
nate and decatenate plasmids in vitro (Harmon et al., 1999).
These three proteins together also can resolve a plasmid with
a structure that resembles converging replication forks in vitro
(Suski and Marians, 2008). Topo III mutants show genetic syn-
ergy with those of RuvABC for DNA damage survival; fur-
thermore, Topo III mutants are synthetically lethal with defects
in topoisomerase IV (a type II decatenating topoisomerase)
and such lethality can be rescued by mutations in RecQ or
RecA (Lopez et al., 2005). These findings support a role for
Topo III and RecQ in a recombination pathway alternative to
RuvABC.

Polymerization of 3′ Invading Ends and the Necessity
for Replication Restart

Strand exchange provides 3′ DNA ends that can be elongated
by DNA synthesis. This synthesis can stabilize joint molecules
(Figure 5F) and restore lost information from breaks (Figure 2D
and D’). DNA synthesis following recombination may involve
single DNA polymerase molecules or be associated with
re-establishment of new bona fide replication forks, with coor-
dinated leading and lagging strand synthesis (Figure 1E and E’).

The coordination of late stages of recombination with replica-
tion is likely to be subject to regulation, depending on the nature
of the recombination intermediate (see Cromie et al. (2001),
Lovett (2003) and Briggs et al. (2004) for discussion of these
issues.) For example, it makes sense for one-ended recombi-
nation events, such as replication fork break repair (Figure 1),
to be obligately associated with establishment of new forks
to allow efficient resumption of replication after fork break-
age. However, double-strand break repair events (Figure 2) and
gap repair recombination (Figure 3) may need only limited
amounts of DNA synthesis in the recombination intermediates
to restore missing information — it might be unnecessary to
establish replication forks from these. The factors and mecha-
nisms that might allow this discrimination are still incompletely
understood.

E. coli has five DNA polymerases: during chromosomal
replication, DNA III synthesizes the bulk of DNA, with DNA
polymerase I (and its associated 5′ flap endonuclease activity)
involved in the maturation of Okazaki fragments (Kornberg and
Baker, 1991). DNA polymerases II, IV and V are induced by
the SOS response to DNA damage and function in translesion
synthesis reactions (Pham et al., 2001; Tippin et al., 2004). The
involvement of these latter repair polymerases in recombina-
tion events is still not clear, potentially because of redundant
roles. The properties of DNA polymerase II make it particu-
larly well-suited to synthesis from DNA gaps (Tomer et al.,
1996) as might be presented by recombination intermediates:
it has high fidelity due to associated 3′ exonuclease activity
and Pol II is specifically stimulated by SSB-coated ssDNA
(Sigal et al., 1972). There is evidence that DNA polymerase IV
(DinB) is required for certain recombination events triggered
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MECHANISMS OF RECOMBINATION 361

by replication stalling (Lovett, 2006) and that DinB-dependent
polymerization accompanies dsDNA break repair (Ponder et al.,
2005).

Reestablishment of replication forks requires certain specific
factors to load the replication fork helicase, DnaB onto repaired
structures (reviewed in Marians, 2004). Once DnaB has been
loaded, the DNA polymerase III replisome and DNA primase
are believed to reassemble automatically, via interactions with
DnaB. E. coli uses two systems for replication restart, which
depend on the nature of the substrates presented (Heller and
Marians, 2005). For structures in which a 3′ end, equivalent
to the newly synthesized leading strand, abuts the fork, a PriA
system is used to recruit DnaB and its escort proteins DnaC and
DnaT. PriA seems to prevent access of DNA polymerase to the
3′ end until DnaB is loaded (Xu and Marians, 2003), providing a
mechanism by which polymerase extension of the invading end
is disfavored and establishment of symmetric forks is promoted.
For a structure in which a gap is present between the 3′ end and
the fork, a PriC-dependent mechanism reloads DnaB. In vivo,
loss of both PriA and PriC is lethal (Sandler and Marians, 2000).

PriA and Recombination
In E. coli, the PriA system appears to be important for certain

recombination reactions, particularly those involving double-
strand ends. Mutants in priA are strongly reduced for recombi-
nation after transduction and more modestly reduced for recom-
bination after Hfr conjugation (Kogoma et al., 1996; Sandler
et al., 1999). This finding and other considerations have led to
the idea that recombination as measured by these processes oc-
curs by two independent one-end events (broken fork repair), re-
quiring re-establishment of replication forks (Figure 7) (Smith,
1991; Kogoma et al., 1996). Although one might imagine that
DSB break repair (Figure 2) would not necessarily require estab-
lishment of new replication forks, in vivo double-strand break
repair appears to be PriA-dependent. Recombinational repair
of I-SceI induced breaks in the E. coli chromosome require
PriA, regardless of whether they are processed by RuvABC
or RecG (Meddows et al., 2004). Likewise, breaks induced
by SbcCD-induced cleavage at palindromic sequences requires
PriA (Eykelenboom et al., 2008), contradictory to an early re-
port from the same group (Cromie et al., 2000). The require-
ment for PriA for these events may be because RecBCD exonu-
clease processing causes the ends to be quite far apart by the
time they are made competent for recombination by loading of
RecA – the ends may have lost sight of each other and each
end recombines independently to re-establish a new fork. Based
on its proposed mechanism (Figure 3) we would not expect
that daughter-strand gap repair would require PriA-dependent
replication fork reassembly. Mutants in PriA require RecFOR
for viability, suggesting that gap-repair is indeed intact in such
strains and required to repair replication forks (Grompone et al.,
2004).

FIG. 7. Replication fork model for conjugational and trans-
ductional recombination. Two separate one-ended break repair
events give rise to D-loops each end. Holliday junction inter-
mediate is resolved by cleavage. (Other resolutions possible,
for instance by D-loop cleavage, as shown in Figure 1C.) New
replication forks are established at each joint by PriA mediated
loading of DnaB (ovals), yielding recombination between in the
incoming fragment and the recipient chromosome.

ISSUES REMAINING IN E. COLI RECOMBINATION
Although a great deal has been deduced about recombination

using E. coli, several issues still remain unsettled. In particular,
the diversity and regulation of recombination reactions in vivo
raises new questions.

How is Recombination Regulated, in Time and Place?
Recent studies in E. coli suggest that multiple mechanisms

exist to regulate recombination, via effects on the RecA fila-
ment. For many of these, the biological wherewithal is not yet
clear. By these mechanisms, recombination, particularly at DNA
replication gaps, may be restrained until other repair mecha-
nisms have failed to remove the problem. Single-strand DNA
is exposed naturally and transiently during the course of DNA
replication where it is inappropriate to initiate recombination
reactions. The RecOR mechanism to remove SSB from single-
strand DNA and replace it with RecA may be a deliberately
slow reaction in vitro (Hobbs et al., 2007), reflecting the fact
that the cell exercises caution in replacing SSB with RecA
in vivo.
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In addition, recombination reactions must be regulated to in-
sure that they effect repair, without producing undesirable chro-
mosomal rearrangements. Recombination must be restricted to
extensively homologous DNA sequences so that it does not oc-
cur between spurious homologies or short repetitive elements
such as insertion sequences. Therefore, the recombination sys-
tem must sense the extent of DNA homology, both its length and
quality, and recombination between homeologous (imperfectly
homologous) sequences or between short sequence repeats must
be aborted. A minimal effective processing segment (“MEPS”)
has been defined in E. coli to be 30–90 bp in double-strand break
associated recombination; below this length recombination ef-
ficiency falls dramatically (Shen and Huang, 1986). For RecA-
dependent recombination occurring by a RecFOR pathway that
resembles gap repair (Lovett et al., 2002), the minimal homology
required appears to be somewhat larger, at approximately 200
bp; RecA-dependent recombination between tandem repeats on
plasmids, presumably mediated by RecFOR (Kolodner et al.,
1985; Lovett et al., 1993), is ineffective when homologies are
shorter than 300 bp (Bi and Liu, 1994). This may reflect: (1) the
extent of DNA pairing in synaptic intermediates; (2) instabil-
ity of RecA filaments at short lengths; and (3) unwinding and
destabilization of synaptic intermediates such as D-loops. Mis-
matches between sequences (“homeology”) also deter recom-
bination between them, as a result of the action of the MutLS
UvrD-dependent mismatch repair pathway (Petit et al., 1991;
Rayssiguier et al., 1989). Some of this inhibition of recombina-
tion may be direct on RecA-dependent strand exchange (Worth
et al., 1994); some appears to be independent of RecA, with
mismatch repair acting to dissolve recombination intermediates
(Lovett and Feschenko, 1996).

How Many “Pathways” are There for Recombination?
Early genetic analysis suggested that RecA-dependent re-

combination could be catalyzed by two genetically distinct path-
ways (Clark, 1971), one that is dependent on RecBCD (the
“RecBC pathway”, before discovery of the RecD subunit of the
complex) and the other dependent on RecFOR, (the “RecF path-
way”, before discovery of RecO and RecR). [A third pathway,
the RecE pathway, was discovered to be dependent on prophage-
encoded recombination genes (Gillen et al., 1981) and will not
be discussed further.] The distinction between the RecBCD and
RecFOR pathways has been made clearer by the biochemical
finding that both function to load RecA on ssDNA (see above).
Therefore, these pathways merely reflect alternative modes of
formation of RecA pre-synaptic filaments. Initially, the Rec-
FOR pathway was considered to be a minor pathway for re-
combination, which could only be “activated” by mutations in
nucleases SbcB and SbCD. However, this was based on assays
for DSB-mediated conjugational recombination, for which the
RecFOR pathway is mechanistically ill-suited. Other analysis
suggested that the RecFOR pathway operates efficiently in wild-
type cells (without “activation”) and mediates recombination at

single-strand gaps (reviewed in Clark, 1973; Wang and Smith,
1984). Recombination between homologies on plasmids, either
intra- or inter-molecular, is RecFOR-dependent and RecBCD-
independent (Cohen and Laban, 1983; Kolodner et al., 1985;
Lovett et al., 2002), probably because they are small and cannot
escape RecBCD destruction if they are broken; these plasmids
naturally lack Chi sequences to attenuate RecBCD nuclease ac-
tivity and to promote RecA loading by RecBCD. Measurements
of recombination between homologous sequences resident on
the Salmonella chromosome during normal growth suggests that
the RecFOR pathway and RecBCD contribute roughly equally
(Galitski and Roth, 1997); delivery of double-strand breaks stim-
ulates the RecBCD-dependent events but not those dependent
on RecFOR. Likewise, crossing over between E. coli sister chro-
mosomes is promoted equally by both RecFOR and RecBCD
pathways (Steiner and Kuempel, 1998). As eukaryotic cells
and many bacteria seem to lack a RecBCD-like nuclease, a
RecFOR-like pathway may be the more universal and primordial
mechanism.

Can these two mechanisms of loading RecA account for all
recombination? Certain analyses suggest that there could be
missing ways to load RecA, especially on DNA gaps. In mea-
surements of gap-filling, “post-replication” recombinational re-
pair (Wang and Smith, 1984), the RecF(OR) pathway was found
to be the major contributor but there was some component inde-
pendent of both RecBCD and RecF. This pathway appeared to
require the 5′ exonuclease activity of DNA polymerase I (Sharma
and Smith, 1987). Likewise, our laboratory observed that RecA-
dependent crossing-over between homologies carried on distinct
plasmids was primarily dependent on RecFOR, but a substantial
fraction was RecBCD- and RecFOR-independent (Lovett et al.,
2002).

Probably most mysterious are the RecA-independent recom-
bination mechanisms, which can be observed in various assays
and whose genetic basis is not fully understood. A RecA-
independent template-switch reaction leading to crossover re-
combination products has been documented (Lovett et al., 1993;
Goldfless et al., 2006) but appears to be restricted to sister chro-
mosomes. Obligately intermolecular recombination not involv-
ing sisters that is independent of RecA can also be detected and is
especially prominent in reactions involving limiting homologies,
less than 100 nucleotides (Lovett et al., 2002; Dutra et al., 2007).
Although it has often been claimed that all homologous recom-
bination is dependent on the RecA strand transfer protein, effi-
cient recombination via a RecA-independent mechanism occurs
as long as exonucleases degrading single-strand DNA are inacti-
vated (Dutra et al., 2007). This suggests that RecA-independent
recombination is merely limited by availability of ssDNA sub-
strates and that RecA plays in important role, not only in the
catalysis of strand-transfer but also in the protection of ssDNA
substrates for recombination. The RecA-independent pathway
may involve assimilation of single-strand DNA into replication
forks, as inheritance of genetic markers from oligonucleotides
introduced into the cell by electroporation is more efficient
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when they are single-stranded and when complementary to
the corresponding lagging strand DNA template (Dutra et al.,
2007).

Are There Additional Ways to Resolve Branched Recombination
Intermediates?

As discussed above, RuvABC branch migration and cleavage
can resolve Holliday junction recombination intermediates and
RecG can resolve structures such as D-loops by reverse branch
migration. Surprisingly, an assay designed to detect crossover
products between two plasmids did not detect any decrement of
recombination in ruvC recG mutants (Lovett et al., 2002), sug-
gesting that there could be alternative mechanisms for junction
resolution. (We rule out the RecQ Topo III alternative resolution
mechanism because it does not yield crossover products.)

In addition, although cleavage of D-loops can stabilize repli-
cation fork break repair intermediates and models for DSB re-
combination (Figure 1) invoke such processing, the existence of
such an activity in E. coli, or any other organism, remains un-
known. A D-loop cleavage activity was identified and purified
(Chiu et al., 1997) but its genetic basis has not been established.

How are Late Events in Recombination, Including DNA Synthe-
sis, Coordinated?

Early steps in recombination involve “hand-off” mecha-
nisms, such as the recruitment of RecA to single-strand gaps
via RecO bound to SSB. Our knowledge of the coordination
and regulation of the later steps of recombination is less clear.
Does RecA eventually fall off post-synaptic structures or is it sta-
bilized or removed by specific factors? Are resolution proteins
recruited to recombination intermediates through the early re-
combination proteins? What DNA polymerases are required for
gap repair? How is the need for re-establishment of replication
forks after recombination assessed and fulfilled?

SUMMARY AND CONCLUSIONS
A little over four decades of genetic and biochemical analysis

has provided key insights into the mechanisms of recombination
in E. coli that have relevance for other organisms. A number of
paradigms established for the function of E. coli recombination
proteins have held true in eukaryotic systems. The connection
between genetic recombination and DNA repair mechanisms
was discovered in E. coli by early genetic analysis, and has been
codified into three mechanisms, “broken fork repair”, “DSB re-
pair” and “recombinational gap-filling repair”. Genetics and bio-
chemistry have established functions that operate in three stages
of recombination: prior to synapsis of two DNA molecules, dur-
ing their synapsis and in the processing that occurs afterwards.
Work in E. coli established the RecA protein as a key protein
mediating homologous pairing and strand exchange during re-
combination. Two mechanisms or “pathways” of RecA loading
have been deduced by the combined power of genetics and bio-

chemistry, one specific to double-strand ends, RecBCD, and
the other specific to replication gaps, involving RecA mediator
proteins, RecFOR. The latter proteins appear to be recruited to
substrates through interaction with single-strand DNA binding
protein, SSB. The pathway choice in vivo is dictated by the na-
ture of the initiating DNA substrate: double-strand breaks for
RecBCD and single-strand gaps for RecFOR. Exonucleolytic
processing of recombination substrates involves either RecBCD
at double-strand breaks or RecJ exonuclease and RecQ helicase
at replication gaps. At least two mechanisms for resolution of
recombination intermediates have been deduced in late stages
of recombination: one involving migration and cleavage of Hol-
liday junctions via RuvABC and the other involving RecG heli-
case; still others may exist. Recombination intermediates such
as D-loops can be matured into replication forks via the action of
the PriA replication restart protein. It is clear from E. coli genet-
ics that recombinational repair of broken or damaged replication
forks plays a vital function for the cell.

As the proteins involved in recombination and replication in
E. coli are better understood mechanistically and likely to be less
complex than their eukaryotic counterparts, it is our hope that
continued biochemical and genetic analysis in this system will
provide further lessons in the difficult questions that remain con-
cerning coordination and regulation of genetic recombination,
applicable to all cells.
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