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Homologous recombination (HR) is a major mechanism for eliminating DNA double-strand
breaks from chromosomes. In this process, the break termini are resected nucleolytically to
form 30 ssDNA (single-strand DNA) overhangs. A recombinase (i.e., a protein that catalyzes
homologous DNA pairing and strand exchange) assembles onto the ssDNA and promotes
pairing with a homologous duplex. DNA synthesis then initiates from the 30 end of the
invading strand, and the extended DNA joint is resolved via one of several pathways to
restore the integrity of the injured chromosome. It is crucial that HR be carefully orchestrated
because spurious events can create cytotoxic intermediates or cause genomic rearrange-
ments and loss of gene heterozygosity, which can lead to cell death or contribute to the
development of cancer. In this review, we will discuss how DNA motor proteins regulate
HR via a dynamic balance of the recombination-promoting and -attenuating activities that
they possess.

MECHANISMS OF DNA DOUBLE-
STRAND BREAK REPAIR
OVERVIEW

DNA double-strand breaks (DSBs) present a
major challenge to genome maintenance

because, if not handled properly, they can cause
gross chromosome rearrangements. Indeed, de-
fects in DSB repair can cause a predisposition to
the development of cancer. All kingdoms of life
possess two pathways by which DSBs are elim-
inated from chromosomes—namely, nonho-
mologous end joining (NHEJ) and homologous
recombination (HR). NHEJ involves alignment

of DNA ends, minor processing of the ends
to rid them of chemical damage, followed by
DNA gap filling and end religation (Lieber
2010). NHEJ at “clean” breaks (i.e., those that
harbor compatible overhangs and religatable
50 phosphate and 30 hydroxyl termini) is usu-
ally accurate. Joining of “dirty” breaks with
chemically damaged ends that prevent ligation,
such as those generated by radiation, requires
processing that can result in a loss of genetic
information. NHEJ can also lead to chromo-
some translocations if DNA ends from two dif-
ferent chromosomes are joined. HR, on the
other hand, is mostly accurate and mechanisti-
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cally more complex than NHEJ (see Mehta and
Haber 2014). HR involves the engagement of a
homologous DNA sequence, usually the sister
chromatid but sometimes the homologous
chromosome, as a template to guide restorative
repair (San Filippo et al. 2008; Mimitou and
Symington 2009). The HR reaction is subject
to multiple layers of regulatory control that af-
fect the efficiency of the process or the recom-
binant product types. Here, we will discuss the
roles of DNA helicases and translocases in the
regulation of the homologous DNA pairing re-
action that yields DNA joints between the re-
combining DNA molecules.

HOMOLOGOUS RECOMBINATION
OVERVIEW

After DSB formation, the initial step of HR re-
pair is nucleolytic resection of the 50 strands
from both break ends (Mimitou and Symington
2009; Symington 2014). This serves to generate
a pair of 30 ssDNA tails for the recruitment of the
recombinase protein Rad51 and associated an-
cillary factors. Moreover, the resection reaction
helps commit the DNA break to repair by HR
(Daley et al. 2005). Based on genetic studies in
Saccharomyces cerevisiae, we know that at least
three nucleases participate in resection: the en-
donuclease/exonuclease Mre11, the 50 to 30 exo-
nuclease Exo1, and the helicase/endonuclease
Dna2 (Gravel et al. 2008; Mimitou and Syming-
ton 2008; Zhu et al. 2008). Dna2 functions with
the Sgs1 helicase, which is the S. cerevisiae or-
tholog of human BLM (see below) (Zhu et al.
2008).

At first, the 30 tails generated via DNA end
resection are bound by the abundant, evolu-
tionarily conserved single-stranded DNA-bind-
ing protein RPA (Raderschall et al. 1999). RPA is
subsequently exchanged for the Rad51 recom-
binase, in a process that is facilitated by several
recombination mediator proteins, including the
Rad52 protein in S. cerevisiae and the tumor
suppressor BRCA2 in humans (Sugiyama and
Kowalczykowski 2002; Jensen et al. 2010; Liu
et al. 2010). The form of Rad51-ssDNA complex
that is capable of homologous pairing is a right-
handed helical polymer of the recombinase

on the ssDNA, with the DNA being held in an
extended conformation (Yu et al. 2001). This
Rad51-ssDNA complex, commonly referred to
as the “presynaptic” filament, samples the in-
coming duplex DNA for homology (Fig. 1A)
(Barzel and Kupiec 2008). On the location of
homology in the duplex DNA partner, invasion
of the duplex by the 30-ended tail occurs, yield-
ing a DNA joint known as the displacement
loop, or D-loop (San Filippo et al. 2008).
Next, the invading strand serves as the primer
for DNA synthesis, to result in the extension of
the D-loop structure (Fig. 1A).

As shown in Figure 1B, the extended D-loop
can be resolved by one of three mechanistical-
ly distinct means that yield different products.
In the synthesis-dependent strand annealing
(SDSA) pathway, the extended invading strand
dissociates from the D-loop and anneals with
the complementary 30 DNA tail of the other
break end, followed by gap-filling DNA synthe-
sis and ligation (see Morrical 2014). The SDSA
mode of HR produces noncrossover recombi-
nants only. In some instances, the homologous
DNA pairing process proceeds to engage the sec-
ond resected end without the initial invading
strand ever dissociating from the D-loop. In
this situation, a DNA intermediate that harbors
two Holliday junctions is made (Fig. 1B). The
double Holliday junction (dHJ) can be resolved
by one of several DNA structure–specific endo-
nucleases known as HJ resolvases, with the po-
tential of yielding chromosome arm crossovers
(Schwartz and Heyer 2011; Wyatt and West
2014). The resolvase-dependent HR pathway
is referred to as the double-strand break repair
(DSBR) pathway. Alternatively, the dHJ can be
resolved by a process termed dissolution, in
which a dedicated helicase-topoisomerase com-
plex disentangles the dHJ (Raynard et al. 2006;
Wu et al. 2006; Bizard and Hickson 2014). The
dHJ dissolution reaction generates only non-
crossover products. It should be noted that
crossovers are necessary for tying the homolo-
gous chromosome pairs until their segregation
in the first meiotic division (see Lam and Keeney
2014; Zickler and Kleckner 2014). However,
because of the inherent danger of generating
chromosome translocations, the crossover HR
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pathway is actively suppressed in mitotic DSB
repair (see below).

As we will discuss in this review, a number
of conserved DNA helicases and translocases
have been shown to regulate the stability of
the Rad51 presynaptic filament and the DNA
strand invasion step of the HR reaction. They
also mediate dissociation of the invading strand
from the D-loop to avoid crossover formation
and to help catalyze dHJ dissolution. We will
review what is known about these DNA motor
proteins in terms of their genetic characteristics,
accessory factors, and mechanisms of action.
Table 1 lists the DNA motor proteins addressed
in this work. Elsewhere in this collection the
readers will find informative articles dedicated
to understanding the mechanisms of DNA end
resection (Symington 2014), the structure and
function of the general recombinases Rad51
and Dmc1 and their orthologs in prokaryotes
(Morrical 2014), and the ancillary factors that
function with these recombinases (Zelensky et
al. 2014).

REGULATION OF DNA PAIRING
OR RECOMBINATION OUTCOME
BY DNA HELICASES

The Multifaceted Roles of the Sgs1 and BLM
Helicases in HR Mediation and Regulation

Functions in Mitotic HR

The S. cerevisiae Sgs1 protein and its human
ortholog BLM belong to the RecQ family of
DNA helicases, named after the founding mem-
ber of this protein family, Escherichia coli RecQ
(Ellis et al. 1995; Watt et al. 1996). These pro-
teins share a conserved central region of about
400 residues that contains the helicase motifs,
and they all translocate on ssDNA in the 30 to 50

direction (Gray et al. 1997; Karow et al. 1997;
Shen et al. 1998). Mutations in BLM lead to the
cancer-prone disease Bloom syndrome (BS), re-
flective of the critical role of BLM in the main-
tenance of genome stability. Whereas Sgs1 is the
sole RecQ helicase in S. cerevisiae that has been
characterized thus far, human cells possess four
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Figure 1. DNA double-strand break repair (DSBR) by homologous recombination. (A) Nucleolytic resection of
the DNA ends produces 30 ssDNA overhangs, one of which is engaged by the Rad51 recombinase to form a
presynaptic filament capable of locating and invading a homologous sequence. The free end in the resulting D-
loop then primes DNA synthesis. (B) The extended D-loop can be resolved by one of several pathways. Synthesis-
dependent strand annealing (SDSA), being the most prevalent noncrossover mechanism in mitotic cells, entails
D-loop dissociation by a helicase. If the second DNA end is captured, then a double Holliday junction (dHJ) will
form. Resolution of the dHJ by a HJ resolvase, as in DSBR, yields either noncrossover or crossover recombinants.
Alternatively, the dHJ can be dissolved via convergent migration of the two DNA junctions and DNA decate-
nation to yield noncrossover products.
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Table 1. Functional attributes of homologous recombination regulatory helicase/translocase proteins

Protein

Superfamily,

helicase/

translocase Biochemical functions Notable features

Sgs1 (Saccharomyces
cerevisiae)

SF2, 30 to 50

helicase
50 DNA end resection with

Dna2
Component of the Sgs1-

Top3-Rmi1 (STR)
complex

dHJ dissolution with
Top3-Rmi1

Mre11 complex, Top3-Rmi1,
and RPA are required for
robust 50 end resection

Helicase activity of Sgs1 is
required for end resection
and dHJ dissolution

BLM (Homo sapiens) SF2, 30 to 50

helicase
50 DNA end resection with

Dna2
Stimulates activity of

EXO1
Complex formation with

TOPO IIIa-RMI1-
RMI2 (BTR complex)

dHJ dissolution with
TOPO IIIa-RMI1-
RMI2

MRE11 complex and RPA
stimulate end resection
by BLM-DNA2

RPA stimulates dHJ
dissolution via interaction
with RMI1

Srs2 (S. cerevisiae) SF1, 30 to 50

helicase
Antirecombinase function

via disassembly of the
Rad51-ssDNA filament

Interacts with Rad51, PCNA,
and SUMO-PCNA

Rad52 and Rad55-Rad57
counteract the
antirecombinase activity
of Srs2

RECQ5 (H. sapiens) SF2, 30 to 50

helicase
Antirecombinase function

via disassembly of the
RAD51-ssDNA filament

Interacts with RAD51 and
PCNA

Complex formation with RNA
polymerase II

Mph1 (S. cerevisiae)
Fml1 (Schizosaccharomyces

pombe)
FANCM (H. sapiens)

SF2, 30 to 50

helicase
(Mph1)/DNA
translocase

Mediates D-loop
disruption

Processes the DNA
replication fork and
Holliday junction

FANCM forms a complex with
MHF1-MHF2 and FAAP24

RTEL (H. sapiens) SF2, 50 to 30

helicase
Dissociates the D-loop and

T-loop
Interacts with RAD51 and

PCNA
Unable to disassemble the

RAD51-ssDNA filament
Rad54, Rdh54
(S. cerevisiae)
RAD54 (H. sapiens)

SF2, DNA
translocase

Stimulates the Rad51 and
Dmc1- mediated D-
loop formation

Induces topological
changes and transient
separation of DNA
strands in dsDNA

Removal of Rad51 from
dsDNA

Chromatin remodeling

Members of the Swi2/Snf2
family

Interact with Rad51 and
Dmc1

dHJ, double Holliday junction; RPA, replication protein A; PCNA, proliferating cell nuclear antigen.
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other such molecules—namely, RECQ1, WRN,
RECQ4, and RECQ5, the last of which also
functions in recombination regulation (see sec-
tions below). The human RecQ helicases and
their orthologs in other organisms all fulfill im-
portant roles in DNA replication and repair.
Comprehensive recent reviews of the RecQ hel-
icases and their biological functions are avail-
able (Chu and Hickson 2009; Daley et al. 2013).

The SGS1 (suppressor of slow growth 1)
gene was isolated in a screen for suppressors
of the slow growth and genome instability phe-
notypes of cells lacking TOP3, which codes for a
conserved type Ia topoisomerase that physically
interacts with Sgs1 protein (Gangloff et al.
1994). The Sgs1-Top3 complex has a partner
called Rmi1 (Chang et al. 2005). Likewise, the
BLM protein is associated with the orthologs of
Top3 and Rmi1—namely, TOPO IIIa and
RMI1 (Yin et al. 2005). The BLM complex
also harbors a fourth component RMI2 that is
absent in the yeast Sgs1 complex (Xu et al.
2008). Extensive genetic analyses have implicat-
ed the Sgs1-Top3-Rmi1 (STR) and the BLM-
TOPO IIIa-RMI1-RMI2 (BTR) complexes in
two distinct steps of the HR reaction. An early
role of the Sgs1 protein in the 50 end resection of

DSBs in conjunction with the nuclease Dna2
was revealed in genetic studies performed by
two different groups (Mimitou and Symington
2008; Zhu et al. 2008). In biochemical recon-
stitution experiments, the Sgs1 helicase activity
was shown to separate DNA strands, generating
50 ssDNA tails for incision by Dna2 (Cejka et al.
2010; Niu et al. 2010). Maximal resection activ-
ity is dependent on Rmi1-Top3, although, in
this regard, the topoisomerase activity of the
latter proved to be dispensable both in vitro
and in cells (Fig. 2A) (Niu et al. 2010). More
limited cytological and genetic analyses have
also implicated the BLM helicase in DNA resec-
tion in human cells (Gravel et al. 2008). Impor-
tantly, biochemical reconstitution has provided
direct evidence that BLM functions with DNA2
in a manner analogous to their S. cerevisiae
counterparts in DNA end resection (Nimonkar
et al. 2011). Interestingly, BLM also enhances
the activity of the 50 to 30 exonuclease of EXO1,
which has been implicated in DNA end resec-
tion as well (Fig. 2A) (Nimonkar et al. 2011).
This functional relationship is not conserved in
S. cerevisiae, in that Sgs1 does not seem to affect
the activity of Exo1 (Niu et al. 2010; Cannavo
et al. 2013).
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A B
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or BLM, DNA2 (or EXO1)
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Figure 2. Functions of Sgs1 and BLM in homologous recombination. (A) Sgs1-Top3-Rmi1 (STR), Dna2, and
RPA in S. cerevisiae or BLM-DNA2-RPA and BLM-EXO1-RPA in humans perform long-range resection and
produce 30 ssDNA overhangs. Note that the initial, short-range resection is mediated by a protein complex that
harbors the conserved Mre11 nuclease (not shown). (B) The STR or BLM-TOPO IIIa-RMI1-RMI2 (BTR)
complex dissolves the double Holliday junction (dHJ) to produce noncrossover products.
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A hallmark of BLM-deficient cells, such as
those derived from BS patients, is a highly ele-
vated level of sister chromatid exchanges, which
very likely stems from HR events of the cross-
over type triggered by replication fork injury
or collapse (Bartram et al. 1976). Importantly,
genetic ablation of any of the components of
the BTR complex yields the same phenotype
and in an apparent epistatic fashion to BLM
deficiency (Wu and Hickson 2003; Yin et al.
2005). Indeed, S. cerevisiae mutant cells lacking
SGS1, TOP3, or RMI1 generate abnormally high
levels of crossover recombinants during HR-
mediated DSB repair (Ira et al. 2003). Taken
together, the aforementioned genetic observa-
tions point to a key role of the BTR and STR
complexes in regulating HR in favor of the for-
mation of noncrossovers. Such a regulatory role
would be consistent with a function of these
protein ensembles in the prevention of delete-
rious chromosome arm translocations associat-
ed with crossover HR events.

What then is the biochemical function of
the STR and BTR complexes in the promo-
tion of noncrossover formation? In a seminal
study, Wu and Hickson provided compelling
biochemical evidence that BLM together with
TOPO IIIa untangles the dHJ intermediate
that arises during some HR events to form non-
crossover recombinants exclusively (Fig. 2B)
(Wu and Hickson 2003). This reaction, termed
dHJ dissolution, is the subject of Bizard and
Hickson (2014).

Role of Sgs1 in Meiotic HR

In meiosis, HR events triggered by programmed
DSBs made by the Spo11 protein complex are
quite often channeled into the DSBR path-
way to yield crossovers (Fig. 1B; Lam and
Keeney 2014), which provide a stable linkage
between homologous chromosomes to facili-
tate their disjunction in the first meiotic divi-
sion. Because the STR complex is expressed
in meiotic cells, how is its dHJ dissolution ac-
tivity constrained to allow sufficient crossovers
to occur? Genetic analyses have provided evi-
dence that STR is negatively regulated by a
group of meiosis-specific proteins collectively

known as ZMM (Borner et al. 2004; Jessop et
al. 2006). Interestingly, sgs1 mutants show an
improper distribution of crossovers and form
complex joint molecules involving multiple
chromatids, indicating that Sgs1 plays a crucial
role in meiotic HR (Oh et al. 2007). Whether or
not this meiotic HR regulatory function of Sgs1
involves dHJ dissolution remains to be deter-
mined.

Antirecombinase Srs2 and Its Role in HR
Restriction and SDSA Promotion

The S. cerevisiae SRS2 gene encodes a 30 to 50

DNA helicase of the SF1 superfamily, and it
serves important roles in HR restriction and
the promotion of the SDSA pathway of D-
loop resolution (Marini and Krejci 2010; Kar-
penshif and Bernstein 2012). The HR regulatory
function of this helicase was first recognized in a
screen for mutants that suppress the DNA dam-
age sensitivity phenotype of mutants of RAD6,
whose product is an E2 ubiquitin conjugating
enzyme needed for postreplicative DNA repair,
hence the name SRS2 (suppressor of RAD Six2)
(Lawrence and Christensen 1979). Specifically,
mutations in SRS2 greatly alleviate the sensi-
tivity of rad6 or rad18 cells (RAD18 codes for
an E3 ligase that forms a complex with Rad6)
to ultraviolet light and other DNA-damaging
agents (Lawrence and Christensen 1979). Fur-
ther analysis revealed that rad6 or rad18 sup-
pression by srs2 mutations requires a functional
HR machinery, and that the genetic ablation of
SRS2 in an otherwise wild-type background
leads to a hyperrecombination phenotype and
an excess of crossover recombinants during DSB
repair by HR (Schiestl et al. 1990; Rong et al.
1991; Ira et al. 2003). Altogether, these findings
suggested that Srs2 restricts the activity of the
HR machinery and promotes the resolution of
the D-loop intermediate via SDSA to suppress
crossover formation.

The biochemical function of Srs2 with re-
gard to HR restriction was revealed in studies
performed by two groups (Krejci et al. 2003;
Veaute et al. 2003). At the expense of ATP hy-
drolysis, the motor activity of Srs2 displaces
Rad51 molecules from ssDNA to disassemble
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the Rad51 presynaptic filament (Fig. 3A). This
function of Srs2 is enhanced by the heterotri-
meric ssDNA-binding factor RPA, which pre-
vents the renucleation of Rad51 onto ssDNA.
The Srs2-Rad51 interaction is required for this
activity, and is thought to trigger ATP hydrolysis
by Rad51, which then causes Rad51 to dissoci-
ate from the ssDNA (Krejci et al. 2003; Antony
et al. 2009). Cytological evidence has been fur-
nished supporting the idea that Srs2 prevents
the spurious assembly of Rad51-DNA filaments
(Burgess et al. 2009). The suppressive effect of
Srs2-RPA on Rad51 filament assembly can be
counteracted by Rad52 and the Rad55-Rad57
complex, which are HR mediators that promote
presynaptic filament assembly and stability, re-
spectively (Burgess et al. 2009; Liu et al. 2011).
In the promotion of SDSA, Srs2 could minimize
second DNA end capture and/or limit the size
and hence the stability of the D-loop via restric-
tion of the length of the Rad51 presynaptic fil-
ament capable of DNA strand invasion. This
is consistent with recent genetic evidence that
supports a model in which Srs2 promotes non-

crossover outcomes by negatively regulating
Holliday junction formation (Mitchel et al.
2013).

Interestingly, Srs2 is targeted to DNA repli-
cation forks through an interaction with the
SUMOylated form of the DNA polymerase
processivity clamp PCNA (proliferating cell nu-
clear antigen) (Armstrong et al. 2012; Kim et al.
2012; Burkovics et al. 2013). It is thought that,
within the context of the replication fork, Srs2
helicase prevents ssDNA gaps arising from
polymerase blockage from being bound by
Rad51, thereby promoting replicative bypass of
the lesions.

Although a clear ortholog of Srs2 has not yet
been described in higher organisms, there is ev-
idence that its E. coli counterpart UvrD also
negatively regulates HR by disrupting presynap-
tic filaments of RecA (the bacterial ortholog of
Rad51) (Morel et al. 1993; Flores et al. 2005;
Veaute et al. 2005). As discussed in the next
section, the human RECQ5 helicase has func-
tional attributes indicating that it plays a role
analogous to Srs2/UvrD in humans.
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Figure 3. Roles of Srs2/RECQ5, Mph1/Fml1/FANCM, and Rad54 in homologous recombination. (A) Srs2 and
RECQ5 displace Rad51 from ssDNA, leading to suppression of inappropriate recombination events. (B) Mph1/
Fml1/FANCM can (i) release the invading strand from the D-loop to promote SDSA, and (ii) mediate regression
of a blocked replication fork to bypass a DNA lesion. (C) Rad54 stimulates Rad51-mediated D-loop formation
and facilitates DNA synthesis via the release of Rad51 from the DNA joint.
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RECQ5, a Functional Counterpart of Srs2 in
Human Cells

To identify a functional ortholog of Srs2 in
human cells, an effort was mounted to examine
several of the RecQ helicases—namely, RECQ1,
RECQ5, and WRN—for their capability to in-
hibit the RAD51-mediated D-loop reaction and
to describe the mechanism by which this occurs
(Hu et al. 2007). Importantly, among the three
helicases examined, only RECQ5 strongly sup-
pressed D-loop formation in a manner stimu-
lated by RPA. Further analysis revealed that, like
Srs2, RECQ5, in conjunction with RPA, effi-
ciently evicts RAD51 molecules from ssDNA
to disassemble the presynaptic filament (Fig.
3A). RECQ5 physically interacts with RAD51,
and complex formation between the two is im-
portant for the efficiency of presynaptic filament
disruption (Schwendener et al. 2010; Islam et
al. 2012).

Unlike BLM, WRN (defective in Werner syn-
drome), and RECQ4 (defective in Rothmund-
Thomson syndrome), mutations in RECQ5
have not been linked to a human disease. How-
ever, RECQ5 knockout mice show increased
cancer susceptibility, providing evidence for a
tumor suppressor function in RECQ5 (Hu
et al. 2007). Cells depleted of RECQ5 show in-
creased RAD51 focus formation, enhanced
DSB repair by HR, elevated sister chromatid
exchanges (SCEs), and gross chromosomal
rearrangements on DNA damage, again in-
dicative of a role in HR regulation. These ob-
servations also buttress the validity of the bio-
chemical results revealing an antirecombinase
attribute of RECQ5 akin to Srs2. RECQ5 also
interacts with PCNA, suggesting that it may
be targeted to replication forks to prevent the
accumulation of RAD51 on ssDNA gaps arising
from fork stalling at a blocking lesion (Kanagaraj
et al. 2006).

RECQ5 also associates with RNA poly-
merase II in a complex distinct from that har-
boring RAD51 and PCNA (Islam et al. 2010).
The RECQ5-RNA Pol II complex has been pos-
tulated to prevent transcription-associated ge-
nome instability (Islam et al. 2010; Kanagaraj
et al. 2010; Li et al. 2011). Although the molec-

ular mechanism by which RECQ5 accomplishes
this function is currently unknown, a logical
hypothesis would be that RECQ5 remodels
DNA structures or nucleoprotein complexes
on collision of the transcription and replication
machineries.

Roles of Mph1/Fml1/FANCM in
Recombination Pathway Choice and DNA
Replication Fork Repair

The Hef (helicase-associated endonuclease for
fork-structured DNA) family of DNA motor
proteins belongs to the SF2 helicase superfamily
(Whitby 2010). These proteins translocate on
ssDNA with a 30 to 50 directionality and are ca-
pable of processing DNA structures including
D-loops, replication forks, and Holliday junc-
tions (Prakash et al. 2005, 2009). Archaeal Hef is
unique within this protein family in that it also
possesses a nuclease activity (Komori et al.
2002), whereas the human ortholog FANCM
has been at the center of intensive studies owing
to its association with the cancer-prone disease
Fanconi anemia (Nishino et al. 2003; Meetei
et al. 2005).

Genetic analyses in the yeasts S. cerevisiae
and S. pombe and also in the plant Arabidopsis
thaliana have provided compelling evidence to
implicate the Hef helicases in HR regulation
and other processes. Cells deficient in the S.
cerevisiae MPH1 (mutator phenotype 1) gene
that encodes the Hef ortholog are sensitive to
DNA-damaging agents and prone to accumu-
lating spontaneous mutations (Scheller et al.
2000; Schurer et al. 2004). Interestingly, deletion
of MPH1 leads to an abnormally high level of
crossover formation in DSB repair by HR, in
a manner that is additive with either the srs2D
or sgs1D mutation, suggesting that Mph1 sup-
presses crossovers in a mechanism distinct
from these helicases (Mitchel et al. 2013). Sim-
ilarly, S. pombe cells deficient in the Fml1
(FANCM-like 1) protein generate an excess
of crossover recombinants during plasmid gap
repair (Nandi and Whitby 2012). Additive levels
of crossover formation were seen in double
mutants of fml1D with either srs2D or rqh1D
(equivalent to S. cerevisiae sgs1D) mutations
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(Sun et al. 2008). Importantly, both Mph1 and
Fml1 also have a prorecombination function
during S phase, specifically in the promotion
of replication fork repair via HR (Sun et al.
2008).

Given the importance of the ZMM group
of proteins in meiotic crossover formation,
ZMM mutants are infertile as they lack a suffi-
cient number of crossovers to maintain proper
meiotic chromosome disjunction. A screen for
suppressors of the mutation of a ZMM group
member, zip4, in A. thaliana led to the identi-
fication of FANCM helicase as a major factor
that limits meiotic crossover formation (Cris-
mani et al. 2012). The fancm mutant alone has
a threefold-increased crossover frequency com-
pared with wild type. These spurious cross-
overs in the fancm mutant arise not from the
pathway that generates most of the crossovers
in wild type, but from an alternate pathway.
Similarly, in S. pombe, Fml1 helps mediate the
formation of noncrossovers in a pathway com-
petitive against a procrossover pathway that is
dependent on the nuclease Mus81 (Lorenz et al.
2012).

In vitro studies with purified Mph1, Fml1,
and human FANCM have shed light on the
mechanisms by which they regulate HR and
promote replication fork repair (Prakash et al.
2005). All three proteins have been shown to
dissociate D-loops in vitro, and Mph1 is able
to do so within the context of the Rad51-cata-
lyzed D-loop reaction (Fig. 3Bi) (Gari et al.
2008; Sun et al. 2008; Prakash et al. 2009; Se-
besta et al. 2011). ATP hydrolysis is required for
this activity (Gari et al. 2008; Prakash et al.
2009). These data nicely explain how Mph1/
Fml1/FANCM suppresses crossover formation,
as disassembly of the D-loop forces the cell to
use the noncrossover-exclusive SDSA pathway.
Thus, these Hef orthologs function in a manner
mechanistically distinct from Sgs1 and Srs2 to
regulate HR in favor of noncrossover formation
via the SDSA pathway. During S phase, it is
believed that Mph1, Fml1, and FANCM medi-
ate the regression of injured or stalled rep-
lication forks to initiate fork restart (Fig. 3Bii)
(Chen et al. 2009; Choi et al. 2010; Chavez et al.
2011).

RTEL, a D-Loop-Disruptive Motor

Besides FANCM, higher organisms have a sec-
ond DNA motor protein RTEL that disrupts
D-loops. This protein was originally identified
as a regulator of telomere length, and recent
work has shown that it helps to maintain telo-
mere stability by resolving secondary structure
in telomeric DNA (Ding et al. 2004; Vannier
et al. 2012). In the absence of RTEL, telomeric
quadruplex (G4) structures are inappropri-
ately cleaved by the nuclease Slx4, leading to
telomere attrition (Vannier et al. 2012). Its or-
tholog RTEL-1, in the nematode Caenorhabditis
elegans, was uncovered in a screen for synthetic
lethality with a mutation in the SGS1 ortholog
HIM-6 (Barber et al. 2008). Mutant animals
lacking RTEL-1 show sensitivity to DNA-dam-
aging agents and increased crossover frequency
(Barber et al. 2008; Youds et al. 2010). Loss of
RTEL-1 in combination with him-6 leads to
accumulation of recombination intermediates
and RAD51 foci (Barber et al. 2008). RTEL-1
also functions in meiotic cells, as crossovers in
meiosis are up-regulated in rtel-1 mutant worms
(Youds et al. 2010). In human cells, RTEL de-
pletion also causes recombination to go up (Bar-
ber et al. 2008). RTEL protein has been purified
and shown to disrupt RAD51-mediated D-
loops in the presence of RPA, but unlike Srs2
or RECQ5, RTEL cannot strip RAD51 from
ssDNA (Barber et al. 2008; Youds et al. 2010).
Thus, RTEL uses a similar mechanism as the Hef
helicases in HR regulation.

PROMOTION OF DNA PAIRING AND
REPAIR DNA SYNTHESIS BY RAD54 AND
RDH54

As first revealed in genetic studies in S. cerevi-
siae, the RAD54 gene is crucial for meiotic HR
and DSB repair by HR in mitotic cells (Game
and Mortimer 1974; Shinohara et al. 1997). The
structure and function of the Rad54 protein are
conserved among eukaryotes and in some ar-
chaeal species (Haseltine and Kowalczykowski
2009; Ceballos and Heyer 2011). Several para-
logs of Rad54 protein have been described in
various organisms, and one of these, Rdh54
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(Rad homolog 54) of S. cerevisiae, will be re-
viewed here (Mazin et al. 2010; Ceballos and
Heyer 2011). Rad54 and Rdh54 proteins belong
to the Snf2/Swi2 group of ATP-dependent DNA
translocases that are often found in chromatin-
remodeling complexes. Rad54 and Rdh54 both
have a DNA translocase activity that is fueled by
ATP hydrolysis (Petukhova et al. 1998; Nimon-
kar et al. 2007), and their movement on DNA
leads to dynamic topological changes that cause
transient separation of the DNA strands (Tan
et al. 1999; Petukhova et al. 2000; Van Komen
et al. 2000). These proteins are also able to
process or dissociate DNA structures, such as
the D-loop and branched DNAs including the
Holliday junction and to remove Rad51 from
dsDNA via their DNA translocase activity (Sol-
inger et al. 2002; Bugreev et al. 2006, 2007).
Consistent with their Swi2/Snf2 relatedness, a
chromatin-remodeling activity has been found
in these proteins (Alexeev et al. 2003; Kwon et al.
2008).

The mechanisms by which Rad54 and
Rdh54 help promote HR have been the subject
of intensive studies in many laboratories, and
a great deal is known in this regard. Both Rad54
and Rdh54 interact physically with Rad51, and
protein complex formation serves to target
these DNA motor proteins to DSBs (Jiang et
al. 1996; Lisby et al. 2004). Functional synergy
between Rad54 and Rdh54 with Rad51 has been
noted, and this requires complex formation of
either motor protein with Rad51. Most notably,
the ability of Rad51 to mediate homologous
DNA pairing is greatly enhanced by Rad54
(Fig. 3C) or Rdh54, and in turn, the DNA-de-
pendent ATPase and DNA supercoiling activi-
ties of these motor proteins are up-regulated
by Rad51 (Petukhova et al. 2000; Van Komen
et al. 2000). The chromatin-remodeling activity
of Rad54 is also similarly stimulated by Rad51
(Alexeev et al. 2003). Importantly, either Rad54
or Rdh54 becomes indispensable when a chro-
matinized template is used as the information
donor in the homologous pairing reaction
(Kwon et al. 2008; Sinha and Peterson 2008).
As mentioned above, Rad54 and Rdh54 use their
translocase activity to remove Rad51 from du-
plex DNA. This activity likely serves two distinct

purposes: namely, (i) to release Rad51 from
bulk chromatin to prevent the accumulation of
cytotoxic nucleoprotein complexes and to real-
ize intracellular recycling of Rad51 (Shah et al.
2010), and (ii) to free the nascent DNA joint in
the D-loop from bound Rad51, so as to permit
access of the primer end to a DNA polymerase
to initiate repair DNA synthesis (Fig. 3C) (Su-
gawara et al. 2003; Li and Heyer 2009).

It should be noted that, despite their pos-
session of similar biochemical attributes, the
biological functions of Rad54 and Rdh54 are
far from redundant. Most notably, Rad54 plays
a more prominent role in the repair of certain
types of DNA lesions and in the facilitation of
repair synthesis, with Rdh54 apparently provid-
ing the major function in Rad51 removal from
bulk chromatin (Ceballos and Heyer 2011). In
both mitotic and meiotic cells, the promotion
of HR between homologs is largely dependent
on Rdh54, whereas Rad54 is more adept in
the mediation of HR events between sister chro-
matids (Klein 1997; Shinohara et al. 1997; Ni-
monkar et al. 2012). Interestingly, the activity
of the Rad51-Rad54 pair is down-regulated in
meiosis via two different means, so as to permit
interhomolog HR by the procrossover DSBR
pathway. First, the meiosis-specific Mek1 ki-
nase phosphorylates Rad54 at T132 resulting
in a decreased affinity for Rad51 (Niu et al.
2009). Second, the meiosis-specific Hed1 pro-
tein physically interacts with Rad51 avidly, pre-
venting the latter from complex formation with
Rad54 (Busygina et al. 2008).

CONCLUDING REMARKS

As reviewed herein, extensive in vitro and in
vivo studies in both yeast and mammalian sys-
tems have identified several distinct mecha-
nisms of HR regulation at the DNA pairing
stage. In addition to the aforementioned regu-
lators, there is emerging evidence that addition-
al players are involved in HR regulation. Recent-
ly, the SWI/SNF-related proteins SMARCAL1
and ZRANB3 have been shown to disrupt
RAD51-made D-loops in vitro, suggesting that
they may function in a manner analogous to
RTEL and Mph1/Fml1/FANCM (Betous et al.
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2012; Ciccia et al. 2012). Genetic studies have
provided evidence that the SF1 helicase Fbh1,
which also possesses ubiquitin E3 ligase activity,
may be a negative regulator of HR and act as
a functional homolog of Srs2 in humans (Os-
man et al. 2005; Chiolo et al. 2007; Lorenz et al.
2009). FANCJ, a helicase of the SF2 superfamily
associated with Fanconi anemia, has been sug-
gested to affect the stability of the RAD51 pre-
synaptic filament and to interfere with RAD51-
mediated D-loop formation in vitro, although
genetic evidence thus far is not consistent with
the notion that FANCJ opposes recombina-
tion in vivo (Litman et al. 2005; Sommers et
al. 2009; Xie et al. 2012). On the positive regu-
latory side, the meiosis-specific Mer3 helicase
has been implicated in stabilizing D-loops
by promoting branch migration in a direction
that extends the nascent DNA joint (Mazina
et al. 2004). Indeed, there is much future work
to be performed to clarify the roles of these
helicases in HR regulation.
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