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PERSPECTIVE

Some disassembly required: role ot DNA
translocases in the disruption

of recombination intermediates

and dead-end complexes

Lorraine S. Symington'> and Wolf-Dietrich Heyer>*

'Department of Microbiology, Columbia University Medical Center, New York, New York 10032, USA;
2Sections of Microbiology and of Molecular and Cellular Biology, Center for Genetics and Development,

University of California at Davis, Davis, California 95616, USA

Homologous recombination (HR) plays essential roles in
the maintenance of genome integrity in prokaryotic and
eukaryotic organisms. The primary function of HR in
mitotic cells is to repair double-strand breaks (DSBs) or
single-strand gaps that form as a result of replication fork
collapse from processing of spontaneous damage and
from exposure to DNA damaging agents. During meio-
sis, HR is essential to establish a physical connection
between homologous chromosomes to ensure their cor-
rect disjunction at the first meiotic division. In meiosis,
the high levels of recombination result from the pro-
grammed introduction of DSBs throughout the genome
by the Spoll transesterase. After breaks form in meiotic
or mitotic cells, the ends are processed to yield 3’ single-
strand DNA (ssDNA) tails that are active in strand in-
vasion with a homologous duplex (Fig. 1). Following
DNA strand invasion, the invading 3’ end is extended by
DNA synthesis. The displaced loop of the donor duplex
can pair with the other side of the break (DSBR [DSB
repair] model) and serve as a template for repair synthesis
from the other 3’ end. Gap filling and ligation results in
the formation of a double Holliday junction (dH]J) inter-
mediate that can be resolved to generate crossover or
noncrossover products. Alternatively, the invading
strand that was extended by DNA synthesis is displaced
and pairs with the other side of the break (SDSA [syn-
thesis-dependent strand annealing] model).

Central to the process of HR is the pairing of DNA
molecules and exchange of single strands to form hetero-
duplex DNA, a reaction catalyzed by members of the
RecA/Rad51 family of proteins. Besides the ubiquitous
Rad51, which is important for recombinational repair of
DSBs and ssDNA gaps in mitotic and meiotic cells, eu-

Correspondence.

3E-MAIL Iss5@columbia.edu; FAX (212) 305-1741.

4E-MAIL wdheyer@ucdavis.edu; FAX (530) 752-3011.

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1477106.

karyotes commonly have in addition the highly related
Dmcl that is expressed only during meiosis (Bishop et al.
1992; Shinohara et al. 1992). These two proteins have
partially overlapping but also unique functions in mei-
otic recombination (Shinohara et al. 1997a). RecA and
Rad51 are the most extensively studied members of the
family of homologous pairing and strand exchange pro-
teins, and the reaction catalyzed is described briefly be-
low. In the first step, RecA (or Rad51) assembles on
ssDNA generated at resected DSBs or stalled replication
forks to form a helical nucleoprotein filament that is
active in homologous pairing. Although RecA preferen-
tially binds to ssDNA (Kowalczykowski 1991), both
Rad51 and Dmcl bind almost equally well to double-
stranded DNA (dsDNA) in vitro, raising the question of
how these proteins are targeted to ssDNA and not se-
questered nonspecifically on chromatin (Shinohara et al.
1992; Hong et al. 2001). Nucleation of Rad51 on dsDNA
is inhibitory to DNA strand exchange in vitro, suggest-
ing that this process might be actively discouraged in
vivo to allow filament formation exclusively on ssDNA
generated at sites of damage (Sung and Robberson 1995;
Solinger et al. 2002). In this issue, Holzen et al. (2006)
provide direct evidence that the Rdh54/Tid1 DNA trans-
locase, a member of the Swi2/Snf2-like family of motor
proteins, promotes dissociation of Dmcl from nonre-
combinogenic sites on chromatin. This intriguing obser-
vation suggests eukaryotes may have evolved distinct
mechanisms to maintain a free pool of Dmcl or Rad51
available for DNA binding at the right time and the right
place.

Once assembled, the RecA or Rad51 nucleoprotein
filament is capable of interacting with a second DNA
molecule to initiate strand exchange (Kowalczykowski
1991). Synapsis involves the alignment of the ssDNA
within the nucleoprotein filament with homologous se-
quences within dsDNA. The recognition of homology
and strand exchange are thought to be part of the same
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Figure 1. DSB repair by homologous recombination. After pro-
cessing of the DSB, the homologous pairing and DNA-strand-
exchange proteins (Rad51, Dmcl) form a nucleoprotein fila-
ment with the help of mediator proteins (Rad52 and Rad55-
Rad57 for Rad51; Sae3-Mei5 and Hop2-Mndl for Dmcl in S.
cerevisiae) that invades the target sequence to form a D-loop
(step 2) assisted by the Rad54 and Rdh54/Tid1 proteins (see Fig.
2). At the D-loop intermediate, homologous recombinations bi-
furcates into two subpathways. In DSBR, the second end is cap-
tured leading to the formation of a dHJ (step 3a) that is processed
to crossover (step 4a) and noncrossover (step 4b) products. In
SDSA, the extended D-loop (step 3b) is dissolved, likely by a
DNA helicase (see Fig. 2), and the newly synthesized strand
reanneals with the second end of the DSB to restore a contigu-
ous chromosome in noncrossover configuration (step 4b).

process and to occur by flipping of bases, predominately
A:T base pairs, out of the helix in order to nucleate base
pairing with the incoming ssDNA (Gupta et al. 1999).
Once formed, heteroduplex DNA (hDNA) can be ex-
tended by branch migration. Finally, the DNA strand
exchange protein is disassembled from the hDNA prod-
uct, enabling access to the replication machinery to
prime DNA synthesis from the invading 3’ end and for
processing of recombination intermediates. While this
pathway has been considered a linear progression, accu-
mulating evidence suggests several steps of the pathway
are reversible to ensure assembly of recombination in-
termediates at the correct location and possibly to effect
alternative modes of resolution. Several of the proteins
that regulate recombination use the energy from ATP
hydrolysis to translocate on DNA, thereby disrupting
protein/DNA complexes and DNA intermediates; these
include Rad54, Rdh54/Tidl, Srs2, and the RecQ-like
DNA helicases Sgsl and BLM.

Rad54 dissociates Rad51-dsDNA filaments:
disassembling unproductive complexes and moving
the pathway along

Much attention has been focused on the assembly of the
Rad51 and Dmcl filaments on ssDNA, the catalytically
active complexes essential for homologous pairing and
strand invasion. Proper assembly requires a host of me-
diator proteins in vivo and careful attention to the reac-
tion conditions and stoichiometries in vitro (Krogh and
Symington 2004). The disassembly of the filaments from
the product heteroduplex DNA has been largely ignored
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experimentally and typically side-stepped in biochemi-
cal reactions by SDS-proteinase K treatment prior to
product analysis. With RecA protein, ATP hydrolysis is
required for product release and RecA turnover, leading
to dynamic assembly/disassembly driven by nucleotide
cofactor binding and hydrolysis cycles (Kowalczykowski
1991; Cox 2003). The eukaryotic RecA homolog Rad51
displays significantly (~200-fold) less ATPase activity on
dsDNA (Sung 1994) and is essentially stuck on the prod-
uct DNA. How can eukaryotic cells compensate for this
less dynamic behavior by their strand exchange protein?
The answer lies with a very dynamic motor protein,
Rad54, which engages in specific interaction with the
Rad51 filaments on ssDNA and dsDNA.

Rad54 protein is a member of the Swi2/Snf2-like fam-
ily of DNA-dependent ATPases comprising proteins that
remodel a wide spectrum of protein-dsDNA complexes
including nucleosomes, the TATA-binding protein
(TBP)-dsDNA complex, and Rad51-dsDNA filaments
(Tan et al. 2003; Heyer et al. 2006). Although this protein
family is grouped within the super family 2 of DNA he-
licases, the members do not catalyze the melting of
dsDNA typical of helicases, but rather they translocate
on dsDNA, inducing topological changes and remodeling
protein—-dsDNA complexes. The Saccharomyces cerevi-
siae genome alone contains 17 Swi2/Snf2-like proteins,
of which seven, including Rad54 and Rdh54/Tid1, func-
tion in various DNA repair/recombination pathways,
presumably with distinct target complexes. Transloca-
tion on duplex by Rad54 was inferred from an assort-
ment of bulk phase experiments (Tan et al. 2003; Heyer
et al. 2006), and has now been directly visualized in
single-molecule experiments, to move processively and
surprisingly fast at 300 bp/sec (Amitani et al. 2006).

Rad54 is a core factor of HR machinery, and its bio-
logical function depends on its ATPase activity (Krogh
and Symington 2004). Biochemical experiments demon-
strated that Rad54 cooperates with Rad51 in complex
ways during in vitro recombination reactions (Petuk-
hova et al. 1998). The mechanisms involved are intricate
and not entirely worked out (Tan et al. 2003; Heyer et al.
2006). First, Rad54 associates with the Rad51-ssDNA
filaments, stabilizing them and delivering Rad54 to the
pairing site (Fig. 2, step 2-3; Mazin et al. 2000, 2003).
This function of Rad54 is independent of its ATPase ac-
tivity, suggesting that other ATP-dependent functions
are possibly more critical. However, in vivo ChIP experi-
ments and cytological studies have demonstrated that
Rad54 stabilizes Rad51-ssDNA filaments also in vivo
(Wolner and Peterson 2005; Wesoly et al. 2006). Second,
Rad54 stimulates Rad51-mediated DNA pairing and
strand exchange in an ATP-dependent fashion (Fig. 2,
step 3—4). Several potential mechanisms have been pro-
posed (Van Komen et al. 2000; Ristic et al. 2001). The
Rad54 motor may slide along the target duplex DNA to
increase the efficiency of the homology search. Alterna-
tively, the topological change induced by the motor may
allow easier strand invasion by the Rad51 filament. Or,
Rad54 may dissociate Rad51 from the duplex target
DNA, which is known to inhibit pairing reactions (Sung
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Figure 2. Dynamic balance in the assembly and disassembly of
intermediates during homologous recombination. DNA-based
motor proteins, helicases (Srs2, UvrD, Sgsl, BLM, WRN) and
dsDNA translocases (Rad54, Rdh54/Tidl), have the ability to
dissociate protein-DNA complexes and junction intermediates
during homologous recombination. Rdh54/Tidl (and Rad542)
dissociates Dmcl from dsDNA (step 1) to feed a pool of free
Dmecl protein. Free Dmcl and Rad51 protomers are utilized for
assembly into ssDNA filaments during DSB-induced recombi-
nation (step 2-3). The DNA helicases Srs2 and UvrD catalyze
the backward reaction of dissociating the Rad51-ssDNA and
RecA-ssDNA filaments, respectively (step 3-2). It has not been
tested whether Srs2 (or another helicase) can dissociate Dmcl-
ssDNA filaments. Rad54 and Rdh54/Tid1 facilitate D-loop for-
mation by Rad51 (step 3-4) and can also dissociate the Rad51-
dsDNA filament, which is consistent with a function after
DNA strand invasion (step 4-5). A similar function is envi-
sioned by Holzen et al. (2006) for Rdh54/Tid1 dissociating the
Dmcl-dsDNA product complex. Sgsl, BLM, and WRN heli-
cases are candidate proteins to dissociate nascent D-loops (step
4-3) or extended D-loops (step 5 to steps 3 or 2) in a back reac-
tion after initial synapsis.

and Robberson 1995; Solinger et al. 2002), as proposed by
Holzen et al. (2006) to account for the function of Rdh54/
Tid1 in dissociating dead-end Dmc1-dsDNA complexes.
The ability of Rad54 to remodel chromatin in vitro pro-
vides an additional potential mechanism for Rad54 func-
tion in vivo (Alexeev et al. 2003; Alexiadis and Kadonaga
2003; Jaskelioff et al. 2003). Third, Rad54’s ability to dis-
sociate Rad51 from dsDNA may lead to turnover of
Rad51 from the product heteroduplex DNA (Fig. 2, step
4-5; Solinger et al. 2002). This function after DNA strand
exchange may allow DNA polymerase to access the in-
vading 3'-OH end analogous to the ATP hydrolysis-de-
pendent turnover by RecA that is required to allow Pol
III holoenzyme access to the invading strand (Xu and
Marians 2002). In addition, Rad54 has been found in vitro
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to branch migrate three- and four-stranded junctions
(Solinger et al. 2001; Bugreev et al. 2006). These last post-
synaptic functions of Rad54 are consistent with the ge-
netic placement of Rad54 downstream from Rad51 as
well as cytological studies that identified a defect in
rad54 mutants in the turnover of Rad51 foci during re-
combination (Shinohara et al. 2000; Tan et al. 2003;
Krogh and Symington 2004; Miyazaki et al. 2004; Heyer
et al. 2006; Wesoly et al. 2006).

The cytological and physical studies pinpointed the
rad54 defect to a step after Rad51 association with the
broken DNA and association of the presynaptic filament
with its target DNA, but before DNA synthesis from the
strand invasion product (Sugawara et al. 2003; Wolner
and Peterson 2005). However, these experiments failed
to unequivocally distinguish between roles of Rad54 in
synapsis or post-synapsis. It is unclear whether the
Rad51 foci accumulating in rad54 cells represent presyn-
aptic filaments, joint molecules, or both. Likewise, it is
unclear whether in vivo Rad51-mediated pairing inter-
mediates (D-loops) or their extension by DNA polymer-
ase requires Rad54. Such intermediates have not been
identified yet during DSB repair in vegetative cells. Al-
though single-end invasion intermediates have been
documented during meiotic recombination (Hunter and
Kleckner 2001), the effect of rad54 and rdh54/tid1 single
and double mutants on the formation of single end in-
vasion intermediates is unknown.

With these caveats in mind, the biochemical and bio-
physical analyses of Rad54 protein and its interaction
with Rad51-dsDNA filaments argue strongly for a bio-
logically significant function of the Rad54 motor in dis-
sociating Rad51-dsDNA filaments. The activity of
Rad54 is stimulated by Rad51 DNA filaments (Mazin et
al. 2000; Van Komen et al. 2000); in particular, its
ATPase activity is specifically enhanced sixfold by par-
tial Rad51-dsDNA filaments (Kiianitsa et al. 2002). Such
filaments provide protein-free DNA for Rad54 transloca-
tion, and electron microscopy directly visualized Rad54
particles at the terminus of Rad51-dsDNA filaments (Ki-
ianitsa et al. 2006). These findings are consistent with a
model of Rad54 oligomers translocating along dsDNA
(Amitani et al. 2006) and specifically targeting the Rad51
filament dissociating protomers from the terminus.

Dissociation of Dmc1-dsDNA filaments by Rdh54/
Tidl: freeing up the pool of Dmcl and release of Dmcl
from recombination intermediates?

Rdh54/Tidl is a structural and functional homolog of
the Rad54 protein (Klein 1997; Shinohara et al. 1997b).
Like Rad54, Rdh54/Tidl is a robust dsDNA-activated
ATPase that translocates on dsDNA generating uncon-
strained negative and positive supercoils, as well as dis-
rupting Rad51-dsDNA filaments (Petukhova et al. 2000;
Chi et al. 2006). Rdh54/Tidl interacts directly with
Rad51 and stimulates the pairing activity of Rad51 in
vitro (Dresser et al. 1997; Petukhova et al. 2000). How-
ever, Rdh54/Tidl1 is unable to fully substitute for Rad54
in vivo because the rad54 single mutant shows extreme
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sensitivity to DNA damaging agents, whereas the rdh54/
tid1 single mutant is only mildly sensitive (Krogh and
Symington 2004). rad54 rdh54/tid1 double mutants
show even higher sensitivity to DNA damaging agents
than the single mutants, indicating some functional
overlap between the proteins. Interestingly, the double
mutant exhibits a more severe phenotype in diploids
than in haploids, and the poor growth of diploid mitotic
cells is suppressed by deletion of RADA51, indicating that
it is due to the accumulation of toxic recombination in-
termediates (Klein 1997). The precise nature of these re-
combination intermediates is currently unknown. Dur-
ing meiosis Rdh54/Tidl is more important than Rad54
for full levels of recombination between chromosome
homologs (Shinohara et al. 1997b; Arbel et al. 1999).
Rdh54/Tidl also interacts with Dmcl (Dresser et al.
1997), but no stimulation of Dmcl DNA strand ex-
change by Rdh54/Tidl has yet been reported.

Immunostaining of spread meiotic nuclei has revealed
the presence of discrete subnuclear assemblies of Rad51
and Dmcl, referred to as foci (Bishop 1994). Rad51 and
Dmecl foci show frequent colocalization and foci forma-
tion is dependent on meiosis-specific DSBs (SPO11-de-
pendent). Dmcl foci formation is perturbed in rdh54/
tid1 mutants with foci formation occurring earlier than
in wild-type cells and with greatly reduced colocaliza-
tion between Dmecl and Rad51 (Shinohara et al. 2000).
Dmcl and Rad51 colocalization is further reduced in the
rad54 rdh54/tid1 double mutant, indicating that Rad54
is able to partially substitute for Rdh54/Tidl in the co-
ordinated assembly of Rad51 and Dmcl complexes. Hol-
zen et al. (2006) provide compelling evidence that the
failure of Rad51 and Dmcl to colocalize in the rad54
rdh54/tid1 double mutant is due to accumulation of
Dmcl in static or dead-end complexes at non-DSB sites.
Importantly, they show that Dmcl forms abundant
bright foci in the rdh54/tid1 spoll mutant, in which
meiotic DSBs are not generated (Fig. 2). Although Dmcl
is still recruited to meiotic DSBs in the SPO11 rdh54/
tid1 strain, it shows higher association with non-DSB
sites than seen in the SPO11 RDH54/TID1 strain
(Fukuda and Ohya 2006; Holzen et al. 2006). In the ab-
sence of both Rad54 and Rdh54/Tid1, Dmcl is no longer
enriched at DSBs and still shows high nonspecific asso-
ciation with other sequences. The long-lived Dmc1 and
Rad51 foci observed in rad54 rdh54/tid1 mutants could
be due to sequestration of the RecA homologs on chro-
matin before DSB formation, accumulation of presynap-
tic complexes, failed turnover from hDNA at the end of
recombination, or a combination of these defects. The
study by Holzen et al. (2006) is the first to show that
dissociation of Dmcl from chromatin is an important
early step in recombination, presumably to maintain a
free pool of Dmecl ready to be recruited to ssDNA at
resected DSBs.

These observations raise the interesting question of
whether Rad54 and/or Rdh54/Tid1 might play a similar
role in displacing Rad51 from dsDNA to facilitate pre-
synaptic filament formation. Overexpression of Rad54
suppresses the radiation sensitivity conferred by the
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rad51-K191R mutation, which encodes a protein defec-
tive for ATP hydrolysis (Morgan et al. 2002). One expla-
nation for this observation is that in the absence of ATP
hydrolysis Rad51 is more dependent on Rad54 for pro-
tein turnover from chromatin to increase the pool of free
Rad51. Alternatively, increased levels of Rad54 might
facilitate pairing efficiency of a suboptimal presynaptic
filament or enable turnover from the hDNA intermedi-
ate. The radiation sensitivity of the rad51-K191R strain
is also suppressed by overexpression of the mutant
Rad51 protein consistent with the view that the pool of
protomers is limiting.

Srs2/UviD dissociate Rad51/RecA-ssDNA filaments:
reversing an early step in the pathway

The Rad54 and Rdh54/Tidl motor proteins dissociate
dead-end complexes to feed the protomer pool of Dmcl
(and possibly Rad51) (Chi et al. 2006; Holzen et al. 2006),
as well as to dissociate the Rad51 (and possibly Dmcl)
product complex to keep the recombination pathway
moving forward (Solinger et al. 2002; Holzen et al. 2006).
However, Srs2 and its bacterial counterpart, the related
UvrD helicase, dissociate the Rad51(RecA)-ssDNA fila-
ments to prevent inappropriate initiation of HR on
ssDNA.

Srs2 was identified as a suppressor of rad6, which
channels lesions to HR in the absence of alternative
post-replication pathways (translesion synthesis, tem-
plate switching). Cells defective in Srs2 display a signifi-
cant hyper-recombination (hyper-rec) phenotype (Agui-
lera and Klein 1988), and elegant genetic experiments
suggested a specific role of Srs2 in counteracting recom-
bination by acting on Rad51 protein (Aboussekhra et al.
1992). This model was beautifully corroborated by direct
biochemical experiments, demonstrating that Srs2
dissociate Rad51 from ssDNA (Krejci et al. 2003; Veaute
et al. 2003). Srs2 exhibits 3'-5" DNA helicase activity
(Rong and Klein 1993), suggesting that the protein trans-
locates from the 3’ end to dissociate Rad51 from the end
destined to invade the duplex DNA (Fig. 2). It is unclear
whether its strand separation activity has any biological
significance, although Srs2 is also known to function in
other processes (Krogh and Symington 2004). The disso-
ciation of Rad51-ssDNA filaments not only provides a
very satisfying and specific mechanism for the Srs2 anti-
recombination activity, it also suggests that a Rad51 fila-
ment stands in a dynamic balance with its assembly
regulated by mediator proteins and disassembly pro-
moted by Srs2 (C.W. Fung and L.S. Symington, unpubl.).
The closest bacterial homolog of Srs2, UvrD, displays a
near identical biochemical behavior with RecA, which is
consistent with its recombination phenotypes (Veaute et
al. 2005). Regulation of Srs2 is achieved by its recruit-
ment to stalled replication forks through an interaction
with sumoylated PCNA, which favors shunting stalled
forks to the translesion DNA synthesis and template
switching pathways and disfavors HR (Papouli et al.
2005; Pfander et al. 2005).

Srs2 lacks an obvious homolog in metazoans, but an
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Srs2-related protein, Fbhl, is present in mammals and in
Schizosaccharomyces pombe (Morishita et al. 2005; Os-
man et al. 2005). It is unknown whether Fbh1 can disrupt
Rad51-ssDNA filaments, but the S. pombe fbh1 muta-
tion does suppress the requirement for mediators of
Rad51 filament assembly, similar to the phenotype of
srs2 in S. cerevisiae. Furthermore, the fbh1 mutation
confers a synthetic growth defect with srs2 or rghl (en-
codes a RecQ homolog) mutations in S. pombe, which
can be suppressed by a rad51 mutation, indicating the
accumulation of toxic recombination intermediates in
the helicase double mutants (Morishita et al. 2005; Os-
man et al. 2005). It is also possible that RecQ-like heli-
cases have substituted for Srs2 function in metazoans,
because Sgsl overexpression can rescue an srs2 defect
(Mankouri et al. 2002)

While Srs2 as an anti-recombination factor is quite
well understood, Srs2 was also found to be required for
efficient DSB repair by the SDSA pathway (Fig. 1; Aylon
et al. 2003; Ira et al. 2003). This observation led to the
proposal that Srs2 not only dissociates Rad51 from
ssDNA but can also dissociate the D-loop to allow rean-
nealing with the second end (Ira et al. 2003). However,
Srs2 was unable to dissociate Rad51-made DNA joint
molecules in a reconstituted system (Veaute et al. 2003).
This suggests that Srs2 might require other cofactors or
conditions for such an activity. A prorecombinogenic
role for Srs2 is also suggested by the observation of
shorter gene conversion tracts in srs2 mutants contrib-
uting to the hyper-rec phenotype for heteroallelic recom-
bination. The hyper gene conversion phenotype is not
seen for srs2 alleles that lack the PCNA interaction do-
main, suggesting a function of Srs2 distinct from the
anti-recombinogenic role at stalled replication forks
(Aguilera and Klein 1988; Pfander et al. 2005).

Dissociation of D-loops by Sgs1/BLM helicases:
dynamic invasion—dissociation-reinvasion cycles
in recombination?

While genetic evidence suggests that Srs2 might play a
role in dissociating the extended D-loop to shunt this
intermediate to the SDSA pathway (Fig. 1; Aylon et al.
2003; Ira et al. 2003), the biochemical analysis has not
yet been able to recapitulate such a reaction. However,
genetic and biochemical evidence supports such a role
for Sgsl and human BLM protein, two RecQ-like DNA
helicases with complex and incompletely understood
roles in HR.

Mutations in SGS1 confer puzzling recombination
phenotypes. The mutants are hyper-rec for spontaneous
recombination but hypo-rec for induced recombination
(Gangloff et al. 2000; Onoda et al. 2001). Mutants defec-
tive for the BLM helicase display highly elevated sister
chromatid exchange, which appears to be a direct conse-
quence of the inability of BLM-deficient cells to dissolve
dHJ into noncrossover products (Wu and Hickson 2003).
Genetic data in yeast have been interpreted as Sgs1 play-
ing a similar role also in S. cerevisiae (Ira et al. 2003;
Rockmill et al. 2003), but these data are also consistent
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with other interpretations; for example, the dissolution
of a D-loop intermediate by Sgsl. The dazzling complex-
ity of the sgs1 (BLM) phenotypes may be related to the
biochemical observation that these proteins can func-
tion either alone or with protein partners. The human
BLM helicase has been shown to dissociate D-loops by
itself (van Brabant et al. 2000). However, the dissolution
of dHJs requires both BLM and topoisomerase Illx, and is
stimulated by BLAP75/Rmil (Wu et al. 2006). Genetic
data in budding yeast also support the idea that Sgsl
functions alone and in combination with topoisomerase
III (Krogh and Symington 2004). A possible role for BLM
helicase in dissolving D-loops was proposed on the basis
of genetic data in Drosophila (McVey et al. 2004a,b) sug-
gesting a model of multiple invasion/dissolution cycles
during SDSA. WRN, another member of the RecQ family
of helicases, also promotes dissociation of D-loops in
vitro, and this could be relevant to its anti-recombina-
tion function (Prince et al. 2001; Orren et al. 2002).

These findings suggest that DNA strand invasion in-
termediates (Fig. 2, steps 4, 5) are possibly in a dynamic
equilibrium between their formation and dissolution.
The ability to reverse an extended D-loop is an inherent
feature of the SDSA pathway (Fig. 1) but may also be
important to reverse homeologous interactions (Myung
et al. 2001). The hypo-rec phenotype of yeast sgsI mu-
tants could reflect that this dynamic equilibrium is re-
quired under conditions where recombination has to
deal with multiple lesions and limited time.

Dynamic instability of recombination intermediates
and DNA complexes of recombination proteins

The recombination reaction catalyzed by the eukaryotic
RecA homologs, Rad51 and Dmcl, is in a dynamic bal-
ance with regulation of forward and backward reactions
by the energy-dependent assembly/disassembly of heli-
cal filaments and by translocating motor proteins. The
initial assembly of the Rad51 or Dmc1-ssDNA filament
is driven by ATP-dependent binding by Rad51 or Dmcl
with the aid of mediator proteins, and the disassembly
of the Rad51 or Dmcl-dsDNA product complex is
achieved by ATP hydrolysis and the extrinsic turnover
factors, Rad54 and Rdh54/Tidl. This active assembly/
disassembly cycle of a helical filament driven by nucleo-
tide cofactor binding/hydrolysis and extrinsic protein
factors is reminiscent of the dynamic assembly and dis-
assembly of actin filaments (Pollard and Borisy 2003).
Such dynamic instability allows reorganization of the
Rad51-Dmcl filaments on ssDNA, which has been pos-
tulated to be required for the bypass of heterology by the
related RecA protein (Kowalczykowski 1991). Moreover,
as shown by Holzen et al. (2006), this dynamic instabil-
ity allows disassembly of dead-end complexes to main-
tain a free pool of Dmcl protomers for recruitment to
resected DSBs. Lastly, turnover of protein-DNA product
complexes is likely required for progression through the
recombination pathway (Fig. 2).

We propose dynamic instability to be an important
and inherent feature of the entire recombination ma-
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chinery and not just limited to assembly and disassem-
bly of RecA-like proteins (Fig. 2). HR is comprised of
various subpathways, including DSBR and SDSA (see
Fig. 1), as well as Break-Induced Replication and Single-
Strand Annealing. SDSA requires the reversal of the ex-
tended D-loop (Fig. 1). We suggest that a number of DNA
intermediates in the recombination pathways are in a
dynamic balance between their assembly and disassem-
bly, as proposed by Houston and Broach (2006) for syn-
apsed intermediates. The presynaptic Rad51 (and likely
Dmcl) filament appears to be in a balance between as-
sembly favored by the mediators and disassembly cata-
lyzed by Srs2 in budding yeast. The initial strand inva-
sion product may be in a balance between its formation
by the Rad51 or Dmecl presynaptic filament and its dis-
solution by the BLM/Sgsl DNA helicases. The D-loop
intermediate may also exist in a balance between the
extension of the invading strand by DNA polymerases
aided by Rad54 or Rdh54 and D-loop disassembly medi-
ated by BLM/Sgsl. Such dynamic balances avoid accu-
mulation of long-lived intermediates that may pose ob-
stacles to further steps in the pathway and allows the
reversion of recombination intermediates or dissociation
of dead-end complexes.
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