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The DNA double-strand break (DSBT), arising from exposure to ionizing radiation or various
chemotherapeutic agents or from replication fork collapse, is among the most dangerous of
chromosomal lesions. DSBs are highly cytotoxic and can lead to translocations, deletions,
duplications, or mutations if mishandled. DSBs are eliminated by either homologous re-
combination (HR), which uses a homologous template to guide accurate repair, or by non-
homologous end joining (NHEJ), which simply rejoins the two broken ends after damaged
nucleotides have been removed. HR generates error-free repair products and is also re-
quired for generating chromosome arm crossovers between homologous chromosomes in
meiotic cells. The HR reaction includes several distinct steps: resection of DNA ends, ho-
mologous DNA pairing, DNA synthesis, and processing of HR intermediates. Each occurs
in a highly regulated fashion utilizing multiple protein factors. These steps are being eluci-
dated using a combination of genetic tools, cell-based assays, and in vitro reconstitution
with highly purified HR proteins. In this review, we summarize contributions from our labo-
ratory at Yale University in understanding HR mechanisms in eukaryotic cells.
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INTRODUCTION

DNA is continually damaged by a
plethora of endogenous and exogenous
agents, including reactive oxygen species
generated during cellular metabolism, ultra-
violet light from the sun, and ionizing radi-
ation. Accurate repair of damaged DNA is
necessary to avoid accumulation of muta-
tions. Dysfunctions of DNA repair pathways
often lead to cancer and other diseases.

The study of DNA repair at Yale has a
long and storied history. In the homologous
recombination arena, pioneering work from
the Yale laboratories of Charles Radding and
Paul Howard-Flanders has led to insights re-
garding HR mechanisms in bacteria and pro-
vided essential experimental frameworks to
guide similar studies in eukaryotes. For in-
stance, Charles Radding contributed to the
idea that recombination begins with the in-
vasion of a homologous duplex by single-
stranded DNA [1]. Over the course of many
years, the Howard-Flanders and Radding
laboratories continually made major find-
ings that helped elucidate the biochemical
mechanism by which the RecA recombinase
promotes the homologous DNA pairing and
strand exchange reaction that underlies HR-
mediated processes. The intellectual capital
contributed by our Yale colleagues has pro-
vided the impetus for us to address HR
mechanisms in eukaryotes.

HOMOLOGOUS RECOMBINATION
OVERVIEW

Double-strand break repair by homolo-
gous recombination is summarized in Fig-
ure 1. The process begins with DNA end
resection, in which nucleolytic degradation
of the 5’ strand leaves a long 3’ single-
stranded DNA overhang. This ssDNA is
then coated by replication protein A (RPA),
which is subsequently displaced by a re-
combinase (Rad51 or Dmcl, the latter being
meiosis-specific) to yield the presynaptic fil-
ament. Recombination mediator proteins
such as Rad52 and BRCA2 are involved in
this process. The synaptic complex is
formed when the filament pairs with homol-
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ogous dsDNA and involves the proteins
PALB2 and RADS51API, as well as the
Hop2-Mnd1l complex. Rad54 and Rdh54
then promote invasion of the homologous
duplex, forming a structure called the dis-
placement loop or D-loop. After DNA syn-
thesis extends the D-loop, the structure can
be dismantled by Mphl (yeast) or FANCM
(human), leading to a noncrossover repair
outcome. Alternatively, a double Holliday
junction can form, which can be resolved by
specialized nucleases termed resolvases.
The orientation of the DNA incisions intro-
duced by the resolvase determines whether a
Crossover or noncrossover recombinant is
made. These junctions can also be dissolved
by a helicase-topoisomerase complex
(BLM-Topo Illa-RMI1-RMI2) to yield non-
crossover products. Altogether, recombina-
tion is a highly complex reaction involving
a multitude of enzymatic activities, with po-
tential for regulation at many points. Our
laboratory has worked to unravel the mech-
anisms of many of these steps, and some of
our endeavors are reviewed below.

DNA END RESECTION

In order to recruit the proteins that cat-
alyze DSB repair, 3’ ssDNA tails must first be
created at the break site in a process termed
DNA end resection (Figure 1). Central to this
resection process is the MRX (yeast) or MRN
(human) protein complex comprised of
Mrell, Rad50, and Xrs2/NBS1. MRX/MRN
possesses 3’ to 5” exonuclease and structure-
specific endonuclease activities and is one of
the first protein complexes recruited to DSB
ends. The MRX/MRN complex acts as a sen-
sor in DNA damage checkpoint signaling as
well. Interestingly, MRX is also indispensa-
ble for NHEJ in yeast. Our laboratory has con-
tributed findings regarding the assembly of
this complex and the regulation of the Mrel1
nuclease activities by Rad50 and Xrs2 [2-4].

Genetic studies in yeast have identified
MRX as one of three nucleases that function
in DNA end resection [5,6]. Specifically,
working in conjunction with Sae2 (CtIP in
humans), MRX trims DNA ends at the
vicinity of the break. Long range resection
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Figure 1. Protein factors that process DNA double-strand breaks and mediate ho-
mologous pairing. Three distinct HR pathways (synthesis dependent strand annealing
(SDSA), double-strand break repair (DSBR), and double Holliday (dHJ) dissolution) are
shown. S. cerevisiae and human proteins (underlined) addressed in this review are indi-

cated.

is catalyzed by either the 5’ to 3’ exonucle-
ase Exol or the ssDNA endonuclease Dna2.
Unlike Exo1, which is active on dsDNA, the
action of Dna2 relies on duplex unwinding
by a3’ to 5 helicase, Sgs1. Sgs1 is ortholo-
gous to human BLM, which is mutated in
the cancer-prone disease Bloom syndrome.
Our laboratory has successfully reconsti-
tuted the Sgsl-Dna2-depenent resection
pathway and provided mechanistic informa-
tion regarding the action of the Sgs1-Dna2
helicase-nuclease ensemble [7]. Specifically,
our results have revealed the roles of the sin-
gle-strand DNA binding protein RPA and the
MRX and Top3-Rmil complexes in resec-
tion by Sgs1-Dna2 (Figure 1). Importantly,
the Sgs1-Dna2-catalyzed resection is regu-

lated in a cell cycle-dependent manner via
Cdk1-mediated phosphorylation of Dna2, a
mechanism that serves to activate HR in the
S/G2 phase of the cell cycle [8]. In collabo-
ration with Craig Peterson’s group at the
University of Massachusetts, we have ex-
amined the influence of nucleosome dy-
namics on DNA end resection and found
that while a mononucleosome completely
blocks Exol-catalyzed resection, the Sgs1-
Dna2 path can partially overcome the nu-
cleosomal barrier [9]. Taken together, the
results described above have led to mecha-
nistic understanding of the DNA end resec-
tion pathways and their regulation during the
cell cycle and by chromatin structure. Our
reconstituted systems have also set the stage
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for tackling additional questions regarding
DSB processing in mitotic and meiotic cells.

EUKARYOTIC RECOMBINASES:
Rad51 AND Dmc1

The ssDNA derived from DNA end re-
section is first engaged by RPA, which is
then replaced by a general recombinase, ei-
ther Rad51 or Dmcl1, to mediate homologous
DNA pairing. This leads to the formation of
a DNA joint between the ssDNA and donor
DNA molecule. Rad51 is required for both
mitotic DSB repair and meiotic HR, while
the role of Dmcl is limited to meiosis [10].
Our biochemical studies on S. cerevisiae and
human Rad51 and Dmcl1 proteins have re-
vealed key properties of the recombinase
protein filament assembled on ssDNA, com-
monly referred to as the presynaptic filament
[11-17]. The presynaptic filament has a right-
handed helical architecture, with ~18 nu-
cleotides being engaged by ~6 protomers of
the recombinase in each repeat. Within the
presynaptic filament, the DNA is stretched to
give an axial rise of ~5.4A between adjacent
nucleotides [14,18,19]. This extended DNA
conformation is characteristic of a catalyti-
cally active presynaptic filament. In the ho-
mologous pairing reaction, the presynaptic
filament engages the duplex DNA molecule
and samples it for homology. Once homol-
ogy is found, the recombining DNA mole-
cules become aligned in homologous registry
in a higher order ensemble called the synap-
tic complex. Finally, invasion of the duplex
by the presynaptic filament yields a DNA
joint called the displacement loop, or D-loop.
As discussed later, studies by us and others
have led to the identification of specific HR
factors that facilitate the assembly of the
presynaptic filament and synaptic complex
and that promote the DNA strand invasion
reaction (Figure 1).

PROMOTION OF PRESYNAPTIC
FILAMENT ASSEMBLY BY
RECOMBINATION MEDIATORS

Owing to its high affinity for ssDNA,
RPA poses a challenge to the timely assem-
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bly of the presynaptic filament [20]. Bio-
chemical and cell-based studies have re-
vealed recombination mediator proteins that
facilitate the assembly of the Rad51 and
Dmcl presynaptic filaments on RPA-coated
ssDNA. The most well-studied HR media-
tors are S. cerevisiae Rad52 and human
BRCA2 (Breast Cancer Susceptibility 2).
Purified Rad52 efficiently overcomes the in-
hibitory action of RPA on Rad51-mediated
homologous DNA pairing strand exchange
[21]. Rad52 is a ring-shaped oligomer that
harbors domains conferring DNA binding
activity and the ability to interact with
Rad51 and RPA. These Rad52 domains con-
tribute to its mediator function in vitro
[22,23] and in cells [24]. BRCA2, long
known to be essential for HR and the main-
tenance of genetic stability in mammalian
cells, binds DNA and interacts with RADS51
via several BRC repeats located in the mid-
dle portion of the protein and also a distinct
module within its C-terminus [10]. We have
shown that a polypeptide derived from
BRCA2 containing the BRC repeats 3 and 4
and the DNA binding domain possesses re-
combination mediator activity [25]. It re-
mains to be determined how the C-terminal
RADS!1 interaction domain of BRCA2 and
several BRCA2-associated proteins, such as
DSS1 and PALB2 [10], affect presynaptic
filament assembly.

HR FACTORS THAT FACILITATE
SYNAPTIC COMPLEX ASSEMBLY

Several HR  factors, namely,
RADS51AP1, the tumor suppressor PALB2,
and the Hop2-Mnd1 complex, enhance the
efficiency of synaptic complex assembly.
RADS51API, which is needed for HR and is
vertebrate-specific [26-28], was identified in
a yeast two-hybrid screen for proteins that
interact with human RADS51 by Radding and
colleagues [26]. It was later found in our lab-
oratory to also associate with DMCI
[29,30]. PALB?2 interacts with RADS51 as
well and additionally with RADS1AP1 [31].
Both RADS5S1AP1 and PALB2 bind DNA
and can, individually, co-operate with the
RADS]1 presynaptic filament to capture du-
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plex DNA and assemble the synaptic com-
plex [28,31,32].

Importantly, RAD51AP1 and PALB2
act synergistically in synaptic complex as-
sembly in a manner that relies on complex
formation between the two proteins [31].
RADS51AP1 also functions with DMCI1 in
synaptic complex assembly [29,30], but the
role, if any, of PALB2 or the RAD51API1-
PALB2 complex in DMC1-mediated HR re-
mains to be determined.

In the budding and fission yeasts, the
Hop2 and Mndl proteins form a het-
erodimeric complex to promote crossover
formation during meiosis [10,33] via en-
hancement of Dmc1-mediated homologous
DNA pairing [34]. The mammalian Hop2-
Mndl complex functions with both Rad51
and Dmc1 [35]. Biochemical analyses by us
and others have revealed that via its DNA
binding activity and physical interaction
with the presynaptic filament, Hop2-Mnd1
helps capture the duplex DNA partner to as-
semble the synaptic complex [36,37].

MULTIFACETED ROLE OF Rad54
AND Rdh54 IN HOMOLOGOUS DNA
PAIRING

Rad54 and Rdh54 are members of the
Swi2/Snf2 family of DNA motor proteins
that, at the expense of ATP hydrolysis, are ca-
pable of translocation on duplex DNA [38].
Purified S. cerevisiae Rad54 and Rdh54 in-
teract with Rad51 and Dmc1 and greatly en-
hance the homologous DNA pairing reaction
mediated by these recombinases [18,39-42].
When translocating on DNA, Rad54 and
Rdh54 generate extensive negative super-
coiling that induces transient separation of
DNA strands, which is believed to promote
DNA strand invasion by the Rad51 presy-
naptic filament [41-43]. Additionally, both
proteins possess a chromatin remodeling ac-
tivity that enables D-loop formation in a chro-
matinized template [44-46]. Interestingly,
these proteins also mediate the migration of
the nascent Holliday structure made during
HR and remove Rad51 and Dmcl from
dsDNA [39,47-53]. The latter attribute has
been implicated in the repair DNA synthesis
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reaction and in avoiding the accumulation of
cytotoxic nucleoprotein intermediates.

While Rad54 and Rdh54 possess very
similar enzymatic activities and clearly pro-
vide overlapping functions in HR, they are
not strictly redundant biologically. For in-
stance, Rad54 functions in intrachromoso-
mal recombination and repair of DSBs,
whereas Rdh54 appears to be more impor-
tant in the promotion of interhomolog re-
combination that is dependent on Dmc1 and
prevention of Dmc1 accumulation at non-re-
combination sites [54,55]. In addition,
Rdh54 is needed for the adaptation to check-
point-mediated G2/M arrest induced by
DSBs, which is not replaceable with Rad54
[56]. Moreover, Rdh54 is phosphorylated by
Mec1 and Rad53 [57], whereas phosphory-
lation of Rad54 occurs during meiotic re-
combination by Mek1 [58].

PROMOTION OF THE NON-
CROSSOVER SYNTHESIS-
DEPENDENT STRAND ANNEALING
PATHWAY BY THE Mph1 HELICASE

Early on in meiosis, DNA crossovers
generated by the HR machinery serve to sta-
bly tie homologous chromosome pairs until
it is time for their segregation in the first di-
vision. However, owing to the inherent dan-
ger of chromosome translocations and loss
of heterozygosity associated with crossover
HR, this mode of recombination is actively
suppressed by several distinct mechanisms.
In S. cerevisiae, the Mphl helicase is a
major negative regulator of crossover HR,
and it acts by resolving D-loop intermedi-
ates via the non-crossover pathway of syn-
thesis-dependent strand annealing (SDSA)
(Figure 1). Specifically, Mphl utilizes its he-
licase function to dissociate the invading
strand from the D-loop structure (Figure 1;
[59]). It should be noted that Mph1 also pro-
motes the regression of a model DNA repli-
cation fork in vitro, an activity that is likely
germane for DNA replication repair in cells
[60]. Fmll and FANCM, orthologs of Mph1
in the fission yeast and humans, respec-
tively, have enzymatic attributes similar to
what we have described for Mph1 [61,62].
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CROSSOVER SUPPRESSION VIA
DOUBLE HOLLIDAY JUNCTION DIS-
SOLUTION BY BLM-TOPO lll¢-RMI1-
RMI2

Double Holliday junction (dHJ) disso-
lution is another conserved mechanism by
which a crossover outcome is prevented in
HR [63]. Whereas dHJ processing by re-
solvases can yield either crossover or non-
crossover products, dissolution always leads
to noncrossovers. This entails convergent
branch migration of the two Holliday junc-
tions generated via second DNA end capture
in HR and untangling of the hemicatenae by
a specialized topoisomerase (Figure 1). The
dHJ dissolution reaction is mediated by the
BLM helicase in conjunction with the type
IA topoisomerase Topo Illa. RPA and the
OB (Oligonucleotide/Oligosaccharide-Bind-
ing)-fold containing RMI1-RMI2 complex
associate with BLM-Topo Illa and enhance
the dHJ dissolution reaction [63-70]. The
higher order ensemble of the aforemen-
tioned proteins has been termed the dHJ dis-
solvasome. BLM’s involvement in the
suppression of crossover formation is con-
sistent with genetic results from the budding
yeast showing a similar role of its ortholog
Sgs1 and provides a satisfactory explanation
as to the elevated frequency of sister chro-
matid exchanges in cells of Bloom syn-
drome patients [71-73]. As discussed above,
BLM/Sgs1 also plays an important early
role in DNA end resection.

Srs2 AND RECQ5: NEGATIVE HR
REGULATORS THAT DISASSEMBLE
THE PRESYNAPTIC FILAMENT

Even though HR provides an important
means for chromosome damage repair, it
can generate cytotoxic intermediates and
deleterious chromosome rearrangements
[20,74]. Our laboratory has contributed the
finding that the budding yeast Srs2 helicase
helps suppress spurious HR events via dis-
ruption of the Rad51 presynaptic filament
(Figure 1) [75]. This process is stimulated
by RPA and requires complex formation be-
tween Srs2 and Rad51 [76]. In humans, the
RecQ family helicase RECQS5 is the func-
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tional equivalent of Srs2. Specifically,
RECQ5-deficient mouse cells exhibit a
hyper-recombination phenotype and mutant
animals are predisposed to cancer [77]. Pu-
rified RECQS5 interacts with RADS51 and in-
hibits presynaptic filament assembly in a
manner that is stimulated by RPA [77] and
dependent on complex formation with
RADSI1 [78].

CONCLUSION

Our studies have provided insights into
how the HR machinery forms and subse-
quently processes DNA joints during recom-
bination. We have also contributed toward
the delineation of an intricate network of reg-
ulatory mechanisms that influence the fre-
quency and outcome of HR. These studies
have benefited greatly from the intellectual
framework established by Yale colleagues
whose work preceded ours. We anticipate
that our future endeavors will continue to
help elucidate the mechanism and regulation
of HR and its role in genome maintenance.
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