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ABSTRACT 

Eukaryotic Homologous Recombination Repair: a Dynamic Cast of Characters  

 

Eric Greenwald 

 

The repair of DNA double-strand breaks by homologous recombination is a high-

fidelity pathway critical for preserving genomic integrity. Recombination depends on the 

concerted actions of many proteins, each of which is recruited to the site of the DNA 

break at a specific time point to catalyze a step of the overall process. Many of these 

repair factors in eukaryotes have been characterized through genetics, biochemical 

experiments with purified proteins, and the single-molecule imaging of interactions 

between proteins and individual DNA molecules. The findings of many of these 

investigations are reviewed here. Much attention has been paid to the timing of assembly 

of each of the role players during the recombination reaction. The implications of 

timescale data for the interdependencies of functionally related repair factors are also 

highlighted. Future objectives in the field of DNA damage repair are discussed at the 

conclusion. 
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Introduction 

The preservation of genomic stability is dependent on the rapid and efficient 

recruitment of DNA-binding proteins and accessory factors to sites of DNA damage. 

Cells undergo DNA damage as a result of exposure to ionizing radiation, synthetic toxins 

or mechanical strain; DNA lesions can also arise spontaneously due to replication stalling 

[1-3]. One of the most severe forms of damage is the double-strand break (DSB), 

whereby both strands of the DNA duplex are cut. If left unrepaired, these lesions can 

induce chromosomal aberrations such as translocations, duplications and deletions. These 

aberrations are precursors to cell death and, in mammals, tumorigenesis [4-6]. In 

eukaryotes, the detection of a DSB initiates a signaling cascade involving checkpoint 

activator proteins that relay information about the lesion to the cell cycle machinery, and 

repair factors that perform the physical work of repairing the break [7, 8]. Activator 

proteins help recruit the repair factors, as well as effector kinases that arrest the cell in the 

G2/M phase, thereby preventing the cell from entering mitosis before the integrity of the 

genome has been restored [7]. The importance of the repair factors is shown in the 

increased sensitivity to radiation and DNA-crosslinking agents of cells harboring 

mutations in the genes controlling DSB repair [9].  

 A cell that has suffered a DSB has two routes of repair available to it: non-

homologous end-joining (NHEJ) and homologous recombination (HR). NHEJ factors 

tether the two broken ends of the duplex together and ultimately re-ligate them into a 

single molecule. End-joining is a low-fidelity pathway, as several nucleotides can be lost 

from either end of the break during and prior to processing of the free ends [10]. In 

contrast, HR uses information from a homologous template (usually a sister chromatid) to 
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re-generate a complete, unbroken duplex, and is regarded as a high-fidelity pathway. The 

HR mechanism is highly conserved in prokaryotes and eukaryotes, indicating its 

importance as a mechanism of DSB repair [11]. The cell often makes the choice between 

recruiting NHEJ and HR factors to a broken duplex based on the cell cycle phase during 

which the break occurs. If the DSB occurs in S or G2, the availability of a sister 

chromatid favors the HR mechanism; whereas if the lesion appears in the G1 phase, 

NHEJ predominates [8]. This cell cycle-dependent selection may hinge on information 

relayed to the damage site via serine residue phosphorylation by cyclin-dependent 

kinases [12]. HR plays an especially important role in the correction and restart of 

collapsed replication forks during S phase. A collapsed fork arises following a prolonged 

interruption of replisome translocation at a single-strand nick or lesion [13].  

The question of how the cell regulates the activation of the NHEJ and HR 

pathways is currently under debate. A study that utilized immunofluorescent imaging in 

human cells showed that NHEJ factor assembly at a DSB is immediate and precedes HR 

factor assembly, in all phases of the cell cycle [14]. The authors of this study suggest that 

this observed sequential recruitment is indicative of a complementary relationship, 

whereby NHEJ makes a transient attempt to repair the lesion before HR is given more 

ample time to correct outstanding DSBs. This model is supported by findings showing 

that a failure of DNA-dependent Protein Kinase (DNA-PK) complex, which assembles 

on broken DNA ends to begin NHEJ, to dissociate from DNA ends 1 hour after DSB 

induction prevents the initiating step of HR [15, 16]. Another group recently proposed a 

more central role for DNA-PK, arguing that the phosphorylation status of this complex 

serves as a regulatory shunt between the two pathways [17]. 
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In the Saccharomyces cerevisiae model organism, homologous recombination 

repair is mediated by the RAD52 epistasis group of genes: RAD50, RAD51, RAD52, 

RAD54, RAD55, RAD57, RAD59, RDH54, MRE11, and XRS2. These genes were 

identified on the basis of their requirement for repair of DNA damage following high 

doses of ionizing radiation, as well as their integral roles in genetic recombination in 

meiosis, which is mechanistically very similar to HR repair [18]. Homologs of the 

RAD52 genes have been identified in many other eukaryotes, and in several prokaryotes, 

implicating HR as a highly conserved mechanism of DNA repair [18]. The repair defects 

observed in mutants of several members of this group have been implicated in many 

human cancers. The accessory genes of HR, most notably BRCA1 and BRCA2, are also 

critical to maintaining genomic stability, as mutations in these genes are similarly linked 

to higher incidences of tumorigenesis [5].  

In brief, the HR reaction proceeds through the following steps (Figure 1): After 

detection of a double-strand break, the process is initiated when each 5’ strand is trimmed 

by 50-100 nucleotides from the break. The shortened 5’ strands are resected even further 

by a single-strand exonuclease, leaving multi-kilobase (kb) 3’ single-strand DNA 

(ssDNA) overhangs. A single 3’ overhang is then threaded into an unbroken sister 

chromatid at a site of sequence homology. This major step of the reaction is known as 

strand invasion, and the branched three-strand product formed is called a displacement 

loop, or D-loop. The homologous strand is used as a template for re-synthesis of the 

nucleotides that have been digested from the break, while the adjacent branched structure 

migrates to accommodate strand extension. The second 3’ overhang is captured by the 

displaced strand of the duplex and similarly extended across the break at a sequence of 
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homology. The resulting two-branched structure is called a double Holliday Junction. 

The reaction ceases when the Holliday Junction is enzymatically resolved (two cleavage 

reactions) into an intact homolog pair [19].  

Many of the gene products of the RAD52 epistasis group bind DNA directly, and 

are thus suitable subjects for studies of localization behavior. The dynamic nature of 

these factors has been characterized by fluorescently tagging a protein of interest and 

watching its localization on DNA substrates in cellulo through live cell fluorescence 

microscopy. Dense localizations of fluorescently tagged protein, termed “foci”, can be 

readily distinguished due to their large size [8]. The direct visualization of HR foci 

assembly on DSBs has revealed the interrelationships among the factors of the reaction 

and even suggested possible interactions among reaction species. When taken together 

with in vitro biochemical approaches, ensemble fluorescence experiments have defined a 

temporal order of factor recruitment and facilitated our understanding of the rates of each 

step in the homologous recombination repair reaction.   

Relative to NHEJ, HR is a slow reaction, lasting between 7 and >24 hours [15, 

20]. Experimentally, ionizing radiation (IR) produces DSBs that are repaired with rates 

characteristic of the low end of this time spectrum [15]. Consistent with this scenario, 

Rad51 recombinase foci in G2-synchronized cells have been shown to dissociate from 

DSBs after 5 h following microirradiation but can also be seen dwelling at lesions for up 

to 24 h [14, 21].  
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Figure 1. A summary of the major steps of 

eukaryotic homologous recombination. 
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Genetic studies of Homologus Recombination Assembly in S. cerevisiae 

The first S. cerevisiae damage response protein to form subnuclear foci at the site 

of irradiation-damaged DNA is the Mre11/Rad50/Xrs2 (MRX) complex. The temporal 

relationships of early-stage HR repair factors was observed by Lisby et al., who 

performed live cell fluorescence imaging of several DSB checkpoint activator and repair 

proteins [22]. Mre11 foci were seen to assemble at DNA breaks within 6 minutes, which 

was the first time-point tested. After this point, the number of foci in irradiated cells 

began to decrease. Mre11 was similarly observed as the first protein to localize at 

spontaneous (not exogenously produced) DNA damage in S phase. The recruitment of 

MRX foci to DSBs was independent of all other HR factors tested, with the exception of 

its association partners Rad50 and Xrs2, as shown in cells with varying single-gene 

mutational backgrounds [22]. This further supports the identification of MRX as a first 

responder.  

The loading of MRX onto the broken ends of irradiated DNA triggers the HR 

repair and checkpoint signaling cascades. MRX collaborates with the CDK target Sae2 to 

resect the 5’ strands of each end of the DSB. A single residue of Sae2, serine 267, is 

targeted by kinase phosphorylation in S phase, and is required for its function [12]. The 

extent of resection is just a small fraction of the final length of the 5’ strand gap. A 5’3’ 

resection by MRX and Sae2 commits the repair pathway to HR, rather than NHEJ [8].  

 A functional interdependence of Sae2 and MRX has been illustrated by Lisby et 

al. [22]. Time-lapse imaging showed that Sae2 foci appear precisely when Mre11 foci 

begin to dissociate from the DSB. This time point corresponds to about 15-20 minutes 

post-irradiation in S/G2 phases. Like Mre11, recruitment of Sae2 occurred independently 
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of all other HR factors assayed. It is of much interest that in Sae2Δ (null) cells, Mre11 

disassembly from DNA lesions is delayed for almost 40 additional minutes, while Sae2 

foci persist indefinitely in Mre11Δ mutants [22]. Consistent with an interdependent 

relationship, Sae2 has been found to promote the nuclease activity of MRX, and vice 

versa [23]. 

MRX initiates the damage checkpoint activation pathway by recruiting the Tel1 

sensor kinase to DNA breaks. Tel1 focus assembly is completely dependent on Mre11, 

with foci colocalizing with Mre11 at endonuclease-induced DSBs [22]. Tel1 

phosphorylates the histone variant H2A in the vicinity of each break. The resulting 

product, γ-H2A, is a unique chromatin signature for DNA damage [8]. The H2A target is 

shared with another kinase, the Ddc2-Mec1 complex, whose recruitment is governed by 

the single-strand binding protein replication protein A (RPA, discussed in further detail 

below). Ddc2-Mec1 colocalizes at DSBs with the Ddc1/Mec3/Rad17 (9-1-1 complex) 

DNA clamp, and the recruitment of this complex is also dependent on the presence of 

RPA. Ddc1 foci have been shown to appear immediately upon MRX assembly, while the 

appearance of Ddc2 is delayed by several minutes [22]. Mec1 and the 9-1-1 complex 

ultimately activate the effector kinase Rad53, which promotes cell cycle arrest.  

Once MRX and Sae2 have initiated resection of the 5’ strands from the DSB, the 

Sgs1 helicase-Dna2 nuclease tandem, or alternatively an Exo1 exonuclease, is recruited 

to complete the 5’ to 3’ resection. The resulting intermediate is a long 3’ overhang, which 

is ultimately used as the invading substrate in the strand exchange reaction mediated by 

the Rad51 recombinase. That Exo1 performs a separate reaction from Sae2 endonuclease 

was demonstrated by Mimitou and Symington, who showed that defects in DSB resection 
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caused by mutations in the exo1 and sae2 genes are additive [24]. This suggested a two-

step mechanism for 5’3’ resection, wherein Exo1 activity follows Sae2 activity. 

Mimitou and Symington also found redundancy in the DSB processing functions of Exo1 

and the RecQ helicase homolog Sgs1, suggesting that recruitment of either one or the 

other is sufficient for resection [24]. However, as it only possesses helicase activity, Sgs1 

requires the assistance of a single strand-specific nuclease, Dna2, to trim the unwound 

substrate [25].  

Turning to the timescale of resection, Sgs1- and Exo1-resected products appear 

within 30 min of HO endonuclease-induction of DSBs and peak between 90 and 180 min 

after induction in an ensemble in vitro detection assay [24]. These speeds of localization 

were confirmed by an in vitro study by Zhou et al., who found that the resection of 

ssDNA up through a marker positioned 3 kb from the DSB end is completed within ~30 

min to 4 hr after HO cleavage [25].  

The average rate of resection observed over all substrate lengths was 4.4 kb/hr. 

Using ChIP, this group indirectly followed the paths of Sgs1 and Dna2 along the region 

next to the DSB, noting that each accumulates at a site immediately adjacent to the break 

within 1 hr and moves 5-10 kb away from the break after 4 hr [25]. Consistent with 

previous data suggesting that MRX does not have long-range resection activity, MRX 

localization is confined to a sequence within 100 bp of the DNA break [26].  

It is believed that the first HR factor to be recruited to newly synthesized 3’ 

overhangs is RPA, a eukaryotic homolog of the prokaryotic single-strand binding protein 

(SSB). As in DNA replication, the function of RPA is to bind and saturate regions of 

ssDNA, preventing them from annealing together and forming hairpin structures. In the  
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Figure 2. Damage response and homologous recombination factors. 

Functional and/or sequence homologs in S. cerevisiae and 

mammalian cells are indicated. 
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nucleus, RPA colocalizes with Mre11 and Sae2 at DSBs. Its recruitment is independent 

of all other HR factors, including Mre11. RPA foci assemble at DSBs simultaneously 

with Sae2, suggesting that this protein begins to coat ssDNA as soon as it is formed [22]. 

 RPA bound the processed DSB before Rad51 in a ChIP experiment, which 

showed RPA-ssDNA interaction occurring at 20 minutes post-HO cleavage, with Rad51 

binding DNA ten minutes later. RPA binding increased for 2-3 h after cleavage and was 

detected at increasing distances from the cleavage site, in the same way that Sgs1 and 

Dna2 were seen to bind at further distances in the Zhou et al. study [27]. That RPA binds 

ssDNA before Rad51 is further supported by live cell immunofluorescence data [28]. 

RPA may also have a role in strand invasion, perhaps in stabilizing the strand that is 

displaced from the duplex during heteroduplex formation [27]. 

The RecA-like ATPase Rad51 displaces RPA from ssDNA as early as 30 min 

post-induction, forming a continuous helical nucleoprotein filament and effectively 

extending the length of the DNA by 50% [27, 29, 30]. However, Rad51 is not by itself 

capable of displacing pre-formed RPA from 3’ ssDNA overhangs. The steps of 

recombination can be reproduced in vitro through a strand exchange assay, in which 

linear dsDNA is incubated with homologous circular ssDNA (along with the proteins of 

interest, and ATP) to form a joint molecule, and subsequent strand exchange produces a 

nicked circular duplex. Strand pairing experiments show that if RPA is pre-incubated 

with ssDNA substrate prior to addition of Rad51 or co-incubated with Rad51 and ssDNA 

(in simulation of in vivo conditions), then the nicked circular product does not appear [31, 

32]. Two explanations for this occurrence are that RPA has a stronger affinity than Rad51 

for ssDNA, and the extent of dsDNA accessible to Rad51 far exceeds that of ssDNA 



11 

 

   

 

[33]. Curiously, only when RPA is added to the reaction mixture after a pre-incubation of 

Rad51 and ssDNA is strand exchange promoted [32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. A schematic timeline for association of S. cerevisiae repair 

factors at a DSB, grouped by the categories shown in Figure 2. 

Timescales are based on data provided by Lisby et al. [22]. 
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Like its RecA homolog, the Rad51-ssDNA filament inserts itself into a dsDNA 

substrate and is thought to sample the duplex for and ultimately bind homologous 

sequences into its secondary DNA binding site. It has been suggested that RecA-ssDNA 

samples substrate homology using three-dimensional diffusion, iteratively colliding with 

the duplex at random locations before finding complementarity and stably associating 

[34]. A model for RecA strand pairing involving one-dimensional sliding has been 

undermined by the lack of RecA-ssDNA positional binding preference for a dsDNA 

substrate having two inner and two outer homologous targets [34]. Were RecA-ssDNA to 

arrive at its binding site by sliding, occupancy at the two outer sites would be highly 

favored. In contrast, binding site occupancy was about equally distributed among the four 

sites, a pattern characteristic of proteins undergoing 3D diffusion. Synaptic complexes of 

RecA-ssDNA and dsDNA form within 1 h of incubation in vitro and peak at 2 h [34]. 

Since RecA and Rad51 have a high degree of structural and functional similarity, it is 

quite reasonable that the Rad51 filament also tests homology by a random collision 

mechanism [35].  

The suppressive effect of RPA on heteroduplex formation is overcome in vivo by 

a group of RAD52 members known as recombinase mediators, chief among which is the 

Rad52 cofactor [35]. Rad52 has been shown to stimulate Rad51-mediated heteroduplex 

formation, even as RPA is incubated with substrate before Rad51 is added to the reaction 

(while Rad52 could not by itself stimulate strand exchange) [31]. Functionally, Rad52 

facilitates the displacement of RPA from ssDNA, allowing Rad51 to form a uniform 

filament. This recombination mediator activity is dependent on an interaction between 

Rad51 and Rad52 [36]. In the presence of Rad52, in vitro Rad51 displacement of RPA 
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from ssDNA requires 15-30 minutes [33]. When dsDNA substrate is added following a 

15-minute co-incubation of Rad51, Rad52 and RPA, strand exchange products appear 

after an additional 15 minutes, and more than double after 40 minutes [31]. As the 

proceeding steps of HR occur within the context of the Rad51-ssDNA filament, Rad52 

catalysis of filament formation may be the most critical reaction of the pathway. 

Rad52 accumulation at a DNA lesion is dependent on RPA, and Rad52 has been 

shown to colocalize with RPA [22]. In localizing to spontaneous and radiation-induced 

DSBs, Rad52 appears only after Mre11 foci formation has peaked (10 min), suggesting 

that MRX dissociates before Rad52 assembles at the DSB. Peak levels of Rad52 foci 

appear at about 60 minutes after IR-induction of DSBs in S/G2 phases, and persist for 

over 600 minutes. Although Rad52 is not recruited to stalled replication forks, it is 

efficiently recruited upon collapse of these forks into a single-ended DSB structure [22]. 

Rad52 has been shown to co-immunoprecipitate (IP) with another RAD52 group member, 

Rad59. Further IP data has suggested that the Rad52-Rad59 complex interacts in turn 

with Rad51 to stimulate HR repair [37]. 

 In addition to recombination, Rad52 mediates single-strand annealing (SSA), a 

repair mechanism distinct from HR, through its ssDNA binding activity [37]. A 

regulation strategy by which Rad52 can be directed from SSA toward HR has been 

suggested by a recent study [38]. Sugiyama and Kantake found that Rad52 interacts with 

the Rad51-dsDNA complex with greater affinity than with the RPA-ssDNA complex. 

They associate a Rad52-Rad51-dsDNA complex as favorable to HR repair, as Rad51 is 

often “found” bound to dsDNA before it is loaded onto an ssDNA overhang, while a 

Rad52-RPA-ssDNA complex is shown to promote SSA. In a distinctly observable first 
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step, Rad51 outcompetes RPA for Rad52 binding, thus inhibiting the SSA pathway, 

before it begins displacing RPA from the 3’ overhang [38].  

The Rad55 and Rad57 proteins, paralogs of Rad51, form a stable heterodimer. 

Like Rad52, this complex stimulates the formation of joint molecules in vitro by 

promoting Rad51 displacement of RPA and nucleation onto ssDNA [39]. Interestingly, 

six mutated variants of Rad51 have been identified that are capable of displacing RPA 

and binding DNA in the absence of Rad55-Rad57, but not in the absence of Rad52 [40]. 

This may suggest a non-redundancy in mechanism of Rad51 interaction between the 

Rad52 and Rad55-Rad57 recombination mediators. Accumulation of Rad55 at lesions 

was shown to depend on both Rad51 and Rad52 [22].  

A third recombination mediator, Rad54, plays a multi-faceted role in HR repair. 

In addition to its stimulation of Rad51-mediated strand invasion, Rad54 plays roles in 

dsDNA topology alteration and branch migration. Biochemical experiments have shown 

that Rad54 promotes Rad51-mediated formation of a D-loop intermediate in 

chromatinized DNA [41]. This factor’s ATP-dependent nucleosome remodeling activity, 

which was shown to increase in the presence of Rad51 [41], may explain how Rad54 

navigates the hurdles of chromatinized substrates. This protein was found to generate 

topological stress and supercoiling in nucleosomal DNA, an activity dependent on ATP 

hydrolysis [41]. Superhelical torsion destabilizes histone-DNA interactions, exposing 

small loops or “bulges” in DNA on histone surfaces that can be subsequently relaxed into 

larger, displaced bulges [42]. In addition, Rad54 was shown to dislodge a short third 

(Hoogsteen base-paired) strand from a chromatinized duplex, presumably by 

translocating on DNA [41]. An in vivo translocase activity for Rad54 was later confirmed 
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by single-molecule imaging (see below). As in supercoiling, DNA translocation can 

expose small loops on histone surfaces. The extrusion of loops in nucleosomal dsDNA 

may improve the accessibility of homologous sequences to Rad51 and thus facilitate the 

homology search [41]. Thus, Rad54 may reduce the time necessary for Rad51 homology 

sampling.  

Rad54 accelerates Rad51-mediated strand exchange and the migration of a 

branched D-loop structure, both in an ATP-dependent fashion [43, 44]. Monitoring of 

strand exchange speeds showed that the presence of Rad54 in a reaction mix containing 

Rad51, RPA and ATP accelerates joint molecule formation by a factor of three relative to 

its absence. Amongst of a population of Rad54 molecules, an average transfer speed of 

about 90 bp/min was observed [43]. Rad54 recruitment to DNA breaks is dependent on 

Rad51, Rad52 and Rad55, further suggesting that it acts downstream of these factors 

[22]. That Rad54 facilitates branch migration hints at a post-synaptic (post-strand pairing) 

role for this factor in addition to its pre-synaptic function in heteroduplex formation. 

The Rad54 homolog Rdh54 maintains ATP hydrolysis-dependent chromatin  

remodeling activity and serves a function in the later steps of recombination. This factor 

was shown to generate positive and negative supercoils in DNA [45], slide nucleosomes 

and promote heteroduplex formation with Rad51 in chromatinized DNA [46]. As with 

Rad54, nucleosome mobilization and superhelicity generation by Rdh54 are thought to 

expose loops in double-stranded substrates that facilitate their access to the Rad51 

nucleoprotein filament. Rdh54 was shown not only to interact with Rad51, but to 

dislodge Rad51 filaments from dsDNA as well. Filament removal may prime the joint 

molecule for DNA synthesis and/or recycle the cell’s supply of Rad51 [47]. Rdh54 
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localization at the DSB is dependent on Rad51 and Rad52, but not Rad55-Rad57 [22, 

46]. This difference in genetic requirement from Rad54 suggests a non-redundancy 

between these two motor proteins.  

Through a separate live cell fluorescence study, Lisby and Rothstein have 

introduced the concept of a “repair center,” an idea germane to the investigation of DSB 

repair coordination [48]. Through a differential fluorescent coloring scheme, they 

observed that multiple endonuclease-induced DSBs colocalize at a single Rad52 focus. 

This partially explained their finding that relatively few Rad52 foci appear in the nucleus 

even after exhaustive DNA damage induction [48]. Their mechanistic hypothesis of a 

shared scaffold in which DSBs can be collected and undergo repair was supported in a 

later study that observed the dense clustering of DNA lesions in human cells following 

DSB induction [49]. However, another study of DSB localization in human cells 

suggested that DNA breaks were largely immobile [50]. The coordination of DNA breaks 

into discrete repair centers would allow cells to accomplish repair at much faster rates, as 

HR factors such as Rad51 and Rad52 would no longer need to diffuse across long 

distances to reach multiple targets. This model suggests further investigation into whether 

DSBs undergoing processing at varying stages of HR can be recruited to the same repair 

center.  

 

Genetic studies of Homologous Recombination Assembly in Mammalian Cells 

Many of the role players of HR, and the genetic interdependencies among them, 

are highly conserved between yeast and mammals. Of significance, however, are several 

mammalian factors whose homologs are not found in yeast, and rates of localization and 
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processing that differ between the two eukaryote models. Much like MRX in S. 

cerevisiae, the mammalian MRE11-RAD50-NBS1 (MRN) complex acts as a first 

responder, localizing at DNA breaks within 20 minutes of irradiation [14]. Mammalian 

CtIP, which displays sequence homology with Sae2, is phosphorylated at a single residue 

(T847) by a CDK regulator and interacts with MRN to induce a short resection of the 5’ 

strand of the DSB [12, 51]. In the S/G2 phases, CtIP is recruited within 6 minutes of laser 

micro-irradiation-induced DSBs [51]. 

The human homologs of the yeast resecting agents (y)Exo1 nuclease and Sgs1 

helicase are hEXO1 and BLM, respectively. In vitro biochemical experiments indicate 

that a physical interaction between BLM and hEXO1 stimulates hEXO1 5’ to 3’ resection 

activity [52]. MRN and (human) RPA were also demonstrated to enhance hEXO1 

activity [53]. When BLM and hEXO1 were incubated with dsDNA, they yielded a 

resected product that was shown to act in turn as a substrate for Rad51 in a strand pairing 

reaction. DNA processed by BLM in the absence of hEXO1 could not act as a substrate 

in the Rad51 reaction, illustrating that the BLM helicase requires the nuclease activity of 

hEXO1 to accomplish resection [52]. The role of hEXO1 can be substituted by DNA2 

helicase, which interacts with BLM to achieve resection [53], as was analogously shown 

for yeast Dna2 helicase [25]. Helicase unwinding and the establishment of 5’3’ as the 

resection direction are dependent on RPA [53]. BLM was shown to accumulate at 

ultraviolet laser-induced DNA lesions within 10 to 30 seconds in HeLa cells. These rates 

were unchanged in an NBS1 null mutant cell, further characterizing BLM as an 

immediate responder to DNA damage [54].  
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The mammalian checkpoint pathway is activated upon MRN recruitment of 

ATM, a sequence homolog of the Tel1 kinase, to DNA lesions. Analogous to the process 

in yeast cells, ATM creates a DNA damage signature by phosphorylating H2AX histones 

adjacent to the lesion. Live cell imaging has illustrated that the MDC1 factor directly 

mediates the ATM—γ-H2AX interaction and catalyzes further recruitment of ATM in 

order to spread the signature to regions flanking the DSB. By doing so, MDC1 is also 

responsible for amplifying downstream signals of ATM, principally the phosphorylation 

of checkpoint proteins CHK1 and CHK2 that arrest the cell cycle [55]. In addition, 

MDC1 recruits the ubiquitin E3 ligase RNF8, which also targets H2AX at the sites of 

DNA breaks [56]. The robust assembly of γ-H2AX, MDC1, and RNF8 at the break site 

occurs within 6 to 10 min following DSB induction in human U2OS sarcoma cells. 

Ubiquitylated H2AX signals the recruitment of downstream effectors 53BP1 and 

BRCA1, both of which have been classified as tumor suppressors due to their 

requirement in damage repair [56]. One role of BRCA1 is to recruit to DSBs the FancD2 

complex, a factor that may bridge the checkpoint response to the Rad51 strand exchange 

reaction (see below) [57]. 

As in yeast, the core reaction of mammalian HR is the formation of a RAD51 

nucleoprotein filament on the 3’ ssDNA resection products and the pairing of this 

filament with a homologous template. RPA assembles on the ssDNA as soon as resection 

begins, so RAD51 must displace this protein before it can form a helical filament. 

However, the recombination mediator that catalyzes this displacement in mammalian 

models is not RAD52, but rather BRCA2. Assembly of RAD51 foci at IR-induced DSBs 

is mediated by, and dependent on, BRCA2 [58, 59]. The function of BRCA2 is under 
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debate: the protein may passively sequester RAD51 until a resected DSB is recognized, 

or it may have an active hand in loading RAD51 monomers onto the ssDNA substrate 

[60]. Support for the latter model is found in an in vitro study that demonstrated that, 

when associated with a DSS1 cofactor, BRCA2 exhibits binding activity to ssDNA and 

dsDNA with a single-strand overhang [61]. RAD51 loading in the absence of BRCA2 is 

nonetheless possible, as RAD51 overexpression in BRCA2-defective mice cells restores 

RAD51 foci formation at IR-induced DSBs [62]. It is of interest that RAD51 foci can 

assemble at spontaneous DSBs in S phase cells independently of BRCA2, suggesting a 

less important role for BRCA2 in the restart of collapsed replication forks [58].  

It is unclear how BRCA2 is itself recruited to DNA lesions. An interaction 

between RPA and BRCA2, along with a defect in this interaction in a cancer-

predisposing Y42C BRCA2 mutant, have been shown [63]. This suggests an RPA-

dependent recruitment mechanism. Others may point to data showing an interaction 

between BRCA2 and the FancD2 complex [64], as an implication of a BRCA1/FancD2-

mediated recruitment of this factor. It is likely that a combination of several mechanisms 

is responsible for BRCA2 localization to sites of DNA damage.  

In human (HEK)293 cells, RPA shows 20- to 30-minute recruitment rates after 

treatment with an IR mimetic dsDNA break agent, with levels peaking between 40 and 

60 min [65]. RPA was observed to colocalize and physically interact with RAD51 in a 

species-specific and DNA damage-dependent fashion [66]. In contrast, no physical 

interaction between RPA and Rad51 has been observed in yeast. RPA-RAD51 interaction 

in humans may account for recruitment of RAD51 foci to collapsed replication forks, 

since BRCA2’s role in replication-coupled HR is diminished (see above) [66]. 
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Meanwhile, Rad51 assembly at endogenously and exogenously induced DSBs in yeast is 

dependent on Rad52, as discussed above.   

Robust RAD51 foci form between 1 h and 2 h after laser-induction of DNA 

damage, as shown by pooling immunostaining data from HeLa cells arrested in G1, S and 

G2 phases (and under otherwise physiological conditions), and persist for more than 24 h. 

They colocalize at DSBs with MRE11 foci, which, unlike S. cerevisiae Mre11, remain 

bound alongside RAD51 for 24 h [14]. Another group observed RAD51 foci appearance 

as early as 5 min following IR in a Chinese hamster line, although peak levels were not 

seen until after 8 h [59]. As processing of DSBs into 3’-tailed ends is probably delayed 

until at least 6-10 minutes after DSB detection, RAD51 appearance at 5 min reflects non-

specific binding to dsDNA. Recruitment of RAD51 is dependent on the five mammalian 

RAD51 paralogs RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3; it is independent 

of RAD52 and RAD54 [59, 67]. Consistent with its independence of RAD52, RAD51 

foci assemble more rapidly than RAD52 foci, which appear 2 h post-induction in hamster 

cells. RAD52 localizes independently of the RAD51 paralogs and BRCA2 [59]. The five 

RAD51 paralogs are essential for resistance to IR and other DNA-damaging agents [67]. 

XRCC3 has been shown to form a complex with RAD51 but localizes to DNA breaks 

independently [68]. XRCC3 foci display a 10-min recruitment timescale in HEK293 [69]. 

RAD51B and RAD51C form ssDNA-binding complex and stimulate strand exchange 

when co-incubated with RAD51 and RPA. Since this pairing event was promoted under 

conditions in which RAD51 was forced to compete with RPA for ssDNA binding sites, 

these findings suggest that RAD51B-RAD51C promotes RAD51 filament assembly [70]. 
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Genetic and in vitro studies have shown that a vertebrate-specific factor known as 

RAD51AP1 (RAD51-Associated Protein 1) assists RAD51 in its recombination activity. 

RAD51AP1 (AP1) was first identified through a yeast two-hybrid assay as a RAD51-

binding protein; AP1 was also observed to bind ssDNA and dsDNA [71]. More recently, 

it was shown to promote D-loop formation up to ~8-fold relative to RAD51 alone, but 

unable to form a D-loop by itself [72]. RAD51 foci assembly was unaffected by AP1 

knockdown, suggesting that AP1 functions after filament nucleation [73]. Enhancement 

of D-loop formation by AP1 depended on not only RAD51 binding, but also the affinity 

of AP1 for a structure-specific D-loop with a protruding nonhomologous extension – the 

basic intermediate formed in HR repair. Based on these findings, a mechanism whereby 

AP1 stabilizes the joint intermediate just after strand invasion was proposed [72]. This 

accessory factor may also assist in branch migration of the heteroduplex.  

RAD52 has been thought to have a less important role in mediating recombination 

than in single-strand annealing activities in mammals. In particular, this factor was shown 

to be important in the capture of ssDNA displaced from the heteroduplex and its 

subsequent annealing to the other processed DSB end (termed “second end capture”) at 

sites of homology [74]. However, knockdown of RAD52 in BRCA2-deficient human 

cells results in impaired RAD51 foci assembly and endonuclease-induced HR, suggesting 

that in the absence of BRCA2, RAD52 may substitute as a recombination mediator of 

RAD51 [75]. Human RAD54 was observed to promote branch migration of Holliday 

Junctions and other branched structures in an ATP hydrolysis-dependent manner. RAD54 

migrates a four-stranded branched substrate over a distance of 2 kb within 10 min in 

vitro, as measured by shift of electrophoretic band of the branched substrate [44]. RAD54 
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foci colocalize with RAD51 in irradiated cells and are dependent on the RAD51 paralogs 

but independent of RAD52 [59]. The time course of new DNA synthesis near the final 

step of HR was recently elucidated using a gene targeting assay [76]. A vector carrying a 

mouse immunoglobulin Cμ gene with a double blunt-ended, 1.2 kb-length gap was 

transfected into mouse cells and allowed to recombine with chromosomal Cμ homolog 

that would serve as a template for DNA polymerase to fill the gap. A very low level of 3’ 

strand extension was detected as early as 0.5 h, with synthesis peaking at 3-6 h, from both 

ends of the gap [76]. The effect of mutating various RAD52 group genes on 3’ extension 

speeds has yet to be determined.  
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Single-molecule studies of Homologous Recombination Binding Rates 

The use of single-molecule microscopy has substantially advanced our 

understanding of the behavior of many HR repair factors, in particular those that 

associate with DNA substrates. The advantage of studying DNA-binding recombination 

proteins using the single-molecule approach is in the real-time visualization of hundreds 

of individual molecules in a single experiment. Watching the time course of a single 

protein as it inter-converts between different molecular states may offer insights into its 

mechanism of action. Details of complex protein-DNA interactions that were otherwise 

inaccessible to traditional biochemical methods have been thus revealed [13]. A study of 

temporal coordination of HR repair factors should in particular not omit single-molecule 

data, as the resolutions afforded by single-molecule imaging of motor proteins on DNA 

has enabled the accurate calculation of assembly rates and translocation speeds.  

Recent imaging studies of BRCA2-RAD51 interactions on single DNA molecules 

have helped define the relationship between the recombinase and its chief regulator in 

mammalian cells. The C-terminal RAD51-interacting domain (CTRD) of BRCA2 was 

isolated and later observed to disrupt fluorescently labeled RAD51-dsDNA filaments. 

CTRD was found to interfere with RAD51 assembly, leaving stretches of bare dsDNA at 

positions where RAD51 localization was seen in control experiments, and reduce 

assembly rate in a concentration-dependent manner [77]. A BRCA2 domain comprised of 

RAD51-interacting BRC repeats was likewise shown to hinder RAD51-dsDNA 

nucleation [78]. These findings support an idea sprung from genetics studies, that 

BRCA2 prevents unproductive filament assembly on dsDNA by sequestering RAD51 

molecules, perhaps until an ssDNA substrate is detected.  
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Fluorescence microscopy techniques have shed light on the rates of assembly and  

disassembly of Rad51 onto individual DNA substrates. Visualization of human RAD51 

behavior on dsDNA by total internal reflection fluorescence (TIRF) demonstrated an 

ATP binding-dependent assembly that extended the length of λ phage DNA by 46% 

within 3-4 minutes [79]. The TIRF technique makes use of an evanescent field, 

occupying a volume on the order of a femtoliter, created when a laser beam is reflected 

away from the interface between a silica microscope slide and aqueous buffer. Only 

fluorescent molecules tethered within this evanescent field are illuminated, while 

contaminants in the surrounding solution are restricted from view [2]. The observed 

filament assembly rate, comprising of the rates of nucleation of monomers onto DNA and 

subsequent oligomerization, was on the order of 10-100 nm/s [79]. These speeds were 

corroborated by epifluorescence microscopy, which showed maximum RAD51-induced 

dsDNA extension occurring over 4 minutes [80]. The complete assembly of a 

fluorescently labeled RAD51 filament on DNA was observed to occur with highly similar 

rates, implying that filament formation and DNA extension are synchronized. Rates of 

filament formation were increased when higher ATP concentrations were present in the 

surrounding solution [79]. When RAD51-ssDNA complexes were moved into buffer 

lacking ATP, slow disassembly (about 20 nm/s) of fluorescent RAD51 was observed, 

with dissociation remaining incomplete after 25 minutes [80]. In contrast, S. cerevisiae 

Rad51 filaments were observed to disassemble within 4 minutes of ATP removal, with 

ATPase dependence [81]. This disparity may reflect differences in lengths of the DNA 

substrates employed. Incomplete disassembly of hRAD51 indicates the requirement of a 

co-factor, RAD54, that can displace the recombinase from DNA [80].  



25 

 

   

 

TIRF experiments by Granéli et al. show that human RAD51 slides very rapidly 

(up to 3.5 kb/s) along dsDNA by Brownian motion and accumulates at free single-

stranded ends [82]. Sliding is highly processive, as proteins remain associated for more 

than 33 min. The observed accumulation at ssDNA ends suggests that the recombinase 

has tighter binding affinity for ssDNA than dsDNA [82]. Mechanistically, the protein 

may bind in the vicinity of a DSB and diffuse freely on DNA until it is able to locate a 

single-strand end of the broken dsDNA molecule, the precise substrate for strand 

invasion, to which it tightly binds [2]. It should be noted that the RAD51 visualized in 

this experiment was likely not in the active filamentous form but an inactive octameric 

ring form [82].  

The timing of the homology search stage of HR has recently been explored using 

single-molecule fluorescence resonance energy transfer (smFRET), which can be used to 

report the degree of annealing between two labeled ssDNA substrates. The random 

collision model of homology search predicts that RecA recombinase must transiently and 

iteratively compare sequences of finite length between the invading strand and the 

template strand for complementarity. If sufficient complementarity is found, the two 

strands will stably anneal. As determined by smFRET, RecA-mediated comparisons of 

fully heterologous (non-homologous) sequences have lifetimes of 10 s or longer, 

regardless of the length of the ssDNA substrate. When tracts of homology were added to 

the substrate, average lifetimes increased to 30-70 s [83]. These collision lifetimes are 

surprisingly long. If sequence scans are performed randomly and repeatedly over 

potentially long stretches of chromosomal DNA, the observed lifetimes place a 

prohibitive constraint on the homology search. As a result, the authors conjecture that 
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facilitated diffusion may be involved in the search mechanism [83]. An smFRET analysis 

of human RAD52-catalyzed homology scanning suggested that second end capture 

occurs through a series of stepwise searches for more substantial homology by iterative 

annealing and release of ssDNA [84]. This model predicts that RAD52, like 

RecA/RAD51, performs sequence comparisons through collisions, yet each successive 

collision may be less random than the previous due to the continued association of 

RAD52-ssDNA complexes after each partially successful annealing iteration.   

One of the most crucial contributions that single-molecule imaging has made to 

the study of recombination repair timescales is the real-time visualization of DNA 

translocation by motor proteins Rad54 and Rdh54. Fluorescently tagged S. cerevisiae 

Rad54 was observed to move on DNA at approximately 300 bp/s at 1 mM ATP; 

individual rates increased hyperbolically from 0-1000 μM ATP, indicating that ATP 

hydrolysis was required for movement. Translocation is extremely processive, with an 

average distance traveled of ~11,500 bp [85]. S. cerevisiae Rdh54 exhibits substantially 

slower translocation velocities, moving at 80-84 bp/s at 1 mM ATP [86, 87]. As with 

Rad54, Rdh54 movement is ATP-dependent and highly processive, translocating for an 

average distance of ~13,000 bp in a single direction. Rdh54 was also observed to extrude 

6 kb-long bulges from DNA, suggesting yet another torsion-generating mechanism in this 

factor’s arsenal [87]. Translocation of Rdh54 was shown to be sufficient for displacement 

of a triplex DNA molecule, suggesting that it may also be sufficient for Rad51 

displacement [86]. The high degree of processivity of these motor proteins may be 

necessary for the branch migration and ultimate removal of D-loops spanning several 

kilobases. 
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Single-molecule Imaging Complements Genetic Studies 

The use of single-molecule techniques in the field of HR repair has provided real-

time evidence for several of the models and hypotheses posited by ensemble studies. For 

instance, the genetic evidence for BRCA2 sequestration of RAD51 in the absence of 

DNA damage had been at best indirect. The findings of single-molecule studies have not 

only confirmed this activity for BRCA2 but also expanded its reach: BRCA2 selectively 

targets RAD51 by inhibiting filament formation on dsDNA and stabilizing ATP-bound 

filaments that have assembled on ssDNA [78]. Whether BRCA2’s ssDNA binding 

activity enables it to actively deposit RAD51 onto DSB ends remains to be observed. In 

addition, microscopy experiments have significantly contributed to a composite 

understanding of motor co-factor function in Rad51-mediated strand exchange. 

Consistent with ensenmble data, they have shown that Rad54 and Rdh54 modify DNA 

topology, direct branch migration of the D-loop, and remove Rad51 filaments from the 

Holliday Junction. This composite picture provides a foundational context to describe 

how the eukaryotic recombination machinery is able to bring about efficient DNA break 

repair.  

Single-molecule observations have introduced temporal data for the later 

reactions of recombination while expanding our knowledge of the behavior of HR 

factors. Human RAD51 was observed to process rapidly on dsDNA over long distances 

before tightly associating with single-strand ends. This behavior immediately suggests a 

mechanism by which the recombinase can find DNA breaks, regardless of where its 

recombination mediator(s) has initially targeted the protein. Furthermore, the combined 

observations of stable binding of ssDNA with weaker binding of dsDNA suggests an 
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alternative model for RAD51 homology scanning, whereby the recombinase holds a DSB 

end in one of its binding sites while rapidly sliding a dsDNA template through the other, 

iteratively testing complementarity [2]. The real-time imaging of Rad54 and Rdh54 as 

these proteins move along DNA has enabled the calculation of specific translocation 

rates. It would be an interesting challenge to correlate these velocities to the timescales 

observed in biochemical analyses of branch migration and nucleosome mobilization.  

The single-molecule FRET technique has provided an assay for measuring strand 

annealing speeds in RecA/Rad51 strand pairing. Having shown inconsistency with the 

prevailing model of a three-dimensional search driven solely by thermal diffusion, the 

results of this analysis were offered as support for a competing model: an ATP-driven 

facilitating mechanism that could achieve more rapid location of homology.  

Observations of Rad51 assembly onto single DNA substrates has illustrated that 

nucleation and DNA extension occur simultaneously and co-dependently. The finding of 

slow rates of recombinase disassembly underscores the notion that Rad54/Rdh54 is 

required for the displacement of Rad51. These observations were contingent upon the 

relatively high resolutions afforded by the described techniques but which are missed in 

live cell and immunofluorescence imaging.  
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Future directions in Homologous Recombination Repair 

Many questions remain that concern the functions and localization behavior of the 

role players of eukaryotic HR repair. Several aspects of the process have as of yet 

undefined timescales. For example, the rate of BRCA2 association with DNA lesions has 

not been closely investigated. The response of this rate to mutations in the RPA, BRCA1, 

and FancD2 binding domains of BRCA2 may offer clues as to how this tumor suppressor 

is mechanistically recruited to DNA lesions. With a technology-driven approach, we may 

be able to identify the precise time at which BRCA2 accumulates in the vicinity of a DSB 

with respect to the appearance of resected 3’ tails and formation of a heteroduplex. This 

finding may help discern whether the recombination mediator serves a passive or active 

function in loading RAD51 monomers onto ssDNA.  

It remains to be seen whether RAD54 acts alone or requires any additional factors 

to promote D-loop migration. Similar to the case of BRCA2, an investigation into 

RAD51AP1 localization and dissociation behavior, examined alongside in vitro studies, 

may hint at a possible supporting role for this co-factor in RAD54-mediated branch 

migration.  

Much can be understood about the behaviors of early HR factors MRX/MRN, 

Sgs1/BLM, Dna2 and Exo1 by visualizing their movements on single DNA molecules. 

Their processivities and velocities of resection form merely one “story” of interest. How 

and why MRX dissociates from the 5’ strand after trimming just 50-100 nucleotides 

forms another. Single-molecule studies will also reveal the level of structural specificity 

required for helicase recognition of minimally trimmed DSBs, and the step size or 

duration of each cycle of unwinding and resection for Sgs1-Dna2 and Exo1.  
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Many gaps in our understanding of the timescale of second end capture and 

synthesis remain. At which point in the process do RPA and RAD52 commence the 

annealing of the second DSB end to the displaced strand of the template? Do primary and 

second end syntheses occur on identical timescales? Much intrigue surrounds the cell’s 

ability to coordinate two partially synchronized strand pairing reactions to completion, 

particularly when considering that the energy of ATP hydrolysis may be unnecessary in 

either annealing reaction.  

The use of more complex substrates, such as nucleosomal DNA and DNA with 3’ 

overhangs, in single-molecule and biochemical experiments will allow us to further 

characterize Rad51 and its accessory factors. Numerous challenges pertaining to the 

relationship of chromatin remodeling to DNA break repair remain. Could the 1D-sliding 

of Rad51 somehow be involved in altering DNA topology, or is this behavior dispensable 

to the recombination mechanism? Future work may address what happens when a sliding 

Rad51 encounters molecular barriers such as nucleosomes and motor proteins Rad54 and 

Rdh54, and conversely when these motors encounter Rad51 filaments.  

An important aim of biochemists examining HR reactions is to recapitulate the 

process as it occurs in vivo. However, a major roadblock to realizing this aim is the 

design of experiments that can accommodate the concerted observation of multiple repair 

factors as they rectify a DNA break. Future experiments will employ several fluorophores 

to visualize multi-protein complexes. Use of recently developed three-color smFRET will 

uncover precise timescales of binding for up to three substrates at one time [88]. The 

direct interactions of the various proteins that comprise a repair center, and the 

implications of these interactions in regulation of recombination, remain an active area of 
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study [89-91]. Perhaps the most intriguing question surrounding the concept of the repair 

factory is whether DSBs undergoing repair at different stages of the reaction are brought 

to the same center. If so, we will likely find cross-talk between multiple DSBs, such that 

recombination factors that have completed their work on one lesion maintain their 

position in the nucleus before they are recycled for the repair of a neighboring lesion.    

This review has discussed a collection of literature that has characterized the 

functions of each of the role players in eukaryotic homologous recombination, and the 

time course of their recruitment and binding to double-stranded DNA breaks. The 

homologous recombination reaction exhibits a remarkable temporal coordination of many 

individual DNA binding events. A distinct order of localization has been shown for both 

yeast and mammalian models: first, resection enzymes and their cofactors are recruited to 

the newly formed DSB; following resection, Rad51 and its recombination mediators 

accumulate at the break to catalyze strand invasion; finally, motor proteins localize to the 

branched structure and prepare it for new DNA synthesis. In many cases, order of 

recruitment coincides with genetic interdependencies, i.e., the assembly of later 

recombination factors is often dependent on those that arrived before. Although many 

advances in our understanding of homologous recombination repair have been made in 

recent years, several challenges remain that will likely keep this field very active for 

decades.  
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