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Abstract

DNA double-strand breaks (DSB) are presumed to be the most deleterious DNA lesions as they disrupt both DNA strands.
Homologous recombination (HR), single-strand annealing, and hon-homologous end-joining are considered to be the pathways
for repairing DSB. In this review, we focus on DSB repair by HR. The proteins involved in this process as well as the interactions
among them are summarized and characterized. The main emphasis is on eukaryotic cells, particularly the budding yeast
Saccharomyces cerevisiae and mammals. Only thRAD52 epistasis group proteins are included.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction and conjugation in bacteria, mating-type switching in
yeast, and V(D)J recombination in the vertebrate im-
DNA damaging agents constantly challenge DNA mune system. The action of restriction endonucleases
inside cell. Therefore, between replication rounds and topoisomerases also generates DBR1]
DNA tends to accumulate lesions. As they disrupt ~ Unrepaired DSB can cause loss of chromosomes
both DNA strands, DNA double-strand breaks (DSB) and/or cell death. If misrepaired, DSB can give rise to
are one of the most detrimental DNA lesions. DSB mutations[12,13] and chromosomal rearrangements
can be induced by exogenous agents, such as ioniz-and hence cancer in multicellular organismng4,15]
ing radiation (IR) (for reviews, sed—3]) and a wide To combat these detrimental effects, multiple path-
range of chemical compounds, e.g. methyl methane- ways have evolved for the repair of DSB: homologous
sulfonate (MMS) and bleomycif4—6], as well as recombination (HR), single-strand annealing (SSA)
by endogenous agents such as free radicals generate@nd non-homologous end-joining (NHEJ) (reviewed
during metabolic process¢®]. Moreover, DSB arise  in [8,10,11,16]. The fundamental difference in these
in DNA as intermediates during mitotic and meiotic pathways is the requirement for a homologous DNA
recombination, DNA replication, transposition of cer- sequence: as shown #ig. 1, HR repairs DSB by
tain mobile elements, transduction, transformation retrieving genetic information from an undamaged
homologue (sister-chromatid or homologous chromo-
"+ Corresponding author. Tek:421-2-59327-332; some), an_d this requires DNA sequence homology.
fax: +421-2-59327-350. SSA repairs DSB through annealing of complemen-
E-mail address: miroslav.chovanec@savba.sk (M. Chovanec). tary sequences on both sites of the break and thus
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Fig. 1. Models for DNA double-strand break repair. (Aomologous recombination. In this model, red and blue dsDNA represent
homologous sequence. At the DSB site, dsDNA (shown in red) is exonucleolytically processed to’ fesBANA tails, which invade
homologous intact sequences (shown in blue). DNA strand exchange follows and generates a joint molecule between damaged and
undamaged duplex DNAs. Sequence information that is missing at the DSB site is restored by DNA synthesis (resynthesized DNA is
shown in green). The interlinked molecules are then processed by branch migration (indicated by right and left arrows), Holliday junction
resolution and DNA ligation. (BEngle-strand annealing. At the DSB site, 3ssDNA tails, consisting of direct repeats (shown in green),

are generated. They are aligned and the intervening sequences as well as protreditg &e removed. (@yon-homologous end-joining.

Following DSB formation, broken DNA ends are processed to yield appropriate substrates for direct ligation. No homology is necessary
for DSB repair by non-homologous end-joining. Breaks can be joined accurately, but more often, small insertions or deletions are created.

also needs the presence of DNA sequence homology.HR plays a major role in DSB repair in prokaryotes
In contrast to HR and SSA, NHEJ rejoins DSB via and lower eukaryotes, it operates rather rarely in so-
direct ligation of the DNA ends without any require- matic cells of higher eukaryotes. Instead, in somatic
ment for sequence homology. As a consequence of cells of higher eukaryotes including mammals, DSB
the mechanisms, the accuracy of repair constitutes aare repaired primarily through NHE3,17]. Although
crucial difference among the three pathways: while the NHEJ machinery has been identified in lower eu-
HR ensures essentially accurate repair of DSB, SSA karyotes such as the yedaccharomyces cerevisiae
and NHEJ rejoin broken DNA in a manner that is andSchizosaccharomyces pombe[18—25]and recently
almost always mutagenic. In the case of SSA, loss of in bacteria[26], in these organisms it is presumed to
one of the repeats and the sequence between the reserve only as a backup system for repairing DSB. The
peats is a characteristic of the repair process (reviewedimportance of each pathway also depends on the phase
in [11]). of the cell cycle and, in multicellular organisms, on the
All of these repair mechanisms have been conserved cell type and the stage of development. In addition, the
through evolution and operate in a wide range of or- involvement of each pathway may be influenced by the
ganisms, including both prokaryotes and eukaryotes. complexity and/or the quality of the bre®,10,11]
Their relative contribution to DSB repair, however, In this review, we focus on DSB repair by HR.
significantly differs depending on the organism. While The proteins involved in this process as well as the
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interactions among them are of particular interest.
The emphasis is mainly in eukaryotic cells, especially
the budding yeast cerevisae and mammals. The
proteins belonging to thRADS2 epistasis group are
solely included in this review.

2. Nomenclature

For consistency, the following nomenclature has
been used throughout the text. UsiR§D51/rad51/
Rad51 as an exampl&AD51 for the wild type gene
or locus, rad51 for the mutant gene or locus, and
Rad51 for the proteindomo sapiens, Mus musculus,

S cerevisiae, Kluyveromyces lactis and Gallus do-
mesticus are abbreviated to Hs, Mm, Sc, Kl and Gd,
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which cuts the crossed or non-crossed strands, result-
ing in crossover or non-crossover produlds,34]

3.1. Homologous recombination in
Escherichia coli

The molecular mechanism of HR is best under-
stood in Escherichia coli [35,36] The principal re-
combination protein in this organism is the RecA
protein and almost all DSB repair by HR is through
the RecBCD pathway[37]. In the initiating step,
DSB are specifically recognized by the RecBCD het-
erotrimer (exonuclease V), which has both exonucle-
ase and helicase activities. In the presence ofMg
and ATP, the RecBCD complex binds to the end of
a double-stranded DNA (dsDNA) substrate, unwinds

respectively. If none of these is used, then the processprocessively and degrades preferentially ther®ding

is universal: alternatively, it is clear from the context
to which animal species a particular protein belongs.

3. Molecular mechanism of homologous
recombination

As mentioned above, living organisms have evolved
multiple pathways for repairing DSB, namely HR,
SSA and NHEJ8,10,11,16](Fig. 1). SSA and NHEJ
are outside the scope of this review and the reader
is referred to a number of excellent reviews on these
topics[3,8,10,11,17,27-32]

As shown inFig. 1, HR can be divided into sev-
eral distinguishable steps. During initiation, the sub-
strate for HR is generated: both of theehds of the

strand until it encounters a Chix)-site sequences
that create recombination hot spots. After interaction
with the x-site, the nuclease activity of the enzyme is
altered so that degradation of thét8rminal strand

is downregulated and the nuclease activity at the
5'-terminated strand is upregulated, whilst helicase
activity remains unaltered. Finally, thg-modified
RecBCD enzyme produces resected dsDNA with a
3'-ssDNA tail terminating at the-sequencg38,39].
Another helicase, RecQ, has also been shown to be
able to initiate recombination by providing the RecA
protein with a suitable substraj40]. In the presence

of ATP, RecA coats a’3&sDNA tail and polymer-
izes head-to-tail, forming a right-handed presynaptic
helical nucleoprotein filament. Upon modification
of nuclease activityy, RecBCD enzyme coordinates

DSB are resected by the action of a specific nucleasethe preferential loading of RecA onto the resultant

to yield 3-single-stranded DNA (ssDNA) tails. Sub-
sequently, one of the’ 3sDNA tails invades an intact
homologous duplex and generates a D-loop structure.
The second '3ssDNA tail could also carry out inva-
sion, or perhaps more likely, it could simply anneal
with the displaced strand at the joint. BotheBids then
prime new DNA synthesis using the intact duplex as
a template. This process, followed by ligation, leads
to the formation of two Holliday junctions which are
four-stranded branched structures. Holliday junctions
can be moved along the DNA by a process of branch
migration, thereby extending or shrinking the region
of heteroduplexed DNA (hDNA). During the last step
of HR, Holliday junctions are cleaved by a resolvase

3'-ssDNA tail downstream of [41]. In this process,
RecBCD promotes displacement of single-strand
binding (SSB) protein from ssDNA by RecA. SSB
plays a dual role in RecA-mediated strand exchange
[42]. Firstly, by binding to ssDNA, it removes any
secondary structure and allows RecA to form a contin-
uous filament. Secondly, as strand exchange proceeds,
it binds to the released single-stranded DNA, and
therefore stabilizes the joint molecule and prevents
reinitiation[43]. Additional proteins, RecF, RecO and
RecR, help RecA to overcome inhibition of binding
by the SSB proteifd44,45] The RecA nucleoprotein
filament then recognizes and invades the homologous
sequence in duplex DNA, thereby creating hDNA
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[46]. Additional factors, including RuvA, RuvB and
RecG proteins, bind to the Holliday junctions and
promote branch migratiof7,48] The RuvA protein
specifically recognizes the Holliday junction, whereas
RuvB is necessary for branch migration. RecG pro-
tein, like RuvA-RuvB, also promotes branch migra-
tion but the reaction is weaker. The Holliday junction
can be resolved by the Holliday junction resolvase,
RuvC [47]. In the absence of RuvC, another Holli-
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group members with respect to the repair defect con-
ferred by the particular mutation. Subdivision of the
RADS52 epistasis group members into several families
was therefore suggesté¢@i8]. Since theRAD52 gene

is required for virtually all HR events, it stands alone.
The unigueness of thBAD52 gene product is well
established by the IR sensitivity of tlad52 mutant:
therad52 single mutant is as IR sensitive as a double
mutant ofrad52 combined with a mutation in one of

day junction resolvase, RusA, can be activated and the otherRAD genes[54]. The rad51, rad54, rad55

act on Holliday junction. Suppression function of
RusA, however, critically depends on RecG protein
[49]. RuvC endonuclease binds to the RuvA-RuvB
complex and then cuts the DNA intermediate at two

andrad57 mutants have common phenotypes, and the
corresponding gene products constitute a family that
has been designated tRADS51 family. Contrary to
RADS52, the RAD51 family is necessary for some HR

sites. Subsequent ligation generates recombinant (orevents, but dispensable for others. Furthermore, the
non-recombinant) molecules containing a segment of IR sensitive phenotype of tHeRAD51 family mutants

hDNA. Alternatively, the double Holliday junction
might be resolved by reverse branch migratigg].

As expected, cells lacking the RecA protein show
nearly no recombination ever[36,37] Nevertheless,
recA mutants have 50% viability when grown in lig-
uid cultureg50]. TherecA mutants exhibit various de-

is much less severe than that of thexl52 mutant.
Therads0, mrell andxrs2 mutants also display iden-
tical phenotypes and therefore the respective genes
constitute another family. There are homologues of
the RAD52 andRAD54 genes, desighatd®AD59 and
RDH54/TID1, respectively, which may represent the

fects in recombination, repair and SOS response andseparate subgroups because of their specific functions

are sensitive to a variety of DNA damaging agents
(reviewed in[36,37).

3.2. Homologous recombination in Saccharomyces
cerevisiae

As shown by Siede et aJ51], HR is the favored
DSB repair pathway 5. cerevisiae, whereas NHEJ is
only of minor importance. These authors found that in
cells competent for HR, deletion of NHEJ component
did not result in increased sensitivity to IR or to MMS
and DSB repair was not impaired. However, if HR was
disabled, inactivation of NHEJ led to an additional
sensitization to IR and MMS. Hence, 8 cerevisiae

in HR.

3.3. Homologous recombination in higher
eukaryotes

For many years, HR had been considered to be a
minor pathway that acts on DSB in higher eukaryotes.
This opinion was based on the fact that none of the
cell lines displaying an IR sensitive phenotype and/or
DSB repair defects were found to be mutated in any
of the genes encoding the HR proteins. Moreover,
some of the HR mutants are lethal in vertebrate cell
lines and therefore they could not be further tested for
the particular mutation. It was therefore believed that

NHEJ activity can be demonstrated only in the absence DSB repair in higher eukaryotes is almost exclusively

of HR and it may thus serve only as a backup system.

In the S cerevisiae, the genes implicated in HR
belong to theRAD52 epistasis group, which includes
RADS50, RAD51, RAD52, RAD54, RAD55, RADS7,
RAD59, RDH54/TID1, MRE11l and XRS2 genes
[8,10,11,16,28,52]Cells mutated in these genes are in
general sensitive to IR, but not to ultraviolet (UV) irra-
diation, unable to repair DSB, and defective in mitotic
and/or meiotic recombinatiofb3]. However, there is
a considerable variability among tRAD52 epistasis

undertaken by the NHEJ pathway. Recently, how-
ever, it has been established that HR also contributes
considerably to DSB repair in these cells (recently
reviewed in[11,55-57]. This conclusion has come
mainly from the identification of relevant mammalian
HR genes either through cloning genes that comple-
ment cell lines that are sensitive to DNA damaging
agents or through homology searchi8—70] or
from generating HR gene knockout mutants of the
chicken B lymphocyte cell line, DT40. Furthermore,
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the generation of homozygous HR gene knockout
mice [71-78]and embryonic stem (ES) cells has also
highlighted the importance of the HR pathway in
DSB repair in higher eukaryotdg1,72,77,79]

In addition to the HR genes described farcere-

visiae, mammalian cells contain some additional
HR factors. Thus, there are filRAD51-like genes,
namelyRAD51B/RAD51L 1/hREC2/R51H2, RAD51C/
RAD51L2, RAD51D/RAD51L3, XRCC2 and XRCC3.
In addition, the breast cancer susceptibility proteins,
Brcal and Brca2, seem to be directly involved in
the HR process in mammalian cells (for reviews, see
[80,11,55,57). These are outside the scope of this
review and therefore are not discussed further.

4. Mrell, Rad50 and Xrs2
4.1. Mutant phenotypes

The nrell, rad50 and xrs2 mutants have many
phenotypic features in common. They display a mi-
totic hyperrecombination phenotype, sensitivity to
DSB-inducing agents, impairment in meiosis and
compromised vegetative growth. The mutants also
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MRN complex was highlighted in mammals by the
discovery that mutations in any of these genes can
lead to cancer-prone syndromes. In humans, muta-
tions in theNBS1 and MRE11 genes are associated
with Nijmegenbreakagesyndrome (NBS) anditaxia
telangiectasidike disorder (ATLD), respectively
[93-96] These two syndromes share certain features
with Ataxia telangiectasia (AT) and are associated
with an increased risk of cancer. Even though no
mutations in theRAD50 gene have been linked to
genetic diseases in humans so faAD50%/S mice
(for details, see text below) have been shown to be
predisposed to cancd7]. For the clinical character-
istics of NBS, ATLD, and AT, the reader is referred
to several comprehensive reviej@8—102] Although
there are some differences in the clinical features of
NBS, ATLD and AT patients, these three diseases are
essentially identical at the cellular level. In general,
cells of all syndromes exhibit sensitivity to IR, DSB
repair defects and impaired checkpoint control.
Mrell-depleted murine and chicken cells are not
viable[90,91] and display increased sensitivity to IR,
severe HR impairment, an arrest in the ghase of
cell cycle, and significantly elevated levels of spon-
taneous as well as IR-induced chromosomal fragility

exhibit telomere shortening, a senescence phenotype[91]. Likewise, chicken cells, which are likely to be
gross chromosomal rearrangements, a reduced fre-Nbsl-depleted, exhibit hypersensitivity to IR, abnor-

quency of NHEJ and defective checkpoint activation
after DNA damage. On the other hand, mating-type
switching, gene conversion, SSA and telomere posi-
tion effect are not affected in any of these mutants
(reviewed in[10,11,16). Based on these common

mal S phase checkpoint control, an increase in spon-
taneous and IR-induced chromosomal aberrations,
and HR impairmenf103]. In addition, cells obtained
from mice with a deletion of exons 4 and 5 of the
NBSL gene (a murine model of NBS) are IR and mit-

phenotypic features and on the epistasis analysisomycin C (MMC) sensitive, defective in the intra-S
comparing the phenotypes of the double mutants to phase checkpoint, and unable to form IR-induced

those of the respective single mutants, MBE11,
RAD50 and XR2 genes were assigned to the same
epistasis grouB1,82] Predictably, it was found that
in yeast Mrell interacts with Rad50, Xrs2, and itself,
thus forming a stable complex Mrell-Rad50-Xrs2
(MRX), although Rad50 and Xrs2 fail to interact in
the absence of Mrel[B1,83—-86]

Not surprisingly, an analogous complex, Mrell—
Rad50-Nbsl (MRN), was demonstrated in verte-
brates [87,88] In these organisms, however, the
Mrell and Nbsl proteins associate dired¢89]. In
contrast toS cerevisiae, mutations in theMRE11,
RAD50 and NBS1 genes cause more severe defects
in vertebrateg75,90-92] The essential role of the

Mrell1 and Nbs1 fodil04]. Those derived from mice
carrying a deletion of exons 2 and 3 are impaired in
proliferation, hypersensitive to IR, aberrant in intra-S
and G/M checkpoints and prone to premature senes-
cence[105]. On the other hand, a mild phenotype
at the cellular level was reported f&AD50°/°, a
hypomorphicrad50 mutant allele analogous to tig&
cerevisiae rad50S allele rad50 R20M [106]. Mouse
embryonic fibroblasts harboring this allele display no
growth defects, no defect in IR-induced relocalization
of the MRN complex, no sensitivity to spontaneous
or DNA damage-induced DSB, and no intra-S phase
defect[97,107] Whole animals are, however, suscep-
tible to partial embryonic lethality and are predisposed
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to cancer if long-lived97]. RAD50~/~ andNBS1~/~

knockout mice die during embryonic development
[75,92] although mice carrying a deletion of exons
2 and 3 of theNBSL gene are viable, but retarded
in growth, impaired in lymphocyte development and
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age activitie§120]. Moreover, HsMrell mediates the
annealing of complementary ssDNA molecules but,
in contrast to HsRad52, this activity is abrogated by
HsRpa (the human replication protein BP1].

Rad50 belongs to the family of structural mainte-

oogenesis, immunodeficient, hypersensitive to IR and nance of chromosome (SMC) proteins (reviewed in

prone to lymphoid tumorgl05].

4.2. Genes and proteins

[122]). It has two motifs, Walker type A and B, which

are responsible, respectively, for ATP binding and hy-
drolysis at its N- and C-terminal ends. Walker type A
and B motifs are separated by a long coiled-coil region.

Based on the phenotypes described above, thelnterestingly, no influence of ATP on the biochemical

MRX/MRN complex has been implicated in many im-

activities of the MRN complex has been as yet detected

portant cellular and developmental processes and its[117,120] although the presence of ATP does resultin

function correlates with its structure and biochemical
activities. InS cerevisiae, the individual components
of the complex consist of 692, 1312 and 854 amino

acid residues and have a molecular weight of 77.7,

152.6 and 96.4 kDa, respectivgy08—111] Their hu-

the additional activity of MRX to degradé 8verhangs

in S cerevisiae [119]. Rad50 possesses a conserved

hinge motif in the center of the coiled-coil region, that

has a sequence Cys-X-X-Cys (CXX{@QR3-125]
Recently, the structure of the Mrell-Rad50 com-

man counterparts comprise 708, 1312 and 754 amino plex has been elucidated. It has been shown that the

acids and have a molecular weight of 81, 153 and
95kDa, respectively61,87,112] Importantly, while

HsMrell and HsRad50 are considered to be struc-

CXXC motif promotes Z&+-dependent Rad50 dimer-
ization, as the two CXXC motifs (each present on
different Rad50 molecules) form interlocking hooks

tural homologues of their yeast counterparts, Nbs1 that bind one ZA+ ion. Coiled coils extend from the

represents a functional analogue rather than struc-

tural homologue of XrsZ93-95] Consistent with
this, the primary amino acid sequences of HsMrell
and HsRad50 display high levels of similarity (61
and 52%, respectively) and identity (39 and 29%, re-
spectively) with the yeast proteif$13]. In contrast,
the overall homology between Nbsl and Xrs2 is sig-
nificantly lower, being restricted exclusively to the
N-terminal region of the proteins.

The Mrell protein represents the catalytic sub-
unit of the MRX/MRN complex. As demonstrated
by the two-hybrid system and gel-filtration column
chromatography, it is able to form dimers and mul-
timers that display several biochemical activities
[81,85,114,115]The protein has’30 5 dsDNA ex-

Zn?t-binding site in opposite directions, which al-
lows them to link two distinct Mrell dimers. The
Mrell dimer binds to the coiled coils of two Rad50
molecules adjacent to the ATPase domain, forming a
globular head. The globular head is responsible for the
DNA-binding and/or DNA end processing activities of
the complex. Hence, one Mrell-Rad50 heterodimer
(M2R2) possesses two DNA-binding/DNA end pro-
cessing active sites. These two active sites would bind
two separate broken DNA ends at a time and, subse-
quently, align and tether them during the process of
NHEJ. In HR, the nuclease activity of theo)®, com-
plex may process broken DNA ends and the two DNA
binding sites may mediate sister chromatid interac-
tions, as well as initiating and stabilizing displacement

onuclease and ssDNA endonuclease activities, both D-loop formation[125,126] It is clear from this that

of which are specified by four phosphoesterase mo-

tifs residing in the N-terminal half of the protein and
are dependent on Mn as a cofactof84,115-119]
Predictably, Mrell exhibits a DNA-binding activity
[84,114,119-121]HsMrell binds both dsDNA and
ssDNA, with a preference for ssDNA, and does not
require DNA termini for efficient bindind121]. In

the Mrell and Rad50 proteins form a tight complex
with remarkable protein architectuf&27].

In addition to eukaryotes, orthologues of the Mrel11
and Rad50 proteins have been found in all kingdoms
of life, including bacteriophage, eubacteria and ar-
chaebacteria. The Mrel1-Rad50 family of proteins in-
volves gp47-gp46 of bacteriophage T4, SbcD-SbcC of

the presence of HsRad50 and Nbsl, HsMrell also E. coli, and Mrel1-Rad50 of eukaryotes and archae-

possesses DNA duplex unwinding and hairpin cleav-

bacterig[116,127]
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Analysis of Nbsl has revealed three functional the MRN complex interacts with Ku70, a subunit of
regions: the N-terminal region (amino acid residues the DNA-dependent protein kinase complex, as well
1-196), the central region (amino acids 278-343) and as with Brcal[139-141] Furthermore, it associates
the C-terminal region (amino acid residues 665-693). with the mismatch repair (MMR) protein MIh[iL42]

In the N-terminal part of the protein, two domains

and co-localizes with the Bloom’s syndrome pro-

were identified: a forkhead-associated (FHA) do- tein [141]. Consistent with this, the MRN complex,
main (amino acids 24-108) and a Brcal C-terminus MIh1l and Bloom’s syndrome protein were found to

(BRCT) domain (amino acids 108-196[9%], re-
viewed in [101]). Like Nbsl, Xrs2 has the FHA
domain [93], but none of the typical sequence fea-
tures of the BRCT domaifil15]. This is consistent
with the observation that the sequence similarity be-
tween Xrs2 and Nbsl is limited to 115 amino acids
at the N-terminug128]. The FHA and BRCT do-
mains of Nbsl are essential for IR-induced focus
formation and ATM-dependent Nbsl phosphoryla-
tion, as well as for S phase checkpoint activation. On

be the members of a group of proteins that associate

with Brcal to form a large complex named BASC

(Brcalassociated genomesurveillance complex).
Since the BASC complex involves many other DNA
repair proteins, it was proposed that it has two roles in
the cell: it serves as a sensor of abnormal DNA struc-
tures and/or as a regulator of post-replication repair
[141].

The MRN complex was also found to be associated
with the telomere repeat binding factors, Trf1 and Trf2

the other hand, they are dispensable for interaction (Table J) [143-145] This suggests a role of the MRN

of Nbsl with Mrell and Rad50 and, surprisingly,
for IR resistance[129-131] The central region of

complex in telomere maintenance in mammalian cells,
analogous to the role its homologue plays in yeast.

Nbsl possesses two serine residues, Ser 278 and Selin mammalian cells, telomeres terminate in so-called

343, which are phosphorylated in response to DNA
damage in an ATM-dependent manngdi32-135]
Therefore, the DNA damage-triggered signal trans-
duction function of Nbsl was attributed to this part
of the protein. The C-terminus of Xrs2/Nbs1 appears
to be a critical region for Mrel1-bindinig9,129] as

t-loops, the closure of which involves the invasion of
the 3 single-stranded telomeric DNA overhang into
the upstream duplex telomeric repeat region, generat-
ing a stable hDNA at the base of the IJdd6]. Hence,

in this process the function of the MRN complex
may involve initiating and stabilizing t-loop formation

this region contains a sequence at codons 682—-693by tethering the invading overhang to the telomeric

that is highly conserved from yeast to human. Im-
portantly, the Mrell-binding domain is essential
for IR resistance and the nuclear localization of the
complex[129]. To summarize this, Nbsl is likely to
represent a regulatory subunit of the MRN complex,
which is involved in its nuclear localization, signal
transduction and catalytic activatiof89,136,137]

It is also a regulator of the ATP-driven unwinding
and nuclease activities of the MRN complgx0],
which it recruits to the vicinity of DNA damage sites
by direct binding of phophorylated histone H2AX
[101,138]

4.3. Interacting partners

There are interactions of the MRX/MRN com-

duplex.

The S cerevisiae ZIP1 andZIP2 gene products are
required during meiosis to mediate the synapsis of
homologous chromosomes. Whereas Zip2 appears to
be an initiator of this process and recruits the synap-
tonemal complex (SC) proteins to the chromosomes
[147], Zipl is an integral part of the S[248]. Since
synapsis starts at the sites of meiotic recombination
events, which are initiated by DSB formation, mu-
tants having an impairment in DSB formation do
not exhibit localization of Zipl and Zip2 to meiotic
chromosomeg§l47]. Therefore, it was speculated that
Zip2 is attracted to the site of DSB, possibly by inter-
acting with recombination protein(s), and promotes
the assembly of the Zip]149]. Indeed, Zip2 was
found to co-localize extensively with MrelTdble 1,

plex in addition to those amongst the components of Fig. 2) and, by inference, with Rad50 and Xridg27].

the complex themselveddble 1 Fig. 2). Based on Consequently, Zip2 appears to represent a bridge be-
these interactions, further roles of the MRX/MRN tween the initiation of meiotic recombination and SC
complex have been proposed. In mammalian cells, formation. Both Zipl and Zip2 interact physically
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Table 1
Homologous recombination factors 8accharomyces cerevisiae and humans
S cerevisiae Humans Biochemical activity/function Interacting partners
Rad50 Rad50 ATP-dependent DNA-binding activity; ATPase activity Yeast: Mrell; human: Mrell, Nbs1,
Rint-1, Trf2, Brcal, Bloom’s syndrome
protein, PCNA
Mrell Mrell 3to 5 dsDNA exonuclease and ssDNA endonuclease Yeast: itself, Rad50, Xrs2, Zip2, Zip3;
activities; DNA-binding activity; sSSDNA annealing activity; human: Mlh1, Trf2, Ku70, Bloom’s
DNA duplex unwinding and hairpin cleavage activities syndrome protein
Xrs2 Nbsl Human: regulates DNA duplex unwinding and nuclease Yeast: Mrell; human: Sp100, Trfl,
activities of the MRN complex; recruits the MRN complex to  Trf2, E2f1
vicinity of DNA damage
Rad51 Rad51 ATP-dependent DNA-binding activity; ATP-dependent Yeast: Rad52, Rad54, Rad55,
homologous pairing and DNA strand exchange activities Rdh54/Tid1, Sgsl, Rsil/Apc2, Zip3,
Dmc23, Mih1, Sapl, Ubc9, YMR233W,
YPL238C, YPR011C; human: Rad51C,
Rad52, Rad54, Rad54BWerner's
syndrome protein, Xrcc3, c-Abl, p53,
Brca®, Brca2, Ube2l/Ubc9, Ubl1l,
Pir51, Rpbl
- Rad51B DNA-binding activity (enhanced in complex with Rad51C); = Human: Rad51C
protein kinase activity; DNA-stimulated ATPase activity
- Rad51C DNA-binding (enhanced in complex with Rad51B, also Human: Rad51, Rad51B, Rad51D,
exhibited in complex with Xrcc3); DNA-stimulated ATPase Xrcc3
activity; ATP-independent DNA strand exchange activity;
ATP-independent and Mg-dependent homologous pairing
activity on its own or in complex with Xrcc3; forms
filamentous structures in complex with Xrcc3
- Rad51D DNA-binding activity on its own or in complex with Xrcc2; Human: Rad51C, Xrcc2
DNA-stimulated ATPase activity; ATP-independent and
Mg?*-dependent homologous pairing activity in complex with
Xrcc2; forms filamentous structures in complex with Xrcc2
Rad52 Rad52 DNA-binding activity; ssDNA annealing activity; weak DNA  Yeast: Rpa, Rad51, Rad52, Rad59;
strand exchange activity; weak homologous pairing activity = human: Rpa, Rad51, Rad52,
Ube2l/Ubc9, Ubll, Xpb, Xpd, c-Abl
Rad54 Rad54 DNA-binding activity; dsDNA-dependent ATPase activity; Yeast: Rad51, Mus81; human: Rad51,
dsDNA unwinding activity; dsDNA topology-modifying activity Mus81
Rdh54/Tid1 Rad54B DNA-binding activity; dsDNA-dependent ATPase activity Yeast: Rad51, Dmcl; human@Rad51
Rad55 Xrcc2 Yeast: ATPase; human: DNA-binding activity on its own or in Yeast: Rad51, Rad57; human: Rad51D
complex with Rad51D; ATP-independent and #edependent
homologous pairing activity in complex with Rad51D; forms
filamentous structures in complex with Rad51D
Rad57 Xrcc3 Yeast: ATPase; human: DNA-binding activity on its own or in Yeast: Rad55, Zip3; human: Rad51,
complex with Rad51C; ATP-independent and Medependent  Rad51C
homologous pairing activity on its own or in complex with
Rad51C; forms filamentous structures in complex with Rad51C
Rad59 - DNA-binding activity; ssDNA annealing activity Yeast: Rad52, Rad51

For references, see text.
aMeans indirect interaction or interaction that was detected by one method but the other failed to confirm it.
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(A

‘EadS - Rad51 | —

Rsi1 ’ \

Fig. 2. Protein—protein interaction network among the proteins known to be involved in homologous recombin&siocerievisiae.
Interactions that occur or might occur in mitosis (A) and meiosis (B). See text for details. Question mark means that interaction is either
indirect or that there is an unsatisfactory evidence for the particular interaction.
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with another component of the synapsis initiation
complex, Zip3. Zip3 was also shown to associate
with a number of other HR factors, including Mrell,
Rad51 and Rad57Téble 1 Fig. 2) [150] and might
thus constitute a key component that links HR to SC
formation.

The MRN complex, through its Rad50 subunit,
also interacts with a novel protein named Rint-1
(Table 1. This interaction seems to be cell cycle
regulated and restricted to late S and/I@ phases,
suggesting a role of Rint-1 at these time windows
during cell cycle progression. In agreement with this,
Rint-1 was shown to affect £8M transition upon
IR exposure. This indicates an important role of the
Rint-1 in DNA damage-induced checkpoint control
[151].

Furthermore, the MRN complex associates with
the E2fl transcription factorTable 1), which can

also control the transcription of genes that encode en-

zymes involved in DNA replication. Both Nbs1 and
Mrell are required for this interaction, as the interac-
tion is abrogated or significantly reduced in NBS and
ATLD cells, respectively. There is evidence that the
MRN-E2f1 interaction occurs near the origins of DNA

A. Dudas$, M. Chovanec/Mutation Research 566 (2004) 131-167

5. Rad51
5.1. Mutant phenotype

The S cerevisiae rad51 mutants were isolated by
screening for mutants that were sensitive to IR and
had reduced mitotic and meiotic recombinat{6#].

In addition to sensitivity to IR, thead51 mutant is
sensitive to a number of chemical agents, namely
adriamycin [156], bleomycin [156—158] cisplatin
[156,158] MMC [156,158] N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG)159], MMS [160,161 our
unpublished results]and photoactivated 8-metho-
xypsoralen (8-MOP)[161,162] It is also sensitive

to many other anticancer drugs representing different
alkylating agents, antimetabolites and topoisomerase
poisons[158]. Moreover, therad51 mutation affects
various recombination evenfs63—166]although the
null mutant is viabld167,168] In meiosis, it accumu-
lates meiosis-specific DSB at recombination hotspots
[169], is partially defective in the formation of phys-
ical recombinantg167], and has poor sporulation
efficiency and very low spore viabilit{p4].

In contrast to yeast, Rad51 is indispensable in higher

replication and is basically restricted to non-stressed S eukaryotes:RAD51~/~ knockout mice arrest early

phase cells. This indicates a link between MRN-E2f1
complex formation and the activity of replica-
tion origins [152]. Since the MRN complex also
co-localizes throughout S phase with the sliding clamp
PCNA (proliferating cell nuclearantigen) (Table J
[141,152] these results collectively suggest that the
MRN complex influences both the regulation and pro-
gression of DNA replication. This is presumably the

during embryonic developmefit1,72] RAD51B~/~

and RAD51D~/~ (for details on theRAD5I-like
genes, see text below) knockout mice also die during
early embryogenesig’6,78], although those with an
XRCC2~/~ mutation survive until later and die only at
birth [77]. This suggests that high-fidelity DSB repair
by Rad51-dependent HR is required for embryonic
development probably because it operates on DSB

mechanism by which it suppresses genomic instability generated during cell proliferation. LiKRAD51~/~

[152].
The promyelocytic leukemia (PML) protein is a
nuclear phosphoprotein that localizes to distinct do-

knockout mice,RAD51~/~ chicken B lymphocyte
DT40 cells are not viablgl 70]; however, inactivation
of other RAD51-like genes is tolerated171-174]

mains in the nucleus, described as PML nuclear bod- Chicken DT40 cell lines, each deficient in a different
ies (PML-NBs). It has been shown that small amounts RAD51-like gene, exhibit very similar phenotypes, as
of Nbsl and Mrell are associated with PML-NBs they are moderately and highly sensitive to killing
[143]. Subsequent studies showed that Nbs1 is local- by IR and cross-linking agents (MMC and cisplatin),
ized to PML-NBs via interaction with one of its com-  respectively, and are impaired in HR. Moreover, they
ponents, Spl100rable J [153]. Since PML protein is display spontaneous chromosomal aberrations and
involved in several p53-dependent cellular processes significantly attenuated Rad51 focus formation during
[154,155] it has been speculated that the localization HR after IR exposurd174]. The V79 hamster cell
of Nbs1 in PML-NBs via Sp100 might link DSB repair  lines irs1 and irs1SF, which are mutated in KRCC2

to p53-dependent cellular processes, such as apoptosisind XRCC3 genes, respectively, show sensitivity to
and cell cycle arredtl53]. cross-linking agents, ethyl methanesulphonate, UV
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light and IR, a defect in rejoining DSB (for a re- genes,RAD51B, RAD51C, RAD51D, XRCC2 and
view, see[175]), and a decrease in HR induced by XRCC3, have been cloned62,63,66—68,186,187]
DSB [176-178] In addition, they exhibit severe The GdRad51 protein was shown to share 68% iden-
chromosomal instability67,179] which might be a  tical amino acid residues with ScRad@B8].
consequence of impaired HR. Derivatives of irslSF  As already mentioned, ScRad51 was proposed to
cells having a single, integrated copy of the HR sub- be the main RecA-like recombinase $ cerevisiae,
strate display a radically altered HR product spectra playing a crucial role in both mitotic and meiotic
[180]. It has therefore been suggested that genomic recombination as well as in DSB repair. Like RecA,
instability caused by defects in HR cannot solely be ScRad51 has an ATP-dependent DNA-binding ac-
attributed to the failure to initiate HR, but also to the tivity and polymerizes on both ssDNA and dsDNA

aberrant processing of HR intermediates. forming helical filaments, only the ScRad51-ssDNA
nucleoprotein filament being functionally relevant
5.2. Gene and protein for DNA strand exchangg¢189-191] Nevertheless,

there are some important differences between RecA

The S cerevisiae RAD51 gene was cloned and and ScRad51 (for a review, s§E82]). The two pro-
sequenced simultaneously in three laboratories teins differ mainly in their requirements for initiating
[167,168,181] The predicted ScRad51 contains 400 joint molecules and in the polarity of branch migra-
amino acid residues and has a molecular weight of tion. Thus, the RecA protein is able to initiate joint
43kDa[181]. ScRad51 comprises three regions: the molecules from any dsDNA ends and branch migration
N-terminal region (amino acids 1-154), the central proceeds only in the’50 3 direction with respect to
core region (amino acids 155-374) and the C-terminal the ssDNA substrate. In contrast, ScRad51-catalyzed
region (amino acids 375-40(0B3,182] Based on initiation requires overhanging Br 3 ends of linear
the protein sequence, ScRad51 is considered to bedsDNA and branch migration proceeds in both direc-
a structural and functional homologue of the tions [192,193] although the 5end of the ssDNA
coli RecA protein[167,168,181] The overall amino is more invasive than the’ 2nd [194] and branch
acid sequence similarity and identity between RecA migration in the 5to 3 direction is favored192].
and ScRad51 is 54 and 29%, respectivid$,167, Moreover, RecA binds more strongly to ssDNA than
168,183] The most conserved regions are representedto dsDNA, while the preferred DNA substrate for
by Walker type A and B motif$¢33,181]in the cen- ScRad51 is dsDNA with ssDNA tai[494]. RecA also
tral core region167] where RecA and ScRad51 are has higher ATPase activity on ssDNA than ScRad51
61% similar and 35% identicgB3,167] Compared [182]. Like RecA and ScRad51, HsRad51 binds both
to RecA, ScRad51 lacks about 112 amino acids at ssSDNA and dsDNA and exhibits a DNA-dependent
the C-terminus but has an extension of about 120 ATPase activity185,195] DNA-binding by HsRad51
amino acids at the N-terminy83,167,168,182,184] is mediated by the N-terminal domain (amino
In addition, ScRad51 has a putative leucine zipper acid residues 19-83) of the protejth96,197] and
motif between amino acid residues 296 and 317 is dependent on ATP hydrolysifl95]. HsRad51
[52]. also promotes an ATP-dependent homologous pair-

The human and moudRAD51 genes were isolated ing and DNA strand exchange reactions in vitro
by Shinohara et a[59] and Morita et al[58]. Both [195,198-201]
genes encode 339-amino acid proteins with a pre- In comparison to RecA, the extent of ScRad51-
dicted molecular weight of 36.9kDa. The deduced mediated DNA strand exchange is rather limited
amino acid sequences of the proteins are 83% similar [190]. The efficiency of this reaction can be enhanced
and 67% identical to that of ScRad$48,59] and by the addition of ScRpa (the yeast replication pro-
55-56% similar and 30% identical to that of RecA tein A) after ScRad51 has nucleated onto ssDNA
[58,185] Despite the extensive sequence similarity [202,203] When both proteins were added simultane-
between HsRad51 and ScRad51, the HsRad51 pro-ously, no stimulation was observgD4]. Presumably
tein cannot complement the defects of yeemd51 a stable Rpa-ssDNA complex prevents the forma-
mutants[59]. Several additional humaRAD51-like tion of Rad51-ssDNA filaments through competition
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between Rpa and Rad51 for the same ssDNA-binding as well as Xrcc3—Rad51C and Xrcc2—Rad51D com-

site [205]. The rate-limiting step of the displacement

plexes also preferentially bind to ssDNA versus

reaction is probably the nucleation of the Rad51 pro- dsDNA.

tein onto ssDNA. Once nucleation occurs, extensive

In addition to their DNA-binding activities,

displacement of Rpa occurs by growth of the Rad51 Rad51B, Rad51C and Rad51D exhibit DNA-stimu-

filament along the ssDNA205]. The inhibitory effect

lated ATPase activities, which are dependent on the

of Rpa can be overcome by addition of the Rad52 presence of a divalent catigg11,214—216]Further-

protein or theS. cerevisiae Rad55—-Rad57 heterodimer

(for details on Rad55-Rad57, see text below), sug-

more, Rad51C, but not Rad51B, displays an apparent
DNA strand exchange activity, which is comparable to

gesting that these proteins aid in the replacement that of Rad51. Contrary to expectations, this activity is

of Rpa by Rad51[204,206,207] Like ScRad51,
HsRad51 has also limited DNA pairing and strand
exchange activity compared to RedA82,208,209]
but this can be augmented by HsR[EO8-200]
HsRad52210], or the Rad51B—Rad51C heterodimer
[211].

Until recently, very little was known about the bio-
chemical properties or precise biological functions of

not dependent on ATP and results from the ability of
Rad51C to melt and separate duplex DNA. Since such
activities have not been described for Rad51, DNA
melting and strand separation are unique to Rad51C
[214]. Unique to Rad51B is that it specifically binds
to synthetic Holliday junction$215]. Such individ-

ual biochemical properties of the Rad51-like proteins
might explain embryonic lethality iRAD51-like gene

the Rad51-like proteins. Recently, however, signifi- knockout mice and this suggests that the encoded pro-
cant progress has been made in this field. For example,teins do not have redundant functions, as originally
it has been reported that the Rad51B protein exhibits thought. Therefore, Rad51-like proteins either have
a protein kinase activity: it phosphorylates and phys- highly specific functions in HR or, more likely, each
ically interacts with a number of different proteins, of them functions under certain conditions in certain
including p53, cyclin E, and Cdk212]. Discovering cell types and/or at certain cell cycle or developmen-
a protein kinase activity for Rad51B represents a first tal stages. The latter is supported by the finding that
step toward understanding how this protein affects the XRCC2 and XRCC3 genes are expressed in the
cell cycle progression and causeg @Gelay [213]. brain[67], whereRAD51 expression is very 1o59].
Furthermore, some biochemical properties of Rad51B  The Xrcc3—Rad51C and Xrcc2—Rad51D com-

[214,215]and Rad51@214] as individual proteins, as
well as of the Rad51B—Rad51C complgx1,214]

plexes were shown to exhibit ATP-independent
and Mg¢*-dependent homologous pairing activity

have been established. Both Rad51B and Rad51C[218,219] Homologous pairing was not catalyzed by

bind to various DNA substratg®211,214,215] pref-

erentially to dsDNA with 3tailed ssDNA [214].

Interestingly, DNA-binding by the Rad51B—Rad51C
complex is enhanced over the individual proteins
[214], indicating that the physical interaction between
Rad51B and Rad51C is required for more efficient
DNA-binding. The relative affinities of Rad51B and
Rad51C for DNA have been compared to that of

Rad51B itself, suggesting that this protein may play
a role in HR that is different from the other Rad51-
like proteins[215]. As Rad51C alone also promoted
homologous pairing, although less efficiently than
Xrcc3—-Rad51C, it may represent a catalytic subunit
of Xrcc3—Rad51C in this proce$818]. On the other
hand, Xrcc3 seems to be a catalytic subunit of the
complex that is required for DNA-binding218].

Rad51 and found to be Rad51C > Rad51 > Rad51B Unfortunately, experiments by Kurumizaka et al.
[214] therefore suggesting that Rad51B and Rad51C [218] lacked Xrcc3-only controls in the reactions,

bind to the site of the break after 8nd resection

and that Rad51C is very important for this process.

The notion that the Rad51-like proteins play a role
in the initial steps of HR, mainly in ssDNA-binding,

is strengthened by the results of Braybrooke et al.

[216], Masson et al[217] and Kurumizaka et al.
[218,219] who together showed that Rad51D alone

and this makes the results difficult to interpret. In
the presence of ssDNA, both the Xrcc3—Rad51C and
Xrcc2—Rad51D heterodimers form filamentous struc-
tures, which markedly differ from that formed by
RecA or HsRad51218,219]

Despite the universality of the Rad51 proteins,
ScRad51 is not indispensable for all forms of
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DSB-induced recombination i%. cerevisiae [220]. heterodimers might have the same role in HR in
There are at least two pathways for HR that can mammalian cells through a Rad51C-mediated inter-
be distinguished according to their requirement for action with Rad51[214,240] However, this possi-
the Rad51 protein, the Rad51-dependent and thebility was tested for the Rad51C—Xrcc3 heterodimer
Rad51-independent pathways, both of which, how- and was shown not to be the caf18]. Further-
ever, share a common requirement for Rad3a]. more, Rad51D associates with Rad51C and Xrcc2
Rad51 is as essential as Rad52 for some processes|216,237,239,240](Table 1. Therefore, there are
such as DSB-induced gene conversion involving two clearly at least two complexes of the Rad51-like pro-
homologous chromosomes. It is, however, less impor- teins in human cells: Rad51C—Xrcc3 and Rad51B-
tant, or even dispensable, for other types of events suchRad51C—-Rad51D-Xrcc2, both containing Rad51C as

as spontaneous recombination, DSB-induced DNA a componenf237,239,241,242]

replication (BIR) and some types of DSB-induced
events such as SSK].

5.3. Interacting partners

One of the most astonishing features of eukaryotic
Rad51 proteins is that they interact with multiple
proteins. It has been found that ScRad51 physi-
cally associates with itself160], and with other
proteins of the RAD52 epistasis group including
Rad52[167,221,222] Rad54[223-225]and Rad55
[226-228] Furthermore, it weakly interacts with
Rdh54/Tid1[229], a homologue of Rad5@30,231]
and Sgsl1[232], a S cerevisiae homologue of the
human Bloom’s syndrome and Werner's syndrome
proteins[233] (Table 1 Fig. 2.

Like its yeast counterpart, HsRad51 protein inter-
acts physically with itselff234], Rad52[209,234]
Rad54[235] and the Werner’s syndrome prot¢286]
(Table 3. Although its interaction with Rad54B, a
protein that shares homology with ScRad54, was
detected by co-immunoprecipitation, the two-hybrid
assay failed to confirm this and it was therefore

Interaction studies clearly demonstrated the
formation of a complex involving a large number
of proteins during HR in eukaryotes. For the yeast
S cerevisiae, this complex was named thiecombi-
nosome [225,226,243Jand it also involves Rpf244]
(Table 1 Fig. 2). The existence of theecombinosome
in vivo was supported by the observation that Rpa,
Rad51, Rad52, Rad55 and Rad57 co-localize to the
sites of DSB during meiotic recombinatidi245].
However, it is not clear whether these interactions oc-
cur to form a single complex or rather several smaller
complexes each comprising two or more of the in-
teracting proteins. Recent results have indicated that
the assembly of the whole complex might be sequen-
tial, with competitive binding of substrate, ATP, or
the protein components of the recombination—repair
complex to Rad55246]. Therefore, it is likely that,
at any point in time, the composition of thecombi-
nosome will depend on the phase of the recombination
process.

A meiosis-specific role for the ScRad51 protein
might, at least in part, be related to Rsil/Apc2, the
subunit of the anaphase-promoting comp247], or

suggested that the Rad51 and Rad54B interactionto Zip3, a protein that might link HR to SC formation

may be indirect[69]. There had been several in-
dications that the Rad51-like proteins might form
complexes with Rad51 and/or with one another. In-
deed, it was shown that Rad51 interacts with Xrcc3
[67,237] and that Rad51C interacts with Rad51B,
Xrce3 and weakly with Rad5166,214,237-239]

(Table ). Compared to that of Rad51C—HsRad51, the

(see above]248], as these proteins were shown to
interact physically with ScRad5150,229](Table 1

Fig. 2). ScRad51 is also associated with ScDmcl
(Table 1 Fig. 2), a meiosis-specific RecA homologue
involved in reciprocal recombination and formation
of the SC[249]. Although two-hybrid analysis sug-
gested that these two proteins do not interact directly

Rad51C-Rad51B and Rad51C—Xrcc3 interactions arein yeast[229], they do co-localize to nuclear foci
highly stable and resemble those of the Rad55-Rad57during meiotic recombinatiorf229,250,251] This

heterodimer. By analogy with yeast, where the is somewhat in contrast to mammalian cells, where
Rad55—-Rad57 heterodimer interacts via Rad55 with interaction between HsDmcl and HsRad51 was
Rad51 and enhances Rad51-dependent homologouslemonstrated both by the two-hybrid system and by
pairing [204], Rad51C-Rad51B and Rad51C-Xrcc3 co-immunoprecipitatiofi252,253]
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Systematic identification of protein complexes in
S cerevisiae by high-throughput mass spectrometric
protein complex identification (HMS—PCI) revealed
an interaction between Rad51 and the MMR protein,
Mlh1 [86] (Table ). MMR proteins are known to
inhibit recombination between non-identical DNA se-
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BRCA1~/~ and BRCA2~/~ knockouts show embry-
onic lethality[72,266,267] suggesting functional sim-
ilarity and/or cooperation between Rad51 and Brcal or
Brca2 in embryonic development. Interestingly, Brcal
also interacts with c-Abl. This interaction is disrupted
following IR in an ATM-dependent process and leads

guences, and hence prevent genome rearrangementto the increase of c-Abl tyrosine kinase activig68].

that might result from interactions between repeti-
tive elements (for a review, sg@54]). One of the
components of MMR, MIh1, interacts with multiple
proteins involved in DNA repair and/or replication
[255] and is considered to beraolecular matchmaker

or coordinator[256]. The Rad51-MIhl interaction
might therefore be important for coupling HR with
MMR and/or for the interconnection of recombination
with other cellular processes such as DNA replica-
tion. In addition to HMS-PCI, Uetz et al. undertook
two genomic-scale two-hybrid screens to identify
protein—protein interactions between full-length open
reading frames predicted from th& cerevisiae
genome sequend@28]. This analysis revealed that
the Radb51 protein further interacts with the Sapl
and Ubc9 proteins (see below)able 1. Moreover,

The tumor suppressor protein p53, which is involved
in G1/S and probably &M checkpoints, also asso-
ciates with Rad51269-271](Table 1) as well as with
Brca2 [265] and Brcal[272]. Taken together, these
results indicate that HR may act in concert with tu-
mor suppression and cell cycle checkpoint proteins to
maintain genome integritf273].

Two-hybrid analysis has revealed other proteins
that bind to HsRad51. The hum&ahE2l/UBC9 gene
encodes ubiquitin-conjugating enzyme 9 (HsUbc9)
[274], an enzyme involved in the conjugation of
SUMO-1/Ubl1 to target proteins. In human cells,
the SUMO-1 pathway was shown to interact with a
number of cellular processes including DNA repair
(for a review, se¢275]). HsUbc9 and SUMO-1/Ubl1
possess counterparts $ cerevisiae that are highly

ScRad51 interacts with the products of three open homologous to the human proteifa74]. This sug-

reading frames, YMR233W, YPL238C and YPR011C
[228] (Table ), whose function is still unknown.
There is compelling evidence in mammalian cells

that the recombination machinery is subjected to mod-
ulation by gene products that have a tumor suppres-

sion function. One of them, c-Abl, a non-receptor
tyrosine kinasg257], was shown to associate with
Rad51 and Rad52ZTéble ) and phosphorylate both
proteins in an ATM-dependent manner after IR ex-

gests conservation of the SUMO-1 pathway through-
out evolution. Both the yeast and the human Ubc9
bind to Rad51[228,276,277]and HsUbc9 further
associates with Rad5R77] (Table 1. Moreover,
non-conjugated SUMO-1/Ubl1 forms a complex with
HsRad51 and HsRad4278] (Table 1. It is reason-
able to conclude that the association of HR with the
SUMO-1 pathway is biologically significant. In sup-
port of this, it was shown that overexpression of the

posure. This phosphorylation enhances complex for- SUMO-1/Ubl1 protein downregulates DSB-induced

mation between Rad51 and Radz58-260]and is
responsible for IR-induced Rad52 nuclear focus for-
mation[261]. Other tumor suppressor proteins, Brcal
and Brca2, co-localize with Rad51 to nuclear foci
following DNA damage in mitotic and meiotic cells
[262,263] Moreover, Brcal and Rad51 were reported
to co-immunoprecipitatf262]. Nevertheless, a direct

HR and reduces cellular resistance to IR in mam-
malian cells[278]. Hence, Li et al[278] suggested

a regulatory role for SUMO-1/Ubl1l in HR. Pir51
was also isolated as an HsRad51-interacting protein
(Table J using the two-hybrid systelf279]. Consis-
tent with this, a mouse homologue of Pir51, Rab22,
was shown to interact with the mouse Rad28&0].

physical interaction between Brcal and Rad51 was not Purified HsPir51 protein binds ssDNA and dsDNA, as

confirmed in other studigl64] (Table ). The asso-
ciation of these two proteins is therefore likely to be
indirect and perhaps mediated by Brdas3]. Brca2
interacts directly with Rad51Téble 1), and the in-

well as RNA, and causes aggregation. For this reason
it was proposed that Pir51 may represent a new mem-
ber of the multiprotein complexes involved in HR in
mammalian cells[279]. Finally, the association of

teraction domain was mapped to the BRCT repeat in HsRad51 with the largest subunit of RNA polymerase

Brca2[263-265] Like RAD51~/~ knockout mice, the

Il (Rpbl) has been reportdd81] (Table 1.
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6. Rad52
6.1. Mutant phenotype

The S. cerevisiae rad52 mutant was originally iso-
lated on the basis of its increased sensitivity to IR
and MMS [54]. Subsequent experiments linked IR
sensitivity to defective DSB repaj82]. In addition
to IR and MMS, therad52 mutant is highly sensitive
to a wide spectrum of DNA damaging agents, includ-
ing bleomycin, cisplatin, MNNG, 8-MOP, hexavalent
chromium, MMC, actinomycin D and many other

145

Rad22A and Rad22B/Rti]295,296] the latter re-
sembling the vertebrate Rad52 protein in terms of its
ability to confer a mild phenotype when mutafédd].

6.2. Gene and protein

Although theS. cerevisiae RAD52 gene was cloned
and sequenced almost 20 years §887], the bio-
chemical function and the structure of the protein have
only recently been revealed. Based on the results by
Mortensen et a[298], the size of the ScRad52 protein
is likely to be smaller than that proposed originally:

alkylating agents, antimetabolites and topoisomerase the actual transcriptional start site is the third putative

poisons[156-158,161,283—-286tad52 mutant cells

initiation codon located within the N-terminus of the

exhibit severe defects in various spontaneous and original RAD52 gene[297]. Consequently, ScRad52

DNA damage-induced mitotic recombination events,
such as SSA[287], mating-type switching[288],
Rad51-dependent gene convers|@ag9], BIR [290],
BIR coupled to SSA220] and the formation of Holli-
day junctiong291]. Moreoverrad52 mutation affects
the process of meiotic recombination: diplaigd52
mutant cells fail to produce viable sporgs4] and
accumulate single-strand breaks in parental DNA dur-
ing meiotic DNA synthesi§292]. Of all the RAD52
epistasis group mutants, thad52 mutants show the

consists of 471 amino acid residues and has a molec-
ular weight of 52.4kDa. Since the 471 amino acid
protein did not produce an altered phenotype nor did it
change the size and cellular concentration of ScRad52,
it indeed represents the actual length of the protein
[298]. Moreover, the 471 amino acid protein comple-
ments the MMS sensitivity and meiotic recombina-
tion defects of thead52 mutants[299]. In addition,

the Rad52 homologues fror8. pombe and verte-
brates lack the first 33 amino acids of the N-terminus

most severe recombination defects and sensitivity to proposed originally to be present in ScRad58&].

DSB-inducing agents. The Rad52 protein therefore
has an indispensable role in DSB repair and mitotic
and meiotic recombination i8. cerevisiae [53,293]

In contrast td(RAD51~/~ knockout miceRAD52~/~
mice are viable and fertile and show no gross ab-
normalities[74]. RAD52~/~ murine ES cells have a
reduced capability of performing HR, indicating that
the mammalian Rad52 protein, like its yeast counter-
part, plays a role in HR. However, in contrast $o
cerevisiae, mammalian Rad52 does not seem to be
involved in the repair of lethal DNA damage induced
by IR, MMS, cross-linking agents and UV light4]
and similar results were obtained wifRAD52~/~
chicken DT40 cellg294]. These findings were un-
expected, considering the severe phenotype ofsthe
cerevisiae rad52 mutant cells. Possible explanations
for this difference in phenotypes could be that in

higher eukaryotes there is an as yet unidentified ho-

mologue of theRAD52 gene[74,294] or the absence

The human and mou$RAD52 cDNAs were cloned
and shown to encode proteins of 418 and 420 amino
acid residues, respectively. The identity between the
two proteins is 69% and the overall similarity 80%.
Amino acid sequence identity and similarity between
ScRad52 and HsRad52 is about 30% and 50%, re-
spectively [113,300-302] being markedly higher
within the N-terminus. The chickeRAD52 counter-
part encodes a protein the region between codons 40
and 178 of which is strongly homologous to that of
ScRad57303].

The Rad52 protein non-cooperatively binds both
ssDNA and dsDNA298,299,304—-310]this activity
being localized to the conserved N-terminus of the
protein [298,304,308-310] This was supported by
mutational analysis of HsRad52 which showed that
a positively charged site on the protein (amino acid
residues 1-212) is essential for bindif8P9]. Elec-
tron microscopy studies showed that Rad52 bound

of Rad52 can be compensated by an alternative repairto sSDNA forms ring-like structures with a diameter

pathway. The former is supported by the existence in
the fission yeass. pombe of two Rad52 homologues,

of approximately 10 nm each containing a hole at its
centeff299,305,307-311ksDNA—-Rad52 complexes,
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in which the Rad52 rings are distributed along the and ScRad52-ScRad51 protein—protein interactions in
length of the DNA substrate, resembiecklaces which ScRad52 allows ScRad51 to gain access to the
[299] or beads on a string [305]. At higher protein ssDNA by facilitating the displacement of ScRpa. By
concentrations, Rad52 forms 30 nm diameter su- targeting the ScRad51 protein to ssDNA, ScRad52
per rings on ssDNA[305]. Scanning transmission also reduces the sequestration of ScRad51 by dsDNA.
electron microscopy and sedimentation equilibrium More recent results indicate that ScRad52 alone can-
studies demonstrated that each ring consists of sevennot displace ScRpa from ssDNA. Instead, ScRad52
full-length HsRad52 monomef809,311] whilst oth- forms a co-complex with the ScRpa-ssDNA complex
ers have reported an average of six and ten monomersand recruits ScRad51 onto ssDNA: subsequently,
per ring for the full-size HsRad52 and N-terminal frag- ScRad51 displaces ScRpa. Secondly, ScRad52 pro-
ment of HsRad52, respective]$08,310] The crystal motes formation of a single contiguous filament by
structure of the N-terminal fragment of HsRad52 contributing additional stability through its physi-
shows a ring of eleven monomef309,312] These cal interaction with ScRad51, resulting in a reduced
results together demonstrate the existence of two ring requirement for ScRpa. Since ScRpa is involved
forms of Rad52: a heptamer of the full-length Rad52 in multiple cellular processes, ScRad52 may buffer
and an undecamer of the N-terminal domain of Rad52. DNA strand exchange against the competing demands
It has been suggested that these heptameric and unof other ScRpa-requiring processes, especially under
decameric rings might represent the oligomerization conditions of severe genotoxic stress, by substantially
states generally exhibited by the Rad52 homologues expanding the range of ScRpa concentrations over
[309]. It would thus be interesting to discover what which DSB repair can efficiently occii817].

ring structure is adopted by th& cerevisae Rad59 The Rad52 protein has also been reported to have
protein, a homologue of the N-terminal domain of a weak homologous pairing activity, although signif-
ScRad52 (for details on Rad59, s&ection 10.2 icantly lower than that of RecA184,209,307,309]
[165,313] or by alternative splice variants of HsRad52 In HsRad52, this activity resides in the conserved
that contain most of the conserved N-terminal region N-terminal domain of the proteif209,307,309]and

of the protein[314]. suggests a role for the Rad52 proteins in the homolo-
The Rad52 protein also promotes annealing of com- gous pairing step of HR.
plementary ssDNA299,304,306,310,312]frrespec- In addition to its role in DNA-binding and ho-

tive of its length[299,304] an activity that in humans  mologous pairing, the N-terminus is responsible for
is retained by the N-terminal region of the protein homodimerization of Rad5R44,318,319] Recently,
[310,312] ScRad52-promoted strand annealing can an additional self-association domain (amino acid
be stimulated by the presence of ScHRa9,306] residues 218-418), distinct from that previously iden-
However, this depends on both the type and the length tified [318], has been found in the C-terminal portion
of the ssDNA substrate: only with plasmid-sized ss- of HsRad52[308], providing evidence for two dis-
DNA substrates with secondary structure is ScRpa tinct modes of Rad52 self-association. It seems that
essential for ScRad52-promoted DNA strand anneal- the C-terminal self-association domain is responsible
ing. In addition, strand annealing is stimulated only for the formation of higher order structures that are
when ScRpa is added to the DNA before ScRad52 larger than the 10 nm-ringe307,308,310] Interest-
[306]. Rad52 also serves as a mediator protein in ingly, the N-terminal homodimerization domain of
the Rad51-dependent DNA strand exchange reaction,HsRad52 was also assigned to be a Ubc9-interacting
where Rad52 is proposed to facilitate the loading of domain[277] so that interaction between HsRad52
Rad51 onto the recombination sj07,210,315,316] and HsUbc9 leading either to HsRad52 degradation or
The Rad52 protein plays two separate, successiveto modulation of its function, competes with HsRad52
roles to stimulate both the extent and the rate of DNA self-association.

strand exchange. Firstly, the presence of ScRad52 Recently, Asleson and Livingst¢&20]investigated

is particularly necessary in vitro to overcome the the stability of ScRad52 and concluded that mutations
inhibitory effects of ScRpd207]. This occurs by in the central region of the protein increase its cel-
a mechanism that is dependent on ScRad52-ScRpalular level and half-life. Because such mutations did



A. Dudas, M. Chovanec/Mutation Research 566 (2004) 131-167

not affectRAD52 mMRNA expression or stability it was

concluded that amino acid residues in the central re-

gion of ScRad52 are important for post-translational
modification of the protein. Asleson and Livingston

further hypothesized that this region is a domain that
is essential for interaction with a protein that affects
ScRad52 degradatid320].

The C-terminus of Rad52 is outside the con-
served region and is responsible for the physical
interaction with Rad51 in both the yeg&21] and
human proteins[234,307] The Rad51l-interacting
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fused to green fluorescent protein (ScRad52-GFP) also
revealed distinct Rad52 focus formation during meio-
sis[327]. Furthermore, Lisby et al. showed that Rad52
re-localizes from a diffuse nuclear distribution to dis-
tinct foci upon DSB induction by IR and the HO en-
donuclease, and that this almost exclusively occurs
during the S phase of mitotic cells. The fact that spon-
taneous ScRad52-GFP foci are also most frequently
observed in S phase cells and only rarely in ¢glls
implies a coupling between DNA replication and HR
[327]. Similarly, HsRad52 and MmRad52 re-localize

domains of ScRad52 and HsRad52 were mappedto form distinctive foci in response to DNA damage

to amino acid residues 407-41321] and 291-330
[234], respectively. Krdii et al. have produced the
rad524409-412 mutant carrying a four-amino acid
deletion within Rad51-interacting region of Rad52.
The Rad52409-412 mutant protein is unable to in-
teract with Rad51 and therefore lacks recombination
mediator activity, but has a normal ability to bind
ssDNA, mediate ssDNA annealing and oligomerize.
Although the rad524409-412 mutant is IR sensi-
tive, its sensitivity can be complemented by overex-
pression of Rad51321]. This suggests that in the
Rad51-dependent HR pathway, mediator function is
not the main role of Rad52 in the process of DSB re-
pair. The C-terminal domain of HsRad52 (amino acids
302-418) is also involved in interaction with two of
the subunits of transcription factor TFIIH, Xpb and

[243,328]resulting in co-localization with other HR
components[243,328] and providing evidence that
these proteins function together in DSB repair in mam-
malian cells.

6.3. Interacting partners

In both yeast and human cells, the Rad52 protein
interacts with Rad51160,167,209,221,222,226,234,
246,305,321 ]itself [244,305,308,318Rpa[206,207,
210,222,245,299,308,316,329,330hble 1 Fig. 2),
and Ubc9 and SUMO-1/Ublf277,331] (Table )
[277]. HsRad52 also associates with c-Abl tyrosine
kinase, as well as with two of the subunits of the
transcription factor TFIIH, i.e. Xpb and Xp{B22].
ScRad52 forms a complex with Rad59, a homologue

Xpd, and possesses transcription activation activity as of Rad52[332] (Table 1 Fig. 2) [86]. Interactions

measured by in vivo transcription assay. Interestingly,
the full-length HsRad52 suppresses transcription in
this assay322]. Since the transcription complex also
associates with HsRad51 (s&ection 5.3 [281], it

of Rad52 that are common with those of Rad51 are
discussed irBection 5.3

is reasonable to assume that the HR pathway plays 7. Rad54

a role in repair DSB encountered by the transcrip-
tion machinery and that HsRad52 oligomerizes in

order to suppress transcription and hence to coordi-

nate transcription with HR322]. In support of this,

7.1. Mutant phenotype

Mutations in RAD54 confer sensitivity to the

an interaction between transcription and recombina- DSB-inducing agents, 1R333,334] MMS [230,231]
tion, referred to as transcription-associated/stimulated and bleomycin [157], and this was ascribed to

recombination, has been reported $ cerevisiae
[323,324]

ScRad52 is induced during meiof325], but not in
response to DNA damagj@26]. In meiosis, the protein
forms foci and extensively co-localizes with Rpa and

defective DSB repaif335,336] rad54 mutants are
not defective in SSA337], spontaneous intergenic
recombinatior[338], BIR [339] and NHEJ[340]. On

the other hand, they are severely impaired in gene
conversion [231,338,339]and exhibit significantly

to a lesser extent with Rad51. The assembly of such increased genome-wide chromosome [888]. Mei-

foci was shown to be closely associated with the for-
mation of meiotic DSH245]. Studies with ScRad52

otic defects ofad54 mutants are rather mild compared
to those of other members of tHRADS52 epistasis
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group, resulting in spore viability ranging from 26
to 67%[230,231,341] Diploid rad54 mutant strains
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that are 94% identical and the chicken Rad54 protein
has 733 amino acid residu¢g344]. HsRad54 shares

have significantly reduced levels of spontaneous and with its yeast counterpart 48% identity and 68%

induced mitotic recombinatiof842].

RAD54~/~ knockout mice are viable and exhibit
normal V(D)J and immunoglobulin class-switch re-
combination. MouseRAD54~/~ ES cells display
defects in HR and are sensitive to IR, MMC, and
MMS, but not to UV light[73]: direct evidence that

similarity [350,351]

The S. cerevisiae RAD54 gene is inducible in both
haploid and diploid cells in response to IR, UV light,
MMS, and monofunctional and bifunctional furo-
coumaring[326,349,352] This induction was shown
to be cell cycle regulated, increasing in the ghase

these cells are defective in DSB repair was provided [353]. Consistent with this, expression of tRAD54

later[343]. Similarly, RAD54~/~ chicken DT40 cells

gene in Hela cells is increased in late ghasg350]

have been reported to be highly sensitive to IR and to and in mouse ES cells, the amount of the Rad54

have a reduced rate of H344,345] Moreover, they

protein is higher in the S and Qohases of the cell

show elevated levels of spontaneous cell death andcycle than in the @ phase[243]. Hence, cell cycle
spontaneous chromosomal aberrations (isochromatidregulation of theRAD54 expression, matching the

and chromatid breaks and gaps, and exchari{§és).
However, Sonoda et a[345] reported significantly

requirement for the HR proteins during DNA replica-
tion, appears to be conserved from yeast to humans.

reduced levels of spontaneous and MMC-induced In contrast to cell cycle regulatddAD54 induction,

sister chromatid exchanges (SCE) in fRaD54~/~
chicken DT40 cells. In mousRAD54~/~ ES cells, a

DNA damage induce@®AD54 induction is not evolu-
tionary conserved: in HelLa cells there is no increase

slightly lower level of spontaneous SCE was observed in RAD54 expression following IR[350]. Interest-

by Dronkert et al[343].
By generatindfRAD54~/~/KU70~/~ double knock-

ingly, deletions that eliminate induction d?AD54
transcription by DNA damage have no effect on

out mice Takata et al. were able to investigate the growth or survival of non-inducible cells relative to

contribution of NHEJ and HR to DSB repair in verte-
brate cells. Based on the sensitivity of R&D54~/—,
KU70~/~ and RAD54~/~/KU70~/~ cells to IR, the

wild type cells following DNA damage. Furthermore,
these deletions do not affect mating-type switch-
ing, induction of RAD54 during meiosis, meiotic

authors showed that the NHEJ and HR pathways are recombination, and spontaneous or IR-induced mitotic

complementary and that NHEJ plays a major role in
DSB repair in G/early S phase, while HR acts in late
S/G; phasq346]. Consistent with this are the findings
of Fukushima et al. who demonstrated tK&170~/~
knockouts are markedly sensitive to IR in/@arly S

recombinatiorj334]. Consequently, the biological rel-
evance oRAD54 induction by DNA damage remains
unclear.

The Rad54 protein shares seven conserved se-
guence motifs with the Swi2/Snf2 superfamily of

phase, but are as resistant as wild type cells to IR in late dsDNA-stimulated ATPases and DNA/RNA helicases

SIG; phasd347]. In contrast, a pulsed-field gel elec-
trophoresis study, measuring DSB rejoining up to 8 h
following IR exposure in the same knockoy8:8],
failed to show a contribution of HR. Therefore, it was
speculated that the contribution of HR to DSB repair
is at a stage following the initial rejoining of the bro-
ken strands.

7.2. Gene and protein

The S cerevisiae RAD54 gene encodes a protein
of 898 amino acid residues with a molecular weight
of 101.8kDa[349]. The human and mouseAD54

[354]. This superfamily includes proteins involved in
chromatin remodeling, chromosome segregation, tran-
scriptional regulation, and DNA repair and recombina-
tion [355,356] Biochemical analysis of the Swi2/Snf2
superfamily failed to demonstrate helicase activity,
but identified a dsDNA-stimulated ATPase activity
(reviewed in[355]). Consistent with this are findings
that whilst neither ScRad54 nor HsRad54 have DNA
helicase activity they both have DNA-stimulated AT-
Pase activity[225,357,358] The dsDNA-stimulated
ATPase activity is required for DNA repair and re-
combination in vivo [224,356,359—-361]and it is
indispensable for heteroduplex joint (D-loop) forma-

genes encode 83.4kDa proteins of 747 amino acidstion mediated by Rad54 in vitrg225,358] It has
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been suggested that Rad54 uses the free energy fronDNA junctions formed either during recombination
ATP hydrolysis to remodel DNA structure so that or at stalled replication forkf372—375] Mus81 fur-
both negatively and positively supercoiled domains ther interacts with Mms4374,376](Fig. 2), and this
are generated in the DNA templafd58,362] this interaction is necessary for triggering Mus81 endonu-
may be the result of Rad54 translocation along the clease activity{374]. It might thus be speculated that
DNA [359,362,363] Negative supercoils probably the Rad54-Mus81 interaction provides a link between
lead to DNA strand opening. The dsDNA-stimulated the early and late steps of HR.
ATPase and dsDNA unwinding activities of Rad54
have been shown to be stimulated by Rad51 and by
the Rad51-Rpa-ssDNA compld858,363,364] The 8. Rdh54/Tid1
ability of Rad51 to stimulate the Rad54-mediated
DNA remodeling activity requires DNA-binding by  8.1. Mutant phenotype
Rad51[358,362] In vitro experiments showed that
this effect is reciprocal: Rad54 significantly increases  Additional complexities in HR were revealed by
Rad51-mediated homologous pairing as well as het- the discovery of &2AD54 homologue RDH54 (RAD
eroduplex extensiof225,359,360,362,363,365Tol- homologue 54)IID1 (two-hybrid interaction with
lectively, these findings indicate that efficient homol- DMCL1) [229—-231] Therdh54/tidl mutant is not sen-
ogous pairing requires cooperation between Rad54 sitive to UV light and DSB induced by HO endonu-
and Rad51. clease[230,231,339] Furthermore, it is not sensitive
Recent results have demonstrated additional rolesto MMS at concentrations that kill thead54 mutant,
for Rad54 in HR. Thus, the Rad54 protein can move but it is sensitive to prolonged exposure to higher
nucleosomes along DNA in either of the two possi- concentrations of this agent. Interestingly, tiael54
ble directions and remove them from the DNA, pro- rdh54/tidl double mutant is slightly more sensitive to
cesses that are dependent on ATP hydrolysis and en-MMS than therad54 single mutant and, a defect in
hanced by a pre-assembled Rad51-ssDNA complex. Itinterchromosomal gene conversion during mitosis is
has therefore been suggested that nucleosome slidingnore severe in thead54 rdh54/tidl double mutant
is the mechanism by which HR overcomes the inhi- than that in thead54 single mutant. In diploid cells,
bition imposed by nucleosomes, a process that would rdh54/tidl mutations cause a marked decrease in
integrate Rad54 function into the pre-synaptic events interchromosomal recombination and in growth retar-
of HR [366]. This contribution of Rad54 to presynap- dation, the latter probably due to attempted but incom-
tic events has been supported by the discovery thatplete recombinatiorj230,231] Homozygous mutant
the binding of Rad54 to the Rad51-ssDNA nucle- diploid cells show very poor sporulation and reduced
oprotein filament substantially increases its stability spore viability[230]. Based on phenotypic analysis,
[367]. Additional synaptic and postsynaptic functions the RDH54/TID1 gene product appears to be required
of Rad54 have recently been suggested by the obser-for diploid-specific mitotic recombination (interchro-
vation that Rad54 dissociates Rad51 from dsDNA in mosomal but not intrachromosomal gene conversion)
an ATP-dependent manner. Rad54 would thus repre- and complete meiotic viabilitj230]. This is in accord
sent an excellent candidate for mediating the turnover with the results of Arbel et al., who showed that Rad54
of Rad51 nucleoprotein filament in the process of HR is required for sister chromatid-based repair, whereas

[368,369] Rdh54/Tid1 is dispensable for this procg3g7].
A human homologue of Rdh54/Tidl may be
7.3. Interacting partners Rad54B (HsRad54B), since the phenotype of the

rdh54/tidl mutant partially overlaps with that of
Both ScRad54 and HsRad54 interact with Rad51 RAD54B-deficient HCT116 human cells. These cells
[223-225,235,358,37([Table 1 Fig. 2) and this re- display a reduced frequency of targeted integration
quires the N-terminal domain of Rad4223,235] compared to the wild type cells. On the other hand,
Rad54 also interacts with Mus8[B371] (Table 1 they are not disabled in cell growth nor are they
Fig. 2), a structure-specific endonuclease that resolves sensitive to IR, MMS or cisplatin. The levels of
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spontaneous and MMC-induced SCE are also not
affected byRAD54B deficiency in human§378].

8.2. Gene and protein

TheRDH54/TID1 gene product contains 958 amino
acid residues, has a molecular weight of 108 kDa
and shares 34% identity with ScRadB2B1]. Like
Rad54, it belongs to the helicase-like Swi2/Snf2
protein family [354], albeit being devoid of DNA
helicase activity{379]. The protein possesses Walker
type nucleotide binding motifs and consistent with
this it displays dsDNA-dependent ATPase activity in
vitro. The ATPase activity is not retained in the lysine
to arginine (K315R) substitution mutant protein that
affects the highly conserved Walker type A motif,
supporting the implication that the Walker type mo-
tifs are involved in ATP binding and hydrolysis. The
ATPase activity has been shown to be essential for
stimulating Rad51-promoted D-loop formation and
modification of DNA topology in vitrd379]. Accord-
ingly, defects caused by tlmad54/tid1l K315R mutant
allele are identical to those of thah54/tid1 null mu-
tant. Therefore, the ATPase activity of Rdh54/Tid1 is
completely indispensable for its biological function.

In addition to its role in HR, Rdh54/Tid1 probably
plays an important role in cell cycle regulation during
DSB repair, as it functions in the adaptation of yeast
cells to checkpoint mediated 3/ arrest by moni-
toring the extent of ssDNA produced by resection of
DNA ends during DSB repaii380].

As mentioned above, HsRad54B is thought to be a
homologue of Rdh54/Tid1l in humari69,364,378]
This is supported by the observation that the
N-terminal region of HsRad54B shares a greater ex-
tent of homology with Rdh54/Tid1 than with ScRad54
whereas in both the central region and C-terminal do-
main, homology between Rdh54/Tid1 and HsRad54B
is identical to that of between HsRad54 and HsRad54B
[364]. It is worth noting that the overall similarity
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HsRad54B consists of 910 amino acids and is a
dsDNA-dependent ATPase and a DNA-binding pro-
tein. In contrast to HsRad54, the ATPase activity
of HsRad54B is not stimulated by the addition of
HsRad51[364].

8.3. Interacting partners

In yeast, Rdh54/Tid1 physically interacts with both
Dmcl and Rad51229,379](Table 1 Fig. 2) and pro-
motes the co-localization of these proteins during mei-
otic recombination251]. In contrast, using purified
recombinant proteins neither HsRad51 nor HsDmc1l
interacts with HsRad54864], even though HsRad51
was originally shown to co-immunoprecipitate with
HsRad54B from cell extracts. HsRad54B, however,
forms nuclear foci that co-localize with HsRad®B3].
Collectively, these results indicate that (i) if there is
an interaction between HsRad54B and HsRad51, it
is presumably indirect; and (ii) there may be a func-
tional difference between Rdh54/Tid1 and HsRad54B.
Therefore, the question of whether HsRad54B is a
functional homologue of Rdh54/Tid1 requires further
characterization of HsRad54B with respect to its func-
tion in meiosis as well as to its overlapping functions
with HsRad54.

9. Rad55 and Rad57
9.1. Mutant phenotype

The rad55 and rad57 mutants are sensitive to IR
[226,227,333,381,382]MMS [383] and bleomycin
[157] and this sensitivity is temperature-dependent,
being more pronounced at 238 than at 36-37C
[226,227,381,384] Moreover, these mutants are
cold-sensitive in inverted-repeat recombinat[@64]
and in IR-induced Rad51 focus formatidi385].

A cold-sensitivity phenotype is usually associated

between the N-terminal domains of Rdh54/Tid1 and with proteins that are subunits of multiprotein com-
HsRad54B is not as extensive. There is, however, a plexes. Accordingly, both the two-hybrid system
specific region containing potential nuclear localiza- [226,227] and co-immunoprecipitatiorj204] have
tion signal that is well-conserved being present in shown that Rad55 and Rad57 form a highly stable
GdRad54B and a putativd pombe Rdh54/Tid1 ho- heterodimer in vivo. Furthermoread55 and rad57
mologue[229]. It also exists in theCaenorhabditis mutants are defective in HO-induced mating-type
elegans Swi2/Snf2 family proteif364] implying that switching [227,386] but not in NHEJ[340] or SSA
Rdh54/Tid1 has been conserved throughout evolution. [337].
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9.2. Genes and proteins

The predicted protein encoded by tRAD55 gene
is 406 amino acids in length with a molecular weight
of 46.3kDa[387]. The Rad57 protein consists of 460
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and that Rad52 accounts for the cold-sensitivity of the
rad55 or rad57 mutant because Rad52-promoted as-
sembly of Rad51 is naturally a temperature-dependent
process.

Rad55 exhibits DNA damage- and replication

amino acid residues and has a molecular weight of block-induced phosphorylatiof890,391] which is

52.2kDa[388]. Both proteins share homology with

members of the RecA/Rad51 family of recombinases,

although this is significantly restricted to the conserved
Walker A and B motifq204,227,387,388]
The S cerevisae Rad51, Rad55 and Rad57 pro-

dependent on Mecl, Rad53 and Dunl, the three main
signal transducing kinases i& cerevisiae (for re-
views, sed392,393). Since the other responses of the
DNA damage check points, i.e. cell cycle arrest and
DNA damage induced gene expression, were intact

teins may possess distinct biochemical properties andin rad55 null mutants, Rad55 seems to be a termi-

fulfill highly specific roles, rather than simply provid-
ing redundant and overlapping functiof)4]. Like
Rad52[206,207,316]the Rad55—-Rad57 heterodimer
stimulates Rad51-mediated DNA strand pairing and
exchange by overcoming the inhibition imposed by
Rpa [204]. The function of the Rad55-Rad57 het-
erodimer in Rad51-ssDNA promotion and stabiliza-
tion has been further supported by identification of
srp mutants guppressor ofRad51 paralogs)[382].
One of thesrp mutants,rad51 1345T, partially sup-
presses the DNA repair defect of thed55 and
rad57 mutants by overcoming the inhibitory effect

nal substrate of the DNA damage check point rather
than being an intermediate member of the cascade. It
would be interesting to establish if phosphorylation
of Radb55 affects its ability to form a complex with
Rad57 or to stimulate Rad51-mediated DNA strand
exchange.

9.3. Interacting partners
Rad55 interacts with Rad5[226,227] (Table 1

Fig. 2) and this interaction has been shown to be con-
siderably less and more stable than that of Rad55

imposed by Rpa in the absence of Rad55-Rad57.with Rad57 according to Surfg04] and Johnson and
This process, however, still required the presence of Symington[227], respectively. The basis of this dis-

Rad52, indicating that Rad52 and Rad55-Rad57 me-

diators have dissimilar functions in the stimulation of

crepancy between the results of these two groups is
unknown. Rad57 has also been reported to interact

Rad51-mediated DNA strand pairing and exchange with Zip3 (Table 1 Fig. 2), a protein that plays a key

[382].
On the other hand, the cold-sensitivity and recom-
bination defects of thead55 or rad57 mutants can

be partially suppressed by overexpression of Rad51

[226,227]or Rad52226], and completely suppressed

by the simultaneous overexpression of both proteins

[226]. It was therefore proposed that the functions of

Rad52 and Rad55—-Rad57 are either partially redun-

dant and might involve similar molecular mechanisms
[226,227]or that Rad55—-Rad57 might act to stabilize
recombination complexes under suboptimal growth
conditions[389]. Consistent with this is the observa-
tion of Gasior et al[245,385]who showed that Rad52

role in meiosis and this interaction was described in
detail in Section 4.3

10. Rad59
10.1. Mutant phenotype

To identify components of the Rad51-independent
recombination pathway, the recombination frequency
between intrachromosomally inverteatie?2 repeats
[289] was assessed in an MNNG-mutagenized
rad51 strain [165]. One of the mutations identified,

and Rad55-Rad57 can substitute for one another inrad59, very significantly reduced spontaneous and

promoting Rad51 focus formation at 30. In the ab-

DSB-induced mitotic recombination in thead51

sence of Rad55-Rad57, however, Rad52 is able to pro-strain, but it had only slight effect on recombination

mote nearly normal numbers of Rad51 foci at°8)
but not at 20C. Hence, it seems that Rad55-Rad57
functions only when cells are in a cool environment

in the wild type strain. As there was no defect in the
rad59 mutant cells in interchromosomal recombina-
tion, the Rad59 protein was proposed to be specifically
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required for Rad51-independent intrachromosomal [165]. However, overexpression of Rad59 was unable

recombinatio165]. to suppress the DNA repair defect of tral52 strain,
indicating that Rad59 cannot substitute for Rad52 in
10.2. Gene and protein vivo. Furthermore, Rad59 was unable to substitute

for Rad52 in SSA, even when overexpres$8d?2].

Although therad59 mutation leads only to mod- Hence, Rad52 and Rad59 may still have largely
erate sensitivity to IR[165,394] the RAD59 gene overlapping functions, even though both proteins are
was cloned by complementation of the radiosensitive required for efficient SSA397]. This concept is sup-
phenotype of thead59 mutant[165]. The predicted ported by the observation that a hypomorprads2
Rad59 protein consists of 238 amino acid residues R70K mutant allele confers a defect in recombination
and has a molecular weight of 26.6 KDE65]. It has very similar to that of thead59 mutation[394].
significant homology to proteins of the Rad52 family,
including those ofS. cerevisiae, K. lactis, chicken, 10.3. Interacting partners
mouse, human, and to the Rad22A protein fr@m
pombe[221,300-303,395]The Rad52 family proteins Physical interaction between Rad52 and Rad59
are highly conserved at the N-terminus and the Rad59 (Table 1 Fig. 2) was established using the two-hybrid
protein, which is about half the length of the Rad52 system and by co-immunoprecipitation of the two pro-
family, is homologous to their conserved N-terminus. teins from yeast extracf832] as well as by HMS—PCI
However, among the Rad52 family, Rad59 is the least [86]. In addition, a heterotrimeric complex consisting
conserved member. For the yeast Rad52 and Rad59%f Rad51, Rad52 and Rad59 could be immunoprecip-
proteins, amino acid identity and similarity is 28 itated from yeast extracts, the Rad51-Rad59 interac-
and 50%, respectively, being somewhat higher within tion requiring Rad5416]. In the filtered HMS—PCI
the conserved N-terminy465]. Until now, the only interaction dataset published by Ho et [86], there
Rad59 homologue described for other organisms is are many more interactions involving Rad59, the
KIRad59. The amino acid sequence of the putative significance of which remains to be elucidated.
KIRad59 protein shares 53% identity and 11% simi-
larity with that of Rad59396].

Since the N-terminal region of the Rad52 proteins 11. Conclusions
is responsible for DNA-bindin§l84], the Rad59 pro-
tein was assumed to possess a DNA-binding activ- Over the last few years, considerable progress
ity. Indeed, Petukhova et gI313] demonstrated that has been made in our understanding of early stage
purified Rad59 protein binds DNA, preferentially ss- of HR in eukaryotes. Firstly, the structure of the
DNA. Furthermore, it anneals complementary DNA Mrell-Rad50 complex has been revealed. This struc-
strandg313,332]Jalmost as efficiently as Rad$232]. ture clearly suggests that the complex functions in HR
Davis and Symingtor{332] showed that Rad59 is by processing broken DNA ends and bridging sister
also able to overcome the inhibitory effect of Rpa on chromatids[124]. Secondly, the biochemical fea-
the annealing of complementary DNA, but less ef- tures of the Rad51-like proteins have been described
fectively than Rad52, and that it moderately stimu- [209,212-217] This supports the opinion that the
lates Rad52-promoted annealing of Rpa-coated DNA. Rad51-like proteins do not have redundant functions
Therefore, one of the functions of Rad59 could be in the process of HR. Thirdly, the structure of the
to enhance of the DNA strand annealing activity of Rad52 protein has been solved: ssDNA-bound Rad52
Rad52. forms the ring-like structures that are distributed

As mentioned above, Rad59 has several activities along the length of the DNA. Interestingly, Rad52
in common with Rad52. This is consistent with bi- can adopt two ring forms: a heptamer of full-length
ological data showing that overexpression of Rad52 protein and an undecamer of the N-terminal, homolo-
rescues the IR sensitivity of th@d59 mutant strain. gous pairing domain of the protein and possible func-
Therefore, it was suggested that Rad52 and Rad59tions of both forms have been proposgd7,310]
have overlapping roles and/or function as a complex Fourthly, further characterization of Rad54 has led to
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the integration of its function into both the synaptic
and postsynaptic phases of HR. It has been shown
that Rad54 dissociates Rad51 from dsDNA and this
process presumably leads to turnover of Rad51 in HR
[364-367] Contrary to early stage of HR, very little

is known about late stage of this process in both lower
and higher eukaryotes. Although recently some Holl-
iday junction resolution activities have been found in
both yeast and mammg898-402] these appear not

to have all of the expected properties of eukaryotic
Holliday junction resolvaseft03]. Moreover, inter-
connection between HR and other cellular processes
is not yet understood. Very recently two mechanisms
that can regulate early stage of HR have been pro-
posed. Firstly, inhibitory effect of yeast linker histone,
Hhol, on HR in vivo has been shown by Downs
et al.[404]. Secondly, suppression of Rad51-mediated
DNA strand exchange by Srs2 helicase in vitro has
been reported by Kréj et al. [405] and Veaute

et al. [406]. Despite this substantial progress in our
knowledge about HR over recent years, further in-
vestigations are required for a complete understand-
ing of the molecular mechanisms involved in this
process.
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