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ABSTRACT

DNA is under constant toxic stress from both endogenous and exogenous
sources. To avoid deleterious mutations, blockage of replication and
transcription, and chromosomal breakage resulting DNA lesions need to be
repaired. DNA double-strand breaks (DSBs) represent one of the most serious
kinds of DNA lesions, which, if left unrepaired, could lead to aneuploidy, genetic
aberrations or cell death. This is further underlined by the fact that many human
syndromes, such as neurodegenerative diseases and cancer, are linked to the
defects in DSB repair. Homologous recombination (HR) represents one of the
major repair pathways that repairs a variety of DNA lesions, including double-
strand DNA breaks (DSBs), single-strand DNA gaps, and interstrandcrosslinks.
Repair of DSBs is essential for the first meiotic division where it is required for
proper pairing and segregation of homologous chromosomes, and the generation
of genetic diversity.

During last years I have focused on genetic and biochemical characterization
of several yeast and human proteins involved in process of DSB repair. I have
isolated and genetically characterized a large number of RAD51 alleles that are
differentially inactivated for interaction with various recombination factors
(p-50). Furthermore, I have examined the functional significance of the
Rad51/Rad52 interaction and identified minimal region on C-terminus required
for this interaction (p.51). Additional experiments demonstrate that C-terminal
portion of Rad52 is responsible not only for interaction with Rad51, but is also
able to mediate Rad51 loading on RPA-coated ssDNA, and contains novel DNA
binding region (p.52).

Under certain circumstances, however, recombination is not a preferred
pathway to repair damaged DNA and we speculated that Rad51 filament could
be a regulatory point of the recombination. Indeed, using biochemical approach
we have demonstrated that Srs2 helicase can disrupt Rad51 nucleoprotein
filament (p.53) and helicase activity is indispensable of this function (p.54). The
protein interaction between Srs2 and Rad51 serves two purposes: one is to
localize Srs2 protein to site of Rad51 filament formation, and the other is to
trigger ATP hydrolysis within the Rad51 filament, causing a weakening of the
Rad51-DNA interaction, thus allowing more efficient clearing of the
nucleoprotein filament by Srs2 (p.55). Importantly, mediator proteins (ie.
Rad52) can suppress the action of Srs2 anti-recombinase, indicating that the
relative strength of the two types of regulation determines the fate of
presynaptic filaments (p.56). Rad52 and Srs2 thus form parts of a quality control
mechanism that seems to be regulated through post-translational modification
(p-57). We have identified residues that are being modified, and analyzed in vivo
and in vitro effect of these mutations together with their biological
characterization (p.58).

Very recently, we have turned our focus to reconstitution of downstream
events during repair of DSB including DNA repair synthesis, and processing of
recombination and replication intermediates by structure-specific nucleases
(p-59 and 60). These research activities should help us to understand selected
biological problems in molecular details but also to uncover possible regulatory
circuitries that could be used for therapy.



ABSTRAKT

DNA je pod neustdlym toxickym vlivem jak z endogennich, tak z
exogennich zdrojli.  Vznikajici poskozeni DNA musi byt opravena, aby
nedochazelo ke vzniku mutaci, zablokovani replikace a chromozomalnim
zlomiim. Jedno z nejzavaznéjsich typa poskozeni DNA predstavuji dvoutetézcové
zlomy (double-strand breaks, DSBs), které, pokud zlistanou neopraveny, mohou
vést k aneuploidité, genetickym aberacim nebo bunécné smrti. Tento fakt je
navic zdlraznén skutec¢nosti, Ze s chybami v opravé dvoutetézcovych zlomi jsou
spojeny mnohé syndromy vyskytujici se u lidi, napf. neurodegenerativni a
nadorova onemocnéni. Jednu z hlavnich opravnych cest predstavuje homologni
rekombinace (HR), kterou jsou opraveny riizna poskozeni DNA, vCetné jedno- a
dvoutetézcovych zloml a mezitetézcovych crosslink. Oprava DSBs homologni
rekombinaci je navic zadsadni pro prvni meiotické déleni, kde umoZziiuje spravné
parovani a segregaci homolognich chromozoml a podili se tak na vzniku
genetické rozmanitosti.

Béhem minulych let jsem se zaméril na genetickou a biochemickou
charakterizaci nékolika kvasinkovych a lidskych proteinti podilejicich se na
opravé DSBs. Izoloval a geneticky charakterizoval jsem velké mnoZstvi alel
RADS51, které jsou riizné inaktivovany pro interakci s rozli¢cnymi rekombinacnimi
faktory (str.50). Dale jsem studoval funkcni vyznam interakce Rad51/Rad52 a
identifikoval nejmensSi oblast na C-konci, ktera je pro tuto inerakci nezbytna
(str.51). Dalsi experimenty ukazaly, Ze C-konec Rad52 je nejen zodpovédny za
interakci s Rad51, ale je také schopen zprostiedkovat nasedani Rad51 na ss-DNA
pokrytou RPA a navic obsahuje nové objevenou DNA vazebnou oblast (str.52).

Za urcitych podminek ovSem rekombinace neni spravnou cestou pro
opravu DNA a proto jsme predpovédéli, Ze tvorba Rad51 filamenta je mistem, ve
kterém dochazi k regulaci rekombinace. Pomoci biochemického pristupu jsme
ukazali, Ze helikdza Srs2 miuZe rozruSit nukleoproteinové filamento Rad51
(str.53), pricemz helikdzova aktivita je pro tuto funkci nezbytna. (str.54).
Proteinova interakce mezi Srs2 a Rad51 slouzi dvéma uceliim: jednim z nich je
lokalizace Srs2 proteinu do oblasti, kde dochazi ktvorbé Rad51 filamenta,
druhym je spusténi hydrolyzy ATP vramci Rad51 filamenta, ¢imZz dojde
k oslabeni interakce Rad51-DNA a naslednému snazSimu odstranéni
nukleoproteinového filamenta pomoci Srs2 (str.55). Dililezita je skuteCnost, Ze
mediatorové proteiny (napf. Rad52) mohou pisobeni Srs2 anti-rekombinazy
potlacit, coZz naznacuje, Ze relativni sila téchto dvou typi regulaci determinuje
osud presynaptického filamenta (str.56). Rad52 a Srs2 tak tvori ¢asti kontrolniho
mechanismu, ktery je pravdépodobné regulovan post-translacni modifikaci
(str.57). Identifikovali jsme rezidua, kde dochazi k modifikaci a analyzovali jsme
in vivo a in vitro vliv téchto mutaci spolecné s jejich biologickou charakterizaci
(str.58).

V posledni dobé jsme nas zajem upreli také na rekonstituci déji v dalsi
fazi opravy DSBs, vcetné DNA opravné syntézy a zpracovani rekombinacnich a
replika¢nich meziproduktii pomoci struktrurné-specifickych nukledz (str.59 a
60). Tento vyzkum by nam mél pomoci nejen detailné porozumét vybranym
biologickym problémiim, ale i odhalit mozné regulacni cesty, které by mély
terapeutické vyuZziti.
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Introduction - Rad51 nucleofilaments and HR pathways

Cells are under constant genotoxic pressure from both endogenous and
exogenous sources. It has been estimated that more than tens of thousands of
DNA lesions occur in a single human cell every day(1). These lesions need to be
repaired to avoid deleterious mutations, blockage of replication and
transcription, and chromosomal breakage. The importance of DNA repair to
human health is highlighted by the fact that failure to repair damaged DNA
increases the likelihood of developing tumours and other diseases. In this
review, we focus on HR, a repair mechanism that repairs a variety of DNA
lesions, including double-strand DNA breaks (DSBs), single-strand DNA gaps,
and interstrandcrosslinks. Among these lesions, DSBs are highly toxic as a single
unrepaired DSB can lead to aneuploidy, genetic aberrations, or cell death. DSBs
can be generated by a number of sources, including treatment with genotoxic
chemicals and ionizing radiation, collapsed replication forks, and other
endogenous DNA breaks. On the other hand, Repair of DSBs is essential for the
first meiotic division where it contributes to the formation of chiasmata,
required for proper pairing and segregation of homologous chromosomes, and
the generation of genetic diversity in most organisms (2).

A central player of HR is the strand exchange protein, called Rad51 in
eukaryotic cells (RecA in E. coli). Rad51 functions in all three phases of HR: pre-
synapsis, synapsis and post-synapsis (Figure 1A;(3). In the pre-synaptic phase,
Rad51 is loaded onto single-strand DNA (ssDNA) that either is generated by
degrading 5' strands at DSBs or arises from replication perturbation. The
resulting Rad51-ssDNA filament (presynaptic filament) is right-handed and
comprises six Rad51 molecules and eighteen nucleotides per helical turn. The
ssDNA within the filament is stretched as much as half the length of B-form
dsDNA (4). The stretching of the filament is essential for fast and efficient
homology search(5,6). During synapsis, Rad51 facilitates the formation of a
physical connection between the invading DNA substrate and homologous
duplex DNA template, leading to the generation of heteroduplex DNA (D-loop).
Here, Rad51-dsDNA filaments are formed by accommodating both the invading
and donor ssDNA strands within the filament. Finally, during post-synapsis when
DNA is synthesized using the invading 3’ end as a primer, Rad51 dissociates from
dsDNA to expose the 3' OH required for DNA synthesis.

At least three different routes can be used once DNA synthesis is initiated
(Figure 1B-1D). First, as envisioned in the double-strand break repair model
(DSBR), the second end of DSB is engaged to stabilize the D-loop structure (2nd
end capture), leading to the generation of a double-Holliday Junction (dHJ) ((7),
reviewed in (8); Figure 1B). A dH] is then resolved to produce crossover or non-
crossover products (Figure 1B), or dissolved to exclusively generate non-
crossover products. Second, the invading strand is displaced from D-loop and
anneals either with its complementary strand as seen in gap repair or with the
complementary strand associating with the other end of the DSB. This
represents the synthesis-dependent strand-annealing mode of HR (SDSA) ((9);
Figure 1C). SDSA mechanism is preferred over DSBR during mitosis. During
meiosis, crossover is formed by resolution of dH] via DSBR mechanism, while
non-crossover is primarily produced via SDSA mechanism (10,11). In the third
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Figure 1: Models for the repair of DNA double-strand breaks. DNA DSBs are resected
to generate 3’ protruding end followed by formation of a Rad51 filament that invades
into homologous template to form a D-loop structure (A). After priming DNA synthesis,
three pathways can take place. In the DSBR pathway, the second end is captured and a
double Holliday junction intermediate is formed (B). Resolution of dHJs can occur in
either plane to generate crossover or noncrossover products. Alternatively, dHJs can be
dissolved by the action of Sgs1-Top1-Rmil complex to generate only non-crossovers. In
the SDSA pathway (C), the extended nascent strand is displaced, followed by pairing
with the other 3’ single-stranded tail, and DNA synthesis completes repair. Nucleolytic
trimming might be also required. In the third pathway of BIR (D), which can act when
the second end is absent, the D-loop intermediate turns into a replication fork capable of
both lagging and leading strand synthesis. Two other Rad51-independent
recombinational repair pathways are also depicted. In SSA (E), extensive resection can
reveal complementary sequences at two repeats, allowing annealing. The 3’ tails are
removed nucleolytically and the nicks are ligated. SSA leads to the deletion of one of the
repeats and the intervening DNA Finally, the ends of DSB can be directly ligated
resulting in non-homologous end joining, NHE] (F). Newly synthesized DNA is
represented by dashed lines.



mode, the D-loop structure can assemble into a replication fork and copy the
entire chromosome arm in a process called break-induced replication (BIR)
((12); Figure 1D). This mechanism is evoked more often when there is only one
DNA end, either due to the loss of the other end or in the process of lengthening
telomeres in telomerase-deficient cells.

All the above pathways require Rad51, with the exception that some
forms of BIR may not. However, DSBs can also be sealed by pathways
independent of Rad51 (Figure 1E-1F). One of these pathways is the single-strand
annealing pathway (SSA). In SSA, ssDNA sequences generated during DSB
processing contain regions of homology at both sides of DSB and can be annealed
and ligated(13); Figure 1E). SSA does not require Rad51 but requires other HR
proteins that mediate annealing. Another Rad51-independent pathway that
operates at DSBs is non-homologous end joining (NHE]), which ligates ends of
DSBs with little or no requirement for homology (reviewed in (8); Figure 1F).

The many facets of HR regulation

The presence of multiple Rad51-dependent pathways and other alternative
pathways suggests the existence of regulatory mechanisms that determine which
pathway is to be used and how a particular process can be performed. Many
important decisions need to be made that determine the outcome of repair of
different types of lesions. For example, whether both ends of DSBs are used for
repair, how DNA synthesis is initiated and terminated, whether SSA and BIR
pathways are used only when other repair attempts fail. Considering the central
role of Rad51 in HR, it is only logical that many of the regulations impinge on this
protein and its regulators. Here, we provide a comprehensive and up-to-date
overview of how this multi-layered regulation affects the formation,
maintenance, and disassembly of Rad51 nucleofilaments. There are both positive
and negative regulators of Rad51 function, some of which play a general role in
both mitotic and meiotic cells, whereas others are specific to one of these types
of cells (Table 1). In addition, HR regulation employs protein modifications, such
as phosphorylation and sumoylation, to provide the required flexibility and
dynamics.

We also envision that coordination and hierarchies exist among the large
number of Rad51 regulation modules. In a sense, the system of HR regulation
may be considered as a “quality control” scheme in which an optimal output
requires specific interplay between all regulatory modules (Figure 2). An
understanding of such an "HR quality control" system requires better
characterization of each regulation module, their relationships, and how the
dynamics of the system is achieved. As many facets of this regulation are best
studied in the model organism budding yeast, examples in this system are often
used to illustrate the principles of HR regulation. Additional regulation in
mammalian cells and occasionally in other organisms is described in the later
part of the text, though some are mentioned early on where they can be helpful
to illustrate the point. While this review presents HR regulation from a Rad51-
centric view, additional information on HR mechanisms can be found in several
reviews (3,8,14-16).
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simplicity). Rad51 presynaptic filaments perform homology search with the help from
Rad54 and Rhd54. Mphl can promote the SDSA pathway by unwinding the D-loop
intermediate. Srs2 is capable of dismantling the Rad51 filament in ATP-dependent
manner leading to displacement of Rad51 by RPA. This prevents untimely or unwanted
recombination. However, Rad52 and Rad55/57 can antagonize the Srs2 activity. The
Shu complex promotes Rad51 functions during replication-associated repair but may
also function by antagonizing Srs2. RPA-ssDNA complex can also lead to Rad51-
independent repair where Rad52 and Rad59 replace RPA from DNA and anneal
complementary strands. The balancing act of proteins with antagonistic roles as
depicted here determines the fate of Rad51 nucleofilament and the recombination
outcome. Most proteins regulating Rad51 are modified by phosphorylation (P) and/or
sumoylation (S). The modifications are depicted on one form of the protein for
simplicity; future works are needed to determine when the modification takes place.
These modifications can dynamically change in response to DNA damaging agents and
regulate the functions of the target proteins
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Competition and collaboration betweeen Rad51 and RPA

One level of HR regulation occurs at the interplay between Rad51 and the ssDNA
binding factor, Replication Protein A (RPA) complex. RPA has higher affinity for
ssDNA than Rad51 and the presence of RPA on ssDNA prevents Rad51 from
binding in vitro, suggesting that RPA-ssDNA formation precedes Rad51
presynaptic filament formation(17,18). In line with this, RPA was found to arrive
at DSB sites prior to Rad51 based on both cytology data and ChIP analysis (19-
22). For recombination to proceed, it is critical that RPA is subsequently replaced
by Rad51 with the help of other proteins known as mediators (Figure 2).
Mutations in RPA can impair HR by slowing this replacement step. For example,
the recombination-deficient RPA mutant rfal-t11 is displaced more slowly from
ssDNA by Rad51 than wild-type RPA, and consequently inhibits Rad51 protein-
mediated DNA strand exchange (23).

On the other hand, RPA also promotes recombination by removing
secondary structures formed on ssDNA that could impede Rad51 filament
formation (3). In addition, RPA can aid Rad51 by preventing the reversal
reaction of Rad51-mediated D-loop formation. This is mediated by the
sequestration and scavenging of free ssDNA, thereby preventing DNA from
entering the second DNA binding site of Rad51 (24,25). RPA's contributions to
HR extend beyond its interplay with Rad51. For example, it promotes DSB
resection by stimulating the Sgs1 helicase, directing Dna2 nucleolytic activity
towards the 5’ terminus and protecting the 3’ end from degradation (26,27). In
addition, the amount of RPA-ssDNA is sensed by checkpoint kinases, to elicit cell
cycle arrest, allowing sufficient time for repair (28-30).

Recombination mediators: Positive Rad51 regulators

The proteins that can overcome the inhibitory effect of RPA on Rad51
nucleofilament formation are referred to as recombination mediators. In yeast,
these include at least two types of proteins: Rad52, and the Rad51 paralogues,
Rad55 and Rad57 that share the RecA core sequences with Rad51 (Figure 2).
They can facilitate Rad51 loading on ssDNA, increase intrinsic stability of Rad51
presynapticfilament, and protect Rad51 from removal by factors such as
helicases. The roles of mediator proteins in mammals and other eukaryotes will
be described later in the text.

Rad52

Rad52 interacts with Rad51, and can also bind RPA once the latter coats ssDNA
(31,32). The Rad51-Rad52 interaction is required to recruit and nucleate Rad51
onto RPA-coated DNA (33,34). Only catalytic amounts of Rad52 are needed for
presynaptic filament formation (3), suggesting that RPA is not displaced from
DNA directly by Rad52, but rather as a consequence of filament extension by the
polymerization of nucleated Rad51 molecules (35,36). The mediator function of
Rad52 is largely attributable to its C-terminus where the Rad51 and DNA
interacting domains are located. However, other Rad52 domains also contribute
to recombination (31). The middle part of Rad52 interacts with RPA and is
essential for the localization of Rad52 to repair centres (31,37). The N-terminal
part of the protein possesses several activities, including oligomerization, DNA
binding and annealing, and binding to a homologous protein Rad59 (34,38,39).
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The DNA annealing function of yeast Rad52 protein can promote second-end
DNA capture in the DSBR pathway, as well as in SSA and possibly other forms of
HR (40,41). Similar functions were found for mammalian Rad52 (more in a later
section) (40,41). The importance of this function is supported by the observation
that most defective rad52 mutations are found in the N-terminal part of the
protein. For example, rad52-R70A is defective in DNA binding and annealing, but
is proficient for mediator functions and does not affect the recruitment of Rad51
and itself to DSBs. Since rad52-R70A cells arey-radiation sensitive, Rad52's roles
in the steps of HR that do not entail Rad51-loading play important roles in DSBs
repair (42,43).

The Rad55-Rad57 heterodimer

Like Rad51, the Rad55 and Rad57 heterodimer exhibits ATPase activity and
binds ssDNA; but unlike Rad51, it cannot catalyze strand-exchange reaction (44-
46). It is noteworthy that while a Rad57 ATPase deficient mutant confers little
sensitivity to irradiation, the corresponding mutation in Rad55 has much
stronger effect(45), indicating that the role of the two proteins is not equivalent.
The Rad55-Rad57 heterodimer directly interacts with Rad51 and can load Rad51
onto RPA-coated ssDNA (Figure 2). It can also form co-filaments with Rad51 and
the resulting nucleofilament is more resistant to Srs2 anti-recombinase activity
(47). These functions are in line with previous data suggesting a role for this
complex in the stabilization or protection of Rad51 nucleofilament that is
required for downstream HR steps. For example, Rad51 overexpression, gain-of-
function Rad51 mutations, or Srs2 removal can rescue the DSB repair defects
and DNA damage sensitivity of rad57A or rad55A (48-50). However, Rad55 and
Rad57 may have other roles besides being Rad51 mediators. For example,
spontaneous sister chromatid recombination (SCR) is more defective in rad514
rad574 double mutant than rad514, and this phenotype cannot be suppressed by
RAD51overexpression or deletion of SRS2 (51). This suggests a specialized role
for Rad55/Rad57 in SCR that is distinct from its role in modulating Rad51
function.

A less understood positive regulators of Rad51- The Shu

complex

The Shu complex is composed of Shul, Psy3, Shu2, and Csm2 proteins, with Shul
and Psy3 being Rad51 paralogues. This complex is conserved in S. pombe and
likely so in humans (52,53). The precise role of the Shu complex is not well
understood, but available data indicate that it functions as a positive regulator of
Rad51 (Figure 2). Like rad514, mutants of Shu subunits suppress the DNA
damage sensitivity and defects in dissolution of recombination structures
associated with mutants such as sgs1A and top3A, suggesting that the complex
can facilitate Rad51 function (54,55). However, lack of this complex leads to
sensitivity only to replication blocking agents and not DSB-inducing agents,
indicating a specialized role in dealing with HR during damaged replication, such
as the facilitation of Rad51 loading onto DNA containing lesions, or a function in
ssDNA gap (54-58). Another suggestion is that the Shu complex, like Rad55 and
Rad57, may promote recombination by inhibiting Srs2, since shulA results in the
accumulation of Srs2 foci (59).
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Multifaceted regulators of Rad51 - the Snf2/Swi2 family

members

Two members of the Snf2/Swi2 family of DNA-dependent ATPases, Rad54 and
Rdh54/Tid1, play multiple roles in regulating Rad51. They serve as positive
regulators of Rad51 at early stages of recombination by stabilizing presynaptic
filaments, stimulating Rad51-mediated strand invasion, and promoting
migration of the branch point of D-loops/H]Js, with the later activity not yet
demonstrated for Rdh54/Tid1 (Figure 2, reviewed in (3,60)). Furthermore, these
activities promote Rad51-mediated homology search within the chromatin
context (61-64). However, they both also work as negative regulators of Rad51
at later stages of recombination by preventing nonspecific binding of Rad51 to
dsDNA or by removing Rad51 from dsDNA to expose a free 3’-OH primer
terminus for DNA synthesis (65-68) (Figure 2). Mutants lacking Rad54 or Rdh54
accumulate Rad51 foci, with rad544 more defective in the removal of the DNA
damage-associated Rad51 foci and rdh544 in spontaneous ones (69). The
sequential execution of positive and negative regulation by Rad54 or Rdh54 is
important for efficient recombination.

More recently, another member of this family, Uls1 in budding yeast and
Rfpl/2 in fission yeast, was found to genetically interact with recombination
factors, such as mediator proteins and Sgsl, and to be required for efficient
replication of damaged genomes (70). Since mutants lacking Rad54, Rdh54 and
Uls1 exhibit more severe defects in Rad51 foci accumulation, slow growth and
chromosome loss than any single mutant, these homologues may partially
substitute for each other in removing Rad51-DNA complexes (69). Unlike Rad54
and Rdh54, Ulsl was also proposed to be a SUMO-targeted ubiquitinligase
(STUbL) (71). It will be interesting to determine how this and the ATPase
functions of Uls1 contribute to HR.

Negative regulators of Rad51

There are at least three reasons to remove Rad51 from DNA or block its action.
First, recombination can be harmful in certain situations such as stalled
replication forks, which may be more safely restored using translesion synthesis.
Also, nucleoprotein intermediates generated by the HR machinery can trigger
cell-cycle arrest and even cause cell death in certain genetic backgrounds (72-
74). This means that recombination events that can interfere with replication
progression and DNA repair need to be prevented at an early step, such as
presynaptic filament formation. Second, it is important to choose the right forms
of HR in different types of cells and at specific times of the cell cycle. For
example, SDSA should be preferentially used during mitosis to avoid potentially
harmful events such as loss of heterozygosity. To achieve this, Rad51-ssDNA
filaments need to be efficiently displaced from D-loops. Third, Rad51 needs to be
removed from postsynaptic filaments to allow subsequent DNA synthesis,
resolution and chromatin assembly. These three types of regulation at three
different stages of HR require several helicases and translocases each with
properties attuned to a special task.
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1) Srs2, an anti-recombinase that disassembles Rad51 presynaptic filaments
The Srs2 protein belongs to the superfamily I of DNA helicases with strongest
homology to the E.coli protein UvrD. Genetic studies suggest that the Srs2
protein can counteract Rad51 function. For example, srs2A leads to hyper-
recombination and sensitizes other helicase mutations, and these defects are
suppressed by removal of recombination proteins or mutation of the active site
of Rad51 (reviewed in (75)). Direct evidence for an anti-Rad51 function came
from biochemical studies showing that catalytic amounts of Srs2 efficiently
dismantle Rad51 presynaptic filaments (76,77) (Figure 2). The disassembly of
Rad51 presynaptic filament by Srs2 requires both its translocase activity and
interaction with Rad51, and is enhanced in the presence of RPA that prevents re-
nucleation of Rad51 (76-80). The protein interaction between Srs2 and Rad51
serves two purposes, one to target Srs2 to Rad51, and the other to trigger ATP
hydrolysis within the Rad51 filament, causing a weakening of the Rad51-DNA
interaction, thus allowing more efficient clearing of the nucleoprotein filament
by Srs2 (81). Importantly and as described above, mediator proteins can
suppress the action of Srs2 anti-recombinase, indicating that the relative
strength of the two types of regulation determines the fate of presynaptic
filaments (47,76). Although Srs2 is often referred to as an anti-recombinase due
to its ability to disassemble presynaptic filaments, it also plays a pro-
recombination role to promote SDSA. The mechanisms underlying this latter
function are not well understood, though three non-mutually exclusive
possibilities can be proposed. Srs2 may remove Rad51 filaments from D-loops,
prevent second end capture, or collaborate with nucleases to cleave DNA tails or
other intermediates after annealing.

Although no mammalian homologue of Srs2 has been identified, several
helicases appear to have acquired a similar function. For example, RecQ5, BLM
and FANC] were reported to disrupt unstable RAD51-ssDNA filaments (82-84).
In addition, the human FBH1 protein, which has both helicase and SCF
ubiquitinligase domains, can carry out a subset of the Srs2 functions in yeast,
suggesting that it could represent functional Srs2 homologue in human cells
(85). Functional studies of human and S. pombeare in agreement with this
prediction (86,87). Finally, another human protein, PARI, which lacks ATPase
activity, can also suppress inappropriate recombination via its interaction with
sumoylated PCNA and Rad51 (88). Notably, both Srs2 and an FBH1-like protein
are present in U. maydis and S. pombe, and the fbh1 srsZ2 double mutant shows
more then additive reduction in growth due to unrestrained recombination in S.
pombe, indicating that overlapping systems could exist in some organisms to
keep recombination under control (89,90).

2) Translocases that unwind D-loop intermediates

Mph1 and its homologues, Fml proteins in fission yeast and FANCM in humans,
are translocases. They share several activities, including disrupting Rad51-
coated D-loops and catalyzing branch migration (91-94). Mph1 can also displace
the extended primer in D-loop-based DNA synthesis (95) (Figure 2). These
functions underlie the role of Mph1, and likely its homologues, in favouring SDSA
over DSBR, thereby suppressing crossover in mitotic cells (92). The function of
these helicases appears to be regulated by accessory proteins. For example, the
histone-fold proteins Mhfl and Mhf2 appear to cooperate with Mph1l in DNA
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damage and replication fork repair and are suggested to facilitate Mph1 activity
(96).

It is likely that similar mechanisms can be used to disrupt telomere specific
D-loops (also called T-loops) to facilitate telomere maintenance (97). Indeed, the
human RTEL1 protein was shown to efficiently disassemble D-loops (98).
Correspondingly, RTEL1-deficient cells undergo DSBR at telomeres, resulting in
telomere loss, chromosomal rearrangements and formation of telomere circles
(99).

3) Helicases that dissolve dHJs and channel D-loops into SDSA

Sgs1, a RecQ family helicase, forms a complex with Top3 and Rmil proteins in
yeast (100,101). Sgs1 has five orthologues in humans, including the cancer
syndrome-associated proteins BLM, WRN and RTS, with BLM being the
functional Sgs1 homolog. Sgs1l and its homologues have several roles in
regulating Rad51 nucleofilaments. Since sgsl4, like srs24, shows hyper-
recombination and Sgs1 overexpression can rescue srsZ4 recombination defects,
Sgs1l may directly dismantle presynaptic filaments, an activity that has been
observed for BLM (82,102,103). Additional mechanisms include elimination of
aberrant invasion events and resolution of recombination intermediates. This is
supported by the ability of Sgs1 to prevent the formation of multi-chromatid
joint molecules (104,105). In addition, Sgs1-Top3-Rmil can dissolve dH]Js in a
non-crossover configuration; both Sgsl1 and BLM promote the formation of
hemicatenanestructures by branch migrating two HJs between paired duplexes
and this is followed by dissolution using topoisomerase IIl to produce non-
crossover products (106,107).Finally, Sgs1 and similar proteins may also
prevent the channeling of D-loop intermediates into the crossover-forming DSBR
pathway (Figure 1B). For example, genetic studies in Drosophila
melanogastersuggest that the BLM orthologue, MUS-309, can free the invading
ssDNA tail from D-loops, thereby channeling it into the strand-annealing step of
SDSA (108,109). Combination of these functions likely underlies the increased
crossover levels in cells lacking Sgs1 (102,110,111). We note that Sgs1 can also
indirectly promote Rad51 filament formation by generation of 3’'overhang during
end processing (102,112). For more details about Sgs1 and its homologues, see
review by Ashton (113).

4) Removal of Rad51 from dsDNA

Several studies suggest that removal of Rad51 from dsDNA is required to
promote downstream recombination events. This may occur in multiple steps
with the initial ejection of Rad51 from the 3’ end of the invading strand to
promote extension of the D-loop by DNA repair synthesis (Figure 2). But
complete removal of Rad51 from dsDNA may be required for the resolution of
recombination intermediates and chromatin assembly. A function in Rad51
removal from dsDNA was first reported for yeast Rad54 protein as described
above. Recently, C. elegans proteins ceHELQ-1 and ceRFS-1 were also shown to
promote postsynaptic Rad51 filament disassembly from strand invasion
intermediates (114). This is in agreement with the persistence of ceRad51 foci at
meiotic DSBs in helg-1 rfs-1 mutants, and the biochemical evidence that these
proteins can remove ceRad51 from dsDNA but not ssDNA. The disruption
activity of the ceRFS-1 peptide requires ceRad51 ATP hydrolysis, as dsDNA-
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ceRad51 filaments formed in the presence of AMP-PMP are resistant to
disruption. Since ceRFS-1 is a ceRad51 paralogue, it might integrate into and
stabilize the ceRad51 filament on ssDNA, but lead to removal of ceRad51 from
dsDNA (114).

Regulating Rad51 and its regulators by post-translational

modifications

The regulatory mechanisms governing HR involve not only the aforementioned
positive and negative regulator proteins, but also an intricate network of post-
translational modifications (PTMs) (Table 1). Genetic studies provide the first
clues for the important roles of PTMs, particularly phosphorylation and
sumoylation, in HR regulation. For example, lack of CDK and DNA damage
checkpoint severely diminishes HR in yeast and higher eukaryotic cells
(reviewed in (72)). In addition, mutating the sumoylation or desumoylation
enzymes in yeast leads to a range of phenotypes indicative of HR defects, such as
hypersensitivity to DNA damaging agents and accumulation of recombination
intermediates (115-118). Recent advances in this field provide some degree of
detailed understanding of how CDK and checkpoint-mediated phosphorylation
and sumoylation affect the functions of Rad51 and its regulators.

Modifications of RPA, Rad51, and Rad55

The large subunit of RPA in both budding yeast and humans is sumoylated upon
genotoxic treatment (119,120). Genetic data in yeast suggest that RPA
sumoylation may disfavour Rad51-independent pathways, such as SSA and BIR.
In human cells, DNA damage triggers the dissociation of the RPA subunit, RPA70,
from the desumoylating enzyme SENP6, resulting in RPA modification by SUMO-
2/3. Sumoylated RPA70 facilitates Rad51 foci formation, and promotes HR and
DNA damage resistance (120). Depletion of PIAS1 or PIAS4, the human SUMO E3
ligases, impairs human RPA accumulation at damage sites and causes a decrease
in HR levels, indicating that sumoylation is also important for RPA recruitment to
DSB sites (121,122).

RPA is phosphorylated both by checkpoint kinases, ATM/Mec1, and by
cell cycle kinasesCDKs. Phosphorylation of RPA by these kinases is critical for
Rad51 recruitment to DSB sites or for HR during replication stress (30,123). In
vitro studies provide some mechanistic understanding of this modification.
Phosphorylation of RPA increases the binding affinity of Rad52 for ssDNA, thus
promoting the mediator function of Rad52 (124). In line with this idea, Rad52
recruitment is dependent upon RPA during S and G2/M phases, and CDK1
activity (20,125). The role of CDK1 in this case may be both to generate ssDNA
by enabling resection and to modify RPA to facilitate Rad52 recruitment (126).
Dephosphorylation of RPA is also important, as depletion of PP4C or PP4R2,
components of the heterodimericphosphatase that controls dephosphorylation
of RPA, also impairs HR (127).
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Table 1. The effect of post-translational modifications (PTMs) on Rad51 and its regulators

Human S. cerevisiae Function PTM Effect of the PTM modification
Mec1-mediated phosphorylation of Rad51 at S192 is required for ATPase and DNA binding activities (133)
Phosphorylation of RAD51 T309 by Chk1 is essential for Rad51 foci formation (320)
Recombinase RAD51 Rad51 Homology search and DNA strand exchange P RAD51 is phosphorylated on Y54 and Y315 in c-Abl dependent manner (321)
BCR-ABL1-mediated phosphorylation of RAD51 at Y315 promotes error-prone HR in leukemia cells (131,132)
Plk1- and CK2-dependent phosphorylation facilitates RAD51 recruitment to damage sites and its binding to NBS1 (134)
SUMOylation of Rad52 at K43,44,253 promotes protein stability, disfavors nucleolar localization, and inhibits DNA binding and annealing activity
o ) SUMO (138,141,142)
RAD52 Rad52 Recombination mediator, SSA SUMOylation of RAD52 alters its subcellular localization (143)
P Phosphorylation of RAD52 mediated by c-ABL enhances RAD52 annealing activity (146)
P CDK-dependent phosphorylation at S3291 of BRCA2 regulates its interaction with RAD51 (322)
BRCA2 Recombination mediator
Ub Ubiquitylation of BRCA2 after MMC treatment leads to its proteasomal degradation (323)
RAD51B-RAD51C Rad55-
RAD51D-XRCC2 Recombination mediator P Phosphorylation of Rad55 at $2,8,14 is required for efficient recombination after replication fork stalling (136)
Rad57
RAD51C-XRCC3
Psy3=RAD51D,
Shu2=SWS1 . L. S
Shu1=XRCC2 Shul-Psy3- | Regulation of Srs2 activity, stabilization Rad51 p XRCC2 is phosphorylated upon DNA damage, probably by ATM or ATR (324)
_ Shu2-Csm2 filament
Positive Csm2=not
I 1 s identified
Rad59 ssDNA annealing, Rad51 filament stability SUMO Deletion of SLX5/8 decreases Rad59 sumoylation and increases SSA and BIR (119)
RADS4 Rads4 ATP-dependent dsDNA translocase, stabilization of P Mek1-mediated phosphorylation of Rad54 down-regulates Rad51 recombinase activity (157)
Rad51 filament Ub APC/C-dependent ubiquitylation of S.pombe Rdh54 in G1 phase is required for efficient HR (156)
RADS4B Rdh54/Tid1 ATP-dependent dsDNA translocase, stabilization of
Dmcl filament
. SUMO-dependent ubiquitin ligase, stabilization of
Tid4/Uls1 Rad51 filament
RAD51AP1 Stabilization of D-loop formation
SWI5-MEI5 Mei5-Sae3* Mediator activity
MND1-HOPZ* Mnd1-Hop2* Stablllzatlon of Rad51- and Dmc1-presynaptic
filaments
Srs2 Helicase activity, disruption of Rad51 presynaptic SUMO Srs2 SUMOylation at K1081,1089,1142 is responsible for toxicity seen in cells lacking Cdk1-mediated phosphorylation of Srs2 (147)
filament, promotes SDSA . .
P Cdk1-dependent phosphorylation of Srs2 promotes accurate DSB repair (147)
Hed1* Inhibition of Rad54 recruitment to Rad51
presynaptic filament
Negative FANCM Mph1 Helicase and branch migration activity, dissociation |, FANCM is phosphorylated after DNA damage (325)
N of D-loops formed by Rad51, promotes SDSA
= ° BLM SUMOylation promotes RAD51 function (153)
SuMo Sgs1 sumoylation promotes telomere recombination (152)
RecQ-like DNA helicase, multiple roles in HR and 85 'su oyfation proi (,) € - clome atlo
BLM Sgs1 DNA replication (resolution dHJ) Sgs1 is phosphorylated in vivo (326)
P BLM phosphorylation at T99 causes its dissociation from Top3a (327)
MPS1-dependent BLM phosphorylation is essential for accurate chromosome segregation (328)
ATP-dependent DNA helicase, inhibition of D-loop
RTEL1 - )
formation, promoting SDSA
PARI Inhibition of HR, binds PCNA and Rad51
e » ) SUMO SUMOylation of RPA70 facilitates RAD51 foci formation and promotes HR (120)
Other RPA RPA Binding to resected ssDNA ends (competition with Deletion of SLX5/8 decreases sumoylation of Rfal and Rfa2 and affects SSA and BIR (119)
regulators Rad51
g ) P Hyperphosphorylated RPA2 is required for RAD51 recruitment to DSB sites (123)

* meiosis specific proteins, PTM -post-translational modifications: P - phosphorylation, Ub - ubiquitylation, SUMO - sumoylation

17



Rad51 was identified as a SUMO and Ubc9 interactor (128,129). A further
support of the connection between Rad51 and sumoylation is the observation
that mislocalization of UBC9 or depletion of SUMO E3 MMS21 disrupts RAD51
trafficking, resulting in marked inhibition of DNA damage-induced RAD51
nuclear foci formation (130). However it is not clear whether this is mediated by
a direct effect on RAD51. Rad51 isphosphorylated by several kinases (Table 1).
Phosphorylation of Tyr-315 by BCR/ABL appears to be essential for enhanced
DSB repair and drug resistance, and phosphorylation of Tyr-54 by c-Abl inhibits
the binding of Rad51to DNA and its ATP-dependent DNA strand exchange
reaction (131,132). Recent work also uncovered the phosphorylation of Ser-192
in a Mecl-dependent manner in response to DNA damage (133). This residue is
required for Rad51 ATPase and DNA-binding activity in vitro, suggesting that the
modification can affect Rad51 activity (133). Moreover, human RAD51
isphosphorylated at Ser-14 by Plk1 in a cell cycle- and DNA-damage-responsive
manner. Ser-14 phosphorylation triggers subsequent phosphorylation at Tyr-13
by casein kinase (CK2) leading to direct binding to MRN component, Nbs1. This
process helps RAD51 to recruit to DNA damage sites thus allowing accurate HR
(134). Phosphorylation also affects the formation of Rad51 nucleofilaments by
modifying the mediator Rad55 (135). Rad55 is phosphorylated by DNA damage
checkpoint kinases at three residues (Serine 2,8, and 14), and the
unphosphorylable mutant displays increased sensitivity to genotoxic stress and
replication fork stalling, indicating that this modification promotes Rad51
function (136).

Rad52 and its modifications
Rad52 proteins in fission yeast, budding yeast, and human cells are all
sumoylated (137,138). In budding yeast, Rad52 sumoylation is induced after DSB
generation in meiotic cells or genotoxic treatment of S phase cells (139,140).
Sumoylation of Rad52 likely precedes Rad51 filament formation based on the
observations that RPA-bound ssDNA enhances Rad52 sumoylation and that
sumoylation inhibits Rad52 DNA binding and strand-annealing activity (141).
Since rad514 leads to the accumulation of Rad52 foci, it is likely that Rad52
sumoylation can be attenuated once Rad51 filaments are formed. Studies using
mutants affecting the three sumoylation sites Rad52 (lysines 10, 11, and 220)
suggest that the role of Rad52 sumoylation can be diverse depending on the state
of the DNA substrates. First, this modification can shelter Rad52 from
proteasome-mediated degradation when recombination intermediates
accumulate in sgsIA srs2A background (138). It was extrapolated that
sumoylation may serve to protect the active forms of Rad52 from degradation
(138). Second, sumoylation of Rad52 is important for damage-induced
interchromosomal recombination and for recombination pathway choices, with
a bias toward gene conversion and against BIR and SSA (139,141). Furthermore,
Rad52 sumoylation appears to facilitate the exclusion of Rad52 foci from the
rDNA locus thereby inhibiting rDNA recombination (142). It will be interesting
to determine whether the different effects seen for Rad52 sumoylation are
mediated by the same or different molecular mechanisms.

In contrast to yeast Rad52, sumoylation does not seem to affect the
biochemical activities of human Rad52 nor is it induced by DNA damage. Rather
sumoylation alters RAD52 subcellular localization (143). In addition to
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sumoylation, Rad52 also undergoes phosphorylation. While phosphorylation of
yeast Rad52 occurs constitutively, that of RAD52 at tyrosine 104 is mediated by
c-ABL and is activated upon exposure to various types of DNA damage (144,145).
The phosphotyrosine analogue of Y104 of RAD52 enhances ssDNA annealing
activity by attenuating dsDNA binding by the protein, suggesting that this
modification can direct RAD52 to DNA repair intermediates that undergo
annealing (146).

Modifications of translocases in HR regulation

The dual functions of Srs2, both as a negative regulator of HR by dismantling
presynaptic filaments and as a positive regulator by processing recombination
intermediates in favour of the SDSA pathway, suggest that the protein may be
regulated by different modifications to serve different functional purposes.
Indeed, Srs2 is regulated both by Cdkl-dependent phosphorylation and
sumoylation in response to DNA damage. Cdkl-mediated phosphorylation of
Srs2 appears to promote the SDSA pathway (147). A pro-SDSA function may
provide an explanation for the requirement of this phosphorylation in HR-
dependent recovery after chronic exposure to low doses of UV irradiation (148).
Additionally, Srs2 is sumoylated near the C-terminus of the protein ((147)and
our unpublished data), a region that interacts with both SUMO and PCNA and is
required to prevent unscheduled recombination events at replication forks
(149,150). The function of SrsZ sumoylation is less clear, but genetic data
suggest an important role for this modification. In particular, inhibition of Srs2
phosphorylation results in the accumulation of sumoylated Srs2. In addition,
sumoylation of Srs2 is responsible for the DSB repair defects associated with
non-phosphorylable Srs2, as eliminating its sumoylation is able to rescue the
phenotype of the latter. Understanding how sumoylation can cause toxicity to
cells when Srs2 is not phosphorylated will provide important clues about the
function of Srs2 sumoylation.

Additionally, both Sgs1 and BLM proteins are sumoylated (115,151). While
sumoylation of yeast Sgs1 appears to specifically promote recombination at
telomeres, that of BLM was shown to increase its binding to RAD51 and promote
HR at stalled replication forks (152,153). Cells expressing a SUMO-deficient
mutant of BLM display defects in RAD51 localization to stalled replication forks
and failure to induce sister chromatid exchanges (SCEs), indicating that
sumoylation of BLM controls the recruitment and/or retention of RAD51 at
damaged replication forks (153). Additionally, sumoylation of another RecQ-like
helicase, WRN, was suggested to be involved in multiple processes, such as co-
localization with RAD51, stabilization of stalled replication forks, and telomere
maintenance (154,155). It remains to be determined whether these functions
reflect a more fundamental effect of sumoylation of WRN that is manifested in
different cell lines or conditions.

The function of Rad54 is also regulated by at least two types of PTMs. Its
activity during the G1 phase of the cell cycle in S. pombe seems to be regulated by
ubiquitin-mediated proteolysis (156). In meiosis, Rad54 undergoes Mek1-
dependent phosphorylation that abrogates its interaction with Rad51, thus
preventing inter-sister recombination (157). Recently, the Rad53 kinase was
also shown to target Rad54 for phosphorylation at the same site, suggesting that
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Rad54 may also be under checkpoint control in the mitotic DNA damage
response (158).

In summary, available data suggest that post-translational modifications
regulate HR at different levels. Just recently, it has been shown that DNA
damage-induced sumoylation could function alongside checkpoint signalling as
an integral part of DNA damage response (DDR) (159). A better understanding of
how these modifications affect HR proteins will require the integration of
biochemical examination of the modified forms of the protein and in vivo genetic
studies. In addition, it is important to understand the interplay between the
different forms of modifications: when they can work in a concerted manner and
when they can be antagonistic. Moreover, given the existence of STUbL proteins
such as Uls1 and the SIx5/8 complex that have been implicated in HR, it will not
be surprising if the interplay between sumoylation and ubiquitylation is also an
important aspect of HR regulation.

Functions of Rad51 and its regulators in mammalian cells

The function of Rad51 appears to be largely conserved in higher eukaryotic cells,
however its regulators and their functions are more complex (Table 1). Multiple
homologues of the yeast proteins are evolved to affect different aspects of DSB
repair or in different tissues, or to link repair with other cellular processes such
as checkpoint control and apoptosis. In addition, new mediators and regulators
have also appeared. Here, we focus on the core proteins that directly interact
with Rad51, including ssDNA binding proteins, mediators and their regulators,
and the Rad54 proteins. Understanding of other translocases and helicase
homologues in higher eukaryotic cells can be found in several recent reviews
(160-165).

RAD51 and ssDNA binding proteins
Although the biochemical activities of RAD51 mimic those of yeast Rad51 and
bacterial RecA, RAD51 in higher eukaryotic cells is essential for cell survival as
demonstrated in both mouse and chicken DT40 cells (166-169). The essentiality
of RAD51 in these organisms is likely due to the increased burden of repair
associated with the higher number of lesions in larger genomes (166). Another
intriguing function of RAD51 and its paralogues is that they are implicated in the
oxidative stress response in mitochondria (170). Further developments on this
front will help answer the long-standing question of recombination in
mitochondrial genomes.

While RPA is highly conserved between yeast and humans, human cells
have two other ssDNA binding proteins, human SSB1 and SSB2, that bear a
greater resemblance to bacterial SSB than RPA. SSB1 deficiency does not affect
replication and S-phase progression, but exhibit checkpoint activation defects,
increased IR sensitivity, and impaired HR, implying a role in the DSB response
(171). Indeed, SSB1 and SSB2 are part of the sensor ssDNA complex that binds to
DSB ends and is required for ATM checkpoint signalling and efficient HR repair
(172,173). An additional function was assigned to SSB1 in DSB processing,
during which it can recruit and stimulate the activity of MRN complex via its
interaction with the NBS1 subunit (174,175).
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BRCA2 - the main mediator

While the requirement for mediators is universally conserved, the specific
proteins can be different among organisms. Despite the presence of human
RADS5?2 protein, the central RAD51 mediator function in humans is carried out by
another protein, BRCA2. Although BRCAZ has no homology with yeast Rad52,
BRCAZ2 is its functional equivalent, since it controls the assembly of human
RAD51 into nucleoprotein filaments as demonstrated both in vivo and in vitro
(15,176). Especially, the structural characterization of the C-terminal part of
BRCA2 and its mediator activity was essential in this regard (177). For example,
both BRCA2 and RAD52 specifically interact with the corresponding Rad51
proteins, show preferential binding affinity towards ssDNA, have the ability to
overcome RPA inhibition, and promote RAD51-mediated strand exchange.

As BRCA2 orthologues in various organisms appear to function as
mediators, yeast may be an exception that uses Rad52 as the mediator. They
differ greatly in size and domain structures, suggesting evolutionary flexibility
and explaining the ability of the ssDNA binding region from RPA or RAD52
proteins to substitute for the BRCA2 DNA binding domain (DBD domain) to
efficiently suppress the cellular defects of BRCA2-mutant cells (178). The
understanding of the role of BRCA2 in HR benefits greatly from studies of its U.
maydis homolog Brh2, which is much smaller than BRCA2 (179,180). The recent
breakthrough with the purification of full length BRCA2Z confirmed previous
results seen by using truncated protein, as well as provides new insights into the
biochemical functions of BRACZ2, such as its possible dimerization, its capacity to
bind approximately six RAD51 proteins, and its stimulation of RAD51 activities
without direct interaction with RPA (181-183).

Recent studies have also provided more insight into how BRCAZ2 interacts
with and affects RAD51 function. BRCA2 can interact with RAD51 through two
types of domains. The first type includes various conserved BRC repeats that
exhibit different capacities for RAD51 interaction. One category of BRC domain
performs the mediator function by targeting RAD51 to ssDNA to form a
nucleoprotein filament, and by stabilizing this nucleofilament in active form via
down-regulation of RAD51 ATP hydrolysis. The other category of BRC
domainscan prevent the nucleation of RAD51 on dsDNA (184-187). Besides BRC
domains, BRCA2 also interacts with RAD51 through its C-terminal part that is
encoded by exon 27 of the human BRCT gene. Unlike BRC domains, this region
can interact with the RAD51 only in the nucleoprotein filament form in a cell
cycle-dependent fashion (188,189). Two recent studies suggest that this domain
stabilizes RAD51 filament or replication forks. In the first study, mutations
within the BRCA2Z C-terminus that block its interaction with RAD51 was shown
to not affect Rad51 foci formation or HR repair, but instead result in rapid foci
disassembly and mitotic entry (190). In another case, the C-terminal domain of
BRCA2 is essential for fork protection by stabilizing RAD51 filament and
preventing MRE11-mediated degradation (191). Altogether, the multiple RAD51
interaction domains meet the different demands for BRCA2 function as both a
mediator and a scaffold protein that links HR with replication and mitosis. It is
noteworthy that inside cells, the interaction between BRCA2 and RAD51 is also
subject to regulation by localization, as DNA damage can induce a redistribution
of soluble nucleoplasmic BRCAZ available for RAD51 binding (192). In addition,
it will be interesting to understand whether the BRCA2-RAD51 interaction is
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critical for the newly described role of BRCA2 in preventing the degradation of
newly synthesized DNA when replication is interrupted (191).

DSS1- a binding partner of BRCA2

DSS1 interacts with the C-terminal DNA binding domain of BRCA2 (177). In
Ustilagomaydis,dss1A4 mutants are phenotypically similar to rad514 and brh2A.
DSS1 confers allosteric regulation of the Brh2-DNA interaction and prevents the
formation of Brh2 homo-oligomers, thereby maintaining it in an active state
(193,194). No such effect was observed for the human protein, but rather
thehuman DSS1 facilitates BRCA2 in RAD51-ssDNA filament formation (168).
Strangely, the yeast DSS1 homologue, Seml, is a subunit of the regulatory
component of the proteasome as well as signalosome, which is involved in de-
neddylation and activation of some types of ubiquitin E3s, respectively. This
indicates that the Sem1/DSS1 family proteins are versatile proteins regulating
the integrity and function of several protein complexes involved in diverse
pathways (195). Depletion of DSS1, like BRCA2 depletion, greatly reduces HR
efficiency, and this is not via an ubiquitin-proteasome system, suggesting that
DSS1 regulates BRCAZ by means other than regulating protein stability (196).

PALB2 and other BRCA2 regulators

Another important regulator of BRCAZ is PALB2. PALB2 interacts with the N-
terminus of BRCAZ and plays several roles in HR by regulating BRCA2 and
possibly by directly affecting RAD51 function. Several germline BRCAZ2
mutations identified in breast cancer patients lead to loss of PALB2 binding and
BRCA2 function in HR, suggesting that PALB2 is a key regulator of BRCA2's
biochemical and tumour suppression function (197). In addition, a germline
mutation of PALB2 itself was also identified in breast cancer patients (198). The
structure of the PALB2 C-terminus in complex with BRCA2-peptide identifies
molecular determinants for protein-protein interaction and helps to explain the
effects of cancer-associated truncations of both proteins (199).

PALB2 colocalizes with BRCA2 in nuclear foci and stabilizes BRCA2 by
promoting its chromatin association. In addition, PALB2 and its oligomerization
promote the delivery and stabilization of RAD51 to the site of DNA damage
(197,200). While this effect likely involves its regulation of BRCA2, PALB2 may
also directly affect RAD51 function. PALB2 was recently shown to bind DNA,
directly associate with RAD51, and promote RAD51-mediated D-loop formation.
Additionally, it also binds to and cooperates with RAD51AP1 (described below)
to enhance RAD51-mediated recombination activities, supporting its role after
the assembly of presynaptic filaments (201,202). Both PALB2Z and BRCA2
influence cell cycle checkpoints, as depletion of either prematurely abrogates
checkpoint signalling and activate the checkpoint-recovery pathway (203). In
addition, p53 interacts with multiple regions of BRCA2 and suppresses HR in a
transactivation-independent fashion, whereas overexpression of BRCA2
attenuates p53-mediated apoptosis, suggesting that BRCA2 also connects HR
with apoptosis (204).

MCPH1 (microcephalin) is another BRCAZ2-interacting partner that can
reduce the levels of both BRCAZ and RAD51 at damage sites and interfere with
BRCA2-dependent HR (205). Similar results were observed for the mouse
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homologue of microcephalin, BRIT1 (206), suggesting that these proteins
provide a means to attenuate RAD51 function.

RAD52 with non-conserved functions

While human RAD52 shares structural and some biochemical similarity with
yeast Rad52, it has not been shown to possess recombination mediator activity.
This could explain both the minor role of RAD52 in vertebrate HR and its
replacement by BRCA2 for loading RAD51 on ssDNA (207). Despite its high
homology to yeast Rad52, the human RAD52 protein is functionally more similar
to the yeast Rad59 protein, which acts with Rad52 and has both a minor role in
Rad51-dependent recombination and a critical role in SSA between direct
repeats. Like Rad59, human RAD52 lacks the C-terminal part of the yeast Rad52
that contains Rad51- and RPA-interaction domains, as well as the region
responsible for mediator activity (31). Similarly, RAD52 also possesses strand
annealing activity and acts in parallel to BRCA2, and its inactivation is lethal in
BRCAZ2 deficient cells (208-210). However, RAD52 may be able to compensate
for BRCA2 under certain circumstances as observed in U. maydis(211). RAD52
also has a function in the late stages of DSB repair at stalled or collapsed
replication forks that does not appear to be shared by BRCA2 (212). These
observations argue that RAD52 has a unique role in catalyzing ssDNA annealing
in homology-directed DNA repair. These activities may be toxic in certain genetic
background since RAD52 deletion can partially rescue the T cell development
and reduce T-cell lymphomas in ATM-deficient mice (213).

Rad51 paralogues and other Rad51 binding factors

The RAD51 paralogues, including RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3,
share 20-30% sequence identity with RAD51. Several lines of evidence suggest
that they function as mediators or promote and/or stabilize RAD51
nucleofilaments. For example, depletion of these proteins block IR-induced
RAD51 foci formation, and the defects in each of these RAD51 paralogues is
partially suppressed by overproduction of RAD51 in chicken DT40 cell lines
(214-216). Two complexes can be formed by RAD51 paralogues, including the
RAD51B-RAD51C-RAD51D-XRCC2 complex and the RAD51C-XRCC3 complex
(217). The first complex has the highest affinity for branched DNA substrates,
which is consistent with a function in formation or stabilization of RAD51
filaments during repair of damaged replication forks (218-221). In addition, this
complex can stimulate homologous DNA pairing, likely due to the ability of
RAD51C to promote the melting of dsDNA. The second complex likely plays a
role in the later steps of recombination, as suggested by the association of
RAD51C-XRCC3 complex with HJ resolution activity in human cell extracts and
that RAD51C-deficient cells show phenotype associated with defects in HJ
resolution activity (222,223). The RAD51 paralogues may function in parallel to
BRCAZ2 in RAD51 loading, as RAD51C foci are not affected in BRCA2-deficient cell
lines (218). While mutations in any of these paralogues in chicken or hamster
cells lead to increased sensitivity to DNA damaging agents (224), disruption of
RAD51B, RAD51D, and XRCC2 in mice leads to embryonic lethality, indicating an
increased dependency of these proteins in larger genomes (225-227). Further
elucidation of the molecular mechanisms of how RAD51 paralogues function in
different steps of HR will illuminate the complex regulation of RAD51.
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RAD51AP1

Additional factors are also involved in regulating RAD51. Most noticeably,
RAD51AP1 (Rad51 associated protein 1) represents a vertebrate-specific protein
that interacts with human RAD51 (228). It enhances RAD51 recombination
activity by stabilizing D-loops formed by RAD51, but plays little or no role in the
assembly of DNA damage-induced RAD51 foci (229,230). This suggests that the
function of RAD51AP1 is limited to the DNA strand invasion step of HR. Meiosis-
specific roles of RAD51AP1 are described below.

Human Snf2/Swi2 members involved in HR

Human cells possess two Rad54 homologues, RAD54 and RAD54B, which share
similar biochemical activities (231). However, in contrast to what is seen in
yeast, knockouts of either RAD54 or RAD54B show modest to no defects in HR in
vertebrates, though the RAD54RAD54B double knockout displays stronger
defects (232). One possible explanation for the different effects of lack of Rad54
in yeast and in vertebrates is that yet other members of the Snf2 /Swi2 family in
the latter case may be able to carry out similar functions, though these factors
are yet to be identified.

Meiosis-specific regulation of recombination nucleofilaments
Recombination in meiosis shares similarities with mitotic recombination, but
also exhibits many unique features. Unlike mitotic recombination, meiotic
recombination is genetically programmed with DNA breaks being endogenously
induced by Spo1l1 (233). The repair of Spoll-generated breaks is essential for
homolog pairing in some organisms and also for generation of genetic diversity.
Recombination also mediates crossing-over between homologues leading to the
formation of chiasmata, which are required for proper segregation of
homologous chromosomes at meiosis I. In addition, the process of HR in meiosis
needs to be tightly integrated with other DNA-protein structures uniquely
required for meiosis such as the synaptonemal complex. Finally, to allow
homologous chromosomal pairing and the generation of genetic diversity, the
DSBR mode of recombination is more favoured in meiosis than in mitosis by
several mechanisms. These specific requirements during meiosis are fulfilled
both by a specialized strand exchange proteins and several meiosis-specific
regulators.

Meiosis-specific strand exchange proteins
Most eukaryotes contain a meiosis-specific Rad51 paralogue, Dmc1l. Unlike
rad514, which leads to severe defects in both mitotic and meiotic recombination,
dmcliA is deficient only in meiotic recombination (8,233,234). The essential role
of Dmc1 in this process is demonstrated by the spore inviability, the absence of
recombination intermediates and dramatic reduction of crossover products in
dmc1 mutants (235-237). A conserved role of Dmc1 is seen in mouse cells, as
lack of the mouse Dmc1 results in the same phenotype as that of yeast dmcl
mutants (238,239). However several organisms, such as fission yeast and plants,
lack the Dmc1 protein, suggesting alternative mechanisms are being utilized
there (233).

There are several similarities and differences between Rad51 and Dmc1.
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In the absence of DNA, both exist as rings consisting of several protomers. In the
presence of DNA, Dmc1 forms a helical filament as well as stacked rings (240-
243). However, only the filament similar to that formed by Rad51 shows the
ability to catalyze DNA pairing and strand exchange (242,244). Several papers
have described the differences in the properties of Dmcl and Rad51. For
example, Rad51 and Dmc1 proteins localize differently on meiotic chromosome
(245,246). In addition, D-loops formed by DMC1 are more resistant to
dissociation by branch-migration proteins such as RAD54 than the ones formed
by RAD51 (247). It needs to be noted that interpretations of these observations
should consider the different methodologies as well as conditions employed
(243,248).

The interplay between Rad51 and Dmc1 is still not yet fully understood,
and several nonexclusive models have been put forward. The cooperative model
suggests the formation of co-filaments composed of both proteins, whereas other
models prefer the formation of asymmetric filaments or the assembly of different
types of nucleofilaments leading to different HR subpathways(249). However, it
does not seem that Rad51 and Dmc1 can form different filament structures with
intrinsically distinct biochemical activities. This means that the different effects
of the two proteins have to be also influenced by the distinct sets of specific
accessory proteins that can differently interact with these proteins.

The Mei5-Sae3 complex - a meiosis-specific mediator only in budding yeast
Mei5 and Sae3 likely represent meiosis-specific recombination mediator
required for Dmc1 recruitment and loading, with no effect on Rad51 filament
formation in budding yeast (250). As a typical recombination mediator, the
Mei5-Sae3 heterodimer interacts with Dmc1, RPA, and both ssDNA and dsDNA,
and is able to overcome the inhibitory effect of RPA on the Dmcl-mediated
strand exchange reaction (251,252). In addition, similar to other recombination
mediators, such as Rad55/Rad57, mutations in the SAE3 gene result in hyper-
resection of DSB (253). Sae3-Mei5 localization is dependent on Dmc1, suggesting
mutually dependency. This is reminiscent of the relationship between the
Rad55-Rad57 complex and Rad51 (20,49,254). The roles of these proteins
appear to be conserved, but may exhibit some variation regarding whether they
facilitate Rad51 and/or Dmc1.

The Mei5-Sae3complex also functionsin mitosis in other organisms.The
fission yeast homologues (Swi5-Sfrl) function in both mitotic and meiotic cells,
and exhibit mediator activity in both Dmcl- and Rad51-mediated strand
exchange reactions (255-258). Recently, the human and mouse homologues of
the Swi5-Mei5 complex have been identified and were shown to interact with
Rad51. Accordingly, their depletion leads to defects in Rad51 foci formation and
increased sensitivity to DNA damaging agents (259,260). It appears that this
complex functions in both mitosis and meiosis and the budding yeast situation is
the exception.

The Hop2-Mnd1 complex and its multiple roles in promoting meiotic
recombination

The Hop2-Mnd1l complex is another meiosis-specific factor identified in all
organisms expressing Dmcl. The absence of both proteins results in non-
homologous synapsis and persistence of meiotic DSB (261). This complex likely
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performs two functions. First, it can stabilize Rad51- and Dmcl-presynaptic
filaments (262,263). However this activity is different from a recombination
mediator role, as both Rad51 and Dmc1 foci form normally in mnd1 and hop2
mutants, and unlike mediators, Mnd1 is not recruited to DSB sites (261,264,265).
Second, the Hop2-Mnd1 complex facilitates strand invasion and stimulates D-
loop formation by promoting the capture of dsDNA by Dmcl or Rad51
nucleoprotein filaments (262,263). This function is suggested by the observation
that mndl mutants exhibit normal initiation of recombination but fail to form
heteroduplex DNA or dHJs(266). A likely mechanism for this function is the
reversible dsDNA condensation that allows efficient capture of homologous
dsDNA(265,267). This represents a mechanism distinct from Rad54 stimulated
synapsis, where dsDNA capture follows ATP hydrolysis-coupled dsDNA
translocation (268). Further work is needed to understand how the various
biochemical functions of Hop2-Mnd1 contribute to meiotic recombination.

Rad54 and Rdh54/Tid1 and their different roles in meiosis

Rad54 and Rdh54/Tid1 are also important for recombination during meiosis.
Their double mutant almost eliminates meiotic HR, whereas each single mutant
results in partial defects in both sporulation and spore viability(269,270). Rdh54
seems to be more critical during meiosis than mitosis, likely due to its role in
promoting Dmcl-mediated interhomologue recombination (269-271). Indeed,
Dmc1 interacts with Rdh54/Tid1, but not Rad54, although Rad51 interacts with
both (271-273).In addition, Rdh54 prevents the accumulation of Dmcl on
chromatin in the absence of DSBs in an ATPase-dependent manner, suggesting
that Rdh54 can dissociate dead-end Dmcl complexes (274). These activities
have also been demonstrated biochemically: purified SpRdh54 that can both
stimulate Dmc1 reaction and remove Dmc1 from dsDNA in an ATP-dependent
manner (275).

In contrast to an active role of Rdh54/Tid1 in regulating Dmc1, Rad54
fails to disassociate Dmc1l-mediated D-loops (247). This may provide a better
opportunity for second end capture of Dmc1l D-loops and promote DSBR. In
addition, Rad54 is regulated by Mek1-mediated phosphorylation that inhibits the
Rad51-Rad54 interaction, providing another means to favour Dmc1l-mediated
recombination (157). However, Rad54 does contribute to meiotic progression
likely by promoting sister chromatid or interhomologue recombination (276).

Hed1- a meiotic Rad51 inhibitor

Hed1 mediates another mechanism in favour of Dmc1-mediated recombination
in meiosis in budding yeast. Hed1 interacts with Rad51 in yeast two-hybrid
assays and colocalizes with Rad51 at meiotic DSBs in a Rad51-dependent
manner (277). Hed1l does not affect Rad51 presynaptic filament formation,
rather it interferes with the Rad51-Rad54 interaction thereby restricts Rad54
recruitment to site-specific DSBs(278). In agreement with this, overexpression of
both Rad51 and Rad54 in dmc1 cells can suppress Hed1-mediated inhibition of
Rad51 function (279,280). As no apparent Hed1 homologue is found in other
higher eukaryotic cells, how Rad51 is inhibited in these systems remain to be
elucidated.

Other meiotic recombination factors
Two mammalian Rad51 interacting proteins, RAD51AP1 and RAD51AP2, also
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regulate meiotic HR. hDmcl-mediated D-loop formation is enhanced by
RAD51AP1 and the function synergy of the two proteins requires their physical
interaction (281). RAD51AP2 is a meiosis-specific Rad51 interacting protein as
suggested by yeast 2-hybrid results, but the possible regulatory role of this
protein remains unclear (282).

Besides a critical role in mitotic recombination, BRCA2 is also implicated
in meiosis and binds both Rad51 and Dmc1 in A. thaliana and humans (283,284).
Distinct interaction domains could allow coordinated interactions of the two
strand exchange proteins with BRCA2 during meiosis. Genetic data from several
organisms also support a role of BRCAZ in meiosis. First, silencing of plant
BRCA2 results in meiotic defects and sterility, which could also be related to its
role in oocyte nuclear architecture and gametogenesis(285,286). Second,
deletion of Drosophila BRCA2 leads to recombination defects and checkpoint
activation during meiosis (287). Finally, BRCA2-deficient zebrafish and mice cell
lines reveal a role for BRCA2 in ovarian development, and in tumorigenesis of
reproductive tissues and impairment of mammalian gametogenesis, respectively
(288,289). Similarly, Brh2 and Dss1 proteins together with Rad51 are required
during meiotic HR in U. maydis(180).

Recombination defects in human diseases

Given the important roles of RAD51 and its regulators in repairing DNA lesions
and preventing inappropriate recombination, it is not surprising that mutations
of these proteins can lead to predisposition to a variety of cancers (Table 2)
(290-292). Among the RAD51 regulators, heterozygous mutations in BRCA2
increase susceptibility to breast and ovarian cancers (293). While heterozygous
mutations in several HR genes involved in Rad51 filament assembly, including
BRCA2, PALB2, and RAD51C increase the risk of breast, pancreatic and ovarian
cancer, homozygous mutations cause Fanconi anaemia (FA), a cancer
predisposition syndrome characterized by a defect in the repair of DNA
interstrandcrosslinks(197,198,294-298). Mutations of other RAD51 regulators
were also found in cancer cells. For example, translocation of RAD51B was found
in uterine leiomyoma and several mutations of RAD54B that reduce or eliminate
its activity in vitro have been found in primary colon carcinomas and lymphomas
(299-301). Inappropriate HR during meiosis due to mutation of RAD51
regulators, results in abnormal numbers of homologous chromosomes,
developmental abnormalities, and/or embryonic death (288,302). In addition,
mutations in BLM and WRN helicases, are associated with cancer predispose
syndromes, genomic instability and premature aging (160,163).

Although mutations in RAD51 have not been linked to any disease, many
cancer cell lines show elevated levels of the protein. It has been proposed that
high levels of RAD51 may lead to uncontrolled HR and destabilization of the
genome in the early events in carcinogenesis (303). Another view is that higher
levels of RAD51 help to maintain the genome during tumorigenesis when it
experiences some levels of instability (224). Accordingly, it was shown that p53
plays an important role in suppressing RAD51 expression and activity (for
review see (304)). In addition, constitutive activation of c-ABL due to the BCR-
ABL fusion, a key event in the pathogenesis of chronic myeloid leukaemia and
other myelo-proliferative diseases, results in higher expression and
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phosphorylation of RAD51, promoting unfaithful HR events and contributing to
secondary aberrations or drug resistance (131). Another example is that c-ABL
activation enhances nuclear localization of RAD52 (305), accompanied by
upregulation of SSA (306). This suggests that the BCR/ABL kinase may shift the
balance from error-free HR to mutagenic recombination. Finally, mutation in
other strand exchange protein, DMC1, has been associated with infertility (307).

Diagnosis and Therapeutic strategies

Due to the important roles of HR proteins in tumour progression and their
involvement of resistance to some therapeutic agents, they represent potential
targets for diagnosis and therapy. One main concept in devising these strategies
is that HR-deficient tumours are more sensitive to killing by DNA damaging
agents or by chemicals that inhibit other repair pathways or checkpoint
mechanisms (208,308,309). For example, tumour cells that are mutated for the
FA repair pathway show hypersensitivity to inhibitors of a main checkpoint
kinase CHK1 (310). Another example is the selective killing of RAD54B-deficient
colorectal cancers by down-regulation of FEN1 a nuclease involved in replication
and excision repair (311). A third promising strategy uses PARP inhibitors. PARP
is an enzyme involved in the repair of SSBs, and its inhibition leads to the
persistence of DNA lesions normally repaired by homologous recombination. As
a result, inhibition of PARP in HR-deficient cells confers strong lethality. Since
PARP inhibition selectively targets HR-defective cells, they have shown good
effects in cancers associated with BRCA1 or BRCA2 mutations (308,312).

Diagnosis tools can also be generated based on the interplay between
PARP and HR proteins. Since PARP inhibitors can result in RAD51 foci formation
only in HR-proficient cells, a diagnostic tool using PARP inhibitors has been
developed in primary cell cultures to identify HR-deficient tumours (313).
Similarly, since PARP is hyperactivated in HR-defective cells, including RAD54,
RAD52, BLM, WRN, and XRCC3 (314), a strategy can be devised which uses this
feature as predictive biomarkers for PARP inhibition.

More complex therapy strategies that use multiple agents to impair HR
and other repair pathways have shown some promise. For example, preclinical
and preliminary clinical evidence suggest a potentially broad scope of PARP
inhibitors in combination with DNA-damaging agents (for review see (315,316)).
In addition, in vitro studies on BRCA2-deficient cells showed synergistic effects
for combinations of olaparib with alkylating agents (317). However, as the DNA-
damaging agents used to target rapidly dividing cancer cells also affect other
proliferating cells, the therapeutic window of the drug cocktail needs to be
regulated to minimize toxicity in healthy cells. In addition, BRCA2-deficient cells
were shown to gain resistance to PARP inhibitors due to acquired mutations in
BRCA2 that restore its activity (318,319). These observations have implications
for understanding drug resistance in BRCA mutation carriers (318). The recently
observed synthetic lethality of RAD52 and BRCAZ2 deficient cells could provide a
treatment strategy not only in BRCA2-defective tumours, but also in BRCA2
revertants that become treatment-resistant (208,318,319). It is clear that further
research in this area will contribute to a better understanding of the processes
underlying the maintenance of genomic integrity in eukaryotes, with
implications for design of innovative treatment strategies.
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Table 2 List of diseases linked or associated to either recombination mediators or its

interacting partners, synthetic lethality interaction are also shown(291,292).

Gene Syndrome/Disorder Cancers Synth'etlc
lethality
BRCA1 - Breast, prostate, ovarian cancer PARP1
. . . PARP1,
BRCAZ2 Fanconianemia (FANCD1) Breast prostate, ovarian cancer RADS?2
Colon cancer, Non-Hodgkin PARP1,
kil Lymphoma FEN1
RAD51B | - Lipoma, uterine leiomyoma PARP1
RAD51C | Fanconianemia (FANCO) Breast, ovarian cancer -
BLM Bloom - -
WRN Werner ) -
RECQL4 | Rothmund-Thomson - -
p53 Li-Fraumeni Breast, pancreatic, lung cancer -
FANCM Fanconianemia (FANCM) - -
PALB2 Fanconianemia (FANCN) Breast, pancreatic cancer
Potential associations with diseases
Breast cancer in BRCA1 and
RADS51 i BRCAZ2 carriers j
DMC1 infertility
XRCC2 - Breast cancer -
Basal cell carcinoma, Malignant
XRCC3 - melanoma, Bladder cancer, RAD52
breast cancer
RAD51D | - Breast cancer -
DSS1 Split hand/. split foot Skin squamous cell carcinoma -
malformation
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Recombination is important for the repair of DNA damage and for chromosome segregation during meiosis;
it has also been shown to participate in the regulation of cell proliferation. In the yeast Saccharomyces cerevisiae,
recombination requires products of the RAD52 epistasis group. The Rad51 protein associates with the Rad51,
Rad52, Rad54, and Rad55 proteins to form a dynamic complex. We describe a new strategy to screen for
mutations which cause specific disruption of the interaction between certain proteins in the complex, leaving
other interactions intact. This approach defines distinct protein interaction domains and protein relationships
within the Rad51 complex. Alignment of the mutations onto the constructed three-dimensional model of the
Rad51 protein reveal possible partially overlapping interfaces for the Rad51-Rad52 and the Rad51-Rad54
interactions. Rad51-Rad55 and Rad51-Rad51 interactions are affected by the same spectrum of mutations,
indicating similarity between the two modes of binding. Finally, the detection of a subset of mutations within
Rad51 which disrupt the interaction with mutant RadS2 protein but activate the interaction with Rad54
suggests that dynamic changes within the Rad51 protein may contribute to an ordered reaction process.

In the yeast Saccharomyces cerevisiae, genes of the RADS52
epistasis group are required for both homologous recombina-
tion and the repair of double strand-breaks (DSBs) (10). Mu-
tations in these genes result in severe cellular sensitivity to
ionizing radiation and alkylating agents (e.g., methyl methane-
sulfonate [MMS]), reduced spontaneous and DNA damage-
induced mitotic recombination, and the production of inviable
spores in meiotic recombination (36).

Biochemical data suggest that some products of the RAD52
epistasis group (Rad51, Rad52, Rad54, Rad55, Rad57, and
replication protein A [RPA]) assemble-disassemble on DNA.
The Rad51 protein is a key component of this complex. It has
significant sequence and functional similarity to Escherichia
coli RecA protein, the crystal structure of which has been
determined (47). The two proteins share a region of 30%
identity, comprising amino acid residues 154 to 374 of Rad51
and 33 to 240 of RecA, corresponding to a large middle do-
main essential for recombination. Indeed, Rad51 protein also
possesses some of the RecA functional activities, e.g., binding
of single-stranded DNA (ssDNA) and double-stranded DNA,
ATP hydrolysis, formation of nucleoprotein filaments, and for-
mation of heteroduplex DNA (51, 54).

Rad51 interacts with itself, with Rad52 (9, 43), with Rad54
(7, 17), and with Rad55, which in turn associates with Rad57
(15, 18). In accordance with the biochemical and two-hybrid
data obtained for these interactions, there are also many ge-
netic data supporting their cellular relevance (7, 11, 41). The
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importance of the N-terminal part of Rad51 has been demon-
strated in Rad51 self-association and in the interaction with
Rad52 (31). The details of these two interactions have not
been explored further.

Recently, much attention has been paid to the biochemical
function of Rad51 and its associated proteins, Rad51, Rad52,
Rad54, and the Rad55-Rad57 heterodimer. Rad52 shows an-
nealing activities (32, 50) and promotes the exchange of RPA
for Rad>51 protein on ssDNA (28, 52), and human Rad52 binds
double-strand breaks (56). Rad54 belongs to a SWI2/SNF2
protein family, whose members modulate chromatin struc-
ture (57). Biochemical studies show that Rad54 forms a dimer
or oligomer on DNA and promotes Rad51-dependent homol-
ogous DNA pairing through changes in DNA double-helix
conformation (37). Both RAD55 and RADS7 are sequence
homologs of RADS51, and they form heterodimers that assist
Rad51 in interacting with the ssDNA. The heterodimer may be
involved in overcoming an inhibition of strand exchange by
RPA (52).

The sequence of the RAD genes is conserved in a wide
variety of eukaryotic organisms, suggesting their importance to
eukaryotic cellular function in general. An interesting feature
of Rad51p is its crucial role in the mouse, where the rad51
mutant displays early embryonic lethality (24) but also impairs
spontaneous and DSB-induced conservative recombination
without affecting cell viability (22). The physical interaction of
HsRad51 with several tumor suppressor genes, namely, p53,
BRCA1, and BRCA2, implies its possible role(s) in tumori-
genesis (26, 48).

Here we describe a new approach to dissect protein inter-
actions within the multiprotein complex and the application of
this technique to the yeast recombination-repair complex. By
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TABLE 1. Primers used in this study

Oligonucleotide Sequence (5" to 3")
scRAD51-FOR ..CGGGATTCGTATGTCTCAAGTTCAAGAACAA
scRAD51-REV ACGCGTCGACCTACTCGTCTTCTTCTCTGG
SCRADS2-FOR ....coiiiiiiiiiiiiiicicaes GGAGAATTCATGGCGTTTTTAAGCTATTT
scRAD52-REV ACGCGTCGACTCAAGTAGGCTTGCGTG
SCRADS4-FOR ..ot GGAGAATTCATGGCAAGACGCAGATTACC
scRAD54-REV AAACTGCAGTCAATGTGAAATATATTGAA
SCRADST-CIEV ...t GGATCCGAAATGATAAGATCTTTATATCCC
scRAD51-393D TGTTCGCGATCTATGAAGATGGTGTTGATG
SCRADST-393S ...t TGTTCGCGATCTATGAAGATGGTGTTAGTG
scRADS51-R2 GTAGCTCACGTAACGGTTTG

diSTUPST-FOR ..ot AGCGACAAAGAGCAGACGTAGTTATTTTTTAAAGGCCTACTAATTTGT
TATCGTCATATGTCGCAAGTTCAAGAACAAC

this strategy, mutations introduced into one component of a
two-hybrid interaction pair can be readily and simultaneously
screened for effects on interactions with each of several desired
partner proteins, thus directly revealing different patterns of
effects and defining the residues involved. We have used this
approach to investigate the interactions of yeast Rad51 with
Rad52, Rad54, Rad55, and Rad51 itself by isolating rad51
mutants which abolish specific interactions within the Rad51
complex without affecting others. Such analysis was not possi-
ble using the conventional two-hybrid system. Localization of
these mutations in a homology model of the Rad51 protein and
the Rad51 filament reveals possible interaction interfaces. The
mutants defective in specific interactions also show a decrease
in MMS-induced DSB repair, revealing new data on the im-
portance of protein-protein interactions in recombination and
repair. Possible compensatory mutations that activate protein
interactions were also identified. This mutagenic two-hybrid
strategy can be used to dissect other multiprotein complexes
or mechanisms and can help us understand the evolution of
compensatory mutations as well as define interaction regions
de novo.

MATERIALS AND METHODS

Media and plasmids. Yeast and bacterial media, as well as all the standard
yeast genetic methods, were used as described previously (2). 5-Fluoroorotic acid
medium was prepared by the method of Boeke et al. (5). The vectors pGBT9 and
pGADI10 have been described elsewhere (6). Coding sequences of RADSI,
RADS52, and RAD54 were amplified from genomic clones by PCR using the
primers scRAD51-FOR plus scRAD51-REV, scRAD52-FOR plus scRAD52-
REV, and scRAD54-FOR plus scRAD54-REV, respectively (Table 1). The PCR
products were digested with BamHI-Sall, EcoRI-Sall, and EcoRI-Pst], respec-
tively, and cloned into the same site within pGBT9 to generate pGBT9-RADS1,
pGBT9-RAD52, and pGBT9-RAD54, respectively. pGBT9-RADSS and pGAD10-
RADS1 were kindly provided by R. Rothstein (Columbia University). Plasmids
pRS413-rad51x, carrying different rad51 mutations, were constructed by inserting
the BstEII-Bsu36l fragment from pGAD-rad51x into the BstEII-Bsu36l site of
pRS413-RADS1 (kindly provided by L. Symington, Columbia University). Plas-
mid pRS413-rad51A27V was constructed by ligating the Stul-Bsu361 fragment
produced by PCR using disrup51-FOR and scRAD51-R2 primers, with pGAD10-
rad51A27V as template. pRS413-G393S and pRS413-G393D were produced by
site-directed mutagenesis using primers scRAD51-393S and scRAD51-393D as
forward primers and scRADS1-crev as a reverse primer. The resulting fragments
were digested with NruI-Styl and cloned into the pRS413-RADS1 vector. All
PCR products were isolated from agarose gels by Gene Clean II (Bio 101, Inc.),
and the final constructs were verified by DNA sequencing.

Yeast strains. The yeast strains used to study two-hybrid interactions were
CBY14.1a and CBY14.1a (ade2 his3 leu2 trpl URA3::UAS ., ,-HIS3 gal4A
8al80A LYS::UAS G4, ;-lacZ) (4) and PJ69-4a and PJ69-4a (trpl leu2 ura3 his3
gal4A galSOA LYS::GALI1-HIS3 GAL2-ADE?2 met2::GAL7-lacZ) (16). The LM1

strain used for rad51 complementation studies is a derivative of W303 (rad51::
URA3 ade?2 canl his3 leu2 trpl ura3) (55). The RADS51 gene was replaced with the
URA3 gene by transformation of yeast cells with the PCR fragment of the URA3
gene with 60 bp of the RAD51 sequence at the 3’ and 5" ends of the fragment,
compatible to the sequence outside the open reading frame. Yeast strains were
transformed by the method of Gietz et al. (12).

Detection of two-hybrid interactions. Individual interactions were examined
using isogenic CBY14.1a plus CBY14.1a and PJ69-4a plus PJ69-4a yeast two-
hybrid strains. The diploids were selected on synthetic complete medium lacking
Trp and Leu (SC-Trp-Leu) plates and replica plated to SC-Trp-Leu-His plates
supplemented with 30 mM 3-amino-1,2,4-triazole. The cells were incubated at
30°C for 3 to 4 days and then subjected to a B-galactosidase assay (2). The
B-galactosidase activity was quantified by the method of Guarente (14). Addi-
tional selection on SC-Trp-Leu-Ade was performed with the PJ69-4a/a diploid
strain, since it carries the ADE2 reporter gene (16). To investigate the temper-
ature sensitivity of the protein interactions, the same studies were done at two
additional temperatures, 25 and 34°C.

Mutational screen. Mutations in the RAD51 gene were introduced by propa-
gating the two-hybrid plasmid pGAD10-RADS51 through an Escherichia coli
mutD5 mutator strain, GM4708 (35). Mutagenesis was induced by cultivation for
different periods (16, 19, 21, and 24 h) in Luria-Bertani (LB) medium containing
ampicillin (75 pg/ml). The mutation rate followed the Gaussian distribution, with
an optimum at 20 h of incubation, and was determined by loss of function of the
LEU?2 plasmid to complement the leuB mutation in E. coli strain HB101. The
mutated plasmid (pGAD10-rad51x) was used to transform the yeast strain
CBY14.1a. Around 10,000 transformants were then manually patched on selec-
tive media so that each colony would be easily identified by its position, with its
row and column numbers in a chess-like pattern. Eighty plates (140 mm), con-
taining 131 individual colonies, were then replica plated onto four lawns with the
CBY14.1a strain containing pGBT9-RAD51, pGBT9-RADS52, pGBT9-RAD54
or pGBT9-RADSS5 fusion plasmids. Diploids were recovered on SC-Trp-Leu
plates and afterwards replica plated on SC-Trp-Leu-His triple-dropout plates
supplemented with 30 mM 3-amino-1,2,4-triazole and placed at 30°C. The cells
were then subjected to a B-galactosidase filter assay, and pGAD10-rad51x plas-
mids were isolated from candidate colonies and subsequently sequenced. Due to
the organized pattern of the colonies, each transformant was compared for its
ability to interact with the Rad51, Rad52, Rad54, or Rad55 proteins, respectively.
Thus, colonies where specific interactions were disrupted while others remained
intact could be isolated.

MMS sensitivity. Transformants of each clone were grown to stationary phase
in yeast extract-peptone-dextrose medium (YPD) and subjected to titer deter-
mination in four 10-fold serial dilutions with sterile water. Aliquots of each
dilution were plated in duplicate on SC-His plates in the presence and absence
of various concentrations of MMS. After preparation, the plates were immedi-
ately wrapped in foil to prevent evaporation, and they were used within 12 h. The
cells were incubated in the dark at 30°C, and colonies were counted daily for 6
days.

Rad51 modeling. A theoretical model of Rad51 was constructed using the
homology modeling approach as implemented in the program Modeller 3.0 (39).
The crystal structure of the RecA protein (47) obtained from Brookhaven Pro-
tein Database served as a template (accession code 2reb). The template and the
target sequence were aligned manually using the program Cameleon 3.14a (Ox-
ford Molecular). An effort has been made to align the secondary elements and
to avoid the gaps in the regions of known secondary elements of RecA. The
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secondary structure of Rad51 was predicted using the JPred server (8). The
constructed models were refined by the molecular dynamic “refine3” option of
Modeller 3.0. The protein structures were visualized and manipulated in the
modeling package InsightIl (MSI/Biosym). The reliability of the models was
tested by analyzing their stereochemical accuracy, folding reliability, and packing
quality. The stereochemical quality was checked by PROCHECK 3.0 (23). The
folding reliability was determined by calculation of the three-dimensional-one-
dimensional profile (25), and the total energy of the amino acid profile was
determined using PROSAII 3.0 software (46). The packing quality was con-
firmed by performing bump checks and by visual inspection of the distribution of
the hydrophobic and hydrophilic residues within the protein.

RESULTS

Delineation of the two-hybrid interactions between members
of the RADS52 epistasis group. Since the yeast two-hybrid sys-
tem was capable of detecting at least some Rad51 interactions,
we examined systematically which regions of Rad51 protein are
required for these protein interactions. First, full-length ver-
sions of Rad51, Rad52, Rad54, or Rad55 protein (each fused
to the binding domain of Galdp) were transformed into a
haploid strain of one mating type. Full-length Rad51 (fused to
the activation part of Galdp) was transformed into a haploid
strain of the opposite mating type. Thereafter, the two haploid
strains were mated and the diploids were examined for Rad51
interaction with each of the other constructs (Fig. 1B, lanes
wt). In addition, several N- and C-terminal deletion mutants of
Rad51 were assayed, and it was found that N-terminal deletion
of 93 amino acids from Rad51 (residues 93 to 400) did not
affect interaction with its partners (data not shown) with the
exception of Rad54, whose interaction was substantially re-
duced (data not shown). In contrast, Rad51 constructs with
larger N-terminal (residues 151 to 400) or C-terminal (residues
1 to 285) deletions failed to interact with any of its full-length
partners.

Screen for interaction mutants. Since the truncation studies
did not provide satisfactory detailed information about the
interactive regions of the Rad51 protein, we modified the ba-
sic protocol of the two-hybrid screen. In this revised protocol,
random mutations are introduced into the Rad51 protein, and
each mutant is simultaneously tested for specific interac-
tion with the Rad51-associated proteins. The Rad51 construct
was mutagenized by passage through a mutD strain (35) and
screened for mutations that disrupt specific interaction (see
Materials and Methods). Thirty-seven diploid colonies showed
detectable loss of Rad51 interaction with one or more partner
proteins. To avoid the interference of mutations elsewhere in
the plasmid, mutants were recloned into a new pGAD10 vec-
tor and the interaction assay was repeated; this left 35 mu-
tants for further characterization. Sequence analysis of these
clones identified 19 different mutants containing 22 mutational
changes, 19 of which were transitions and 3 of which were
transversions. Sixteen mutants represent multiple isolation of
the same mutations, probably reflecting the clonal origin. No
frameshift mutations were found, confirming the results from
truncation studies (see above), which showed that even a small
C-terminal deletion disrupted individual Rad51 interactions.
Two or more mutations in a single mutant were separately
cloned into the pGAD10 vector to find which mutation caused
the selected phenotype (data not shown). Finally, Western
blots revealed no significant difference in the level of expres-
sion from two-hybrid vectors among any of the 19 rad51 mu-
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tants in the final set, with the exception of the G211S and
A27V mutants, which are expressed at low levels or are pro-
teolytically unstable (data not shown).

Individual mutants were grouped into seven classes, based
on their ability to interact with wild-type Rad51 partner pro-
teins or with the Rad52-K353E mutant protein (Fig. 1A). The
K353E allele of the RAD52 gene was independently isolated in
a screen for mutants with reduced affinity for wild-type Rad51
protein and can be suppressed by co-overexpression of RAD51
(data not shown). Three classes of mutations identified affect
interactions of Rad51 with Rad52 and/or Rad54 (classes I to
III). Mutants with class I and II mutations disrupt interactions
with Rad52 (class I) and Rad54 (class II), respectively. Mu-
tants with Class III mutations show disruption of the interac-
tion with both Rad52 and Rad54 proteins. A fourth class of
mutants disrupts the interaction of Rad51 with both Rad55
and Rad54. Class V mutants include those which activate the
Rad51-Rad54 interaction. The last two classes include sepa-
rately isolated mutants that either increase (class VI) or de-
crease (class VII) the interaction of Rad51 with the Rad52-
K353E protein.

MMS sensitivity of rad51 mutants. To determine the effect
of disruption of a specific protein-protein interaction on sur-
vival after DNA damage in vivo, we examined the sensitivity
of all mutants to MMS. A single-copy vector containing dif-
ferent rad51 mutants (pRS413-rad51x) or the scRAD51 gene
(pRS413-RADS51) was transformed into the rad5IA strain,
LML. Cells transformed with scRADS51 were fully complement-
ed, since an equal number of colonies appeared in the pres-
ence and absence of MMS (Fig. 2). Two of the three mutations
(G210C and A248T) that disrupt the interaction of the Rad51
protein with both Rad52 and Rad54 (class III) conferred the
highest sensitivity to MMS, indistinguishable from that of the
rad51A strain (Fig. 2). The third mutant with the same pheno-
type (class III, G211S) showed higher resistance to MMS,
probably reflecting an incomplete interaction deficiency, since
some residual interaction is still observed (Fig. 1B, lane
G211S). rad51 cells expressing the rest of the mutants con-
ferred various degrees of sensitivity to MMS but did not com-
plement the loss of Rad51. None of the mutants could fully
complement the rad51A strain, suggesting the importance of
both the Rad51-Rad52 and Rad51-Rad54 interactions for the
DNA repair process.

Temperature sensitivity of Rad51 interactions. The interac-
tion assays described above were all carried out at 30°C. We
also examined wild-type Rad51 interactions and all interac-
tions of mutant proteins with wild-type partner proteins at
lower and higher temperatures, 23 and 34°C, respectively (Fig.
1A). None of the wild-type Rad51 interactions were as robust
at 34°C as at the lower temperature, but the Rad51 self-asso-
ciation and the interaction of Rad51 with Rad55 were espe-
cially compromised. The mutants of class IV (L86P, L99P, and
L104P), which abolish Rad51-Rad55 interaction, also disrupt
Rad51 self-association at higher temperatures (Fig. 1A). Inter-
estingly, all three mutations involve a change from leucine to
proline, in close proximity to each other, suggesting severe
structural changes within the Rad51 protein. This could also
explain the isolation of the interaction-disrupting mutant
(L86P) despite the inability to detect such a disruption when 93
residues from the N-terminus of Rad51 are deleted.
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FIG. 1. (A) Classification of rad51 mutants based on their two-hybrid interaction with Rad51-associated partners. The plus signs indicate the
two-hybrid interaction of rad5] mutant indistinguishable from wild-type Rad51. Black and red arrows depict disruption or activation of the
corresponding interaction. Numbers in parentheses represent the average B-galactosidase activity (in Miller units) of three independent experi-
ments. The ts superscript indicates the temperature-sensitive phenotype, where individual interaction is disrupted at 34°C. Rad52-K corresponds
to the Rad52-K353E mutant protein. The colors representing individual classes are also used in other figures for easier identification. (B) The
two-hybrid assay between individual Rad51 mutant proteins and wild-type Rad51, Rad52, Rad54, and Rad55 proteins. The mutants are grouped
into classes according to disruption of the appropriate interaction as follows: class I, Rad52 disruption; class II, Rad54 disruption; class III, Rad52
and Rad54 disruption; class IV, Rad54 and Rad55 disruption; and class V, mutants that activate the interaction to Rad54. The cells were grown
on selective medium (SC-Trp-Leu-Ade); two other reporter genes (HIS3 and lacZ) were used as additional controls of the appropriate interactions.
wt, wild type.
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FIG. 2. MMS sensitivity of the rad51A strain transformed with the
different rad51 mutants. Two mutants (G210C and A248T) showed the
highest sensitivity to MMS, indistinguishable from that of the rad51A
strain. The sensitivity of all other mutants (not shown, for clarity) fall
in the area indicated by the arrow and demarcated by mutants Y388H
and L99P. Data in the figure are displayed as the fraction of colonies
viable in the presence of MMS relative to the non-MMS control plates.
At least three independent experiments were carried out, and the
values obtained from each experiment were averaged. Control,
pRS413; scRADS51, pRS413-RADS1.

Furthermore, four additional mutants showed weaker inter-
actions with both wild-type Rad51 and Rad55 while having no
additional effect on other interactions (mutants A27V, E186K,
G210C and G211S in Fig. 1A). These mutants probably exac-
erbate the already intrinsically thermolabile interactions that
occur between the wild-type proteins. The remaining 12 mu-
tants exhibited no variation in the efficiency of any interaction
as a function of temperature, except for partial reactivation of
Rad51-Rad54 interactions at 25°C in a few cases (data not
shown).

Distribution of mutations. MMS sensitivity could result ei-
ther from malfunction of appropriate protein-protein interac-
tions or from mutation of a functional residue in Rad51. To
address this possibility, the 19 newly isolated rad51 mutations
were mapped onto a sequence alignment between Rad51 and
bacterial RecA (Fig. 3B). None of the mutations affect residues
conserved between Rad51 and RecA. Since these two proteins
share important basic functional determinants but interact
with entirely unrelated partner proteins, this is the pattern
expected if the MMS sensitivity observed in the mutant strain
reflects absence of protein-protein interactions.

The 19 mutations were also mapped onto an alignment of
known eukaryotic Rad51 proteins (data not shown). About 16
of the 19 mutations affect residues that are identical from
yeasts to humans, suggesting the importance of these residues
for Rad51 protein interactions in eukaryotes. Furthermore,
only a subset of these residues is conserved among yeast Rad51
homologs (4 of 19 for Rad57, and 0 of 19 for Rad55), suggest-
ing that the homologs lack the ability to accomplish some
Rad51 interactions.

MoL. CELL. BIOL.

Molecular modeling of the Rad51 protein. The positions of
the 19 Rad51 mutations exhibit no obvious clustering along the
linear sequence of the protein that might point to an interac-
tion domain, with two exceptions (Fig. 3A). First, all three
mutations that disrupt the Rad51-Rad55 interaction (class IV)
are located within 20 residues in the N-terminal part of the
protein, revealing a possible interaction domain or somewhat
improper folding, since all three mutations involve conver-
sions to proline residues. Second, all mutations that disrupt the
interaction of Rad51 with Rad52 (class I and class II) are
located in the C-terminal half of the protein.

A three-dimensional (3D) model of the Rad51 protein was
constructed to reveal additional information about the possible
interaction surfaces of the protein. Since Rad51 is 30% iden-
tical to RecA, we chose a structural model of the RecA protein
as a template for our predictions. To find how well conserved
the individual residues are in the RecA protein, all 64 members
of the RecA family were aligned; this revealed that only the
core of the RecA protein is conserved throughout the family
(data not shown). Furthermore, homologous residues from the
Rad51-RecA alignment also match the core region of the
RecA protein (data not shown), allowing us to use the RecA
structure as a template. The 3D model of the core of the
Rad51 protein was generated by homology modeling (Fig. 4).
Comparison of the template structure with the homology
model in terms of charge distribution and location of hydro-
philic and hydrophobic residues revealed a very similar pattern
(data not shown). There are N-terminal and C-terminal re-
gions where no structure could be predicted, and there are a
few insertions where the predicted geometry has low reliability.
These regions were excluded from the analysis.

Rad52 binding domain. The identification of rad5] mutants
that specifically disrupt Rad51-Rad52 and Rad51-Rad54 pro-
tein interactions, while other Rad51 interactions remain intact,
indicates possible separate domains for these interactions. To
address this theory, individual mutations were localized onto a
3D model of the Rad51 protein. Four of the mutations that
disrupt the interaction with Rad52 (G210C, G211S, A248T,
and A320V) can be aligned into this model, and they localize
in a single region at the top of the model (Fig. 4A). Magnifi-
cation of this domain (Fig. 4B) reveals the accessibility of this
region for protein interaction, with the substitutions G210C
and G211S possibly localized on a binding epitope. Three
other class I mutations, affecting Rad52 specifically, lie at
the C-terminal part of the Rad51 protein, whose structure
could not be predicted in our model. We suggest that the
C-terminal part might fold close to the predicted domain or,
alternatively, that there might be two regions for interaction
with Rad52p.

Rad54 binding domain. Of the 13 rad51 mutations which
disrupt interaction with Rad54, 6 can be localized to a possible
interacting region with an orientation similar to that of the
Rad52 interaction domain (Fig. 4A and C). Among the seven
mutations that disrupt interaction with Rad54 alone (Fig. 1,
class II) and the three mutations that disrupt interaction with
Rad54 and Rad52 (class III), five residues constitute a domain
(G210C, G2118, S231P, A248T, and M269V). Residue L310S
is possibly buried in the structure, and so its effect on the
interaction might be rather indirect. For instance, a serine
residue has quite a low propensity for inclusion in an a-helix
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T146A
Rad51 141 PMGFVTAADFHMRRS-ELICLTTGSKNLDTLLG-GGVETGSITELFGEFRTGKSQLCHTLAVTCQIPLDI 208
RecA 33 RSMDVETISTGSLSLDIALGAGGLPMGRIVEIYGPESSGKTTLTLQVIAAAQ————— 84
* x * * * * * * * * * * *
G210C G211S S231P A248T M269V
Rad51 209 GGGEGK-CLYIDTEGTFRPVRLVSIAQRFGLDPDDALNNVAYARAYNADHQ-LRLIDAAAQMMSESRFSI, 276
RecA 85 --REGKTCAFIDAEHALDPT----YARKLGVDIDNLLCSQPDTGE--——— QALETCDALA---RSGAVDV 140
* * * * * * * * *
L310S A320V
Rad51 277 IVVDSVMALY-RTDFSGRGELSARQMHLA-KFMRATLQR-LADQFG- - -VAVVVTNQVVAQVDGGMAF-NP 339
RecA 141 IVVDSVAALTPKAEIE--GEIGDSHMGLAARMMSQAMRKLAGNLKQSNTLLIFINQIRMKI—-GVMFGNP 206
* * * * * * * * * * *
C377Y Y388H G393D G393S
Rad51 340 DPKKPIGGNIMAHSSTTRLGFKKGKGCQRLC-KVVDSPCLPEAECVFAIYEDGVGDPREEDE 400
RecA 207 ETTT—-GGNALKFYASVRLDIRRI-GAVKEGENVVGS 239

* * * kK *

FIG. 3. (A) Linear representation of mutations within Rad51 protein that affect interactions with the Rad51, Rad52, Rad54, and Rad55
proteins. Horizontal lines illustrate the amino acid sequence of the Rad51 protein. Vertical bars represent the mutations defective in the
interactions with individual Rad51 partners. The blue and red bars indicate the mutations that disrupt the interaction with only Rad54 or Rad52,
respectively. The black bars correspond to the mutations disrupting interaction with both Rad52 and Rad54 proteins. Mutations affecting
Rad51-Rad54 as well as Rad51-Rad55 association are depicted by green bars. The yellow bars indicate the mutations that significantly increase
the interaction with Rad51. The same Rad51 mutated residues were used to examine the interaction between the Rad51 and Rad52 mutant protein
(Rad52-K353E). This mutant protein has lower overall affinity to the Rad51 protein and shows additional phenotypes with the rad5/ mutants
compared to wild-type Rad52. (B) Amino acid sequence of S. cerevisiae Rad51 protein (residues 1 to 400) aligned with the corresponding
homologous part of the E. coli RecA protein (residues 33 to 239). Mutations affecting protein-protein interactions are shown above the Rad51
sequence with the same color coding as in panel A. Bold letters and stars indicate identical and similar amino acids, respectively.
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FIG. 4. Model of the Rad51 protein with the proposed Rad52 interaction domain. (A) This model represents the core of Rad51 protein
(residues 154 to 375), with localized mutations affecting the Rad51-Rad52 interaction shown in red. Mutations that could be localized within this
model constitute the surface region accessible for the Rad52 protein. (B) The same Rad52 interaction domain viewed from the bottom. For this
view, the Rad51 protein model in panel A was rotated 90° backward with respect to the viewer. (C) Location of the Rad54p interaction domain
within the structural model of Rad51 protein. The Rad51 monomers with localized mutations that disrupt the interaction with Rad54 are indicated
in purple. Residues in yellow indicate two mutations that increase the efficiency of Rad51-Rad54 interaction. (D) Model of one turn of a Rad51
filament, showing a highlighted monomer with the suggested Rad54 interaction domain. Note the opposite orientation of mutations disrupting and
activating this interaction.

and could significantly change the structure of the protein. The binding site for this protein (Fig. 3A). Alternatively, the mu-
other seven mutations affecting the interaction to Rad54 can- tations could influence the conformation of this domain since
not be localized in the Rad51 model. Six of these mutations are they introduce proline residues into the Rad51 sequence (Fig.
located at the N terminus, thus perhaps creating an additional 1, class IV). Furthermore, the T146A mutation is located at a
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possible linker between the core and the N-terminal domain
and A27V maps to the N-terminal domain, which does not
have any effect on Rad51 interaction when deleted.

Activation of the Rad51-Rad54 interaction. Class V repre-
sents two mutants that activate the interaction with the Rad54
protein (Fig. 1B). Interestingly, both mutations cause a dra-
matic charge change, since residue E186 mutates to K and
residue K342 mutates to E. Mutated residues in Rad51 are
located very close to each other (distance, 12 A), at a site close
to the polymer axis, contrasting with the suggested Rad54
interaction domain (Fig. 4D). This axis region has been pro-
posed to be involved in the binding of DNA (47) and ATP (40),
suggesting that their binding could have similar effects.

Since electron microscopy also suggests an overall structural
similarity of Rad51 and RecA protein filaments (34), a 3D
model of the Rad51 polymer was constructed (Fig. 4D). Since
RecA packs in the P6, crystals to form a polymer, the individ-
ual monomers of Rad51 protein were packed to form a con-
tinuous spiral of protein. Within the proposed polymer struc-
ture, the putative Rad54 binding domain is located at the outer
accessible site of the polymer, opposite the mutations that
activate the Rad54 interaction and the proposed DNA binding
regions corresponding to the L1 and L2 disorder loops of
RecA protein.

Rad52 mutant protein affects interaction with Rad51. A
mutant of the Rad52 protein, with reduced affinity to wild-type
Rad51 (Rad52-K353E), has also been combined with the
above-described rad51 mutants (Fig. 1A and 3A). All muta-
tions disrupting the interaction with wild-type Rad52 also af-
fect the interaction with Rad52-K353E. In addition, four rad51
mutants that interact with wild-type Rad52 are defective in
their interaction with this mutant protein (Fig. 1A, classes II
and V). Other Rad51 mutations, A264T and 1208T, isolated
after the initial screen, also exhibit this property (Fig. 1A, class
VII). The mutations all colocalize near the predicted Rad52
interaction domain, in the core of Rad51 protein, and probably
further sensitize the already weakened Rad51-Rad52-K353E
interaction.

A total of six Rad51 mutations exhibit enhanced interaction
with Rad52-K353E (Fig. 1A, classes II and IV). Five of these
mutations (L86P, L99P, G103E, L104P, and T146A) map to
the N-terminal region, while one (C377Y) is located at the
C-terminal end of the Rad51 protein (Fig. 3A). A second
screen carried out to identify additional mutations of this type
yielded two other alleles, V81M and C366T (class VI). Both
mutations specifically activated Rad52 interaction, while other
Rad51 interactions were not affected. The data suggest two
possible interaction-enhancing and -stabilizing regions, one at
the N terminus (spanning residues 81 to 146) and the other at
the C terminus (spanning residues 366 to 377) (Fig. 3A). In-
terestingly, all mutations activating the Rad52-K353E interac-
tion also inhibit Rad51 interaction with Rad54 and vice versa,
suggesting opposite binding modes toward Rad51. These re-
gions thus might stabilize Rad52 or Rad54 interactions and
perhaps block the binding of the other protein.

DISCUSSION

The modified strategy of the two-hybrid system described
above has allowed us to isolate rad51 mutations which specif-
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ically disrupt interactions between Rad51 and its associated
proteins, including Rad51 itself. All of the Rad51 mutant pro-
teins identified in this screen exhibit a reduced ability for DNA
repair. In addition, most of the mutations are positioned close
to or in the regions where the above proteins differ by deletion
or insertion of residues. These regions, in turn, correspond to
the turns and loops predicted in the structural model of
Rad51p. This further indicates that the mutations probably do
not disturb the whole structure but, rather, affect domains with
some flexibility that are important for protein-protein interac-
tions.

The MMS sensitivity is often partial compared to that of the
rad51A strain, suggesting that some interaction remains. An
alternative explanation may be that loss of the interaction can
be compensated by the activity of another protein; the yeast
Rad52 and Rad54 homologs could play such a role (3, 19, 45).
In addition, the two alleles conferring the most severe MMS
sensitivity disrupt the interaction with both Rad52 and Rad54,
indicating that in these cases, cell survival is as low as in the
rad51A strain. This clearly illustrates the importance of the
identified protein-protein interactions in vivo, although some
mutants may not have a direct effect on DSB repair, recombi-
nation, meiosis, etc.

Comparison of different Rad51 proteins from higher eu-
karyotes suggests that the same interaction mechanism might
have been conserved throughout evolution. Indeed, there are
reports describing some of these interactions in higher eu-
karyotes (13, 42). Intriguingly, the A320V mutation, resulting
in disrupted interaction with Rad52, as well as a defect in DSB
repair, is located only 3 amino acids away from the aligned
human Rad51 F259V mutation, which was recently reported
to impair binding with human Rad52 and to decrease ho-
mologous pairing (21). This comparison further supports
the evolutionary conservation of Rad51 protein-protein in-
teractions.

In contrast, all the mutated residues in Rad51 are only
poorly conserved within the yeast Rad51-homologous proteins,
Rad55 and Rad57. The absence of these residues may reveal a
basic difference between the Rad51, RadSS, and Rad57 pro-
teins, indicating that Rad55 and Rad57 have retained only part
of the biological function of Rad51. Both are required in the
presynaptic formation of the Rad51 nucleoprotein filament
(53) and to gain access to otherwise inaccessible regions of
chromatin (49). Furthermore, the Rad55 interaction was more
temperature sensitive, being lost at 30°C, while the Rad51
interaction required higher temperatures (34°C) before disrup-
tion was apparent (Fig. 1A, class IV). This suggests a higher
binding affinity of the Rad51 protein to itself than to Rad55.
The fact that we were not able to isolate mutations that spe-
cifically disrupt only the process of self-association indicates
the presence of a quite flexible binding surface, which might
allow Rad51 to compensate for mutated residues. Intriguingly,
at high temperatures, disruption of the Rad51-Rad51 interac-
tion was always associated with disruption of the Rad51-Rad55
interaction, demonstrating their close relationship and suggest-
ing that these interactions might be integral to the RecA-like
filament of Rad51. We conclude that the Rad51 and Rad55
proteins share a similar but quite complex Rad51 interaction
domain consisting of several flexible regions. The N-terminal
part of Rad51 seems to be important for these interactions but
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could reflect interfilament rather than direct subunit-subunit
contacts.

To reveal individual interaction domains within the Rad51
protein, we constructed a 3D model based on structural data
from the RecA protein. Mutations localized in this model
indicate a possible core binding domain for both Rad52 and
Rad54 proteins, situated on the outer face of the filament at a
site accessible for protein interactions. The proteins may com-
pete for this binding site, since the two domains partially over-
lap (compare Fig. 4A and C) on each side of a potential
interaction “epitope” containing residues G210 and G211,
while N- and C-terminal regions play a role in stabilization of
individual interactions. We cannot confirm the localization of
the Rad52 interaction domain at the N-terminal part of the
protein, suggested by Donovan et al. (9), since not a single
mutation disrupting the interaction with the Rad52 protein was
found in this region. This is in agreement with recent data from
Kurumizaka et al. (21), showing that the N-terminal part of
human Rad51 protein also does not exhibit binding to the
human Rad52 protein.

Apart from the suggested binding domains, there are also
other regions that might affect these interactions. In the Rad52
and Rad54 interactions with Rad51, there are other mutations
in the C- and N-terminal regions, respectively, that might be
directly involved in the binding process or stabilize these in-
teractions. In particular, the N terminus constitutes a separate
domain (1), and we suggest that mutations here alter confor-
mation, resulting in blocked access of the Rad54 protein to the
binding site. Surprising results were found for the Rad51-
Rad54 interaction, where two interaction-activating mutations
were isolated (E186K and K342E). Both activators reverse the
charge of the wild-type residues and localize to the inner part
of the filament. Interestingly, the E186K mutation corresponds
to residue P67 in the P-loop of RecA (Fig. 3B), a region
responsible for the binding of ATP (40), and specific substitu-
tion of this residue results in separation of RecA functions
(20). In addition, the K342E mutation corresponds to residue
T210 of RecA located between the L2-loop, which is proposed
to be a DNA binding domain (47), and a-helix G, which is
proposed to be involved in conformational change following
ATP hydrolysis (38). Therefore, the effects of mutated residues
on the efficiency of the interaction might mimic the transition
between alternative conformations as a part of a chain of
events, in this case represented by the binding of ATP (29, 30),
affecting the binding efficiency of the Rad54 protein. Deter-
mining the conformation of interacting amino acids may be a
common strategy by which distal elements influence specific
affinity.

In the Rad51 interaction with Rad52-K353E, compensatory
mutations were found. These suppressor mutations, which in-
crease the efficiency of interaction with Rad52-K353E, are
located within residues 86 to 104 and 366 to 377 at the N- and
C-terminal regions of Rad51, respectively. Interestingly, the
mutations activating the Rad51 interaction with either Rad52-
K353E or Rad54 proteins are often antagonistic; e.g., muta-
tions increasing the affinity to Rad54 disrupt the association of
Rad51 with Rad52-K353E, and Rad51 activators of the Rad52-
K353E interaction often disrupt the Rad54 interaction. The
presence of these activating mutations strongly argues for com-
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petition between Rad52 and Rad54 for their overlapping bind-
ing sites, suggested by the 3D model superposition.

In summary, the data indicate that the assembly of the whole
complex and/or cycle of Rad51 reaction might be sequential
with competitive binding sites. Binding of a substrate, ATP, or
the protein components of the recombination-repair complex
might alternate conformations within the Rad51 protein that
could play a role in stabilization of the complex and/or in the
accessibility of Rad51 to other proteins. Rad51 is much less
active than RecA protein in its reactions (43, 54), indicating
that an additional cofactor(s) alters Rad51 activity. Indeed,
Rad52 probably stimulates the action of Rad51 by displacing
the RPA from ssDNA during the formation of the Rad51
nucleoprotein filament (33, 44), the Rad55-Rad57 hetero-
dimer promotes strand exchange activity (53), and Rad54 pro-
motes Rad51-mediated homologous DNA pairing (37). There-
fore, protein-protein interaction seems to be essential for
nucleation as well as for the proper functioning of Rad51. The
basis for a model of Rad51 assembly might be as follows: (i)
RPA binds to the resected ssDNA tails; (ii) Rad52 nucleates
Rad51 to this site, together with the Rad55-Rad57 hetero-
dimer; (iii) the Rad51 filament is assembled in a cooperative
manner, displacing the RPA from binding sites on ssDNA; (iv)
after assembly, the Rad51 nucleoprotein filament permits
Rad54 to bind, which stimulates Rad54-mediated ATP hydro-
lysis and DNA strand separation (27); and (v) consequently,
Rad54 stimulates Rad51 to overcome kinetic impediments lim-
iting homologous pairing. This highlights the fact that to com-
prehend the mechanism of homologous recombination, one
needs to study both the single reactions performed by individ-
ual proteins and the multistage reactions catalyzed by a set of
collaborating proteins. Finally, the above-described mutants
could facilitate dissection of the individual steps in the assem-
bly of recombination-repair proteins and permit detection of
intermediate stages in the process of homologous recombina-
tion. In particular, they will permit assessment of the function
or temporal order of specific interactions. It is clear that other
biochemical and/or genetic studies will confirm or specify the
role of individual Rad51-mediated protein interactions and
result in additional insight into these reactions.

This novel strategy of selecting the mutants based on inter-
action phenotype rather than loss of function provides an im-
portant tool for the dissection of other complex multiprotein
structures. The strategy allows a determination of the interac-
tion regions and an identification of the effects of individual
components on the biochemistry of the process. Furthermore,
the activation of the interaction between Rad52 and Rad54
with Rad51 suggests the possibility of isolation of compensa-
tory mutations within these two proteins. This work can be
further developed, and preliminary results indicate that the
interactions could be switched off and on as desired.
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In the yeast Saccharomyces cerevisiae, the RAD52
gene is indispensable for homologous recombination
and DNA repair. Rad52 protein binds DNA, anneals com-
plementary ssDNA strands, and self-associates to form
multimeric complexes. Moreover, Rad52 physically in-
teracts with the Rad51 recombinase and serves as a
mediator in the Rad51-catalyzed DNA strand exchange
reaction. Here, we examine the functional significance
of the Rad51/Rad52 interaction. Through a series of de-
letions, we have identified residues 409-420 of Rad52 as
being indispensable and likely sufficient for its interac-
tion with Rad51. We have constructed a four-amino acid
deletion mutation within this region of Rad52 to ablate
its interaction with Rad51. We show that the rad52A409-
412 mutant protein is defective in the mediator function
in vitro even though none of the other Rad52 activities,
namely, DNA binding, ssDNA annealing, and protein oli-
gomerization, are affected. We also show that the sensi-
tivity of the rad52A409-412 mutant to ionizing radiation
can be complemented by overexpression of Rad51.
These results thus demonstrate the significance of the
Rad51-Rad52 interaction in homologous recombination.

Homologous recombination in eukaryotic organisms is con-
served in mechanism and mediated by a group of genes known
as the RAD52 epistasis group. The RAD52 group members
were first identified in the baker’s yeast, Saccharomyces cer-
evisiae, and include RAD50, RAD51, RAD52, RAD54, RADS5S5,
RAD57, RAD59, RDH54/TID1, MRE11, and XRS2 (1-4). In
S. cerevisiae and in other eukaryotes, homologous recombina-
tion is also an important means of eliminating DNA double-
stranded breaks induced by ionizing radiation and other le-
sions that arise during the normal course of DNA replication
(4). In mammals, homologous recombination also appears to be
indispensable for cell viability and tumor suppression (1, 4).

A DNA double strand break can be repaired by pathways
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that are based on either end-joining or homologous recombina-
tion. In the latter case, the ends of the break are processed by
a nuclease to yield 3’ ssDNA tails. These ssDNA! tails attract
recombination proteins, and the resulting nucleoprotein com-
plex conducts a search for a homologous DNA sequence. Next,
one of the ssDNA tails invades the homologous DNA target to
form a DNA joint where de novo DNA synthesis can take place,
eventually leading to an exchange of genetic information be-
tween the recombining chromosomes and to restoration of the
integrity of the broken chromosome (2, 3).

The enzymatic process responsible for the formation of het-
eroduplex DNA joints in recombination is called homologous
DNA pairing and strand exchange (2). The RAD51 encoded
product, the equivalent of the Escherichia coli recombinase
RecA, mediates the homologous DNA pairing and strand ex-
change reaction (5). Electron microscopic analyses have indi-
cated that Rad51, like E. coli RecA protein, forms a highly
ordered nucleoprotein filament on DNA (6). Biochemical stud-
ies have suggested that pairing and exchange of DNA strands
in recombination processes occur within the confines of the
Rad51-ssDNA nucleoprotein filament. The reaction phase in
which the Rad51-ssDNA nucleoprotein filament is assembled is
commonly referred to as the presynaptic phase, and the nucle-
oprotein filament as the presynaptic filament (2, 6, 7).

Formation of the presynaptic filament requires ATP binding
by Rad51 (2). When plasmid length ssDNA substrates are used,
presynaptic filament assembly is facilitated by the heterotri-
meric single-stranded DNA binding factor, replication protein
A (RPA), which functions to remove secondary structure in the
ssDNA (5, 8, 9). The beneficial effect of RPA is seen most clearly
when it is incorporated after Rad51 has been given an oppor-
tunity to nucleate onto the ssDNA template. In contrast, if RPA
is added together with Rad51, it interferes with the filament
assembly process by competing for binding sites on the ssDNA
molecule. However, the inhibitory behavior of RPA can be
alleviated by the addition of either of two recombination medi-
ators (10), Rad52 or the Rad55-Rad57 heterodimer (11-14).

We are interested in the molecular basis of the mediator
function of Rad52 and the Rad55-Rad57 heterodimer in the
above mentioned reaction. Both Rad52 and the Rad55-Rad57
complex bind ssDNA and physically interact with Rad51 (15).2
In the present study, we have performed a fine mapping of the
domain in Rad52 that is responsible for the interaction with

! The abbreviations used are: ssDNA, single-stranded DNA; RPA,
replication protein A; ScRPA, Saccharomyces cerevisiae RPA; DTT,
dithiothreitol; GST, glutathione S-transferase; Oligo, oligonucleotide;
aa, amino acid; MOPS, 4-morpholinepropanesulfonic acid.

2 L. Krejci and P. Song, unpublished observation.

This paper is available on line at http://www.jbc.org
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Rad51. Furthermore, we have used this information to intro-
duce a small deletion mutation into Rad52 to ascertain the
significance of Rad51-interaction in Rad52 mediator function.
The combination of genetic and biochemical analyses of the
mutant rad52 protein unequivocally demonstrate the require-
ment for a physical association of Rad52 with Rad51 to effect
its mediator function.

MATERIALS AND METHODS

Yeast Media and Strains—Yeast extract-peptone-dextrose (YPD) me-
dium, synthetic complete (SC) medium, and synthetic complete medium
without leucine (SC—Leu) and without uracil (SC—Ura) were prepared
as described previously (16) except that the synthetic media contained
twice the amount of leucine (60 mg/liter). Yeast extract-peptone-acetate
(YEPA) contained 10 g/liter yeast extract, 20 g/liter peptone, and 20
g/liter potassium acetate. Sporulation medium contained 2.5 g/liter
yeast extract and 15 g/liter potassium acetate supplemented with 62
mg/liter Leu and 20.6 mg/liter each of adenine, His, Trp, and uracil. All
strains are derivatives of Trp-303 (17) except that they are wild type for
RADS5 (18, 19). Standard genetic techniques were used to manipulate
yeast strains (20). The rad52A409-412 allele was integrated into the
yeast genome at the RAD52 locus by a cloning-free PCR-based allele
replacement method (21). Specifically, gene-targeting substrates were
made by amplifying a region of the rad52 allele, which comprises the
A409-412 mutation, from the vector pR52A409-412.1 by PCR using
the primers and Pr-Rad52-C-Adap-B (5'-GATCCCCGGGAATTGCCAT-
GTGGTCTTCCAACTTCTCTTCG-3') and Pr-C-adap-A (5'-AATTC-
CAGCTGACCACCATGAAGGATCCCGTTGTAGCTAAG-3'). The un-
derlined sections of the primers correspond to unique tags that match
sequences upstream and downstream of Kluyveromyces lactis URAS3,
respectively. Next, two PCR fragments containing the upstream and
the downstream two-thirds of the K. lactis URA3 gene were fused
individually to the rad52A409-412 PCR fragment as described in
Erdeniz et al. (21).

Plasmids for Protein Expression—GST fusion fragments of Rad52
were constructed as follows: GST-Rad52N (aa 1-168), GST-Rad52 M
(aa 169-327), and GST-Rad52C (aa 328-504), encoded within the
Hpall/Bglll, Bglll/BamHI, and BamHI/Dral fragments from the
RADA52 open reading frame were subcloned into Smal-digested pGEX-
3X, BamHI-digested pGEX-2T, and Smal-digested pGEX-3X vector,
respectively. For the expression of other GST fusion proteins, specific
primers with EcoRI sites were used for the PCR reactions. The PCR
products were digested with EcoRI, purified by phenol extraction and
ethanol precipitation, and then ligated into EcoRI-linearized pGEX-3X
vector to fuse the Rad52 fragments to the GST protein. The ligation
products were transformed into E. coli strain BL21(DE3) for protein
expression.

DNA Substrates—The ¢$X 174 viral (+) strand was purchased from
New England Biolabs, and the replicative form (about 90% supercoiled
form and 10% nicked circular form) was from Invitrogen. Oligonucleo-
tide 1 used in the ssDNA annealing and DNA binding experiments had
the sequence 5'-AAATGAACATAAAGTAAATAAGTATAAGGATAATA-
CAAAATAAGTAAATGAATAAACATAGAAAATAAAGTAAAGGATAT-
AAA-3'. Oligonucleotide 2 is the exact complement of oligonucleotide 1.
These oligonucleotides were purified from a 15% polyacrylamide gel as
described previously (22). The two oligonucleotides were labeled with
[v-32P]ATP and T4 polynucleotide kinase for use in DNA binding and
single strand annealing experiments.

DNA Binding Assays—Varying amounts of Rad52 or rad52 A409—
412 protein was incubated with *2?P-labeled Oligo-1 (1.36 uM nucleo-
tides) at 37 °C in 10 ul of buffer D (40 mMm Tris-HCI, pH 7.8, 50 mm KCl,
1 mM DTT, and 100 pg/ml bovine serum albumin) for 10 min. After the
addition of gel loading buffer (50% glycerol, 20 mm Tris-HCI, pH 7.4, 2
mM EDTA, 0.05% orange G), the reaction mixtures were resolved in
12% native polyacrylamide gels at 4 °C in TAE buffer (40 mm Tris-HCI,
pH 7.4, 0.5 mm EDTA) and dried, and the DNA species were quantified
using Quantity One software in the phosphorimaging device (Personal
Molecular Imager FX from Bio-Rad). To release the bound DNA, the
reaction mixture was deproteinized with 0.5% SDS and 500 ug/ml
proteinase K at 37 °C for 10 min before being loading onto the poly-
acrylamide gel.

Single-stranded DNA Annealing Assays—Oligo-1 (3.6 uM nucleo-
tides) and radiolabeled Oligo-2 (3.6 uM nucleotides) were incubated in
separate tubes at 37 °C for 2 min in the absence or presence of RPA
(0.55 uM) in 24 pl of buffer D. Rad52 or rad52 A409-412 (0.36 uMm) was
added in 2 pl to the tube containing Oligo-1 and then mixed with
Oligo-2. The completed reactions (50 ul) were incubated at 25 °C, and at
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the indicated times, 9 ul of the annealing reactions was removed and
treated with 0.5% SDS, 500 pg/ml proteinase K, and an excess of
unlabeled Oligo-2 (20 um) at 25 °C for 5 min in a total volume of 15 ul.
The various samples (6 ul) were resolved in 12% native polyacrylamide
gels run in TAE buffer. DNA annealing was quantified as the portion of
the *?P-labeled Oligo-2 that had been converted into the double-
stranded form.

Purification of Proteins—All of the GST fusion proteins were ex-
pressed in E. coli strain BL21(DE3), and all of the protein purification
steps were carried out at 4 °C. For the purification of the GST fusion
proteins, lysate was prepared from E. coli cell paste using a French
press in buffer G (20 mm NaH,PO,, pH 7.4, 0.5 mm EDTA, 1 mm DTT,
and 150 mM NaCl that also contained the protease inhibitors aprotinin,
chymostatin, leupeptin, and pepstatin A at 5 ug/ml each, as well as 1
mM phenylmethylsulfonyl fluoride). The crude lysate was clarified by
centrifugation (100,000 Xg, 90 min), and the supernatant (20 ml) from
the centrifugation step was mixed with 1 ml of glutathione-Sepharose
4B (Amersham Biosciences) for 3 h at 4 °C. The beads were washed
three times with 20 ml of buffer G containing 150 mm KCI. The bound
GST fusion protein was eluted with 5 ml of 10 mm reduced glutathione
in buffer G. The eluate was dialyzed against buffer G and concentrated
to 10 mg/ml in a Centricon-30 microconcentrator.

Plasmids encoding untagged versions of Rad52 protein (pR52.2) and
rad52A409-412 mutant protein (pR52A409-412.1) under the control of
the GAL-PGK promoter were introduced into yeast strain BJ5464-6B.
For the purification of these proteins, extract was prepared from 300 g
of cell paste from 100 liters of culture in high salt buffer (23). The
extract was clarified by centrifugation and then subjected to the chro-
matographic fractionation procedure described before (12) except that
Sephacryl 400 was used instead of Sepharose 6B in the gel filtration
step.

GST Pull-down Assay—The purified GST fusion proteins (0.4 pMm)
were incubated with purified Rad51 (0.2 um) in 30 ul buffer G and
incubated at 4 °C for 1 h before the reaction mixture was mixed with 10
ul of glutathione-Sepharose-4B beads in 150 ul of buffer K (20 mm
KH,PO,, pH 7.4, 150 mMm KCIl, 10% glycerol, 0.01% Nonidet P-40) at
4 °C for an additional hour. The beads were then washed twice with 150
wul of buffer K with 300 mm KCl, and the bound proteins were eluted
with 30 ul of 3% SDS. The supernatant that contained unbound protein,
the KCIl wash (10 ul each), and also the SDS eluate (3 ul) were subjected
to immunoblotting analysis with anti-Rad51 antibodies to determine
their Rad51 content. Coomassie Blue staining of the SDS eluates re-
vealed that ~70% of GST and all of the GST fusion proteins were
immobilized on glutathione-Sepharose.

Binding of Rad52 to Rad51 Immobilized on Affi-gels—Affi-gel 15
beads containing Rad51 (Affi-Rad51; 5 mg/ml) and bovine serum albu-
min (Affi-BSA, 12 mg/ml) were prepared as described previously (24).
Purified Rad52 or rad52 A409-412 (5 pg) was mixed with 5 ul of
Affi-Rad51 or Affi-BSA in 50 ul of buffer K for 30 min at 4 °C. The beads
were washed once with 150 ul of buffer K before being treated with 50
ul of 2% SDS to elute-bound proteins. The starting material, superna-
tant that contained unbound Rad52 or rad52 protein, and the SDS
eluate (10 ul each) were analyzed by SDS-PAGE in a 10% gel.

Gel Filtration—A Sephacryl S400 column (1 X 30 cm, 20 ml total)
was used to monitor the migration of Rad51 (30 ug), Rad52 (40 pg) and
rad52A409-412 (40 pg) and to examine complex formation between
Rad51 (30 ug) and Rad52 (40 ug). The mixtures of Rad51/Rad52 and
Rad51/rad52A409-412 were incubated on ice for 1 h in 100 ul of buffer
K and then filtered through the sizing column at 0.1 ml/min in the same
buffer, collecting 0.5 ml fractions. The indicated column fractions were
separated by SDS-PAGE electrophoresis to determine their content of
the Rad51, Rad52, or rad52A409—-412 proteins, respectively. For cali-
bration of the column, thyroglobulin (669 kDa), catalase (232 kDa), and
dextran blue (>2000 kDa) were used.

DNA Strand Exchange Reactions—All steps were carried out at
37 °C unless stated otherwise. The standard DNA strand exchange
reaction was performed as described previously (23). Briefly, Rad51 (10
uM) was incubated with ssDNA (30 uM nucleotides) in 10 ul of buffer R
(35 mm K-MOPS, pH 7.2, 1 mM DTT, 50 mm KC1, 2.5 mm ATP, and 3 mMm
MgCl,) for 5 min. After the addition of the indicated amounts of RPA in
0.5 ul, the reaction mixtures were incubated for another 5 min before
the incorporation of 1 ul of double-stranded DNA (25 um nucleotides)
and 1 ul of 50 mM spermidine hydrochloride. At the indicated times, a
4.5-ul portion of the reaction mixtures was withdrawn, deproteinized,
and then analyzed in 0.9% agarose gels in TAE buffer. The gels were
treated with eithidium bromide to stain the DNA species. Gel images
were recorded in a NucleoTech gel documentation system and analyzed
with GelExpert software. To examine the Rad52 mediator function,
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FiG. 1. The carboxyl terminus of Rad52 is responsible for interaction with Rad51. A, schematic representation of GST fusion proteins
consisting of near full-length Rad52 (NMC) as well as the amino-terminal (GST-N), the middle (GST-M), and the carboxyl-terminal (GST-C)
portions of Rad52. B, purified GST, GST-NMC, GST-M, and GST-C, 1 ug each and designated by an asterisk, were run in a 10% denaturing
polyacrylamide gel and stained with Coomassie Blue. C, GST pull-down assay. Purified GST fusion proteins were incubated individually with
Rad51 and then mixed with glutathione-Sepharose beads. The beads were washed twice with buffer containing 300 mm KCl before being treated
with SDS to elute bound proteins. The input material (1), the supernatant after mixing with glutathione-Sepharose (S), the KCl wash (W), and the
SDS eluate (E) from these binding reactions were subjected to electrophoresis in a 10% denaturing polyacrylamide gel followed by immunoblot

analysis with anti-Rad51 antibodies to determine their Rad51 content.

reaction mixtures (12.5 ul, final volume) containing the indicated
amounts of Rad51, Rad52, and RPA were incubated on ice for 45 min in
10.5 pl of buffer R followed by the addition of ssDNA and a 10-min
incubation. After the incorporation of linear duplex and spermidine, the
completed reactions were incubated and analyzed as described for
the standard reaction. For the time course experiments in Fig. 7, the
reactions were scaled up four times to 50 ul but were otherwise assem-
bled in the same fashion.

Cellular Sensitivity to vy-Irradiation—Three independent haploid
spores from each strain were picked and analyzed for their sensitivity to
y-irradiation, and the average values were reported. Yeast cultures
were grown in YPD at 30 °C to the mid-log phase. At this point, the
cultures were sonicated using a W-385 device (Heat Systems-Ultrason-
ics, Farmingdale, NY), and the appropriate number of cells were plated
on YPD plates and irradiated in a Gammacell-220 %°Co irradiator
(Atomic Energy of Canada). In Fig. 8B, cells transformed with pY-
ESS10-Rad51 (2u, RAD51) and with the empty vector pRS426 (25) were
grown on selective medium (SC—Ura) containing galactose as the sole
carbon source at all stages of the experiment. The yeast cultures were
analyzed as described above, except that for each strain, serial 10-fold
dilutions were made and 5 ul of the diluted cell suspensions were
spotted in duplicate on solid media prior to irradiation.

Determination of Mitotic Recombination Rates, Sporulation Effi-
ciency, and Meiotic Recombination Frequencies—Mitotic rates of inter-
chromosomal heteroallelic recombination were determined as described
previously (26). For each strain, nine independent trials were per-
formed. The meiotic interchromosomal heteroallelic recombination fre-
quency, sporulation efficiency, and spore viability were determined as
described in Lisby et al. (27) except that strains were grown at 30 °C.
Three trials were performed for each strain.

RESULTS

Location of the Rad51 Interaction Domain—Rad52 possesses
504 amino acid residues (28). Results from yeast two-hybrid
analyses have suggested that the carboxyl terminus of Rad52
encompassing residues 328 to 504 can interact with Rad51 (29).
Exploiting this information, we divided Rad52 into three frag-
ments: Rad52N (aa 34-168), Rad52 M (aa 169-327), and
Rad52C (aa 328-504), which were fused individually to gluta-

thione-S-transferase (GST) as depicted in Fig. 1A. These GST
fusion proteins were expressed in E. coli and purified using
affinity chromatography on glutathione-Sepharose (Fig. 1B).
We also expressed and purified a GST fusion protein, termed
GST-NMC, which contain the Rad52 protein sequence starting
from the third ATG codon (aa 34); the region corresponding to
amino acid 1-34 is not required for in vivo Rad52 function.® To
determine which portion of Rad52 contains the Rad51 binding
domain, the purified GST fusion proteins were mixed with
Rad51 and then immobilized on the glutathione-Sepharose
beads. After washing with high salt buffer, the GST fusion
proteins and associated Rad51 were eluted from the glutathi-
one beads by treatment with SDS and then analyzed by immu-
noblotting with anti-Rad51 antibodies (Fig. 1C). The results
show that Rad51 binds GST-NMC and GST-C, but not GST-N,
GST-M, or GST alone. We then asked whether the purified
GST fusions could be retained on Affi-gel 15 beads that con-
tained covalently coupled Rad51 protein (24). As expected, the
Affi-Rad51 beads were able to bind GST-NMC and GST-C but
not GST-M, GST-N, or GST (data not shown). None of the
GST-Rad52 fusion proteins was retained on Affi-gel 15 beads
containing bovine serum albumin (data not shown). Thus, in
agreement with yeast two-hybrid studies (29), the results from
our in vitro analyses with purified Rad52 protein fragments
revealed that the Rad51 interaction domain is located within
the last 177 amino acid residues of Rad52 protein.

Fine Mapping of Rad51 Interaction Domain and Construc-
tion of a Rad51 Interaction-defective Mutant—To delimit the
region in Rad52 required for interaction with Rad51, additional
GST-tagged fragments of Rad52 derived from the carboxyl-
terminal residues were generated (Fig 24). These GST fusions
were again purified by affinity chromatography and tested for

3 R. Rothstein and U. H. Mortensen, unpublished observation.
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A, panel I, summary of domain mapping results from pull-down exper-
iments with GST fusion proteins containing different segments of the
Rad52 carboxyl terminus, done as described for Fig. 1C. The numbers
indicate the amino acid residues in Rad52 protein. The ability (Y) or
inability (V) of individual Rad52 fragments to bind Rad51 is indicated.
The region (residues 407—-419) common to all of the Rad52 fragments
capable of Rad51 binding is shown in black. Panel II shows the two
GST-Rad52 fusion proteins deleted for four amino acids (YEKF) in the
putative Rad51 binding domain. This deletion mutation (A409-412)
ablates the ability to bind Rad51. Panel III shows the GST pull-down
assay with three Rad52 carboxyl-terminal fragments. Purified GST-
(378-419), GST-(407-504), and GST-(328-504), with deletion of resi-
dues 409-412, were mixed with glutathione-Sepharose beads. The in-
put mixture (I), the unbound protein in the supernatant (S), the wash
(W), and the SDS eluate (E) were analyzed by SDS-PAGE. The amount
of Rad51 protein was determined by immunoblot analysis. B, compar-
ison of S. cerevisiae and K. lactis Rad52 sequences that contain the
likely Rad51 binding domain. The four amino acids deleted in the
ScRad52 protein are in boldface type.

Rad51 interaction by pull-down using glutathione-Sepharose
beads as described before (Fig. 1C). The binding of the various
GST-Rad52 fusions to Affi-gel-Rad51 beads was also examined.
The results from these combined analyses, as summarized in
Fig. 2, revealed that amino acids 407—-419 of the Rad52 protein
are likely involved in binding Rad51.

Overexpression of the Rad52 protein from another yeast,
K. lactis, confers a dominant negative phenotype in S. cerevi-
siae that can be overcome by overexpression of the S. cerevisiae
Rad51 (29). The authors of this study (29) suggested that the
negative dominance of the K. lactis Rad52 in S. cerevisiae cells
is due to the formation of a biologically inactive complex be-
tween KlRad52 and ScRad51. Even though the carboxyl termi-
nus of the S. cerevisiae and K. lactis Rad52 counterparts dis-
play only a low level of identity (29%), the KIRad52 protein
contains a sequence that is highly similar to the one in
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ScRad52 protein found here to be involved in Rad51 binding
(Fig 2B). Consistent with the suggestion that the sequence
encoded within amino acid residues 407-419 of Rad52 is crit-
ical for Rad51 binding, we found that a small deletion spanning
amino acid residues 409-412 within this region completely
ablates the ability of Rad52 to interact with Rad51 (Fig. 24,
panel II), as determined by the GST pull-down assay, binding
of the GST fusion proteins to Affi-Rad51 beads, and other
criteria (see below).

Purification and Biochemical Characterization of a Rad51
Interaction-deficient Rad52 Mutant—The results presented
above show that amino acid residues 409—-412 are likely to be
required for Rad51 binding. To further demonstrate the impor-
tance of these four amino acid residues, we introduced the same
deletion mutation (A409-412) into the untagged Rad52 pro-
tein. For biochemical analyses, we overexpressed both the
rad52A409-412 mutant and the wild-type protein by using the
GAL-PGK promoter and galactose induction in the protease-
deficient yeast strain BJ5464-6B. The level of expression of the
wild-type and mutant proteins was very similar (data not
shown), and they could be purified to near homogeneity by the
same chromatographic procedure (see “Materials and Meth-
ods”; Fig. 3A). Approximately 1 mg of each of the wild-type and
mutant proteins was obtained from 300 g of starting yeast
paste. This represents a 5-10-fold improvement compared with
protein yield obtained when the PGK promoter is used for
protein expression, as described in our previously published
study (12).

Unlike wild-type Rad52 protein, the purified rad52A409—
412 mutant protein did not bind Affi-Rad51 beads (Fig. 3B),
indicating that the four-amino acid deletion indeed eliminates
the ability of Rad52 to associate with Rad51. Both Rad51 and
Rad52 self-associate to form oligomeric molecules (14, 23, 30).
A very large complex of these two proteins can be isolated in a
sizing column (23). Accordingly, we subjected the purified
rad52A409-412 mutant protein to sizing analysis in Sephacryl
400 to obtain independent verification that it does not associate
with Rad51 and also to determine whether the A409—-412 mu-
tation affects self-association. When a mixture of Rad51 and
wild-type Rad52 was analyzed, they formed a complex that
emerged from the gel filtration column at an earlier position
than either Rad51 or Rad52 alone (Fig. 4, compare panel IV
with panels I and III). In contrast, when the rad52A409-412
mutant was mixed with Rad51, no apparent shift of the elution
profile of either protein was observed (Fig. 4, compare panel V
with panels II and III). Importantly, the peak of the
rad52A409-412 mutant protein migrated at the same position
as wild-type Rad52 (Fig. 4, compare panels I and II), strongly
suggesting that the mutant rad52 protein has the same oligo-
meric composition as the wild-type protein. Thus, the results
from the gel filtration analyses demonstrated that the
rad52A409-412 mutant is defective in Rad51 interaction but
maintains the ability to self-associate.

As first reported by Mortensen et al. (15) and later confirmed
by others (13, 14, 23), Rad52 possesses an ssDNA binding
function. We therefore addressed the possibility that the four-
amino acid deletion affects the DNA binding activity of the
rad52A409-412 mutant protein. To do this, increasing
amounts of Rad52 and rad52A409-412 proteins were incu-
bated with a ?P-labeled 83-mer oligonucleotide. Subsequently,
the capacity of these proteins to bind DNA was evaluated by gel
mobility shift of the radiolabeled DNA substrate. The results
presented in Fig. 5A show that rad52A409—-412 shifts the DNA
fragment just as efficiently as the wild-type protein. We also
used ¢$X ssDNA as substrate to test the DNA binding capacity
of the protein species. As in the previous experiment, no differ-
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ence in DNA binding activity was observed between wild-type
and mutant proteins (data not shown).

In addition to DNA binding, Rad52 also anneals complemen-
tary DNA strands (15). Interestingly, the Rad52-mediated
DNA annealing reaction occurs efficiently with RPA-coated

DNA strands (8, 14), whereas RPA alone slows the spontaneous
rate of DNA annealing (8, 14). This annealing reaction is likely
to involve a specific interaction between Rad52 and RPA, as the
heterologous E. coli SSB and human RPA strongly inhibit the
Rad52-ssDNA annealing activity (8). We examined the
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Fic. 5. DNA binding and strand annealing activities of rad52A409-412. A, in panel I, >*P-labeled Oligo-1 (1.4 uM nucleotides), designated
as ss, was incubated without protein (Bl; lane 1) and with Rad52 (35, 70, 105, and 140 nM in lanes 2-5, respectively) or rad52A409-412 (35, 70,
105, and 140 nM in lanes 6-9, respectively). The reaction mixtures were analyzed on a nondenaturing polyacrylamide gel, which was dried and
subjected to phosphorimaging analysis to quantify the results (panel IT). The rad52A409—-412 mutant is designated as rad52. B, unlabeled Oligo-1
(3.6 uM nucleotides) and radiolabeled Oligo-2 (3.6 uM nucleotides) were incubated separately with RPA (0.55 uMm; panels I, II, and III) for 2 min.
The annealing reactions were initiated by mixing the RPA-coated oligonucleotides and Rad52 (0.36 uM; panel II) or rad52A409-412 (0.3 puM; panel
III) in a final volume of 50 ul. At the indicated times, 9 ul of each reaction was removed and treated with 0.5% SDS, 500 ug/ml proteinase K, and
an excess of unlabeled Oligo-2 (20 uM nucleotides) at room temperature for 5 min. The reaction mixtures were resolved in 12% native
polyacrylamide gels. Panel I displays results from the reaction in which no Rad52 or rad52A409-412 was added. C, in panel I, the results from
B are graphed. Another set of strand annealing experiments using the same amounts of RPA-free DNA substrates and Rad52 or rad52A409-412
were carried out as in B, and the results are graphed in panel II. Consistent with previously published work (8), a higher spontaneous rate of DNA
annealing was seen in the absence of RPA (compare the RPA curve in panel I with the no protein curve in panel II).

rad52A409-412 mutant protein for its ability to anneal
ScRPA-coated complementary single strands. The results from
this experiment indicate that the rate and extent of the anneal-
ing reaction obtained in the presence of either Rad52 or
rad52A409-412 are essentially identical for both (Fig. 5B and
Fig. 5C, panel I). With DNA substrates free of ScRPA, the
rad52A409-412 mutant protein was again as proficient as
wild-type Rad52 in its annealing reaction (Fig. 5C, panel II).

This observation shows that rad52A409-412 likely retains the
ability to physically interact with RPA.

Taken together, the biochemical analyses documented here
allowed us to conclude that rad52A409—-412 mutant has the
wild-type level of ssDNA binding and DNA annealing activities
and also possesses the same oligomeric state as the wild-type
protein. In addition, the ability of the rad52A409—-412 mutant
to anneal RPA-coated single strands like the wild-type protein
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and strand exchange reaction. Homologous pairing between the ssDNA (ss) and linear duplex (ds) substrates yields a DNA joint molecule (jm),
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was incorporated to complete the reaction. The reaction in panel II contained the same amount of DNA substrates and proteins as panel I except
that the ssDNA was incubated with both Rad51 and RPA for 10 min before the duplex was added. The reactions in panels III and IV were

assembled as in panel I except that either Rad52 (1.2 um) or rad52A409—

412 (1.2 uM; designated as rad52) was also present during the incubation

of ssDNA with Rad51 and RPA. C, graphical representation of the results in B.

is consistent with the premise that it retains the ability to
interact with RPA.

rad52A409-412 Mutant Is Specifically Defective in Mediator
Function—The above data have demonstrated that the
rad52A409-412 mutant protein does not interact with Rad51
but that it otherwise behaves like the wild-type protein in
various biochemical attributes. We next tested whether the
rad52A409-412 mutant protein retains the recombination me-
diator activity of wild-type Rad52.

We and others have shown that, with plasmid length DNA
substrates, the efficiency of the Rad51-mediated DNA strand
exchange reaction is greatly enhanced by RPA (8, 12). How-
ever, the order of addition of RPA relative to Rad51 is critical
for efficient DNA strand exchange. Specifically, if RPA is added
after Rad51 has already nucleated onto the ssDNA, a robust
strand exchange reaction is observed. In contrast, if RPA is
added to the ssDNA at the same time as Rad51, the level of
DNA strand exchange diminishes greatly (11-14) (Fig. 6B,
panels I and II). As shown before and repeated here (Fig. 6B,

panel III), the inhibitory effect of RPA in the latter experiment
can be alleviated by adding a substoichiometric amount of
Rad52 (10 um Rad51 and 1.2 um Rad52). In contrast, when the
same experiment was performed with the equivalent amount of
rad52A409—-412 mutant protein, the suppressed level of DNA
strand exchange caused by RPA was not relieved. In fact, the
presence of the rad52A409-412 protein further reduced the
already low level of DNA strand exchange caused by RPA
co-addition. Because of this result, we also examined lower
amounts of rad52A409-412 (0.4 to 1.0 um) for a possible me-
diator effect but found that it is devoid of such activity at any
of these concentrations (Fig. 7, lanes 8—12). On the other hand,
the addition of rad52A409-412 (0.4-1.2 um) and RPA to a
preformed Rad51-ssDNA complex did not affect the efficiency
of DNA strand exchange (data not shown). Taken together, the
results establish a direct linkage between the Rad51-interact-
ing activity of Rad52 and its mediator function in the DNA
strand exchange reaction.

Repair and Recombination Defects of rad52A409—-412—The
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biochemical experiments described above demonstrated a spe-
cific defect in the rad52A409—-412 mutant protein, namely, that
it fails to interact with Rad51 and is devoid of recombination
mediator function. To establish the role of the Rad52 mediator
activity in vivo, we replaced the chromosomal RAD52 gene with
the rad52A409-412 allele in the Trp-303 background (see “Ma-
terial and Methods”) and then tested the mutant strain for its
y-ray sensitivity. The rad52A409-412 mutant strains show a
marked increase in sensitivity to ionizing radiation although
not to the same extent as isogenic rad52 deletion strain (Fig.
8A). This result indicates that the interaction with Rad51 is
indeed important for the full biological activity of Rad52 pro-
tein in double strand break repair in vivo. Interestingly, the
y-ray sensitivity of the rad52A409-412 mutant can be comple-
mented fully by the overexpression of the Rad51 protein on a
2w plasmid (Fig. 8B). Similar complementation by Rad51 over-
expression has been observed by Livingston and Kaytor (31) for
a radb52 allele (rad52A327) that lacks the carboxyl-terminal
177 residues.

We also compared the frequencies of meiotic interchromo-
somal heteroallelic recombination and spore viability of wild-
type RAD52 and rad52A409-412 strains (data not shown). In
both cases, no significant differences were observed, indicating
that the Rad51-Rad52 interaction is not essential for successful
completion of meiosis. In contrast, the mitotic interchromo-
somal heteroallelic recombination is reduced 4-fold in the
radb52A409-412 strain (data not shown). Thus, the overall
phenotype of the rad52A409-412 strain is very similar to that
obtained with the rad52A327 strain except that the spore via-
bility of the latter strain is somewhat impaired (32).

DISCUSSION

The Rad51 interaction domain was first shown to reside
within the carboxyl-terminal 177 amino acids residues of
Rad52 by a yeast two-hybrid analysis (29). Here we have ver-
ified the two-hybrid result by showing biochemically that the
carboxyl terminus, but not the amino-terminal and middle
portions, of Rad52 has the ability to bind Rad51 in the absence
of another protein factor or DNA. Next, we finely mapped the
Rad51 interaction domain and used this information to conduct
a variety of biochemical and genetic experiments to firmly
establish the biological and functional significance of the
Rad51-Rad52 association.

First we examined a series of deletion fragments derived
from the carboxyl terminus of Rad52 for complex formation
with Rad51. The results strongly suggest that a short sequence
encompassing residues 407—-419 is involved in mediating inter-
action with Rad51. This mapping information and a sequence
comparison to K. lactis Rad52 prompted us to introduce a short
deletion in the region spanning residues 409-412 into the
full-length Rad52 protein. We find that the rad52A409-412
mutant protein can be stably expressed in yeast cells and that
it behaves like wild-type Rad52 during column chromatogra-
phy, allowing us to use the same procedure to purify both
wild-type and mutant proteins to near homogeneity for bio-
chemical experiments. Here we have shown, by several criteria,
that the rad52A409-412 mutant protein lacks the ability to
interact with Rad51. In contrast, its ability to bind DNA and
mediate DNA annealing, as well as its oligomerizing proper-
ties, are indistinguishable from those of the wild-type protein.
These results demonstrated that the short sequence (i.e. aa
residues 407—-419) in Rad52 identified in our mapping work is
likely to be indispensable to and is possibly responsible for
Rad51 binding. Furthermore, the biochemical results have ver-
ified that the Rad51 interaction-defective rad52A409—-412 mu-
tant is normal in all other known biochemical attributes of
Rad52.

Dissection of Rad52-Rad51 Interaction

In DNA strand exchange experiments, the rad52A409-412
mutant protein over a wide range of concentrations is devoid of
the mediator function seen in the Rad52 protein. Consistent
with the biochemical result, the rad52A409-412 mutation ren-
ders cells sensitive to ionizing radiation and confers a 4-fold
decrease in mitotic recombination. It has been suggested from
yeast two-hybrid and in vitro studies that Rad52 physically
interacts with RPA and that this interaction is important for its
mediator activity and biological function (8, 13, 14, 33). It could
be argued that the lack of mediator function in the rad52A409—
412 mutant protein is due to an inability to recognize RPA. We
have attempted to demonstrate a direct interaction between
purified Rad52 and RPA but have thus far been unable to find
the conditions to detect such an interaction in the absence of
DNA. However, it remains quite possible that the interaction
between Rad52 and RPA occurs only when these factors are
bound to DNA. Consistent with this premise, it has been dem-
onstrated that Rad52 effectively anneals DNA strands coated
with ScRPA (8, 14) but not with heterologous ssDNA-binding
proteins (8), implying a direct interaction between Rad52 and
RPA as the likely reason for this observed specificity. We have
demonstrated that the rad52A409-412 mutant is perfectly
capable of mediating ssDNA annealing with an ScRPA-coated
template. This result strongly suggests that the mutant protein
also retains the ability to interact with RPA (14). Given this
consideration, our data provide evidence that the lack of re-
combination mediator function in rad52A409-412 is specifi-
cally due to its inability to form a complex with Rad51 protein.

The DNA repair deficiency of the rad52A409-412 mutant
strain can be complemented by Rad51 overproduction. It seems
possible that a substantial increase in the intracellular pool of
Rad51 may accelerate the assembly of the presynaptic Rad51
filament, thus rendering this process less prone to the compet-
itive effect of RPA even when the Rad52 mediator function has
been disabled, as in the case of the rad52A409-412 mutant.
However, a more attractive explanation is that the elevated
Radb51 levels facilitate complex formation between Rad51 and
other mediator proteins. This could conceivably lead to more
effective loading of Rad51 onto ssDNA via the other recombi-
nation mediators. In fact, our observation that Rad51 shows
only a weak interaction with the Rad55-Rad57 complex* (11) is
congruent with the latter view. Mutants of the RAD59 gene
show some deficiency in Rad51-dependent recombination
events (34, 35). It remains to be seen whether Rad59 also
functions as a mediator in Rad51-catalyzed homologous DNA
pairing and strand exchange and, if so, whether the mediator
activity of Rad59 will require complex formation with Rad51
that is enhanced by increased intracellular Rad51 levels.

The rad52 null mutation renders cells highly defective in
recombination, and overexpression of Rad51 does not compen-
sate for the loss of Rad52 (36). Thus, Rad52 must have a
function in recombination/repair pathways independent of
Rad51 interaction. It is possible that in the cellular setting,
Rad52 renders the RPA-coated ssDNA template more accessi-
ble to Rad51 even in the absence of a specific interaction with
Rad51. Alternatively, or additionally, the Rad51 interaction-
defective rad52 variant may enhance the interaction between
Rad51 and other recombination mediators without directly con-
tacting Rad51. Also, it seems possible that the severe pheno-
type associated with RAD52 deletion may be related to the
ability of Rad52 to promote the assembly of DNA repair centers
as revealed in recent cytological studies (27).
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A helical filament of Rad51 on single-strand DNA (ssDNA),
called the presynaptic filament, catalyzes DNA joint formation
during homologous recombination. Rad52 facilitates presynaptic
filament assembly, and this recombination mediator activity is
thought to rely on the interactions of Rad52 with Rad51, the
ssDNA-binding protein RPA, and ssDNA. The N-terminal region
of Rad52, which has DNA binding activity and an oligomeric struc-
ture, is thought to be crucial for mediator activity and recombina-
tion. Unexpectedly, we find that the C-terminal region of Rad52
also harbors a DNA binding function. Importantly, the Rad52
C-terminal portion alone can promote Rad51 presynaptic filament
assembly. The middle portion of Rad52 associates with DNA-
bound RPA and contributes to the recombination mediator activ-
ity. Accordingly, expression of a protein species that harbors the
middle and C-terminal regions of Rad52 in the rad52 A327 back-
ground enhances the association of Rad51 protein witha HO-made
DNA double-strand break and partially complements the methyl-
methane sulfonate sensitivity of the mutant cells. Our results pro-
vide a mechanistic framework for rationalizing the multi-faceted
role of Rad52 in recombination and DNA repair.

In eukaryotes, homologous recombination (HR)” is mediated
by genes of the RADS2 epistasis group. HR plays a prominent
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role in chromosome damage repair and helps restart stalled DNA
replication forks (1-3). In addition, meiotic recombination medi-
ated by the RADS52 group genes ensures the proper segregation of
homologous chromosomes at meiosis I. Accordingly, mutants of
the RADS2 group are sensitive to genotoxic agents, bear a strong
mutator phenotype, and exhibit severe meiotic abnormali-
ties (2). In mammals, a deficiency in HR causes cell inviabil-
ity and can lead to the cancer phenotype (4, 5).

The mechanistic aspects of HR are best understood in the
yeast Saccharomyces cerevisiae, within the context of DNA
double-strand break (DSB) repair (6, 7). In S. cerevisiae, the
RADS1, RAD52, RAD54, RADSS, RAD57, RADS9, and RDH54
genes are the core members of the RADS?2 epistasis group. The
RAD51-encoded product, an orthologue of the Escherichia coli
RecA recombinase (8), mediates the formation of DNA joints
that link the recombining DNA molecules (8, 9). In the pres-
ence of ATP, Rad51 polymerizes onto ssDNA to form a right-
handed filament called the presynaptic filament. The presynap-
tic filament also harbors a binding site for duplex DNA (8, 10).
Once engaged, the duplex DNA is sampled for homology, lead-
ing to DNA joint formation with the ssDNA (8, 10). The nas-
cent DNA joint is extended by DNA strand exchange (10, 11).
Thus, assembly of the presynaptic filament and its maintenance
represent a most critical event in HR (10); see below).

Because nucleation of Rad51 onto ssDNA is slow, presynap-
tic filament assembly is prone to interference by RPA, the sin-
gle-strand DNA binding protein in eukaryotes. RPA was first
recognized as an accessory factor in the assembly of the presyn-
aptic filament (9) via DNA secondary structure removal (12).
Later, it was shown that RPA also possesses a post-synaptic func-
tion through sequestering the ssDNA generated during DNA
strand exchange (13, 14). However, because RPA has high affinity
for ssDNA, it can prevent Rad51 from binding ssDNA and thus
strongly inhibit presynaptic filament assembly (12, 15). Inclusion
of Rad52 efficiently overcomes this inhibitory effect of RPA (15—
17). This recombination mediator function of Rad52 stems from
its ability to nucleate Rad51 onto RPA-coated ssDNA to seed the
assembly of the presynaptic filament (7, 11).

Cell-based studies have validated the significance of the bio-
chemical data as summarized above. Specifically, in chromatin
immunoprecipitation and cytological experiments designed to
examine the association of RPA and HR factors with DSBs,
loading of RPA onto the DNA substrate occurs first, and then it
is gradually replaced by Rad51 (18 -22). This replacement of
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RPA by Rad51 is dependent on Rad52. Aside from its recombina-
tion mediator role, Rad52 also functions in a pathway of HR
between direct DNA repeats known as single-strand annealing.
Herein, Rad52 is thought to anneal RPA-coated complementary
single DNA strands (23—-25) to form deletion recombinants (7).

Understanding the mechanistic basis of the Rad52 recombi-
nation mediator activity is of great importance, because an
inability to shepherd Rad51 to DNA damage is a hallmark of
cells deficient in the tumor suppressor BRCA2 (4). Several
properties of Rad52 are believed to be germane for its recom-
bination mediator function (2, 11). As first recognized by
Mortensen et al. (23) and subsequently confirmed by others
(16, 17, 26), Rad52 binds both ssDNA and dsDNA, showing a
preference for the former. In addition, Rad52 exists as homo-
oligomer (24) of seven or more subunits (27). The N-terminal
third of Rad52 harbors the oligomerization domain and a
Rad59 interaction domain and also exhibits DNA binding activ-
ity (23, 28-30). Rad52 also physically associates with Rad51
through its C terminus (31, 32) and is thought to bind RPA as
well (16, 33, 34).

Disruption of the Rad51-binding domain in Rad52, as in the
rad52 A327 and rad52 A409 — 412 alleles (16, 35), compromises
its recombination mediator function. Although not yet for-
mally proven, it seems reasonable to propose that Rad52 DNA
binding function is important for the loading of Rad51 onto
RPA-coated ssDNA. In this regard, it has been generally
assumed that the N-terminal third of Rad52 is critical. In addi-
tion, the oligomeric structure of Rad52 may promote coopera-
tive DNA binding that could be relevant for the recombination
mediator activity (11).

In our continuing effort to dissect the Rad52 recombination
mediator function, we unexpectedly find a robust DNA binding
activity within the C-terminal third of the protein. We demon-
strate that the Rad52 C terminus alone has recombination
mediator activity. Importantly, we show that the middle por-
tion of Rad52 interacts with DNA-bound RPA and makes a
contribution to the recombination mediator function. Accord-
ingly, a polypeptide harboring the middle and C-terminal por-
tions of Rad52 partially complements the DNA damage sensi-
tivity of the rad52 A327 mutant strain and enhances the ability
of these cells to target Rad51 to a DSB site. These results pro-
vide new molecular details into the role of Rad52 in HR.

EXPERIMENTAL PROCEDURES

Yeast Strains—The yeast strains are derivatives of JKM179
(MATa Aho Ahml::ADE1 Ahmr::ADEI adel-110 leu2,3-112
lysS trpl:hisG ura3-52 ade3::GAL10:HO) (36). The rad52-
A327 strain was generated by inserting a stop codon and
KanMX right after codon 327 of the chromosomal RAD52 gene,
and the rad52A strain was made by replacing the chromosomal
RADS2 gene by NatMX.

Construction of Plasmids—Hiss,-RADS2 harboring codons
34.-504 of RADS52 was ligated into the Ncol site of the pET11d
vector. His,-RADS2-C was ligated into BamHI or EcoRI sites of
the pRSETc vector. His,-RADS52-N/C was generated by insert-
ing the C-terminal fragment of RAD52 (codons 327-504) into
the BamHI site of His,-RAD52-N::pRSETc. His,-RAD52-M/C
was constructed by ligating the BamHI/BglIl fragment of
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GST-RADS52:pGEX (35) into the BamHI site of pRSETc. For
the expression of the Rad52 species in yeast cells, the various
alleles were inserted into the Smal site of the 2 vector pRS426
ADH (37) to place them under the control of the ADH pro-
moter. The nuclear localization signal GGPKKKRKVG, derived
from the SV40 large T antigen, was inserted at the end of the
opening reading frame of the RAD52-M/C and RAD52-C genes.

Purification of Rad52 Species—The His,-tagged Rad52 spe-
cies were expressed in E. coli strain BL21 (DE3). Overnight cul-
tures grown in Luria broth at 37 °C were diluted 1000-fold with
fresh medium and incubated at 37 °C until the A, reached 1.2.
At that time, isopropyl-p-thiogalactopyranoside was added to
0.1 mm, and the culture was incubated at 16 °C for 24 h. The
cells were harvested by centrifugation and stored at —80 °C. All
of the protein purification steps were carried out at 4 °C. Lysate
was prepared from 20 g of E. coli cell paste using a French press
in 100 ml of buffer G (50 mm Tris-HCI, pH 7.4, 0.5 mm EDTA,
0.01% Igepal, 1 mMm 2-mercaptoethanol, 10% sucrose, and 100
mM KCl that also contained aprotinin, chymostatin, leupeptin,
and pepstatin A at 5 ug/ml each). The crude lysate was clarified
by centrifugation (100,000 X g, 90 min).

For Hiss-tagged Rad52-N/C—The clarified lysate was applied
onto a SP Sepharose column (20 ml), which was developed with
a 160-ml gradient from 100 to 400 mm KCl in K buffer (20 mm
K,HPO,, pH 7.4, 1 mMm 2-mercaptoethanol, 0.01% Igepal, and
10% glycerol). The fractions containing the His,-tagged protein
(12 ml total; 220 mm KCI) were mixed with 1 ml of nickel-
nitrilotriacetic acid-agarose (Qiagen) for 3 h at 4 °C. The beads
were washed three times with 20 ml of buffer K containing 400
mM KCI, and the bound His,-Rad52-N/C was eluted with 5 ml
of 10, 50, 100, and 200 mm imidazole in buffer K, respectively.
The 100 and 200 mM imidazole eluates were combined, diluted
with 10 ml 10% glycerol, and applied onto a 1-ml Macro-HAP
(Bio-Rad) column, which was eluted with a 20-ml gradient
from 0 to 300 mm KH,PO, in buffer K. The Macro-HAP
fractions (3 ml total; 120 mm KH,PO,) that contained the
peak of Rad52-N/C were dialyzed, concentrated to 10
mg/ml, and stored at —80° C. The overall yield of highly
purified Rad52-N/C was ~2 mg.

For Hisg-tagged Rad52-C and Rad52-M/C—The clarified
lysate was fractionated in a SP Sepharose column (20 ml) as
above. The fractions containing the His,-tagged proteins (12 ml
total; 250 mm KCI) were subjected to affinity purification in
nickel-nitrilotriacetic acid-agarose and chromatographic frac-
tionation in Macro-HAP as above. The Macro-HAP fractions
(3 ml total; 140 mm KH,PO,) that contained the peak of the
Rad52 species were dialyzed, concentrated to 10 mg/ml, and
stored as above. We could obtain ~5 mg of Rad52-C and ~2.5
mg of Rad52-M/C.

Purification of Other Proteins—The procedures for the
expression and purification of the various GST-Rad52 species
have been described elsewhere (35). Rad51 and RPA were
expressed and purified as described previously (9).

DNA Substrates—The ¢pX 174 viral (+) strand and replica-
tive form I DNA were purchased from New England Biolabs
and Invitrogen, respectively. The sequences of the oligonucleo-
tides (oligonucleotides 1 and 2) used in ssDNA annealing and

JOURNAL OF BIOLOGICAL CHEMISTRY 12167

8002 'Tz Isnbny uo 3TNHOSHOOH JFHOSINHOIL IHOSISSONIDAIT ¥e 610°0g[ mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

6

Dissection of Rad52 Mediator Activity

DNA binding experiments and their *P labeling have been
described (35).

DNA Binding Assay—Varying amounts of the Rad52 species
were incubated with **P-labeled Oligo-1 (1.36 um nucleotides)
or dsDNA (1.36 uM base pairs; obtained by hybridizing oligo-
nucleotide 1 to oligonucleotide 2) at 37 °C in 10 ul of buffer D
(40 mm Tris-HCI, pH 7.8, 50 mm KCl, 1 mwm dithiothreitol, and
100 wg/ml bovine serum albumin) for 10 min. After the addi-
tion of gel loading buffer (50% glycerol, 20 mm Tris-HCI, pH 7.4,
0.5 mm EDTA, 0.05% orange G), the reaction mixtures were
resolved in 12% native polyacrylamide gels in TAE buffer (40
mM Tris-HCI, pH 7.4, 0.5 mm EDTA) at 4 °C. The gels were
dried, and the DNA species were quantified using the Quantity
One software in the Personal Molecular Imager FX (Bio-Rad).
To show that the DNA substrate remained intact, we treated a
reaction mixture containing the highest concentration of the
Rad52 species with 0.5% SDS and 0.5 mg/ml proteinase K at
37 °C for 5 min before the analysis.

DNA Strand Exchange Assay—The DNA strand exchange
reaction was performed according to our published procedure
(26). Rad51 (10 wm) was incubated with ssDNA (30 uM nucle-
otides) in 10 ul of buffer R (35 mMm 3-morpholinopropanesulfo-
nic acid potassium salt, pH 7.2, 1 mm dithiothreitol, 50 mm KCl,
2.5 mm ATP, and 3 mm MgCl,) for 5 min. After the addition of
RPA (1.2 um) in 0.5 ul, the reaction mixture was incubated for
another 5 min, before the incorporation of dsDNA (25 um
nucleotides added in 1 ul) and 1 ul of 50 mm spermidine hydro-
chloride (final concentration, 4 mm). At the indicated times, a
4.5-ul portion of the reaction mixture was withdrawn, pro-
cessed, and analyzed by agarose gel electrophoresis with
ethidium bromide staining (9). Gel images were recorded in a
NucleoTech gel documentation system and analyzed with the
GelExpert software. To examine the Rad52 recombination
mediator function, reaction mixtures (12.5 ul final volume)
containing Rad51 (10 um), RPA (2 um), and the indicated
amounts of the various Rad52 species were incubated on ice for
10 min in 9.5 ul of buffer R, followed by the addition of ssDNA
in 1 pl and a 10-min incubation. After the incorporation of
linear duplex and spermidine, the completed reactions were
incubated and analyzed as before. For the time course experi-
ments, the reactions were scaled up four times to 50 ul but were
otherwise assembled in the same fashion.

GST Pulldown Assay—RPA or E. coli SSB (2 um) was incu-
bated with or without either ¢$X174 ssDNA or dsDNA (30 um
nucleotides or base pairs) in 29 ul of buffer T (20 mm Tris-HCl,
pH 7.5, 150 mm KCl, 1 mm dithiothreitol, 0.5 mm EDTA, and
0.01% Igepal) at 37 °C for 10 min before GST-Rad52-M (6 um)
was added in 1 pl. Following a 30-min incubation at 4 °C, the
reactions were mixed with 10 ul of glutathione-Sepharose-4B
beads at 4 °C for 30 min. After washing the beads twice with 150
wl of buffer T, the bound proteins were eluted with 30 ul of 3%
SDS. The supernatants and SDS eluates, 10 ul each, were sub-
jected to SDS-PAGE analysis.

Magnetic Bead-based Pulldown Assay—Purified RPA (2 um)
was incubated with 15 ul of magnetic beads containing ¢pX174
ssDNA (30 uMm nucleotides) immobilized on the beads through
an annealed biotinylated oligonucleotide (38) in 43.5 ul of
buffer T at 37 °C for 10 min. The magnetic beads in one-third of

12168 JOURNAL OF BIOLOGICAL CHEMISTRY

the slurry were captured with a magnetic particle separator and
treated with 15 ul 1% SDS to elute the bound RPA, and 10 ul of the
eluate (beads) was analyzed by SDS-PAGE. GST-Rad52-M (6 um)
was added to two-thirds of the slurryin 1 ul, followed by mixing for
30 min at4 °C. The beads were captured with the magnetic particle
separator and washed with 30 ul of the same buffer, and the bound
proteins were eluted with 30 ul 1% SDS. The supernatant and SDS
eluate, 10 ul each, were analyzed by SDS-PAGE.

Chromatin Immunoprecipitation—The yeast strains harbor
a plasmid of the HO endonuclease gene under the control of the
GAL10 promoter, which permits the galactose induction of HO
expression. Chromatin immunoprecipitation (ChIP) was car-
ried out essentially as described (21). The cells were grown in
YEP supplemented with 3% glycerol for 6 h until the mid-log
phase, and 2% galactose was added to induce HO expression. At
the designated times, the cells were harvested from 45 ml of the
cultures, cross-linked with 1% formaldehyde for 20 min, and
then quenched with 125 mm glycine for 5 min. After lysing the
cells with glass beads and sonication to shear the chromatin, the
cell lysates were incubated with anti-Rad51 antibodies (our
own stock) or anti-Rad52 antibodies raised against the C termi-
nus of the protein (Santa Cruz Biotechnology) and Dynabeads
Protein G (Invitrogen). After a series of washes, the immuno-
precipitates were incubated at 65 °C to reverse protein-DNA
cross-link. Radioactive semi-quantitative PCR was performed
to amplify the precipitated DNA. The primers used for ampli-
tying PHOS5 and MAT Z were as described (21). The PCR prod-
ucts were resolved on 6% native polyacrylamide gels and quan-
tified in a phosphorimaging device (Bio-Rad) using the
Quantity One software (Bio-Rad).

Immunoblot Analysis—Cells grown in SC-Ura media at 30 °C
were lysed with glass beads in buffer (50 mm HEPES-KOH,
pH7.5, 500 mM NaCl, 1 mm EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, and the following protease inhibitors:
aprotinin, chymostatin, leupeptin, and pepstatin A at 5 ug/ml
each) and cleared by centrifugation at 15,000 X gand 4 °C for 15
min. Clarified lysates (10 ug of total protein) were subjected to
immunoblot analysis with affinity-purified anti-Rad52 antibod-
ies raised against amino acid residues 168 —456 of Rad52 (15)
and anti-rabbit secondary antibodies conjugated with horse-
radish peroxidase. The blots were developed with the Super-
Signal Substrate (Pierce).

Electron Microscopy—Reactions containing Rad51 (10 um),
RPA (2 uM), and ssDNA (30 um nucleotides) were assembled in
the buffer used for DNA strand exchange and incubated for 15
min either in the absence or presence of Rad52 (1.2 um) or
Rad52-M/C (3 um). After dilution, the samples were applied
onto freshly glow discharged carbon-coated Mesh 400 copper
grids, stained with uranyl acetate, and examined with a Tech-
nai-12 electron microscope (39).

MMS Survival Assay—rad52A and rad52-A327 cells harbor-
ing plasmids that express Rad52, Rad52-C, and Rad52-M/C tagged
with the SV40 nuclear localization signal were grown to the sta-
tionary phase in SC-Ura media at 30 °C and diluted 20-fold with
fresh medium. When the cultures reached a density of ~1 X 10®
cells/ml, they were serially 10-fold diluted and then spotted on
SC-Ura plates containing 0.005% MMS. The plates were incu-
bated at 30 °C for 4 days and then photographed.
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FIGURE 1. Purification of Rad52 species. A, schematic representation of the
Rad52 species used. B, purified Hisg-tagged proteins: Rad52, Rad52-N/C,
Rad52-M/C, and Rad52-C (1 ug each) were run on a 10% denaturing SDS-
PAGE and stained with Coomassie Blue. The asterisk designates a proteolytic
fragment of Rad52-N/C.

RESULTS

Purification of Rad52 Domains—We previously expressed
Rad52 and also the N-terminal third (designated as N), middle
third (designated as M), and C-terminal third (designated as C)
of this protein as GST fusions (35). We have since expressed
and purified His,-tagged Rad52, Rad52-C, and fusions of the M
and C regions (Rad52-M/C) and the N and C regions (Rad52-
N/C) (Fig. 1). The Rad52 species that contain the N-terminal
region of this protein were made from the third ATG codon
(corresponding to residue 34) in the RADS52 protein coding
frame, because this represents the first start codon that is used
in Rad52 protein synthesis in yeast cells (40). At least two inde-
pendent preparations of each of the Rad52 species were used in
our study, and they all gave the same results.

Rad52-C Harbors DNA Binding Activity—Rad52 binds
ssDNA and shows a weaker affinity for dSsSDNA (Ref. 23 and Fig.
2A), and the DNA binding activity is thought to reside within the N
terminus (23). This region of Rad52 forms a ring-shaped oligomer
that possesses an outer groove (24, 27, 29, 30) lined with basic and
aromatic residues that are involved in binding DNA (29).

Even though GST-Rad52-N bound *?P-labeled ssDNA and
dsDNA, it was not nearly as proficient as GST-tagged Rad52
(Fig. 2B). This prompted us to investigate whether other parts
of Rad52 could also be involved in DNA binding. GST-
Rad52-M is devoid of any ability to bind DNA (Fig. 2C), but we
were surprised to find a DNA binding activity in GST-Rad52-C
(Fig. 2D). In fact, Rad52-C appears to be more adept at binding
both ssDNA and dsDNA than Rad52-N (Fig. 2, E and F). The
same conclusions were reached when the oligonucleotide sub-
strates were replaced with ¢$X174 ssDNA and dsDNA mole-
cules (data not shown). Taken together, the results confirmed
that the N terminus of Rad52 harbors a DNA binding function
and, rather unexpectedly, revealed a DNA binding activity in
the C-terminal third of the protein.

Rad52-C Has Recombination Mediator Activity—We used
the His¢-tagged form of the Rad52 variants and a well estab-
lished DNA strand exchange assay to test for recombination
mediator activity (Fig. 34 and Refs. 15-17 and 41). In this assay,
efficient DNA strand exchange is seen when the ¢pX174 ssDNA
is preincubated with Rad51 before the addition of RPA (Fig. 3B,
lanes 2), whereas incubation of the ssDNA with Rad51 and RPA
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FIGURE 2. The C-terminal region of Rad52 harbors a DNA binding activity.
A-D, Radiolabeled ssDNA and dsDNA were incubated without protein (lane 7)
and with 60, 135, 270, and 400 nm of Rad52 (A), Rad52-N (B), Rad52-M (C), and
Rad52-C (D). In lane 7, a reaction mixture containing the highest amount of
each of the Rad52 species was treated with SDS and proteinase K before
analysis. The results from A-D were plotted in E and F. Note that the ssDNA
migrated more slowly than the dsDNA. wt, wild type.

simultaneously leads to a pronounced attenuation of the reac-
tion because of interference of presynaptic filament assembly
by RPA (Fig. 3B, lanes 3).

As expected, the inclusion of Rad52 effectively alleviated the
suppressive effect of RPA on DNA strand exchange (Fig. 3B,
panel I, lanes4-9). Under the conditions used (10 um Rad51, 30
M ssDNA, and 2 um RPA), the optimal concentration of Rad52
to see full restoration of DNA strand exchange was 1.2 uMm.
Reproducibly, Rad52-C could also restore a significant level of
DNA strand exchange with RPA co-addition, although, when
compared with Rad52, a higher amount (2-8 uMm) was needed
(Fig. 3C). The maximal extent of restoration that could be
achieved with Rad52-C was, however, significantly lower, about
one-third of that obtained with Rad52 (Fig. 3C). Full time
course experiments demonstrating DNA strand exchange res-
toration by Rad52 and Rad52-C are presented in supplemental
Fig. S1. We also found that neither GST-tagged Rad52-N nor
GST-tagged Rad52-M is capable of restoring DNA strand
exchange over a wide concentration range of these protein spe-
cies (data not shown). In contrast, GST-Rad52 and GST-
Rad52-C possess mediator activity comparable with that of the
His,-tagged version of these Rad52 species (data not shown). As
anticipated, neither Rad52 nor any of the Rad52 domains (N, M,
and C) exhibited any DNA strand exchange activity with or
without RPA (data not shown).

Both Rad52 N and M Contribute to Recombination Mediator
Function—Because Rad52 is considerably more effective than
Rad52-C in DNA strand exchange restoration (Fig. 3C), we
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FIGURE 3. The C terminus of Rad52 possesses recombination mediator
activity. A, schematic representation of the homologous DNA pairing and
strand exchange reaction. Homologous pairing between the circular ssDNA
(ss) and linear duplex DNA (ds) substrates yields a DNA joint molecule (jm),
which is converted into a nicked circular duplex molecule (nc) by DNA strand
exchange. B, DNA strand exchange reactions conducted to examine the
recombination mediator activity of the Rad52 species: Rad52 in panel |,
Rad52-C in panel Il, Rad52-N/C in panel Ill, and Rad52-M/C in panel IV. The
standard reaction (Std, lane 2) involved preincubating the ssDNA with Rad51
to allow for the formation of the presynaptic filament before RPA was added.
Co-incubating the ssDNA with Rad51 and RPA resulted in severe inhibition of
the DNA strand exchange reaction (Inh, lane 3). The inclusion of the various
Rad52 species during the incubation of ssDNA with Rad51 and RPA led to
restoration of DNA strand exchange. NP indicates no protein added. C, the
results of the 30- and 60-min time points in B were plotted in panels | and /I,
respectively.

asked whether the N and M portions contribute toward the
recombination mediator function. To address this, we fused
either Rad52 N or M to the C portion. When expressed in
E. coli, the Rad52-N/C and Rad52-M/C species are soluble, and
we were able to devise procedures for their purification (Fig. 1).
Relative to Rad52-C, significant restoration of DNA strand
exchange was seen with a lower concentration of Rad52-N/C,
but the maximal level of restoration was not higher than what
could be achieved with Rad52-C (Fig. 3, B and C). Interestingly,
Rad52-M/C was more effective than Rad52-C in restoring DNA
strand exchange (Fig. 3B). Although restoration of DNA strand
exchange by Rad52-M/C occurred over the same concentration
range as Rad52-C, the final level was significantly higher. Full
time course experiments involving Rad52-N/C and Rad52-
M/C are presented in supplemental Fig. S1. As expected, nei-
ther Rad52-N/C nor Rad52-M/C has any DNA strand exchange
activity with or without RPA (data not shown).

Rad52-M Interacts with DNA-bound RPA—Because the M
portion of Rad52 has no DNA binding activity (Fig. 2) and does
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not interact with Rad51 (32, 35), we wondered whether its
enhancement of the Rad52-C recombination mediator activity
(Fig. 3B and supplemental Fig. S1) could be due to an ability to
associate with RPA. However, only a very weak interaction
between GST-Rad52-M and RPA was observed in an affinity
pulldown assay (Fig. 4D, compare lanes 4 and 10). The result,
although negative, is entirely consistent with the observation
that Rad52 does not associate strongly with RPA in solution
(data not shown). We next considered the possibility that inter-
action between Rad52-M and RPA occurs when RPA is DNA-
bound. Two separate affinity pulldown assays were employed to
address this possibility. In the first assay, RPA was incubated
with biotinylated ssDNA immobilized on streptavidin mag-
netic beads to produce a RPA-ssDNA affinity matrix, which was
then used to test for a possible interaction with GST-Rad52-M
(Fig. 4A). A significant amount of Rad52-M was retained on the
RPA-ssDNA beads (Fig. 4B). As expected, Rad52-M did not
associate with DNA magnetic beads without RPA (Fig. 4B, lane
7). In the second pulldown assay, Rad52-M was first incubated
with RPA or E. coli SSB without DNA or with ssDNA or
dsDNA, and then the reactions were mixed with glutathione-
Sepharose beads to capture GST-Rad52-M and associated RPA
or SSB (Fig. 4C). In agreement with the results from the first
pulldown assay (Fig. 4B), a stoichiometric amount of RPA was
found associated with Rad52-M upon inclusion of ssDNA,
whereas no retention of RPA occurred without DNA (Fig. 4D,
compare lanes 8 and 10). We also verified that GST-Rad52-M
does not associate with E. coli SSB (Fig. 4D) and that dsDNA is
ineffective in mediating complex formation of RPA with
Rad52-M (Fig. 4D). Taken together, the results revealed an abil-
ity of Rad52-M to associate avidly with DNA-bound RPA, and it
does so in a species-specific manner. As anticipated, Rad52-M
does not interact with free or ssDNA-bound Rad51 (data not
shown).

Examination of Recombination Mediator Activity by Electron
Microscopy—We incubated ¢$pX174 circular ssDNA with Rad51
and RPA in the presence or absence of His,-tagged Rad52 or
Rad52-M/C. These reactions were then examined by electron
microscopy. We analyzed over 100 randomly picked nucleo-
protein complexes in each case and classified these complexes
according to the extent of the Rad51 presynaptic filament. In
the reaction that had Rad51 and RPA only, ~40% of the nucle-
oprotein complexes contained mostly or entirely RPA, and only
very few (~10% of the total) of the DNA molecules had 60% or
higher coverage by Rad51 (Fig. 5 and supplemental Fig. S2). As
expected, the addition of Rad52 effectively restored presynaptic
filament formation, with almost all of the nucleoprotein com-
plexes possessing 60% or higher Rad51 coverage (Fig. 5 and
supplemental Fig. S2). The inclusion of Rad52-MC had a strong
impact on Rad51 presynaptic filament assembly, with a signifi-
cant fraction (>35%) of the nucleoprotein complexes having
=60% Rad51 coverage. Overall, the results from the electron
microscopy analysis provided independent verification of
Rad52-M/C possessing a recombination mediator activity.
However, like for DNA strand exchange, Rad52-M/C is not as
effective as Rad52 in the promotion of Rad51 presynaptic fila-
ment assembly (Fig. 5B).
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Dissection of Rad52 Mediator Activity

partially complemented the MMS
sensitivity of the rad52-A327
mutant (Fig. 6A4), but little or no
complementation of the MMS sen-
sitivity of the rad52A mutant was
seen (data not shown). In addition,
we did not observe any complemen-
tation of the rad52-A327 or rad52A
strain transformed with a similar
plasmid expressing RAD52-C (Fig.
6A and data not shown). This result

D pull-down
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¥ X immunoblot analysis (Fig. 6B).
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from the control reaction in lane 1.

Rad52-M/C Is Biologically Efficacious in the rad52A327
Mutant—The above results indicated that the C portion of
Rad52 has a recombination mediator activity that is augmented
by the RPA-binding domain located within the M portion of the
protein. To ask whether Rad52-M/C has biological activity in
vivo, we examined the ability of plasmids containing either
RADS2 or RAD52-M/C inserted downstream of the ADH pro-
moter for their ability to complement the sensitivity of rad52
mutant strains to the genotoxin MMS. To ensure that Rad52-
M/C is transported into the nucleus, its C terminus was joined
to the nuclear localization signal sequence derived from the
SV40large T antigen. Protein expression was verified by immu-
noblot analysis of cell extracts using anti-Rad52 antibodies (Fig.
6B and supplemental Fig. S3). In addition to the rad52A
mutant, we included the rad52-A327 mutant, which does not
express the C-terminal third of Rad52, in the analysis, because it
is known that the N-terminal portion of the Rad52 contributes
to HR in a Rad51-independent fashion (42, 43). RAD52-M/C
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FIGURE 4. Rad52-M interacts with DNA-bound RPA. A, in this affinity pulldown assay, RPA is incubated with
streptavidin magnetic beads harboring ¢X174 ssDNA, and the resulting RPA-containing beads are used to
bind Rad52-M. B, three reactions were set up. In the first reaction, ssDNA magnetic beads that did not harbor
RPA (lane 1) were mixed with GST-Rad52-M (lanes 4 and 7); in the second reaction, ssDNA magnetic beads
harboring RPA (lane 2) were mixed with GST-Rad52-M (lanes 5 and 8); and in the third reaction, ssDNA magnetic
beads harboring RPA (lane 3) were mixed in buffer without GST-Rad52-M (lanes 6 and 9). After mixing, the
beads were captured with a magnet, and associated proteins were eluted with SDS. The supernatants (Super.)
that contained unbound proteins and the SDS eluates (Elution) were analyzed by SDS-PAGE with Coomassie
Blue staining. The RPA content of the magnetic beads (Beads) used in the three reactionsis also shown. C, in this
affinity pulldown assay,GST-Rad52-M is incubated with RPA or E. coli SSB either in the absence of DNA or in the
presence of ssDNA or dsDNA before being mixed with glutathione-Sepharose to capture GST-Rad52-M and
any associated RPA. D, the various supernatants containing unbound proteins and the SDS eluates harboring
the captured proteins were analyzed by SDS-PAGE with Coomassie Blue staining. GST-Rad52-M was omitted

in cells is strongly dependent on
Rad52 (18 -21). We employed ChIP
to examine the targeting of Rad51 to
a site-specific HO-induced break in
rad52A and rad52-A327 mutant
cells that expressed either Rad52,
Rad52-C, or Rad52-M/C from the
plasmids described in the previous
section. We used yeast strains
where the DSB is engaged by the HR
machinery but cannot be repaired
because of the absence of the
homologous donor sequence (20).
The expression of the HO-endonuclease was induced with
galactose, and DSB formation was monitored by PCR (Fig. 7A).
At various times after DSB induction, cell extracts were pre-
pared and subjected to immunoprecipitation with anti-Rad51
or anti-Rad52 antibodies. The target sequence (MAT-Z) and an
internal control sequence (PHOS5) were amplified from the pre-
cipitated DNA by PCR. In agreement with published work (20,
21), we observed rapid recruitment of Rad51 upon DSB forma-
tion in wild-type cells, reaching a maximum of 40-fold by 3 h
(data not shown). In contrast, the amount of Rad51 at the DSB
increased only about 2—-3-fold in rad52A cells (data not shown).
In rad52-A327 cells, Rad51 recruitment was diminished, but
not ablated, because there was a 12-fold enrichment by 3 h (Fig.
7B). Importantly, expression of Rad52-M/C and Rad52 in
rad52-A327 cells led to a 40-fold and >100-fold enrichment of
Rad51 at the DSB site by 3 h, respectively (Fig. 7B). Moreover,
Rad51 recruitment to the DSB was enhanced more then 10-fold
in rad52A cells expressing Rad52-M/C (data not shown). We
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FIGURE 5. Electron microscopy analysis of recombination mediator
action. A, micrographs showing an example of full Rad51 filament (panel i), a
RPA-ssDNA nucleoprotein complex (panel ii), and ssDNA molecules covered
partly by Rad51 and partly by RPA (panels iii and iv). The RPA-ssDNA com-
plexes in panel ii are circled, and the arrows in panels iii and iv mark the junc-
tions of Rad51-coated DNA and RPA-coated DNA. The black scale bars in the
panels denote 200 nm. B, quantification of Rad51 presynaptic filament forma-
tion in the three reactions: Rad51+RPA, Rad51+RPA+ Rad52-M/C, and
Rad51+RPA+Rad52.

did not find any Rad51 or Rad52-C enrichment at the HO-
induced break in rad52-A327 cells that harbor ADH-RADS52-C
(Figs. 7B and 8). This was very likely due to a lack of Rad51-C
protein expression (Fig. 6B). Lastly, as expected, both full-
length Rad52 and Rad52-M/C are enriched at the DSB site (Fig.
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FIGURE 6. Complementation of the rad52-A327 mutant by Rad52-M/C.
A, rad52-A327 strains harboring the empty ADH vector, ADH-RAD52, ADH-
RAD52-M/C, or ADH-RAD52-C were serially diluted and spotted onto SC-Ura
medium with or without 0. 005% MMS. B, extracts of rad52-A327 cells harbor-
ing ADH plasmids expressing Rad52 (lane 1), Rad52-M/C (lane 2), Rad52-C
(lane 3), or empty ADH vector (lane 4) or rad52A cells harboring empty ADH
vector (lane 5) were subjected to immunoblot analysis with anti-Rad52
antibodies.

8). Taken together, the ChIP data are also indicative of the pres-
ence of a recombination mediator activity in Rad52-M/C. We
note that the recruitment of Rad52-M/C to the HO breaks site
is less robust than that of Rad52 (Fig. 8), which could be a con-
tributing factor as to why this Rad52 species is not as biologi-
cally efficacious as the full-length protein.

DISCUSSION

New Insights Concerning the Role of Rad52 in HR—Rad52
plays a central role in various HR processes, including Rad51-
dependent and Rad51-independent reactions (6, 7). Biochemi-
cal and cell-based analyses have unveiled a recombination
mediator activity in Rad52 (15-17, 19 -21). These studies have
served as the model for understanding the function of this class
of HR factors, including the human tumor suppressor BRCA2.
Several properties of Rad52 are likely germane for its recombi-
nation mediator function, including the abilities to bind DNA,
assemble into an oligomeric structure, and associate with
Rad51 and RPA. Previous work has established that complex
formation with Rad51 is critical for the recombination media-
tor function of Rad52 (16, 35). Here we have provided evidence
that in addition to binding Rad51 (32, 35), the C-terminal third
of Rad52 possesses a DNA binding activity and can also nucle-
ate Rad51 onto a RPA-coated DNA template. Moreover, we
have shown that the middle portion of Rad52 mediates an inter-
action with ssDNA-bound RPA and enhances the recombina-
tion mediator activity of the C-terminal portion. Consistent
with these results, expression of Rad52-M/C partially comple-
ments the DNA damage sensitivity of rad52-A327 mutant cells.

Genetic experiments by the Livingston group (42, 44) have
demonstrated intragenic complementation involving expres-
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FIGURE 7. Rad52-M/C promotes DSB recruitment of Rad51. A, kinetics of
DSB induction. Donorless rad52-A327 cells harboring GAL10-HO and also the
empty ADH vector or a ADH plasmid expressing Rad52, Rad52-M/C, or
Rad52-C were grown in the presence of galactose to induce HO-expression
and a DSB at MAT. The induction of the HO break was quantified by PCR (20,
21). B, recruitment of Rad51 to the HO-induced break in rad52-A327 cells
harboring the ADH vector or ADH-RAD52, ADH-RAD52-M/C, or RAD52-C. These
cells were subjected to ChIP with anti-Rad51 antibodies. The MAT Z target
sequence and control PHO5 sequence were amplified using the appropriate
primer sets (21). Panels | and Il show the PCR products and the quantification
of the results, respectively. Enrichment was determined by dividing the PCR
signal of MAT Z by the PHO5 PCR signal and normalizing to time zero value.
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FIGURE 8. DSB recruitment of Rad52 species in rad52-A327 cells. Recruit-
ment of Rad52 to the HO breaks in rad52-A327 cells harboring the ADH vector
or ADH-RAD52, ADH-RAD52-M/C, or ADH-RAD52-C. These cells were subjected
to ChIP with anti-Rad52 antibodies. The MAT Z target sequence and control
PHOS5 sequence were amplified using the appropriate primer sets (21). Panels
I'and Il show the PCR products and the quantification of the results, respec-
tively. Enrichment was determined by dividing the PCR signal of MAT Z by the
PHOS5 PCR signal and normalizing to time zero value.

sion of Rad52 fragments in the same cell. This is reminiscent of
the complementation of the DNA repair and Rad51 recruitment
deficiency by Rad52-M/C in the rad52-A327 mutant seen here.
Our biochemical analyses have further provided molecular infor-
mation to explain this intragenic complementation phenomenon.
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Biological Role of the Rad52 N Terminus—It is intriguing that
the N terminus of Rad52 is in fact not absolutely required for
the recombination mediator function in vitro. This finding
clearly indicates that functional interactions with Rad51 and
RPA can occur without the DNA binding activity and protein
oligomerization domain that reside within this region. How-
ever, cells that lack the Rad51 interaction domain (as in rad52-
A327) are still partially capable of Rad51 recruitment to a DSB.
Accordingly, these cells are not as sensitive to DNA-damaging
treatment as rad52A cells (this study and Ref. 32). This obser-
vation points to a key function of Rad52 in HR that does not
entail a direct interaction with Rad51 but yet has an important
impact upon the ability of cells to assemble or maintain the
Rad51 presynaptic filament. Furthermore, the inability of the
Rad52-M/C species to complement the rad52A mutation is
also indicative of a vital HR function of the Rad52 N-terminal
region.

The Rad55-Rad57 heterodimer also possesses a recombina-
tion mediator activity (18, 41, 45), and Rad54 is capable of sta-
bilizing the Rad51 presynaptic filament (21, 46). In addition, the
Rad59 protein binds DNA (47) and associates with Rad51,
Rad52, and RPA in a complex (48). It remains to be determined
whether Rad52, through its N-terminal and middle portions,
functionally synergizes with these other HR factors to promote
the assembly or stabilization of the Rad51 presynaptic filament.
Likewise, the Rdh54 protein, which is structurally and function-
ally related to Rad54, might act in conjunction with Rad52 in
reactions that either directly or indirectly (e.g. in chromatin
remodeling) influence Rad51 presynaptic filament assembly or
maintenance. It will be interesting to examine whether the
Rad51 recruitment ability of the rad52-A327 mutant is depend-
ent on any of the aforementioned HR factors.

An amount of Rad52-N/C less than that of Rad52-C can
achieve the same level of DNA strand exchange restoration
(Fig. 3C), indicating that the N terminus makes a significant
contribution toward the recombination mediator efficacy of
Rad52. Because Rad52-N does not enhance the recombination
mediator activity of Rad52-M/C (supplemental Fig. S4), these
two Rad52 parts do not functionally cooperate in trans. Rad52
protein oligomerization that is mediated by the N terminus
could confer the ability to bind ssDNA in a cooperative fashion.
However, future studies will be needed to determine whether
the protein oligomerization or the DNA binding activity of the
N terminus is critical for the enhancement of recombination
mediator activity. The available collection of N-terminal rad52
mutants predicted to be compromised for DNA binding will be
valuable in this regard (49).

Role of RPA Binding in Rad52 Function—S. cerevisiae Rad52
was previously shown to interact with RPA in the yeast two-
hybrid system and in an affinity pulldown assay (24, 33). More-
over, human Rad52 and RPA readily form a complex in the
absence of DNA (50). Taken together, the available evidence
points to RPA interaction as an evolutionarily conserved prop-
erty of Rad52. We have presented data showing the ability of the
Rad52 middle portion to interact with RPA. This interaction is
strongly dependent on ssDNA and is also species-specific. In
addition, we have shown that the middle portion of Rad52 is
able to enhance the mediator activity of Rad52-C.
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Rad52 appears to make contacts with all three subunits of
RPA (24, 33). Because the C terminus of Rad52 alone exhibits
recombination mediator activity and can anneal RPA-coated
complementary DNA strands, it too may harbor an ability to
bind RPA. Future studies involving protein interaction domain
mapping and mutant isolation will ascertain whether different
surfaces of Rad52 contact the individual subunits of RPA and
will delineate the functional significance of these contacts.

Implications for the Recombination Mediator Function of
BRCA2—Cells harboring mutations in the tumor suppressor
BRCA2 are profoundly deficient in the homology-directed
repair of damaged chromosomes (51, 52). Several lines of evi-
dence are consistent with the premise that BRCA2, like Rad52
in S. cerevisiae, regulates Rad51 activity by providing a recom-
bination mediator function: 1) it physically interacts with
Rad51 through several copies of the BRC repeat (53, 54) and
also through its C terminus (55), 2) it binds ssDNA (56), 3) it
interacts with RPA (57), and 4) BRCA2 mutant cells are defi-
cient in assembling DNA damage-induced Rad51 foci (52).
Direct demonstration of the BRCA2 recombination mediator
activity has been achieved in recent studies using a polypeptide
derived from this protein (39) and also the Ustilago maydis
BRCA2 orthologue Brh2 (58). The molecular dissection of
Rad52 being conducted in our laboratory and by others should
continue to provide useful information and complement paral-
lel studies on related HR factors such as BRCA2.
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mice with or without the C57Bl/Ka-Ly5.2 recipient bone marrow cells'. Reconstitution of
donor (Ly5.1) myeloid and lymphoid cells was monitored by staining blood cells with
antibodies against Ly5.1, CD3, B220, Mac-1 and Gr-1. The secondary bone marrow
transplant was performed with 107 whole bone marrow cells from mice reconstituted with
Bmi-1""" or Bmi-1""" fetal liver cells.

Retroviral gene transfer of HSCs

Mouse stem cell viruses expressing mouse p16"™** or p19* cDNAs together with GFP
were produced using Phoenix ecotropic packaging cells?. Infection of HSCs was done as
described* except that three cycles of infections were performed. After 48 h, single
GFP-positive cells were sorted into a 96-well plate containing 100 pl HSC medium®
grown for 7 days. Each well was scored for the presence of GFP-positive cells by
observation with a fluorescence microscope.
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Mutations in the Saccharomyces cerevisiae gene SRS2 result in the
yeast’s sensitivity to genotoxic agents, failure to recover or adapt
from DNA damage checkpoint-mediated cell cycle arrest, slow
growth, chromosome loss, and hyper-recombination"’. Further-
more, double mutant strains, with mutations in DNA helicase
genes SRS2 and SGS1, show low viability that can be overcome by
inactivating recombination, implying that untimely recombina-
tion is the cause of growth impairment"**. Here we clarify the
role of SRS2 in recombination modulation by purifying its
encoded product and examining its interactions with the Rad51
recombinase. Srs2 has a robust ATPase activity that is dependent
on single-stranded DNA (ssDNA) and binds Rad51, but the
addition of a catalytic quantity of Srs2 to Rad51-mediated
recombination reactions causes severe inhibition of these reac-
tions. We show that Srs2 acts by dislodging Rad51 from ssDNA.
Thus, the attenuation of recombination efficiency by Srs2 stems
primarily from its ability to dismantle the Rad51 presynaptic
filament efficiently. Our findings have implications for the basis
of Bloom’s and Werner’s syndromes, which are caused by
mutations in DNA helicases and are characterized by increased
frequencies of recombination and a predisposition to cancers and
accelerated ageing’.

We have been unable to overexpress Srs2 protein significantly in
yeast, suggesting that this protein is unstable in, and/or toxic to,
yeast cells. We therefore turned to Escherichia coli and an inducible
T7 promoter as vehicle for Srs2 expression. Srs2 could be revealed by
Coomassie Blue staining of E. coli extracts and by immunoblotting
with antibodies against Srs2 (Fig. 1a). We subjected E. coli lysate to
precipitation with ammonium sulphate and a five-step chromato-
graphic fractionation scheme to purify Srs2 to near-homogeneity
(Fig. 1b). Purified Srs2 has a robust ssDNA-dependent ATPase
activity (ke = 2,500 min~') and a DNA helicase activity® that is
fuelled by ATP hydrolysis (Fig. 1c).

Previous studies have unveiled an anti-recombination function in
SRS2 and a genetic interaction with RAD51 (refs 7-9). We investi-
gated whether Srs2 protein interacts physically with Rad51 protein,
and also tested its effect on the Rad51 recombinase activity'®. To
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examine whether Srs2 associates with Rad51, we coupled the latter
to Affi-gel 15 beads and used the resulting matrix to bind Srs2. As
shown in Fig. 1d, Srs2 was retained on the Affi-Rad51 beads, but no
binding of Srs2 to bovine serum albumin (BSA) immobilized on
Affi-beads (Affi-BSA) was detected. An interaction between Rad51
and two carboxy-terminal fragments of Srs2 was seen in the two-
hybrid assay in yeast (Fig. le). We were unable to detect significant
interaction between Rad51 and full-length Srs2 in this assay, which
could be the result of low expression of full-length Srs2.

We next tested the effect of Srs2 on the Rad51-mediated hom-
ologous pairing and strand exchange reaction that serves to
join recombining DNA molecules'™'". For this, we employed a
commonly used assay in which Rad51 and the heterotrimeric
ssDNA-binding factor RPA are incubated with ssDNA and ATP to
form a Rad51-ssDNA nucleoprotein filament''""*. Such a filament,
often called the presynaptic filament''"'?, is then incubated with the
homologous linear duplex (Fig. 2Aa). Pairing between the DNA
substrates yields a joint molecule, which is further processed by
DNA strand exchange to nicked circular duplex (Fig. 2Aa, b). As
shown in Fig. 2Ac, d, the addition of a catalytic quantity of Srs2
strongly suppressed the homologous pairing and strand exchange
reaction.

To characterize its anti-recombination activity further, Srs2 was
added to D-loop reactions in which pairing of a **P-labelled 90-mer
oligonucleotide with a homologous duplex target is mediated by the
combination of Rad51 and Rad54 proteins'*'® (Fig. 2Ba). As
reported previously'* ', efficient D-loop formation was catalysed
by Rad51 and Rad54 (Fig. 2BDb, d). As expected, the inclusion of Srs2
decreased the level of D-loop formation (Fig. 2Bb, d). RPA
enhanced D-loop formation in the absence of Srs2 (Fig. 2Bc, d),
but the inhibitory effect of Srs2 became much more pronounced
when RPA was present. We provide an explanation below for this
observation.

We considered the possibility that suppression of recombination
by Srs2 might result from the dissociation of DNA joints by its
helicase activity. To address this, D-loop was formed with Rad51/
Rad54 and then Srs2 was added. Srs2 was incapable of dissociating
the preformed D-loop, regardless of the presence or absence of RPA
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Figure 1 Purification and characterization of Srs2. a, Extracts from E. coli cells
harbouring pET11c::Srs2 and the control vector pET11¢ grown with or without isopropy!
8-p-thiogalactoside (IPTG) were analysed by SDS-PAGE and immunoblotting. b, Purified
Srs2 was analysed by SDS—PAGE (2 ng) and immunoblotting (20 ng). ¢, DNA unwinding
by Srs2 occurs with ATP but not without it or with AMP-PNP. The substrate was also
incubated alone (NP) or boiled (HD) for 1 min. d, Srs2 was mixed with Affi-Rad51 and
Affi-BSA beads. The input (I), supernatant (S), wash (W) and SDS eluate (E) were
immunoblotted. e, Full-length and truncated versions of Srs2 were tested for two-hybrid
interaction with Rad51. Empty vectors and Rad52 were included as controls.
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(Fig. 3A), suggesting that suppression of the recombination reaction
does not stem from the unwinding of DNA by Srs2.

Several approaches were used to test the idea that Srs2 inhibits
Rad51 recombinase function by disrupting the presynaptic fila-
ment. In doing so, we reasoned that disruption of the presynaptic
filament would yield free Rad51 molecules that could be trapped on
duplex DNA (dsDNA). The binding of Rad51 to topologically
relaxed dsDNA induces lengthening of the DNA'"' that can be
monitored as a change in the DNA linking number on treatment
with topoisomerase I (Fig. 3Ba). The product of this reaction is an
underwound species referred to as form U (Fig. 3Bb, lane 4). RPA
and Srs2 do not catalyse the formation of form U (Fig. 3Bb, lane 8),
and these proteins have no effect on the formation of form U by
Rad51 (Fig. 3Bb, compare lanes 6 and 4). The presynaptic filament
consisting of Rad51-ssDNA does not make form U (Fig. 3Bc,
lane 3). The addition of Srs2 to the Rad51-ssDNA presynaptic
filament causes the generation of form U (Fig. 3Bc, lanes 4-6),
indicating the transfer of Rad51 from the presynaptic filament to the
dsDNA. The addition of RPA further stimulates the Srs2-mediated
release of Rad51 from the presynaptic filament and the formation of
form U (Fig. 3Bc, lanes 8-10). RPA has high affinity for ssDNA and
it can compete with Rad51 for binding to ssDNA'®'?°. The
enhanced production of form U was therefore probably due to
the sequestering of ssDNA by RPA after Srs2 had released Rad51,
thereby preventing the renucleation of Rad51 on the ssDNA.
This premise was verified by electron microscopy and explains the
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Figure 2 Srs2 inhibits Rad51-mediated DNA pairing and strand exchange. A, a, The DNA
strand exchange scheme. In b, the DNA substrates were incubated with Rad51 and
RPA. In ¢, Srs2 was also included. The results from b and ¢ and from reactions with other
Srs2 amounts are plotted in d. B, a, The D-loop reaction scheme. In b, Rad51, Srs2
and Rad54 were incubated with the DNA substrates. In ¢, RPA was also included. The
results from b and ¢ and from reactions with other Srs2 amounts are plotted in d. Filled
symbols, reactions without RPA; open symbols, reactions with RPA.
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RPA-mediated enhancement of the inhibitory effect of Srs2 in the
D-loop reaction (Fig. 2B).

The Srs2-mediated disruption of the Rad51 presynaptic filament
was examined by a second approach. Here, Rad51 that had been
dissociated from ssDNA by Srs2 was trapped on a DNA duplex
bound to magnetic beads through a biotin—streptavidin linkage
(Fig. 3Ca). Rad51 was eluted from the bead-bound DNA duplex by
treatment with SDS and then analysed in a denaturing polyacryl-
amide gel. Consistent with results from the topoisomerase I-linked
assay (Fig. 3B) was the observation that there was an Srs2-concen-
tration-dependent transfer of Rad51 from the presynaptic filament
to the bead-bound DNA duplex (Fig. 3Cb).
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Figure 3 Srs2 disrupts the Rad51 presynaptic filament. A, D-loop reactions without and
with Srs2 added before or after the duplex substrate were performed. The reactions
were repeated with RPA present. Black bars, reactions without RPA; grey bars, reactions
with RPA. B, a, The reaction scheme. PK, proteinase K. b, Only Rad51 makes form U.
Ine, Rad51 presynaptic filaments, assembled with or without RPA, were treated with Srs2
and topoisomerase. Lane 2 contained form U marker. RI, relaxed duplex; ss, single-
stranded DNA. G, a, The reaction scheme. In b, Rad51 presynaptic filaments were
incubated with Srs2 and then with beads containing dsDNA. Rad51 was also incubated
with beads containing dsDNA (lanes 1 and 7) and beads without DNA (lanes 2 and 8). The
supernatant and bead fractions were analysed. CK, creatine kinase.
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Last, we used electron microscopy to characterize the action of
Srs2 on the Rad51 presynaptic filament. After incubation of Rad51
with circular ssDNA, abundant presynaptic filaments'”'® were seen
(Fig. 4a). Under the same conditions, RPA formed complexes with
ssDNA that appeared as compact structures with distinctive protein
bulges (Fig. 4b). Although RPA alone was unable to disrupt the
Rad51 presynaptic filaments (Fig. 4¢), the addition of Srs2 with RPA
to the presynaptic filaments caused a complete loss of the filaments,
and the concomitant formation of RPA—ssDNA complexes (Fig. 4d).
Previous biochemical experiments had shown transfer of Rad51
from the presynaptic filament to dsDNA promoted by Srs2 (Fig. 3B
and C). This Srs2-mediated transfer of Rad51 to dsDNA could be
observed directly by electron microscopy (Fig. 4e). The data from
the electron microscopic analyses agree with results from the
biochemical experiments (Figs 2 and 3), because they show that
Srs2 disrupts the Rad51 presynaptic filament.

Even though homologous recombination is important for repair-
ing DNA strand breaks induced by ionizing radiation and endogen-
ous agents, and for restarting delinquent DNA replication forks, it
can also generate deleterious genomic rearrangements and create
DNA structures that cannot be properly resolved'. Cells have
therefore evolved mechanisms to avoid untimely recombination™”.
Our studies provide evidence that Srs2 does this by disrupting the
Rad51 presynaptic filament. The same conclusion has been reached
independently®'. Furthermore, even though RPA can function as a
cofactor in the assembly of the Rad51 presynaptic filament'®*, it
might also promote the anti-recombination function of Srs2 by
preventing reassembly of the presynaptic filament (Figs 3 and 4).
That Srs2 uses the free energy from ATP hydrolysis to dislodge
Rad51 from the presynaptic filament has been verified with mutant
variants of Srs2 (srs2 K41A and srs2 K41R) defective for ATP
hydrolysis. The physical interaction noted between Rad51 and
Srs2 further suggests a mechanism for targeting the latter to the
presynaptic filament. Taken together, the results presented here
indicate that the motor activity of Srs2 driven by ATP hydrolysis
is capable of dissociating not only DNA structures® but also
DNA-—protein complexes.

Figure 4 EM analysis of Rad51 filament disruption by Srs2. a, b, Rad51 (a) and RPA (b)
were each incubated with sSDNA; examples of the nucleoprotein complexes that
formed are shown. ¢, RPA was not able to disrupt preformed Rad51 filaments; an example
of the Rad51 filaments present is shown. d, Incubation of preformed Rad51 filaments
with Srs2 and RPA caused the loss of filaments and concomitant formation of RPA—sSDNA
complexes, an example of which is shown. e, When preformed Rad51-ssDNA
filaments were incubated with Srs2, RPA and linear duplex, RPA—ssDNA complexes were
formed (circled) and transfer of Rad51 onto the linear duplex was visualized (arrows).
Scale bars, 100 nm.
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The inhibitory effect of Srs2 on Rad51-mediated DNA strand
exchange can be partly overcome by the inclusion of Rad52 protein,
a recombination mediator that promotes Rad51 presynaptic fila-
ment assembly'"'?. However, the Rad55-Rad57 complex, which
also has recombination mediator activity'"'?, is much less effective
in alleviating the inhibitory effect of Srs2. Furthermore, Rad52 and
the Rad55-Rad57 complex do not seem to act synergistically.
Interestingly, we have found that Srs2 can also dismantle presyn-
aptic filaments of RecA and human Rad51 proteins. It therefore
seems that the presynaptic filaments formed by the RecA/Rad51
class of general recombinases share a conserved feature that is
recognized by Srs2, making them prone to disruption by the
motor activity of Srs2.

The sensitivity of srs2 mutants to DNA-damaging agents®* is
alleviated by deleting RADS51 (ref. 23), and the inability to remove
Rad51 from DNA in the srs2 mutants most probably accounts for
the hyper-recombination phenotype of these mutants'. Similarly,
the cell cycle checkpoint recovery and adaptation defect in srs2
mutants might be related to an inability to evict Rad51 from
damaged DNA’. Cells mutated for SRS2 grow slowly, exhibit an
extended late S and/or G2 phase, and are defective in meiosis®.
These defects could result from the generation of unresolvable
recombination intermediates that trigger checkpoint activation
and thereby compromise cell cycle progression. In addition to
functioning as an anti-recombinase, Srs2 could conceivably prevent
D-loop reversal by removing Rad51 bound to the displaced ssDNA
strand. The various activities of Srs2 might be subject to modulation
by phosphorylation™.

Other DNA helicase enzymes are known to suppress recombina-
tion in eukaryotic cells, including the S. cerevisiae Sgs1 protein and
the human BLM and WRN proteins, mutated in Bloom’s syndrome
and Werner’s syndrome, respectively. Untimely and aberrant
recombination events in Bloom’s syndrome and Werner’s syndrome
cells could contribute to the genomic instability in these cells®. It
has been suggested that BLM and WRN proteins control the level of
recombination by dissociating recombination intermediates™. It
will be of interest to test whether Sgsl, BLM and WRN proteins
affect the integrity of the hRad51 presynaptic filament, as over-
expression of Sgs1 protein can partly suppress some of the defects of
srs2 mutants®. d

6,22

Methods

Antibodies and Srs2 purification

Polyclonal antiserum was raised against residues 177-646 of Srs2 fused to glutathione

S transferase. Antibodies were purified from the rabbit anti-serum by affinity
chromatography on a column containing the antigen crosslinked to cyanogen bromide-
activated sepharose 4B matrix (Amersham Biosciences). SRS2 gene was placed under the
T7 promoter in the vector pET11c to yield plasmid pET11c:Srs2, which was introduced
into E. coli BL21 (DE3). Srs2 expression was induced by isopropyl §-D-thiogalactoside,
and extract from 701 of culture was subjected to precipitation with ammonium sulphate
and chromatographic fractionation in columns of Q Sepharose, SP Sepharose,
hydroxyapatite and Mono Q. The final Srs2 pool (300 pg at 2 mgml~") was nearly
homogeneous and stored in small portions at —80 °C.

DNA substrates

The ¢X circular (+) strand was from New England Biolabs. The ¢X replicative form I
DNA (Gibco-BRL) was linearized by digestion with ApaLl. The pBluescript SK(—)
replicative form I DNA was prepared as described®. Oligonucleotide D1 has the sequence:
5'-AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAA
TCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT-3', being complementary to
positions 19322022 of the pBluescript replicative form I DNA. Oligonucleotide H2 has the
sequence: 5 -GTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTT-3',
being complementary to the first 45 residues of oligonucleotide D1. The two
oligonucleotides were 5' end-labelled with [y-**P]ATP and purified as described®. The
DNA helicase substrate was obtained by hybridizing D1 to radiolabelled H2, as
described .

Biotinylated dsDNA coupled to magnetic beads

The ends of a 769-base pair fragment derived from digesting $X174 replicative form I
DNA with ApaLl and Xhol were filled in with the Klenow polymerase, using a mixture of
dGTP, dTTP, Bio-7-dATP and Bio-11-dCTP (Enzo Diagnostics). The biotinylated DNA
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fragment was immobilized on streptavidin-coated magnetic beads (Roche Molecular
Biochemicals) to give biotinylated DNA at 40 ngul~' packed volume.

Binding of Srs2 to beads containing Rad51

Rad51 and BSA were coupled to Affi-Gel 15 beads (Bio-Rad) at 5 and 12mgml ™',
respectively'’. To examine Srs2 binding, 3 p.g Srs2 was mixed with 7 pl Affi-Rad 51 or
Affi-BSA beads in 30 pl PBS (10 mM KH,PO, pH 7.2, 150 mM KCl, 1 mM dithiothreitol
(DTT) and 0.01% Igepal) at 4 °C for 30 min. The beads were collected by centrifugation;
after the supernatant had been decanted off, the beads were washed twice with 100 pl
buffer, then treated for 5 min with 30 pl 2% SDS at 37 °C to elute bound Srs2. The various
fractions—10 pl each—were analysed by immunoblotting to determine their Srs2 content.

Yeast two-hybrid assay

RAD5I was cloned into pGAD10, which contains the GAL4 transcription activation
domain, and the resulting plasmid was introduced into the haploid yeast strain PJ69-4a
(ref. 30). SRS2 (residues 1-1174), two C-terminal fragments of SRS2 (residues 783-1174
and residues 738-998), and RAD52 were cloned into pGBKT7, which contains the GAL4
DNA-binding domain; the resulting plasmids were introduced into the haploid yeast
strain PJ69-4a (ref. 30). Diploid strains obtained by mating plasmid-bearing PJ69-4a and
PJ69-4a haploids were grown on synthetic medium lacking tryptophan and leucine. To
select for two-hybrid interactions, which would result in the activation of the ADE2 and
HIS3 reporter genes, diploid cells were replica-plated on synthetic medium lacking
tryptophan, leucine and adenine, and also on synthetic medium lacking tryptophan,
leucine and histidine™. Both platings gave identical results. Only the plating on the
tryptophan, leucine and adenine dropout medium is shown in Fig. le.

DNA helicase assay

Srs2 (35nM) was incubated at 30 °C for 10 min with the DNA substrate (300 nM
nucleotides) in 10 ul buffer H (25 mM Tris-HCI pH 7.5, 2.5 mM MgCl,, 1 mM DTT,
100 g ml~" BSA) containing 2mM ATP or B-y-imidoadenosine 5'-phosphate
(AMP-PNP) and then analysed'*.

Homologous DNA pairing and strand exchange reaction

Buffer R (35 mM Tris-HCI pH 7.4, 2.0 mM ATP, 2.5 mM MgCl,, 50 mM KCl, 1 mM DTT,
containing an ATP-regenerating system consisting of 20 mM creatine phosphate and

20 pgml ™! creatine kinase) was used for the reactions, and all the incubation steps were
performed at 37 °C. Rad51 (10 pM) was mixed with ¢X circular (4) strand (30 uM
nucleotides) in 30 pl for 5 min, followed by the incorporation of RPA (2 pM) in 1.5 pl and
a 3 min incubation. The reaction was completed by adding 3 pl 50 mM spermidine
hydrochloride and linear $X dsDNA (30 pM nucleotides) in 3 pl. Portions (4.5 pl) of the
reaction mixtures were taken at the indicated times, deproteinized and resolved in agarose
gels followed by ethidium bromide staining of the DNA species, as described previously'®.
Srs2 was added to the reactions in 0.9 pl at the time of RPA incorporation.

D-loop reaction

Buffer R was used for the D-loop reactions. The radiolabelled oligonucleotide D1 (3 pM
nucleotides) was incubated with Rad51 (1 pM) in 22 pl for 5 min at 37 °C, followed by the
incorporation of Rad54 (150 nM) in 1 pl and a 2-min incubation at 23 °C. The reaction
was initiated by adding pBluescript replicative form I DNA (50 pM base pairs) in 2 pl. The
reaction mixtures were incubated at 30 °C, and 5-pl aliquots were withdrawn at the
indicated times and processed for electrophoresis as described above. The gels were dried
and subjected to phosphorimaging analysis. The percentage of D-loop refers to the
quantity of the replicative form substrate that had been converted into D-loop. When
present, RPA (200 nM) and Srs2 (40-70 nM) were added to the preassembled Rad51
filament, followed by a 4-min incubation at 37 °C before Rad54 was incorporated. In
Fig. 3A, Srs2 (45 nM) was added to the D-loop reactions before Rad54 as above, or 1 min
after the incorporation of the duplex substrate. The reactions were terminated after 4 min
of incubation.

Topoisomerase-I-linked DNA unwinding assay

Buffer R was used for the reactions and all the incubation steps were performed at 37 °C.
Rad51 (4 M) was incubated for 4 min with pBluescript (—) strand (20 pM nucleotides)
in 7.8 pl. Srs2 (40, 60 or 80 nM) and RPA (1 pM) were added in 1 pl, followed by a 4-min
incubation. Topologically relaxed $X174 DNA (12.5 pM nucleotides) in 0.8 pl and 2.5U
calf thymus topoisomerase I (Invitrogen) in 0.4 ul storage buffer were then incorporated
to complete the reaction. The reaction mixtures were incubated for 8 min and then
stopped by adding SDS to 0.5%. In reactions that did not contain the (—) strand, Rad51,
with or without RPA (1 pM) and Srs2 (80 nM), was incubated for 8 min with topologically
relaxed $ X174 DNA and topoisomerase I in a final volume of 10 pl. The reaction mixtures
were treated for 10 min with proteinase K (0.5mgml™") before being analysed in 0.9%
agarose gels.

Transfer of Rad51 to bead-bound biotinylated dsDNA

M13mp18 circular (4) strand (7.2 pM nucleotides) was incubated for 5 min with Rad51
(2.4 uM) at 37 °C, followed by the addition of Srs2 (30, 60 or 90 nM) in a final volume of
20 pl buffer R containing 50 mM KCl and 0.01% Igepal. After 3 min at 37 °C, 4 pl magnetic
beads containing dsDNA were added to the reaction, followed by constant mixing for

5 min at 23 °C. The beads were captured with the Magnetic Particle Separator (Boehringer
Mannheim), washed twice with 50 pl buffer, and the bound Rad51 was eluted with 20 ul
1% SDS. The supernatant, which contained unbound Rad51, and the SDS eluate (10 pl
each) were analysed by SDS—polyacrylamide-gel electrophoresis (SDS-PAGE).
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Electron microscopy

The reactions were performed in buffer R at 37 °C and had a final volume of 12.5 pl. To
assemble the Rad51 presynaptic filament, M13mp18 (+) strand (7.2 pM nucleotides) and
1.3 pg Rad51 (2.4 pM) were incubated for 5 min. To test the effects of Srs2 and RPA, these
proteins were added to the reaction mixtures containing the preassembled Rad51
presynaptic filament to final concentrations of 60 nM (Srs2) and 350 nM (RPA), followed
by a 3-min incubation. In some cases, linear dsDNA (a 5.2-kilobase fragment derived from
the pET24 vector) was also added with Srs2 and RPA to 7.2 uM base pairs, followed by a
5-min incubation. For electron microscopy, 3 pl of each reaction mixture was applied to
copper grids coated with thin carbon film after glow-discharging the coated grids for

2 min. The grids were washed twice with buffer R and stained for 30 s with 0.75% uranyl
formate. After air-drying, the grids were examined with a Philips Tecnail2 electron
microscope under low-dose conditions. Images were recorded either with a charge-
coupled device camera (Gatan) or on Kodak SO-163 films at X 30,000 magnification and
then scanned on a SCAI scanner (Zeiss). The experiments shown in Fig. 4 were each
independently repeated three or more times and at least 100 nucleoprotein complexes
were examined in each experiment.
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recombination hy disrupting
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Homologous recombination is a ubiquitous process with key
functions in meiotic and vegetative cells for the repair of DNA
breaks. It is initiated by the formation of single-stranded DNA on
which recombination proteins bind to form a nucleoprotein
filament that is active in searching for homology, in the for-
mation of joint molecules and in the exchange of DNA strands’.
This process contributes to genome stability but it is also
potentially dangerous to cells if intermediates are formed that
cannot be processed normally and thus are toxic or generate
genomic rearrangements. Cells must therefore have developed
strategies to survey recombination and to prevent the occurrence
of such deleterious events. In Saccharomyces cerevisiae, genetic
data have shown that the Srs2 helicase negatively modulates
recombination®?, and later experiments suggested that it reverses
intermediate recombination structures*’. Here we show that
DNA strand exchange mediated in vitro by Rad51 is inhibited
by Srs2, and that Srs2 disrupts Rad51 filaments formed on single-
stranded DNA. These data provide an explanation for the anti-
recombinogenic role of Srs2 in vivo and highlight a previously
unknown mechanism for recombination control.

Several phenotypes (discussed below) conferred by the srs2
deletion are suppressed by mutations that prevent formation of
the Rad51 nucleofilaments®’. Two hypotheses could explain this
suppression: either Srs2 functions in replication and repair to
prevent the formation of toxic recombination structures, or Srs2
disrupts dead-end recombination intermediates, possibly formed
after the arrest of the replication fork, to allow repair through
alternative pathways. This second proposition led us to ask whether
purified Srs2 acts on preformed recombination structures.

Srs2 was expressed from a baculovirus vector in which SRS2 was
cloned in frame with a histidine tag at its amino terminus. We
showed that the protein fusion expressed in yeast fully complements
the sensitivity of srs2-deleted cells to radiation (data not shown).

§ Present address: UMR2167 CNRS Centre de Génétique Moléculaire, Batiment 26, avenue de la Terrasse,
91198 Gif-sur-Yvette Cedex, France.
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Mutants of the Saccharomyces cerevisiae SRS2 gene
are hyperrecombinogenic and sensitive to genotoxic
agents, and they exhibit a synthetic lethality with mu-
tations that compromise DNA repair or other chromo-
somal processes. In addition, srs2 mutants fail to adapt
or recover from DNA damage checkpoint-imposed G,/M
arrest. These phenotypic consequences of ablating SRS2
function are effectively overcome by deleting genes of
the RAD52 epistasis group that promote homologous
recombination, implicating an untimely recombination
as the underlying cause of the srs2 mutant phenotypes.
TheSRS2-encoded protein hasasingle-stranded (ss) DNA-
dependent ATPase activity, a DNA helicase activity, and
an ability to disassemble the Rad51-ssDNA nucleopro-
tein filament, which is the key catalytic intermediate in
Rad51-mediated recombination reactions. To address
the role of ATP hydrolysis in Srs2 protein function, we
have constructed two mutant variants that are altered
in the Walker type A sequence involved in the binding
and hydrolysis of ATP. The srs2 K41A and srs2 K41R
mutant proteins are both devoid of ATPase and helicase
activities and the ability to displace Rad51 from ssDNA.
Accordingly, yeast strains harboring these srs2 muta-
tions are hyperrecombinogenic and sensitive to methyl-
methane sulfonate, and they become inviable upon in-
troducing either the sgsIA or rad54A mutation. These
results highlight the importance of the ATP hydrolysis-
fueled DNA motor activity in SRS2 functions.

DNA helicases perform important functions in various chro-
mosomal transactions, including replication, repair, recombi-
nation, and transcription (1, 2). These proteins utilize the
chemical energy from the hydrolysis of a nucleoside triphos-
phate to dissociate DNA structures and nucleoprotein com-
plexes. Interestingly, mutations in several DNA helicases are
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involved in the pathogenesis of human diseases. For instance,
mutations in the XPB and XPD helicases, which constitute
subunits of the transcription factor TFIIH that has a dual role
in nucleotide excision repair, lead to the cancer prone syndrome
xeroderma pigmentosum (3). Furthermore, mutations in the
BLM, WRN, and RecQ4 proteins, members of the RecQ helicase
family, cause the cancer-prone Bloom, Werner, and Rothmund-
Thomson syndromes, respectively (4, 5).

We are interested in the biology of various DNA helicases
that influence homologous recombination and DNA repair pro-
cesses. One such helicase is encoded by the Saccharomyces
cerevisiae SRS2 gene, altered forms of which were first de-
scribed as either suppressors of the DNA damage sensitivity of
rad6 and rad18 mutants (6) or as hyperrecombination mutants
(7). Detailed genetic analyses have shown that a major function
of SRS2 is to attenuate homologous recombination activity to
allow for the channeling of certain DNA lesions into the RAD6/
RAD18-mediated postreplication repair pathway (8, 9). Accord-
ingly, srs2 mutants are sensitive to DNA damaging agents and
show a hyperrecombination phenotype. Genetic deletion of the
RAD51 or RAD52, key members of the RAD52 epistasis group
functioning in homologous recombination, alleviates the DNA
damage sensitivity and hyperrecombination phenotypes of srs2
mutants (8), implicating untimely recombination events as the
progenitor of these srs2 phenotypes. Srs2 mutations are lethal
when combined with mutations in a variety of genes needed for
DNA repair and other chromosomal processes, e.g. with muta-
tions in the DNA repair and recombination gene RAD54 and
also with mutations in SGS1, which codes for the sole RecQ
helicase in S. cerevisiae (10, 11). The synthetic lethality en-
countered in the srs2 sgsl and srs2 rad54 double mutants is
suppressed by inactivating key recombination genes (11). The
available genetic evidence therefore implicates Srs2 protein in
the attenuation of recombination events that produce toxic
DNA structures or nucleoprotein intermediates (12, 13).

In congruence with the genetic data, biochemical assays
have shown that the Srs2 protein strongly suppresses the re-
combinase activity of Rad51. Interestingly, although Srs2 has
the ability to unwind DNA (14, 15) and had been predicted to
dissociate DNA intermediates in recombination reactions, its
antirecombinase function can be attributed to an ability to
disassemble the Rad51-single-stranded DNA (ssDNA)! nucle-
oprotein filament (14, 15), the key catalytic intermediate in
recombination reactions (16). Likewise, the failure of srs2 mu-

! The abbreviations used are: ssDNA, single-stranded DNA; MMS,
methylmethane sulfonate; BSA, bovine serum albumin; dsDNA, dou-
ble-stranded DNA; RPA, replicative protein A.
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Fic. 1. Expression and purification of srs2 K41A and srs2 K41R
mutant proteins. A, sequence of the Walker type A motif in Srs2 and
the two mutant alleles, K41A (A) and K41R (R), constructed for this
study. B, extracts from E. coli cells harboring the empty protein expres-
sion vector pET11c (vector, lane 1) and plasmids that express wild-type
Srs2 (lane 2), srs2 K41A (K41A, lane 3) and srs2 K41R (K41R, lane 4)
proteins were subjected to SDS-PAGE in a 7.5% gel and stained with
Coomassie Blue. The arrow marks the position of the wild-type Srs2
and mutant srs2 proteins. C, purified Srs2 (lane 1), srs2 K41A (K41A,
lane 2), and srs2 K41R (K41R, lane 3) proteins, 2 ug of each, were run
in a 7.5% SDS-PAGE and then stained with Coomassie Blue.

tants to recover from or adapt to DNA damage checkpoint-
imposed G4/M cell cycle arrest has been linked to a failure to
remove Rad51 from DNA (17). These results imply that, in
addition to its ability to unwind double-stranded DNA, Srs2
has a motor activity that clears proteins from single-stranded
DNA. Srs2 physically interacts with Rad51 in the yeast two-
hybrid system and in vitro (14), and it has been suggested that
complex formation between Srs2 and Rad51 helps target the
former to DNA sites where Rad51 nucleoprotein filaments have
assembled (14). In addition to the recombination-related phe-
notypes, the srs2A mutant is partially deficient in the activa-
tion of the intra-S DNA damage checkpoint in response to
treatment with methylmethane sulfonate (MMS) (18). Addi-
tionally, two independent studies (19, 20) have implicated
SRS2 in DNA double-strand break repair by the synthesis-de-
pendent single-strand annealing mechanism as well. Srs2 also
appears to influence the efficiency of single-strand annealing
an.

As summarized above, Srs2 appears to have a multifunc-
tional role in nuclear processes including an ability to unwind
DNA and disassemble the Rad51-ssDNA nucleoprotein fila-
ment. Here, we address the role of ATP in Srs2 protein func-
tions by mutating the highly conserved lysine residue in the
Walker type A motif expected to be involved in ATP binding
and hydrolysis. We show that the resulting srs2 K41A and srs2
K41R mutant proteins are devoid of ATPase and helicase ac-
tivities and are unable to dislodge Rad51 from DNA. Genetic
analyses reveal that the srs2 K41A and srs2 K41R mutations
cause hyperrecombination, sensitivity to MMS, and synthetic
lethality with the sgsIA or rad54A mutation. Our results thus
reveal a requirement for the Srs2 DNA motor activity in re-
combination attenuation. However, the srs2 K41A and srs2
K41R mutants are less sensitive to MMS than srs2 null cells
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FiG. 2. Biochemical properties of srs2 Walker mutants. A, the
ssDNA-dependent ATP hydrolysis activities of Srs2 (35 nm), srs2 K41A
(K/A, 70 nm), and srs2 K41R (K/R, 70 nM) proteins were measured as
described under “Materials and Methods.” B, the DNA unwinding ac-
tivities of Srs2 (20 and 40 nM in lanes 3 and 4), srs2 K41A (K/A, 40 and
80 nM in lanes 5 and 6), and srs2 K41R (K/R, 40 and 80 nM in lanes 7 and
8) proteins were assayed using a 3'-tailed DNA helicase substrate. The
reaction mixtures were deproteinized and resolved in a native 12%
polyacrylamide gel. HD, heat-denatured substrate; Bl, reaction mixture
that did not contain any protein. C, quantification of the data in B.
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Fic. 3. srs2 K41A and srs2 K41R proteins have normal DNA
binding activity. Increasing concentrations (5, 10, 20, 40, and 80 nM in
lanes 2-6, respectively) of Srs2 (A), srs2 K41A (K/A in B), and srs2
K41R (K/R in C) were incubated with a >?P-labeled ssDNA oligonucleo-
tide, and the reaction mixtures were analyzed in 12% native polyacryl-
amide gels. In lane 7, the highest concentration (80 nm) of Srs2 or srs2
mutant was incubated with the oligonucleotide substrate, but the re-
action mixture was treated with SDS and proteinase K (SDS/PK) prior
to gel analysis. In lane 1, the oligonucleotide substrate was incubated
without protein. The percent DNA substrate shifted by Srs2, srs2 K41A,
and srs2 K41R was determined by phosphorimaging analysis of the
dried gels, and the data points are plotted in D.

and exhibit a more pronounced hyperrecombinational pheno-
type than the latter. It therefore seems possible that Srs2 has
additional functions that are not strictly linked to ATP hydrol-
ysis and Rad51 removal from DNA.

MATERIALS AND METHODS

Yeast Media and Strains—Yeast extract-peptone-dextrose (YPD) me-
dium, synthetic complete (SC) medium, and synthetic complete media
without leucine (SC-Leu), without uracil (SC-Ura), and without leucine
and uracil (SC-Leu-Ura) were prepared as described (21). Media con-
taining 5-fluoro-orotic acid were prepared as described (21). Except
where noted, all strains are RAD5 derivatives of W303 (22). The re-
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FiG. 4. Interaction of mutant srs2 proteins with Rad51. Srs2,
srs2 K41A (K/A), and srs2 K41R (K/R) proteins were mixed with Affi-
Rad51 beads (A) and Affi-BSA beads (B). The starting material (I),
supernatant that contained unbound Srs2, srs2 K41A, or srs2 K41R (S),
and the SDS eluate (E) were resolved by SDS-PAGE in a 10% gel and
then stained with Coomassie Blue.
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Fic. 5. Mutant srs2 proteins fail to attenuate Rad51/Rad54/
RPA-mediated D-loop reaction. A, D-loop reaction scheme. The ra-
diolabeled 90-mer oligonucleotide D1 is paired with homologous pBlue-
script form I DNA to yield a D-loop. B, in lanes 2-9, radiolabeled D1 was
incubated with Rad51, Rad54, RPA, and with or without Srs2 (40, 50,
and 60 nM in lanes 3-5), srs2 K41A (K/A, 60 and 90 nM in lanes 6 and
7), or srs2 K41R (K/R, 60 and 90 nM in lanes 8 and 9) and then
pBluescript form I DNA was incorporated. The reaction (lane 2) without
Srs2 or mutant srs2 is designated as Std. Lane I contained the DNA
substrates but no protein (Bl). The reaction mixtures were incubated for
4 min, deproteinized, and then subject to electrophoresis in a 1% aga-
rose gel. The gel was dried and analyzed in the PhosphorImager. C, the
data points from phosphorimaging analysis of the gel in B are plotted.

maining strains were derived from HKY344-27C and carry
leu2-112::URA3::leu2-k and his3-513::TRP1::his3-537 recombination
reporters (7).

Plasmid Construction—To generate the SRS2::pUC18 plasmid, the
ORF of SRS2 was amplified using the following primers: CGGGATC-
CACATATGTCGTCGAACAATGATCTTTGGTTGC (sense, BamHI site
italic, Ndel underline) and CGGGATCCGGAATTCCCTACTAATCGA-
TGACTATGATTTCACCG (antisense, BamHI site italic, EcoRI site un-
derline). The PCR product was digested with BamHI and ligated into
the BamHI-digested pUC18. The mutations in the Walker A site in
Srs2, K41A, and K41R, were introduced by using mutagenic DNA
primers and QuikChange site-directed mutagenesis kit (Stratagene).
The mutations were confirmed by DNA sequencing. For protein purifi-
cation, the srs2 K41R and srs2 K41A mutant genes were introduced into
the pET11c vector. pBS::SRS2 and YIpLac211-srs2 were constructed as
follows. The 3.1-kb Ndel-BglII fragments containing the K41R or K41A
segments of the mutated SRS2 gene were used to replace the wild-type
SRS2 segment in plasmid pRL101 (9). Next, a 6.4-kb EcoRI-Sall frag-
ment containing all of the SRS2 coding region plus 927 bp upstream of
the ATG start codon and 1602 bp downstream of the stop codon was
inserted into the EcoRI and Sall sites of the polylinker of YIpLac211,
which carries the URA3 selectable marker, to form pHK284 (srs2 K41A)
and pHK286 (srs2 K41R). These plasmids were linearized with BglII
and then used to transform W303 and HKY344-27C strains. After
selecting for Ura™ transformants, cells were grown non-selectively and
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Fic. 6. Disassembly of Rad51-ssDNA nucleoprotein filaments
is coupled to ATP hydrolysis by Srs2. A, Rad51 molecules displaced
by Srs2 can be trapped on immobilized DNA duplex attached to strepta-
vidin magnetic beads. Rad51 associated with the magnetic bead-bound
duplex is eluted by SDS followed by SDS-PAGE analysis. B, pre-assem-
bled Rad51-ssDNA nucleoprotein filaments (lanes 2-8) were incubated
with Srs2 (WT, 60 and 90 nM in lanes 3 and 4), srs2 K41A (K/A, 90 and
180 nM in lanes 5 and 6), or srs2 K41R (K/R, 90 and 180 nM in lanes 7
and 8), and the reaction mixtures mixed with streptavidin magnetic
beads containing biotinylated dsDNA (lanes 3-8). In lane 1, free Rad51
was mixed with streptavidin magnetic beads that contained biotiny-
lated dsDNA, and in lane 2, free Rad51 was mixed with streptavidin
magnetic beads that did not contain any dsDNA. The supernatant
(Super, panel I) and bead-bound (Beads, panel II) fractions were sub-
jected to SDS-PAGE in a 7.5% gel and stained with Coomassie Blue. CK
denotes creatine kinase in the buffer.

RPA/ssDNA

g T .

Rad51/ssDNA—srs2K41R/RPA Rad51/ssDNA—srs2K41A/RPA

Fic. 7. Electron micrographs showing effects of Srs2 and mu-
tant srs2 proteins on Rad51-ssDNA filaments. A, Rad51 was incu-
bated with ssDNA before RPA was added, and an example of the
resulting Rad51-ssDNA nucleoprotein filaments is shown. B, RPA was
incubated with ssDNA, and an example of the RPA-ssDNA nucleopro-
tein complex that formed is shown. C, incubation of preformed Rad51-
ssDNA nucleoprotein filaments with Srs2 caused the displacement of
Rad51 from DNA and the formation of RPA-ssDNA nucleoprotein com-
plexes, an example of which is shown. D and E, srs2 K41R and srs2
K41A were incapable of disrupting the Rad51-ssDNA nucleoprotein
filaments. The dark bar represents 100 nm.

then streaked on 5-fluoro-orotic acid plates. Fluoro-orotic acid-resistant
colonies were tested for MMS sensitivity. MMS-sensitive colonies were
examined for the presence of the srs2 mutations by PCR amplification
of the genomic region surrounding the SRS2 K41 site. Primers used
were CTTTTTCTTTTGCGCTGTAT and TCCCGAACTAAAGAAG-
GTGC. The mutant srs2 K41A and K4IR sites carry an adjacent Styl

800¢ ‘TT leqwiardas uo Aq Bio-ogl-mmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

23196

Dependence of Srs2 Functions on ATP Hydrolysis

TaBLE 1
Gene conversion in srs2 K41A and srs2 K41R strains

Strains used for the gene conversion tests are derived from HKY344-27C and are of the genotype leu2-112::URA3::leu2-k
his3-513::TRP1::his3-537 ura3-52 trpl adel-101. Strains used are HKY344-27C, HKY344-109D, and HKY1355-7B for SRS2, HKY1355-8B,
HKY1355-12C, and HKY1355-16C for srs2 K41A, HKY1439-5C, HKY1439-9C, and HKY1439-10A for srs2 K41R, and F103-2A56, F126-1C, and

F121-8C for srs2A.

Genotype Leu + Ura + rate Increase His + Trp + rate Increase
-fold ~fold
SRS2 565X 107+ 1.24 X 10°° 3.92x10°¢+1.65x10°°
srs2 K41A 522 X 107° + 3.63 X 10°® 9.24 6.15x10°°+ 114 x10°° 15.69
srs2 K41R 6.96 X 10°°+ 3.75 X 10°® 12.32 6.77X10°°+3.11x10°° 17.27
srs2A 1.93 X 107® = 3.06 X 10~ ¢ 3.42 Not done
site that is not present in the wild-type sequence. PCR products were TaBLE II

tested for the Styl site by restriction digestion and agarose gel
electrophoresis.

Srs2 Expression and Purification—srs2 K41A and srs2 K41R pro-
teins were overexpressed in Escherichia coli cells and purified to near
homogeneity as described previously for wild-type Srs2 (14, 23). Rad51
was overexpressed in yeast and purified to near homogeneity as de-
scribed (16). The concentration of the wild-type Srs2 and mutant srs2
proteins was determined by densitometric scanning of SDS-polyacryl-
amide gels containing multiple loadings of purified proteins against
known quantities of bovine serum albumin. The concentrations of
Rad51 and RPA were determined using extinction coefficients of 1.29 X
10* and 8.8 X 10* at 280 nm, respectively (24).

DNA Substrates—The H2 and D1 oligonucleotides used in the con-
struction of the helicase substrate have been described (23). Oligo-1
used in the DNA binding experiments has also been described (25). The
oligonucleotides were purified from 12% polyacrylamide gels and 5'-
end-labeled with [y-*2P] ATP using T4 polynucleotide kinase. The un-
incorporated nucleotide was removed from the oligonucleotides using
Spin30 columns (Bio-Rad). The DNA helicase substrate was obtained by
heating equimolar amounts of H2 and radiolabeled D1 oligonucleotides
to 95 °C for 10 min in buffer B (50 mm Tris-HC], pH 7.5, 10 mm MgClL,,
100 mm NaCl), followed by slow cooling to room temperature. The
annealed substrate was purified from a 12% non-denaturing polyacryl-
amide gel, as described (23). The ¢$X174 (+) strand was purchased from
New England Biolabs.

ATPase Assay—Srs2 (35 nM) was incubated with viral ssDNA (25 um
nucleotides) in 10 ul of buffer A (30 mm Tris-HCI, pH 7.2, 2.5 mm MgClL,,
1 mMm dithiothreitol, 150 mm KCI, and 100 pg/ml BSA) and 1 mm [y-32P]
ATP for the indicated times at 37 °C. The released phosphate was
separated from unhydrolyzed ATP by thin layer chromatography, as
described (26). The levels of hydrolysis were determined by phospho-
rimaging analysis of the thin layer chromatography plates in a Personal
Molecular Imager FX (Bio-Rad).

DNA Helicase Assay—Srs2 (20 and 40 nM), srs2 K41R (40 and 80 nm),
or srs2 K41A (40 and 80 nm) was incubated at 30 °C for 5 min with the
helicase substrate (300 nm nucleotides) in 10 ul of buffer H (30 mm
Tris-HC], pH 7.5, 2.5 mm MgCl,, 1 mM dithiothreitol, 100 mm KCl, 2 mm
ATP, and 100 pg/ml BSA). The reaction mixtures were resolved by
electrophoresis in a 12% non-denaturing polyacrylamide gel run in TAE
buffer (40 mm Tris-HCI, pH 7.4, 0.5 mm EDTA) at 4 °C. The gel was
dried onto Whatman DE81 paper and analyzed in the PhosphorImager.

DNA Mobility Shift—Varying amounts of Srs2, srs2 K41A or srs2
K41R (0—80 nm) was incubated with *?P-labeled oligo-1 (1.36 uM nu-
cleotides) at 37 °C in 10 ul of buffer D (40 mm Tris-HCI, pH 7.8, 50 mm
KCl, 1 mMm dithiothreitol, and 100 pg/ml BSA) for 10 min. After the
addition of gel loading buffer (50% glycerol, 20 mm Tris-HCI, pH 7.4, 2
mM EDTA, 0.05% orange G), the reaction mixtures were resolved in
12% native polyacrylamide gels in TAE buffer (40 mMm Tris acetate, 1
mM EDTA) at 4 °C, and the DNA species were quantified using Quan-
tity One software (Bio-Rad). To release the DNA substrate from bound
Srs2 and srs2 mutants, the reaction mixtures were treated with 0.5%
SDS and 0.5 mg/ml proteinase K at 37 °C for 10 min before being
subject to electrophoresis.

Binding of Srs2 to Rad51 Affi-beads—Affi-gel 15 beads containing
Rad51 (Affi-Rad51; 5 mg/ml) and bovine serum albumin (Affi-BSA, 12
mg/ml) were prepared as described previously (26). Purified Srs2, srs2
K41A, or srs2 K41R, 5 ug of each, was mixed with 5 ul of Affi-Rad51 or
Affi-BSA in 60 ul of phosphate-buffered saline (10 mm Na,HPO,, 1.8
mM KH,PO,, pH 7.4, and 150 mm NaCl) for 30 min on ice. The beads
were washed twice with 150 ul of the same buffer before being treated
with 25 ul of 2% SDS to elute bound protein. The starting material, a
supernatant that contained unbound Srs2, srs2 K41A, or srs2 K41R,

Mutation rates in srs2 K41A and srs2 K41R strains

Strains used for the CAN1 mutation rate determinations are derived
from CANI versions of W303 and are of the genotype leu2-3, 112
his3-11, 15 ADE2 ura3-1 trpl-1 RAD5 CANI1. Strains used are
HKY1025-47D for SRS2, HKY1434-4A for srs2 K41A, HKY1433-8A for
srs2 K41R, and HKY1303-1B for srs2A.

Genotype Can" rate Increase
-fold
SRS2 9.30 X 1078
srs2 K41A 9.33 X 1078 1.0
srs2 K41R 4.66 X 1078 0.5
srs2A 1.41 x 1077 1.5

and the SDS eluate, 10 ul of each, were analyzed by 10% SDS-PAGE
and staining with Coomassie Blue.

D-loop Reaction—The reactions were carried out in Buffer R (35 mm
Tris-HCl, pH 7.4, 2.0 mMm ATP, 2.5 mm MgCl,, 50 mm KCIl, 1 mMm
dithiothreitol, containing an ATP-regenerating system consisting of 20
mM creatine phosphate, 20 pg/ml creatine kinase) and had a final
volume of 12.5 ul. The radiolabeled oligonucleotide D1 (3 um nucleo-
tides) was incubated with Rad51 (1 um) for 5 min at 37 °C to assemble
Rad51-ssDNA nucleoprotein filaments, followed by the incorporation of
Rad54 (150 nm) and RPA (200 nm) and a 2 min incubation at 23 °C. The
D-loop reaction was initiated by the addition of pBluescript replicative
form I DNA (50 uM base pairs). The reaction mixtures were incubated
at 30 °C for 4 min, deproteinized by treatment with SDS (0.5%) and
proteinase K (0.5 mg/ml) at 37 °C for 10 min, and then run in a 1%
agarose gel in TAE buffer. The gel was dried and subject to phospho-
rimaging analysis. The percentage D-loop refers to the quantity of the
replicative form I substrate that had been converted into D-loop. When
present, Srs2 (40, 50, and 60 nm), srs2 K41A (60 and 90 nm), and srs2
K41R (60 and 90 nMm) were added to the pre-assembled Rad51-ssDNA
nucleoprotein filaments, followed by a 4-min incubation at 37 °C before
Rad54 and RPA were incorporated.

Transfer of Rad51 to Bead-bound Biotinylated dsDNA—M13mp18
circular (+) strand (7.2 uM nucleotides) was incubated for 5 min with
Rad51 (2.4 um) at 37 °C, followed by the addition of Srs2 (60 and 90 nm),
srs2 K41A (90 and 180 nM), or srs2 K41R (90 and 180 nM) in a final
volume of 20 ul of buffer R containing 0.01% igepal. After 3 min at
37 °C, 4 ul of magnetic beads containing dsDNA (14) were added to the
reaction mixture, followed by constant mixing for 5 min at 23 °C. The
beads were captured with the Magnetic Particle Separator (Roche Mo-
lecular Biochemicals), washed twice with the same buffer, and the
bound Rad51 was eluted with 20 ul of 1% SDS. The supernatant, which
contained unbound Rad51, and the SDS eluate (10 ul of each) were
analyzed by SDS-PAGE.

Electron Microscopy—The reactions were carried out in buffer R and
had a final volume of 12.5 ul. To assemble the Rad51 presynaptic
filament, M13mp18(+) strand (7.2 uM nucleotides) and Rad51 (2.4 um)
were incubated at 37 °C for 5 min, followed by the addition of RPA (350
nM) and a 3 min incubation. To test the effects of Srs2 and mutant srs2
proteins, 60 nM of these proteins were incubated with the pre-assem-
bled Rad51-ssDNA nucleoprotein filaments at 37 °C for 3 min. For
electron microscopy, 2.5 ul of each reaction mixture was applied to
copper grids coated with thin carbon film, after glow-discharging the
grids for 2 min. The grids were washed twice with buffer R and stained
for 30 s with 0.75% uranyl formate. After air-drying, the grids were
examined with a Philips Tecnai 12 electron microscope under low-dose
conditions. Images were recorded with a charge-coupled device camera
(Gatan).
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Fic. 8. MMS sensitivity of the srs2
K41A and srs2 K41R mutants. srs2 mu-
tant strains grow normally on YPD plates
but are sensitive when grown on plates
containing MMS. Overnight cultures
were serially diluted, and 3-ul aliquots
were dropped on the plates. The pictures
were taken after two and three days of
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Genetic Studies—MMS sensitivity was determined using freshly
made YPD plates containing 0.016% MMS. Overnight cultures of
strains to be tested were serially diluted, and 3-ul aliquots of each
dilution were applied onto YPD and YPD+MMS plates. Growth was
assessed after 2 and 3 days at 30 °C. Forward mutation rates of CAN1
were determined in haploid CAN1 strains by fluctuation tests. These
tests were conducted according to the median method (27) and were
repeated three to five times for each genotype. Gene conversion between
intrachromosomal leu2-112 and leu2-k as well as between his3-513 and
his3-537 heteroalleles was measured in haploid strain HKY344-27C
and its isogenic derivatives.

RESULTS

srs2 Variants Mutated for the Walker Type A ATP Binding
Motif—Srs2 contains canonical Walker-type ATP binding mo-
tifs. For addressing the role of ATP binding and hydrolysis in
Srs2 functions, we have substituted the highly conserved lysine
residue (lysine 41) in the Walker type A motif with either
alanine or arginine using site-directed mutagenesis (Fig. 14).
The srs2 K41A and srs2 K41R mutant genes were sequenced to
ensure that no unintended change had been introduced during
the mutagenesis procedure. To express the srs2 K41A and srs2
K41R proteins, the mutant genes were placed under the iso-
propyl-1-thio-B-p-galactopyranoside-inducible T7 promoter in
the E. coli expression vector pET11c, which we previously used
for the expression and purification of wild-type Srs2 (14). Ex-
pression of the srs2 K41A and srs2 K41R mutant proteins in
E. coli was verified by SDS-PAGE analysis of cell extracts (Fig.
1B) and by immunoblot analysis of these extracts with affinity-
purified anti-Srs2 polyclonal antibodies (14). The srs2 K41A
and srs2 K41R mutant proteins were purified to near homoge-
neity (Fig. 1C) using the chromatographic procedure that we
have developed for wild-type Srs2 (14).

Biochemical Properties of srs2 K41A and srs2 K41R Mutant
Proteins—Based on studies with the equivalent Walker muta-
tions in other DNA-dependent ATPases (28, 29), the srs2 K41A
and srs2 K41R mutant proteins were expected to be defective in
ATP hydrolysis. This expectation was confirmed by examining
the ATPase activity of purified proteins with [a-3?P] ATP and
thin layer chromatography (14, 23). We showed previously that
ATP hydrolysis by Srs2 occurs only in the presence of DNA
with ssDNA being much more effective than dsDNA in this
regard (9, 23). As summarized in Fig. 24, although robust
ATPase activity was observed with wild-type Srs2 in the pres-
ence of ssDNA (14, 23), the two srs2 mutant proteins showed
less than 1% of the wild-type level of ATP hydrolysis. Likewise,
no significant ATP hydrolysis by either of the srs2 mutants was
seen when the ssDNA was omitted or substituted with dsDNA
(data not shown). We next examined the two srs2 mutant

proteins for DNA helicase activity using a 32P-labeled sub-
strate that contained a 40-bp duplex region adjacent to a 40-
nucleotide 3’-ssDNA overhang (Fig. 2B and Ref. 23). As shown
in Fig. 2B, although wild-type Srs2 at 40 nm unwound greater
than 70% of the substrate after 5 min of incubation, neither of
the srs2 mutants, even at the increased concentration of 80 nm,
showed a significant helicase activity under the same conditions
(Fig. 2B) or even after a prolonged incubation (data not shown).

Even though the results presented in Fig. 2 were consistent
with the premise that the K41A and K41R mutations abolish
the ATPase activity of Srs2, there existed the possible caveat
that this defect had originated from a loss of DNA binding by
the mutant proteins. For this reason, we compared the DNA
binding ability of the two Walker mutants to that of the wild-
type protein by a DNA mobility shift assay. To do this, increas-
ing amounts of wild-type Srs2 and the two mutant proteins
were incubated with a 32P-labeled 83-mer oligonucleotide, fol-
lowed by resolution of the reaction mixtures in non-denaturing
polyacrylamide gels and phosphorimaging analysis of the dried
gels to detect and quantify the DNA mobility shift. As shown in
Fig. 3, both srs2 mutant proteins were just as proficient as
wild-type Srs2 in DNA binding. Consistent with this result,
using the same DNA substrate, we found that DNA binding by
wild-type Srs2 and the two srs2 mutant proteins is not influ-
enced by ATP (data not shown).

Attenuation of Radb51-mediated Homologous DNA Pairing
and Strand Exchange by Srs2 Requires ATP Hydrolysis—Re-
cently, we (14) and Fabre and co-workers (15) demonstrated
that Srs2 is highly adept at attenuating Rad51-mediated ho-
mologous DNA pairing and strand exchange, the biochemical
reaction that serves to link recombining chromosomes (30). In
addition, a physical interaction between Rad51 and Srs2 was
demonstrated by us (14). Before examining the srs2 K41A and
srs2 K41R mutant proteins for their ability to suppress the
Rad51 recombinase activity, we first verified that the srs2
mutant proteins retain the ability to interact with Rad51. For
this, purified Srs2, srs2 K41A, and srs2 K41R proteins were
each mixed with Affi-Gel beads that contained covalently con-
jugated Rad51 protein (Affi-Rad51) or Affi-Gel beads that con-
tained conjugated bovine serum albumin (Affi-BSA). After be-
ing washed with buffer, the Affi-Rad51 and Affi-BSA beads
were treated with SDS to elute bound Srs2 and srs2 mutant
proteins. As shown in Fig. 4A, the two srs2 mutant proteins
interacted with Rad51 just as avidly as wild-type Srs2 did. As
expected, neither the wild-type Srs2 protein nor either of the
srs2 mutants was retained on the Affi-BSA control beads
(Fig. 4B).
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We employed the D-loop assay (Fig. 5A) for testing the pro-
ficiency of the srs2 K41A and srs2 K41R mutant proteins in
recombination attenuation. As reported in our published work,
the addition of a catalytic quantity of Srs2 (40—60 nm) to the
D-loop reaction containing Rad51 (1 um), Rad54 (150 nm), and
RPA (200 nm) caused pronounced inhibition (Fig. 5, B and C).
For instance, at 50 nm Srs2, the level of D-loop was suppressed
by greater than 10-fold (Fig. 5, B and C). Importantly, as much
as 90 nM of srs2 K41A and srs2 K41R did not exert any inhib-
itory effect on the D-loop reaction (Fig. 5, B and C), thus
revealing a requirement for the Srs2 ATPase activity in the
attenuation of the Rad51 recombinase activity. We independ-
ently verified this conclusion by using a homologous DNA pair-
ing and strand exchange system that employs ¢X174 (+)
strand DNA and linear duplex as substrates (Refs. 14 and 16,
data not shown).

Disassembly of Rad51-ssDNA Nucleoprotein Filament by
Srs2 Requires ATP Hydrolysis—The results above have veri-
fied that the ATPase activity of Srs2 protein is indispensable
for attenuating Rad51-mediated recombination reactions in
vitro. We have devised previously a bead-based biochemical
assay to monitor the Srs2-mediated dissociation of Rad51 from
ssDNA. Briefly, Rad51 molecules displaced by Srs2 from the
presynaptic filament are trapped on a biotinylated duplex DNA
fragment tethered to streptavidin-conjugated magnetic beads,
followed by elution of Rad51 from the beads and SDS-PAGE
analysis (Fig. 6A, and Ref. 14). As reported previously, incuba-
tion of Rad51 nucleoprotein filaments with Srs2 protein (60-90
nM) resulted in the release of Rad51 from the filaments as
indicated by Rad51 being trapped on the streptavidin-magnetic
beads that contained duplex DNA (Fig. 6B). Importantly, nei-
ther of the srs2 mutants, even in an amount twice that of Srs2
(180 nwm), was capable of releasing Rad51 protein from the
nucleoprotein filaments (Fig. 6B).

We also used electron microscopy to examine the ability of
the two srs2 mutant proteins to catalyze the disassembly of the
presynaptic filament, following the guidelines described in
Krejci et al. (14). Briefly, the Rad51 presynaptic filament,
which is extended and has a striated appearance (Fig. 7A), was
incubated with Srs2 or the srs2 mutant proteins in the pres-
ence of RPA, and the dissociation of the Rad51 filament was
gauged by the disappearance of the filament and the concomi-
tant appearance of RPA-ssDNA nucleoprotein complexes,
which appear as compact structures with bulges of bound pro-
tein molecules (14) (Fig. 7B). As expected, incubation of the
Rad51 presynaptic filament with Srs2 led to its replacement by
the RPA-ssDNA complex (Fig. 7C). However, the Rad51 fila-
ment was completely stable in the presence of either srs2 K41R
(Fig. 7D) or srs2 K41A (Fig. 7TE). Taken together, the results
from the biochemical and electron microscopy analyses (Figs. 6
and 7) clearly indicated that disassembly of the Rad51 presyn-
aptic filament by Srs2 requires the ATPase activity of the
latter.

Genetic Characterization of the srs2 K41A and srs2 K41R
Mutant Alleles—Previous studies (8, 9) of SRS2 have high-
lighted the role of SRS2 in attenuating Rad51-mediated recom-
bination. We determined the effect of loss of Srs2 ATP hydrol-
ysis on mitotic gene conversion, using two reporters that
measure intra-chromosomal gene conversion between heteroal-
leles. As shown in Table I, both srs2 K41A and srs2 K4I1R
elevated the gene conversion rates with both reporters. Inter-
estingly, the hyperrecombination phenotype of two srs2 mu-
tants was even more pronounced than that of the srs2 deletion
mutant. Thus, the results show clearly that the antirecombi-
nation function of Srs2 requires the ATPase activity of this
protein. Although the rate of gene conversion is increased in
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srs2K41A x sgsIA

Cross srs2 K4IR x sgsIA

Q srs2 K41R
GenotyPe 2 K41R x sgsIA

Q srs2K414
] srs2K41A x sgslA

Cross srs2 K4IR x rad5IA rad54A srs2 K41A x rad51A rad54A

B
QO radsi O radsi
Genotype [ 5752 K4IR rad54 [[] srs2K41A x rad54A
O srs2 K4IR rad5dd rad51A srs2K41A x rad54A radS1A
Cross 5752 K4IR x radl7A rad54A sr52 K41A x radl7A rad54A

C
© radl7A O radI7A
Genotype [ srs2 K41R rad54A [] srs2 K41A rad54A
<> srs2 K41R rad54A radl7A O srs2 K41A rad54A radl7A
Cross srs2 K4IR x rad9A rad54A srs2 K41A x rad9A rad54A

D
Q rad9i O rad9
Genotype [ §752 K4IR rad54A [ srs2 K41A rad54A
> 152 K41R radS4A rad9A > srs2 K41A rad54A rad9h

Fic. 9. Synthetic lethal behavior of the srs2 K41A and srs2
K41R mutants. Four or five tetrads from crosses indicated above each
picture are shown. Synthetic lethality with the sgsIA mutation is
shown in A. Synthetic lethality with the rad54A mutation is suppressed
by loss of RAD51 (B), partially suppressed by loss of the DNA damage
checkpoint gene RAD17 (C), and not suppressed by loss of the DNA
damage checkpoint gene RAD9 (D).

the srs2 mutants, the spontaneous mutation rate measured for
forward mutations at CANI remains unchanged (Table II).

Mutants of SRS2 are sensitive to MMS and other DNA
damaging agents (8), and MMS sensitivity was actually used in
our study to select transplacement segregants harboring the
two srs2 Walker mutant alleles (see “Materials and Methods”).
The MMS sensitivity of the srs2 K41A and srs2 K41R strains is
shown in Fig. 8. Both srs2 mutants were sensitive in this assay,
but the srs2A strain was significantly more sensitive than
either of the two point mutants.

The srs2A mutation by itself is not lethal, but srs2A cells
become inviable when SGS1 or RAD54 is also ablated (9, 11,
12). To determine the role of the Srs2 ATPase activity in these
genetic interactions, we combined the srs2 K41A and srs2 K41R
mutations with sgsIA or rad54A. The srs2 K41A sgs1A and srs2
K41R sgslA double mutants are inviable or grow extremely
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poorly (Fig. 9A), whereas the srs2 K41A rad54A and srs2 K41R
rad54A double mutants are inviable (Fig. 9B). We checked the
possible suppression of the srs2 rad54A lethality by rad51A,
rad9A, or rad17A (8) by constructing the respective triple mu-
tants. The lethality of srs2 rad54A is fully overcome by rad51A
(Fig. 9B) and partially suppressed by rad17A (Fig. 9C), but
rad9A was ineffective in this regard (Fig. 9D).

DISCUSSION

To assess the role of ATP hydrolysis in Srs2 protein func-
tions, we have constructed variants of this protein that harbor
mutations in the Walker type A motif involved in ATP binding
and hydrolysis. We have overexpressed the srs2 K41A and srs2
K41R proteins in E. coli and purified them to near homogene-
ity. Our biochemical analyses show that both of these mutant
proteins retain DNA binding activity and the ability to interact
with Rad51, but they are defective in ATP hydrolysis and lack
DNA helicase activity. Both srs2 mutant proteins are unable to
dissociate the Rad51 presynaptic filament and, accordingly, do
not exert any inhibitory effect on Rad51-mediated homologous
DNA pairing and strand exchange. The biochemical studies
reported here thus establish the requirement for ATP hydrol-
ysis in Srs2-mediated DNA unwinding and disassembly of the
Rad51 presynaptic filament.

The results from our genetic studies provide support for the
premise that ATP hydrolysis by Srs2 is needed to prevent
untimely recombination, as the srs2 K41A and srs2 K41R mu-
tants both exhibit a hyperrecombinational phenotype. Interest-
ingly, the degree of hyperrecombination (measured as intrach-
romosomal gene conversion between heteroalleles) is even
more pronounced in the srs2 point mutants than in the srs2A
strain. In this regard, the two srs2 Walker mutants resemble
the srs2-101 mutant described previously, which harbors the
amino acid change of P39L, that is also significantly more
hyperrecombinogenic than the srs2A mutant (9). These obser-
vations (Ref. 9 and this study) suggest that when Srs2 is
absent, other non-recombinational pathways are used to repair
spontaneous DNA damage, but when Srs2 protein is present
but defective, it can interfere with these DNA repair pathways.
Alternatively, or in addition, the srs2 Walker mutants and the
srs2-101 mutant could induce DNA damage that is channeled
into the homologous recombination pathway for repair, convert
non-recombinogenic DNA lesions into recombinogenic ones, or
enhance the activities of homologous recombination proteins.
Because Srs2 is also important for the maximal activation of
the S phase DNA damage checkpoint (18), it remains possible
that the two srs2 Walker mutants exert a positive influence on
homologous recombination efficiency through its effect on
checkpoint pathways (18). Further studies are needed to dis-
tinguish among these possibilities. That the srs2 K41A and srs2
K41R mutants do not behave exactly like the srs2A mutant is
further attested by the observation that they are less sensitive
to MMS than the latter. Just as in the case of srs2A (8, 9), we
observed synthetic lethality of both srs2 Walker mutants with
either rad54A or sgs1A. We have also shown that the lethality
of srs2 K41A rad54A and srs2 K41R rad54A can be overcome by
deleting RAD51 or RAD17.

Recently, reports from Haber and co-workers (20) and Ku-
piec and co-workers (19) showed that Srs2 is also needed for the
repair of a site-specific double-strand break by synthesis-de-
pendent single-strand annealing or double-ended synthesis-de-
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pendent single-strand annealing, the major pathway of gene
conversion in mitotic yeast cells. In one of these published
studies, the srs2 K41A allele was found to be defective in
synthesis-dependent single-strand annealing (20). Likewise,
the function of Srs2 in promoting adaptation or recovery from
DNA damage checkpoint-mediated Go/M arrest is reliant on its
ATPase activity, as the srs2 K41A mutant is defective in this
regard (17). We similarly expect the srs2 K41R mutant to be
impaired in synthesis-dependent single-strand annealing and
recovery/adaptation from DNA damage checkpoint-mediated
Go/M arrest. However, as alluded to above, whether or not the
two srs2 Walker mutants retain S phase checkpoint function
(18) will have to be determined experimentally.

We have demonstrated a physical interaction between Srs2
and Rad51 by the yeast two-hybrid system and also by bio-
chemical means with purified proteins (14). We have suggested
that the physical interaction between Rad51 and Srs2 may be
germane for targeting the latter to chromosomal sites, e.g.
ssDNA gaps created at stalled DNA replication forks, where
Rad51 molecules are bound. However, it remains possible that
the physical interaction noted (14) enables Srs2 to specifically
displace Rad51 from ssDNA. The isolation of Rad51 and Srs2
mutants defective in complex formation will be necessary to
address this issue.
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ABSTRACT

The SRS2 (Suppressor of RAD Six screen mutant 2)
gene encodes an ATP-dependent DNA helicase
that regulates homologous recombination in
Saccharomyces cerevisiae. Mutations in SRS2
result in a hyper-recombination phenotype, sensi-
tivity to DNA damaging agents and synthetic
lethality with mutations that affect DNA metabolism.
Several of these phenotypes can be suppressed by
inactivating genes of the RAD52 epistasis group that
promote homologous recombination, implicating
inappropriate recombination as the underlying
cause of the mutant phenotype. Consistent with
the genetic data, purified Srs2 strongly inhibits
Rad51-mediated recombination reactions by dis-
rupting the Rad51-ssDNA presynaptic filament.
Srs2 interacts with Rad51 in the yeast two-hybrid
assay and also in vitro. To investigate the functional
relevance of the Srs2-Rad51 complex, we have
generated srs2 truncation mutants that retain full
ATPase and helicase activities, but differ in their
ability to interact with Rad51. Importantly, the srs2
mutant proteins attenuated for Rad51 interaction
are much less capable of Rad51 presynaptic
filament disruption. An internal deletion in Srs2
likewise diminishes Rad51 interaction and anti-
recombinase activity. We also present evidence
that deleting the Srs2 C-terminus engenders a
hyper-recombination phenotype. These results
highlight the importance of Rad51 interaction in

the anti-recombinase function of Srs2, and provide
evidence that this Srs2 function can be uncoupled
from its helicase activity.

INTRODUCTION

Homologous recombination (HR) is a major pathway for
the elimination of DNA double-strand breaks (DSBs)
induced by genotoxic agents or that arise from
endogenous damage and replication fork demise. As
such, HR is critical for maintaining genome integrity
and important for cancer avoidance in humans (1-3).
Paradoxically, intermediates generated by the HR
machinery can trigger prolonged arrest of the cell cycle
(4), and the aberrant resolution of these intermediates
can lead to gross chromosomal rearrangements, such as
translocations (5,6). Moreover, the HR machinery can
interfere with other DNA repair pathways, such as
RADG6/RADIS8-mediated post-replicative repair (PRR)
(4,7). For these reasons, cells possess multiple mechanisms
to prevent untimely and deleterious HR events. One such
mechanism is mediated by the SRS2 (Suppressor of RAD
Six screen mutant 2) gene in Saccharomyces cerevisiae.

A mutant variant of SRS2 was first recognized as a
suppressor of the DNA damage sensitivity of rad6 or
radl8 mutants (8). Suppression of the rad6 or radl$
DNA repair defect by the srs2 mutation requires that
HR be functional (9), suggesting that SRS2 negatively
regulates HR. By attenuating HR, it is thought that
SRS?2 helps ensure the channeling of DNA lesions encoun-
tered by the DNA replication machinery into the
Rad6/Rad18-mediated PRR pathway. Yeast strains
harboring certain SRS2 mutations also exhibit a
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hyper-recombination phenotype, failure to recover from
DNA damage checkpoint-mediated G2/M arrest, and syn-
thetic lethality with a variety of other mutations, such as
sgsl, that affect DNA metabolism (10). The synthetic
lethality of these double mutants often can be overcome
by eliminating HR (11,12), implicating inappropriate HR
events as the cause of lethality.

As a member of the SF1 family of nucleic acid unwind-
ing enzymes (13), Srs2 possesses ssDNA-dependent
ATPase and DNA helicase activities (14,15). In concor-
dance with the genetic data, Srs2 strongly inhibits the for-
mation of DNA joints in in vitro recombination reactions
that are mediated by the Rad51 recombinase (16,17).
Extensive biochemical and electron microscopic analyses
have shown that Srs2 accomplishes this feat by disrupting
the Rad51 presynaptic filament, comprised of a right-
handed Rad51 helical polymer assembled on ssDNA
(16,17), that catalyzes recombination reactions (18).
The Rad51 presynaptic filament dissociative function
and HR attenuating role of Srs2 require its ATPase
activity (19). Srs2 interacts with the sumoylated form of
the proliferating cell nuclear antigen (PCNA) at DNA
replication forks (20,21). This serves to target Srs2 to
DNA replication forks to prevent Rad51 presynaptic
filament assembly, thereby avoiding unwanted recombina-
tion during DNA replication (20,21). Interestingly, when
PCNA is not able to be sumoylated, Srs2 recruitment to
S phase replication fork foci is decreased, while its
recruitment to recombination foci is unaffected (22).
This reveals that recruitment of Srs2 to replication forks
or sites of recombination are independent processes.

Interestingly, even though Srs2 suppresses spontaneous
recombination events, it facilitates DSB repair by the
synthesis-dependent single-strand annealing (SDSA)
pathway of HR (23-25). In addition to its DSB repair
function, Srs2 has been shown to have a role in DNA
damage checkpoint activation during S phase (26) and
to act with DNA polymerase 6 to suppress DNA triplet
repeat expansion, possibly by unwinding DNA stem-loop
structures formed by the repeats (27,28).

By yeast two hybrid and biochemical analyses, Srs2 was
found to physically interact with Rad51 (16). However,
the significance of the Rad51-Srs2 complex with regards
to the anti-recombinase function of Srs2 is not clear. Here,
we finely map the Rad51 interaction domain in Srs2
and generate mutant srs2 forms that retain ATP hydro-
lysis and helicase activities, but differ in their ability
to interact with Rad5l. We show that the Rad5l1
interaction-deficient mutant srs2 proteins are attenuated
for the Rad51 presynaptic filament dissociative
function. Our results thus reveal a requirement for
complex formation with Rad51 in the anti-recombinase
function of Srs2.

MATERIALS AND METHODS
Yeast two-hybrid assay

RADS51 was fused to the GAL4 transcription activa-
tion domain in the vector pGADI10, and a C-terminal
SRS2 fragment encompassing residues 783-1174
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harboring the Rad51 interaction domain (16) was fused
to the GAL4 DNA-binding domain in pGBKT7.
The pGAD10-RADS51 and pGBKT7-srs2 plasmids were
introduced into haploid yeast strains PJ69-4a (MATa
trpl-901  leu2-3,112 wra3-52 his3-200 galdA  gal80A
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ) and
PJ69-do0 (MATa trpl-901 leu2-3,112 wura3-52 his3-200
gal4A gal80A LYS2::GALI-HIS3  GAL2-ADE?
met2::GAL7-lacZ), respectively (29,30). Diploid strains
obtained by mating plasmid-bearing PJ69-4a and PJ69-
40, haploids were grown on synthetic medium lacking
tryptophan and leucine (30). To select for two-hybrid
interactions, which would result in the activation of the
ADE?2 or HIS3 reporter genes, diploid cells were replica-
plated on synthetic medium lacking tryptophan, leucine
and adenine, or on synthetic medium lacking tryptophan,
leucine and histidine, respectively. Both plating gave the
same results. Only the plating on the tryptophan, leucine
and adenine dropout medium is shown in Figure 1A.
Additional pGBKT7-based plasmids containing Srs2
residues 783-998, 783-914 and 783-862 were also tested
for interaction with Rad51.

Plasmid construction

The pET11c-(His)o-SRS2 plasmid was generated by site-
directed mutagenesis (Stratagene) of pET11c-SRS2,
resulting in the addition of an N-terminal 9-histidine tag
to the open reading frame of Srs2 (21). The srs2 variants
were generated by site-directed mutagenesis (Stratagene)
using the pET11c-(His)g-SRS2 plasmid as template. The
srs2 783-998 and srs2 783-1174 cloned in pGBKT7 were
described elsewhere (16). The other two constructs, srs2
783862 and srs2 783-914 in pGBKT7 were generated by
site-directed mutagenic insertion of a stop codon in srs2
783-998/pGBKT7.

Protein purification

The purification of the (His)o-tagged Srs2 and mutant srs2
proteins from Escherichia coli cells (50 g of cell paste, from
10L of culture) was conducted as previously described
(15), except that an affinity step on nickel NTA agarose
was included to exploit the (His)y tag. Peak fractions from
the SP Sepharose column were combined and incubated
with 2ml of nickel-NTA agarose (Qiagen) for 2h at 4°C
with gentle mixing. The beads were washed with 50 ml of
K buffer 20mM K,HPO,, pH 7.4, 10% glycerol, 0.5 mM
DTT and 0.5mM EDTA) containing 300mM KCI and
10 mM imidazole. Srs2 or mutant was eluted with 12 ml
(8 fractions of 1.5ml each) of 300 mM imidazole in K
buffer containing 300 mM KCI. The peak fractions were
diluted with 2.5 volumes of T buffer (20 mM Tris—HCI, pH
7.5, 10% glycerol, 0.5mM DTT and 0.5mM EDTA),
before being fractionated in a 1 ml Mono S column, as
described (16). The nearly homogeneous Srs2 and
mutant protein preparations were concentrated to
~5mg/ml and stored in small aliquots at —80°C.

Rad51 and RPA were over-expressed in yeast and
purified to near homogeneity, as described (31). Rad54
and PCNA were expressed in E. coli and purified to
near homogeneity, as described (32,33).
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DNA substrates

The DNA helicase substrate was constructed using
the unlabeled H3 oligonucleotide and *?P-labeled H1
oligonucleotide, as previously described (15). The $pX174
(+) strand DNA was purchased from New England
Biolabs. The D1 oligonucleotide used in the D-loop
assay and the 150-mer E oligonucleotide used in electron
microscopy have been described (16,34).

Affinity pulldown assays

Affi-gel 15 beads containing Rad51 (Affi-Rad51; 5 mg/ml)
and bovine serum albumin (Affi-BSA; 12mg/ml) were
prepared as described previously (35). (His)o-tagged Srs2
or the indicated mutant variant (5 pg) was incubated with
5l of Affi-Rad51 or Affi-BSA in 30 pl of K buffer (20 mM
K,HPOy, 10% glycerol, 0.5 mM EDTA, 0.01% Igepal and
I mM DTT) containing 150 mM KCI for 1 hr on ice, with
gentle mixing. The beads were washed twice with 150 pl of
the same buffer before being treated with 30 pl of 2% SDS
to elute the bound protein. The supernatant that
contained unbound Srs2 or mutant, the second wash,
and the SDS eluate, 10ul of each, were analyzed by
7.5% SDS-PAGE and staining with Coomassie Blue.
For the pull-down with srs2 A875-902 and Rad5lI,
purified (His)o-tagged Srs2 or srs2 A875-902 (5pg) was
mixed with purified Rad51 (5pg) in buffer K containing
150 mM KCI for 1 hr on ice, before adding 10 pul Ni-NTA
agarose beads (Qiagen) and continuing the incubation for
30 min on ice with gentle mixing. The beads were washed
twice with 150 pl of the same buffer before being treated
with 30ul of 2% SDS to elute the bound protein.
The supernatant that contained unbound proteins, the
second wash and the SDS eluate, 10pl each, were
analyzed by 7.5% SDS-PAGE and staining with
Coomassie Blue. For examining Srs2-PCNA complex for-
mation, nickel pull-downs were conducted as described
above for srs2 A875-902 and Rad51, however purified
PCNA (5pg) was used in place of Rad51.

ATPase assay

Purified Srs2 or truncated srs2 (35 nM) was incubated with
ImM (y-**P) ATP and $X174 (+) strand DNA (25uM
nucleotides) in 10 pl of buffer A (30 mM Tris—HCI, pH 7.5,
2.5mM MgCl,, ImM DTT, 150 mM KCI and 100 pg/ml
BSA) for 7.5min at 37°C. The level of ATP hydrolysis was
determined by thin layer chromatography with phos-
phorimaging analysis in a Personal Molecular Imager
FX (Bio-Rad), as described (35).

DNA helicase assay

Purified Srs2 or mutant srs2 (40nM) was incubated at
30°C for 5Smin with the helicase substrate (300 nM
nucleotides) in 10 ul of buffer H (30 mM Tris—HCI, pH
7.5, 2.5mM MgCl,, 1mM DTT, 100mM KCI, 2mM
ATP and 100 ug/ml BSA). The reaction mixtures were
stopped, deproteinized and resolved in a 10% non-
denaturing polyacrylamide gel run in TAE buffer
(40mM Tris—HCIl, pH 7.4, 0.5mM EDTA) at 4°C.

The gel was dried onto Whatman DES81 paper and sub-
jected to phosphorimaging analysis.

D-loop reaction

Reactions were carried out in Buffer D (35 mM Tris—HCI,
pH 7.5, 2mM ATP, 2.5mM MgCl,, 1mM DTT,
including an ATP-regenerating system consisting of
20mM creatine phosphate and 20 pug/ml creatine kinase)
and 50, 100 or 150 mM KCl in a final volume of 12.5 pl, as
described  previously (16). The *?P-labeled DI
oligonucleotide (3 uM nucleotides) was incubated with
Rad51 (1 uM) for Smin at 37°C to assemble the Rad51-
ssDNA nucleoprotein filaments, followed by the incorpo-
ration of RPA (200nM) and a 4 min incubation. Then,
Rad54 (150nM) was added, and following a 3 min incu-
bation at 23°C, the reaction was initiated by adding
pBluescript replicative form I DNA (50 uM base pairs),
followed by a 6min incubation at 30°C. The reaction
was stopped by treatment with SDS (0.5%) and proteinase
K (0.5mg/ml) at 37°C for Smin and resolved in a 1%
agarose gel in TAE buffer. The gel was dried and subjected
to phosphorimaging analysis. The percentage D-loop
refers to the quantity of the D1 oligonucleotide substrate
that has been converted into D-loop. When present, Srs2
or mutant srs2 (7.5 or 15nM, as indicated) was added to
the reaction with RPA.

DNA strand exchange reaction

Reactions were conducted at 37°C in Buffer R (35mM
Tris—HCI, pH 7.4, 2mM ATP, 2.5mM MgCl,, 50 mM
KCIl, ImM DTT and an ATP-regenerating system) in a
final volume of 12.5ul, as described previously (36).
Rad51 (10 uM) was incubated with $X174 circular (+)
strand (30 uM nucleotides) for 4 min, followed by a
6min incubation with RPA (2uM). The reaction was
completed by adding spermidine hydrochloride (4 mM)
and linear ¢$X dsDNA (30 uM nucleotides). After an
80 min incubation, the reaction mixtures were depro-
teinized and resolved in 0.9% agarose gels, followed by
ethidium bromide staining of the DNA species. When
present, Srs2 or srs2 mutant (30-60nM, as indicated)
was added to the reaction with RPA.

Topoisomerase I-linked assay

Reactions were carried out in 10 pl of Buffer R at 37°C.
Rad51 (4uM) was incubated for 5min with $X174
circular (+) strand DNA (20 uM nucleotides). Srs2 or
mutant srs2 (60 or 80 nM, as indicated) and RPA (1 pM)
were added, followed by a 4 min incubation. Topologically
relaxed $pX174 DNA (12.5 uM nucleotides) and 2.5 U calf
thymus topoisomerase 1 (Invitrogen) were then incorpo-
rated to complete the reaction. After 8 min of incubation,
the reaction mixtures were deproteinized and then subject
to electrophoresis in 0.9% agarose gels. The DNA species
were stained with ethidium bromide.

Electron microscopy

Reaction mixtures were assembled as described for the
DNA strand exchange reaction except that the 150-mer



E oligonucleotide (34) (7.2uM nucleotides), Rad51
(2.4uM), RPA (0.5pM), Srs2 or mutant srs2 (100 nM)
were used. After a 3min incubation, the reaction
mixtures were diluted 10 times with buffer R lacking the
ATP regenerating system, and a 3 pl aliquot was applied
to 400-mesh grids coated with carbon film and which had
been glow-discharged in air. The grids were stained with
2% uranyl acetate for 30 sec and rinsed with water before
being examined with a Tecnai 12 Biotwin electron micro-
scope (FEI company) equipped with a tungsten filament at
100 keV. Digital images were captured with a Morada
(Olympus Soft Imaging Solutions) charge-coupled device
camera at a nominal magnification of 87 000X.

Yeast strains

All yeast strains were in the W303 background (leu2-3, 112
his3-11,15 ade2-1 wura3-1 trpl-1 canl-100 RADS). All
constructs were verified by DNA sequencing. The strains
were: HKY2070-4 (srs2 1-860), HKY?2082-4 (srs2 A875—
902), HKY590-1D (srs24), HKY579-10A (SRS2), and
F28-1A (radl8A4).

Methyl methane sulfonate sensitivity

Methyl methane sulfonate (MMS) sensitivity was deter-
mined using freshly made plates containing 0.005%
MMS. Overnight cultures of strains were serially diluted
and 4 pl aliquots of each dilution were applied onto YPD
and YPD + MMS plates. Growth was assessed after
2 and 3 days at 30°C. The radl8A strain used has been
described (37).

Determination of recombination rates

Recombination rates were calculated by the median
method of Lea and Coulson (38) using the /leu2-
ecoRI::URA3::leu2-bstEIl  recombination system as
described previously (39). Three different strains derived
from the same parental strains were analyzed for each
genotype studied. For each strain, nine independent
colonies were analyzed for each fluctuation test.

RESULTS

Mapping the Srs2-Rad51 interaction in the yeast
two-hybrid assay

In previously published work, we and others
demonstrated an interaction between Rad51 and the
carboxy-terminal region of Srs2 in the yeast two-hybrid
assay, such that Srs2 fragments encompassing residues
783—1174 or residues 783-998 are capable of Rad51 asso-
ciation (16,40) (Figure 1A). Based on these two-hybrid
data, additional constructs harboring two other portions
of the Srs2 C-terminus were created and tested for Rad51
interaction. As shown in Figure 1A, while the 783-914
fragment showed robust interaction with Rad51, no
signal could be detected with the 783-862 fragment
(Figure 1A). Based on these results, we suspected the
Rad51 interaction domain in Srs2 to lie between amino
acid residues 862 and 914.
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Figure 1. Two-hybrid interactions of Rad51 with Srs2. (A) Fragments
of Srs2 were tested for two-hybrid interaction with Rad51 by plating on
medium lacking leucine, tryptophan and adenine. The empty vector
(pGBKT7) and plasmid harboring RAD52 were included as negative
and positive controls, respectively. (B) A schematic of the helicase and
protein-protein interaction domains in Srs2. (C) Purified Srs2, srs2
1-998, srs2 1-910, srs2 1-860, srs2 1-890 and srs2 1-875, 1pug each,
were analyzed by SDS-PAGE and stained with Coomassie Blue.

C-terminally truncated variants of Srs2 deficient for
Rad51 interaction

To verify the yeast two-hybrid data in vitro and for
additional biochemical analyses, we constructed various
C-terminally truncated Srs2 variants—1-998, 1-910,
1-890, 1-875 and 1-860—Dby introducing stop codons
within the pET11c-(His)y-SRS2 plasmid. The tagged full
length Srs2 and the truncated variants were expressed in
E. coli by the use of the IPTG-inducible T7 promoter. The
chromatographic procedure for purification of the (His)o-
tagged proteins was modified from the original protocol
(16) to include a nickel affinity step. By this method, we
were able to purify full length Srs2 and the truncated srs2
variants to near homogeneity (Figure 1C).

To test for interaction with Rad51, purified Srs2 and the
five srs2 truncation mutant proteins were each mixed with
Affi-gel beads that contained covalently conjugated
Rad51 protein (Affi-Rad51) or bovine serum albumin
(Affi-BSA). The beads were washed with buffer before
being treated with SDS to elute the bound Srs2 or srs2
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Figure 2. Mapping of RadS5l1 interaction by in vitro pull-down assay.
Purified Srs2, srs2 1-998, srs2 1-910, srs2 1-890, srs2 1-875 and srs2
1-860 were mixed with Affi-Rad51 beads (A) or Affi-BSA beads
(B) The supernatant that contained unbound protein (S), wash (W)
and the SDS eluate (E) were resolved by SDS-PAGE and stained
with Coomassie Blue. (C) In panel I, Purified srs2 A875-902, 1pug,
analyzed by SDS-PAGE and stained with Coomassie Blue. In panel
II, Srs2 and srs2 A875-902 were combined with purified Rad51 and
mixed with nickel NTA agarose beads. The supernatant that contained
unbound protein (S), wash (W) and the SDS eluate (E) were resolved
by SDS-PAGE and stained with Coomassie Blue (lanes 1-6). As
control, Rad51 alone was incubated with nickel NTA agarose beads
(lanes 7-9). In panel III, Srs2 and srs2 A875-902 were examined for
PCNA interaction (lanes 1-9) following the same procedure in panel II.

mutant protein, followed by SDS-PAGE analysis.
Consistent with results from the yeast two-hybrid
analysis, full length Srs2, srs2 1-998, and srs2 1-910
were retained on the Affi-Rad51 beads but not on the
Affi-BSA beads (Figure 2A and B). Importantly, and

consistent with the yeast two-hybrid results, srs2 1-860
did not bind the Affi-Rad51 beads (Figure 2A), indicating
that it is defective for Rad51 interaction. Moreover, while
srs2 1-890 showed only a slightly attenuated affinity for
Affi-Rad51, little or no srs2 1-875 was retained on the
Affi-Rad51 beads (Figure 2A). These results indicated
that the region between amino acid residues 875 and 910
in Srs2 is likely critical for Rad51 interaction.

Based on the above domain mapping results, we created
a form of Srs2 that lacks amino acid residues 875-902, but
is otherwise full length. The srs2 A875-902 mutant was
expressed and purified to near homogeneity following the
strategy used for other Srs2 forms (Figure 2C, panel I) and
examined for interaction with Rad51. The internal
deletion mutant exhibited some non-specific binding to
Affi-BSA beads, thus the pulldown analysis was conducted
using nickel NTA affinity beads to isolate the protein
complex via the (His)o-tag on Srs2. Full-length Srs2 was
able to bind Rad51 as expected, but little or no Rad5l
associated with srs2 A875-902 (Figure 2C, panel II).
This provides evidence that the region between residues
875902 of Srs2 is needed for Rad51 interaction.
Additionally, we tested the ability of the internal
deletion mutant to bind PCNA. The PCNA interaction
domain is known to lie in the far C-terminus of Srs2
(20,41), and consistent with this, we found that srs2
A875-902 is just as adept as Srs2 in PCNA interaction
(Figure 2C, panel III).

C-terminal truncations do not affect ATPase and
helicase activities

The deduced RadS5l1 interaction domain in Srs2 resides
distally to the catalytic domains that are concerned with
ATP hydrolysis and helicase activity (Figure 1B), so we
expected even the shortest of our srs2 truncation variants,
1.e. srs2 1-860, to retain the ability to hydrolyze ATP and
unwind DNA. To verify this expectation, the purified
srs2 mutant proteins were first tested for their ability
to hydrolyze ATP. We showed previously that ATP
hydrolysis by Srs2 is ssDNA-dependent (15), and, as
summarized in Figure 3A, all of the srs2 truncation
variants show a level of ssDNA-dependent ATPase
activity comparable to that of the wild-type protein. We
next examined the various srs2 truncation mutant proteins
for DNA helicase activity using a *?P-labeled substrate
that contained a 40 bp duplex region with a 40-nucleotide
3’-ssDNA overhang [Figure 3B and (15)]. As shown in
Figure 3B, the srs2 mutants were as adept as the full
length Srs2 protein in unwinding the DNA substrate.
Based on the above results, we can conclude that all of
the truncated forms of srs2 that we have generated possess
ATP hydrolysis and DNA helicase activities comparable
to those of the wild-type counterpart.

Interaction of Srs2 with Rad51 is critical for its
anti-recombinase function

We (16) and others (17) demonstrated previously that
Srs2 inhibits the recombinase activity of Rad51 (42).
We used the D-loop assay to test the anti-recombinase
activity of our srs2 truncation mutants (Figure 4A).



[=2] (-]
N N

ATP hydrolyzed (nmol) >
S

2 4
0
Q S Q () N\
N ) ) A ©
é N,Q '\‘)9 \;b N \23
»
B I e
OO A9 O
L8 £ F SIS
W - — 3
PePDew.  —
1 2 3 4 5 6 7 8
C
100 -
80 - I _I_ =
h
3 60
g
o
2 40
20 4
0
Q N N o
% N NG ) A ©
6‘ \9 ‘39 \S’ N \8,
&
>

Figure 3. Proficiency of the srs2 mutants in ATP hydrolysis and DNA
unwinding. (A) Graphical representation of the ssDNA-dependent
ATPase activity of Srs2 and srs2 mutants. (B) The DNA helicase
activity of Srs2 and srs2 mutants was assayed using a 3'-tailed duplex
substrate (panel I) and the results quantified (panel IT). NP, no protein
control; HD, heat-denatured substrate. In all cases, error bars represent
the standard deviations derived from three independent experiments.

As we reported previously, the addition of a small amount
of Srs2 (7.5-15nM) to the D-loop reaction containing
Rad51, Rad54 and the heterotrimeric ssDNA-binding
factor RPA led to pronounced inhibition of the reaction
(Figure 4B). The two srs2 truncation mutants, srs2 1-998
and srs2 1-910, that are able to interact with Rad51 also
inhibited the D-loop reaction to a comparable degree as
Srs2 (Figure 4B). However, the srs2 1-875 and srs2 1-860
mutants, which are deficient in Rad51 interaction, exerted
only a slight inhibitory effect on the D-loop reaction
(Figure 4B). The slight inhibition observed with increasing
amounts of srs2 1-875 or srs2 1-860 could be due to
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a residual interaction with Rad51. Likewise, the srs2
A875-902 mutant that is also deficient in Rad51 interac-
tion is again significantly impaired for the ability to
suppress the D-loop reaction (Figure 4C). Interestingly,
the srs2 1-890 truncation mutation that is partially
attenuated for Rad51 interaction showed an intermediate
level of inhibition of the D-loop reaction, with the defect
being much more obvious at higher concentrations of KCl
(Figure 4B, panel III), which very likely weakened the
residual interaction between Rad51 and this srs2 mutant.
Altogether, these results revealed interaction with Rad51
as important for the anti-recombinase activity of Srs2.

Examination of Rad51-interaction defective srs2 mutants
in the DNA strand exchange reaction

We applied a DNA strand exchange system that uses
plasmid length DNA substrates to seek independent veri-
fication that interaction with RadS51 is critical for the anti-
recombinase attribute of Srs2. In this system, Rad51-made
DNA joint molecules are processed by DNA strand
exchange to yield nicked circular duplex as the final
reaction product (16,18) (Figure 5A). As expected (16),
the addition of a catalytic quantity of Srs2 (30 and
60nM) strongly suppressed the DNA strand exchange
reaction (Figure 5B). In contrast, little or no attenuation
of DNA strand exchange efficiency was seen when srs2
1-860 or srs2 A875-902 was tested (Figure 5B). The
above results support our conclusion that the efficacy of
Srs2’s anti-recombinase activity is contingent upon Rad51
interaction.

Relevance of protein—protein interaction in Rad5S1
presynaptic filament disruption

The above results obtained using C-terminally truncated
srs2 mutant proteins helped establish that interaction with
Rad51 is critical for Srs2’s ability to attenuate Rad51-
mediated HR homologous DNA pairing and strand
exchange. We employed a biochemical assay to provide
evidence that the impairment of anti-recombinase
activity in the truncated srs2 mutants stems from an
inability to disrupt the Rad51 presynaptic filament. In
this biochemical test, pre-assembled presynaptic filaments
are incubated with Srs2 or one of the srs2 mutants
together with RPA, and then topologically relaxed
duplex DNA is added to trap the Rad51 molecules freed
from ssDNA as a result of anti-recombinase function.
Since Rad51 binding induces lengthening of the DNA
trap, the level of anti-recombination function can be
conveniently monitored as a DNA linking number
change upon treatment of the duplex with topoisomerase
I [Figure 6A, (16)]. The product of this reaction, an
underwound DNA species called form U (Figure 6B,
lane 2), is resolved from other DNA species by agarose
gel electrophoresis and then revealed by ethidium bromide
staining.

As expected, the addition of Srs2 to the presynaptic
filaments led to the generation of form U, indicative of
the release of Rad51 from the ssDNA [Figure 6B, (15)].
Abundant Form U DNA was also seen when the Rad51
interaction proficient srs2 1-910 mutant, which we
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Figure 4. Relevance of the Srs2-Rad51 complex in the attenuation of the D-loop reaction. (A) D-loop reaction scheme. (B) In panel I, the
radiolabeled D1 oligonucleotide was incubated with Rad51, Rad54, RPA (lanes 2-12) and with or without Srs2, srs2 1-998, srs2 1-910, srs2
1-875 or srs2 1-860 (7.5 or 15nM) and then pBluescript form I DNA was incorporated. The reaction (lane 2) without Srs2 or mutant srs2 is
designated as standard (Std) and corresponded to conversion of 43% of the input D1 oligonucleotide into the D-loop product. Lane 1 contained the
DNA substrates but no protein. The KCI concentration was 50 mM KCl in these reactions and the results were quantified and plotted in panel II.
In panel III, the results from D-loop reactions carried out at 50, 100, and 150 mM KCI with 15nM of Srs2 or srs2 mutant were quantified and
plotted. The D-loop product in the standard (Std) was 58%, 61% and 66% at 50, 100 and 150mM KClI, respectively. (C) Panel I shows D-loop
reactions with 7.5 and 15nM Srs2, srs2 A875-902 or srs2 1-860 at 50mM KCI. The D-loop in the standard (Std) was 54%. The results were
quantified and plotted in panel II. In all cases, error bars represent the standard deviations derived from three independent experiments.

showed earlier to possess the wild-type level of anti-
recombinase activity (e.g. Figure 4B), was incubated
with the presynaptic filaments (Figure 6B). Importantly,
the Rad51-interaction deficient srs2 1-860, srs2 1-875 and
srs2 A875-902 mutants, which we found to be impaired
for anti-recombinase activity, were incapable of producing
a significant amount of Form U DNA (Figure 6B). These
results thus provide direct evidence that dissociation of the
Rad51 presynaptic filament by Srs2 is reliant upon the
interaction between Srs2 and RadS5l1.

Analysis by electron microscopy

We also employed electron microscopy to examine and
quantify the disruption of Rad51 presynaptic filaments
by Srs2 and several of the srs2 truncation mutants. For
this purpose, we assembled Rad51 presynaptic filaments
on a 150-mer oligonucleotide (43) and then incubated
these filaments with Srs2 or one of several srs2 mutants
in conjunction with RPA. The reaction mixtures were
diluted with buffer, applied onto carbon grids, and then
examined by electron microscopy to quantify the levels of
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Figure 5. Anti-recombinase activity examined by DNA strand
exchange. (A) The DNA strand exchange scheme. (B) In panel I,
circular $X174 (+) strand DNA was incubated with Rad51, RPA,
and in the absence or presence of Srs2, srs2 A875-902 or srs2 1-860
(30 and 60nM), and then spermidine and linear ¢$X dsDNA were
added and the reaction incubated for either 40 or 80 min. A reaction
without Srs2 or mutant srs2, designated as standard (Std; lane 2) served
as a control. The DNA substrates were also incubated without any
protein (Bl; lane 1). Only the results from the 80 min time-point are
shown. In panel II, the sum of joint molecules and nicked circular
duplex from the 40min and 80min time-points of reactions that
contained 30nM Srs2 or srs2 mutant was plotted. In all cases, error
bars represent the standard deviations derived from the results of three
independent experiments.

Rad51 presynaptic filament and RPA-ssDNA complex in
each case. As summarized in Figure 7, Rad51 presynaptic
filaments accounted for ~80% of the nucleoprotein
complexes in Srs2’s absence, whereas these filaments
represented only a little over 20% of the nucleoprotein
complexes upon the addition of Srs2. As we had
anticipated, srs2 1-910 was just as adept as the full-
length protein in RadS1 presynaptic filament dissociation,
but, importantly, srs2 1-875 or srs2 A875-902 was much
less effective in this regard (Figure 7). Overall, the results
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Figure 6. Rad51 presynaptic filament disruption as measured by a
topoisomerase-linked assay. (A) Reaction scheme for detecting Rad51
presynaptic filament disruption. (B) Rad51 presynaptic filaments were
incubated without or with Srs2, srs2 1-910, srs2 A875-902, srs2 1-875
or srs2 1-860 (60 and 80 nM) before the addition of relaxed DNA and
topoisomerase I (lanes 3—13). Lane 2 contains Form U DNA made by
incubating topologically relaxed DNA with Rad51 and topoisomerase
I. Lane 1 contains topologically relaxed DNA.

from the EM analysis provided independent support for
Rad5l1 interaction as a key determinant in the efficacy of
Srs2 as an anti-recombinase.

Phenotypic analysis of srs2 mutants

We wished to examine the genetic behavior of some of our
srs2 mutants. Yeast strains were created which lacked Srs2
(srs24), or that lacked amino acid residues 861-1174 (the
1-860 allele) or 875-902 (the 4875-902 allele) of Srs2.
As expected (8), the deletion of SRS2 suppressed the
DNA damage sensitivity of the radi84 mutation
(Figure 8A). DNA damage sensitivity of radl8A mutants
can be suppressed by nonfunctional srs2 mutations in
a RADS5I-dependent manner (13). Suppression of the
radl84 MMS sensitivity was seen with the srs2 [1-860
but not the srs2 A875-902 allele (Figure 8A).

We next examined the srs2 mutant strains for a hyper-
recombination phenotype. Consistent with published
results (10), we observed a 4-fold increase in the rate of
gene conversion events in srs24 cells (Figure 8B). A sim-
ilarly elevated gene conversion rate, one that was three-
fold that of wild-type (Figure 8§B), was found for the srs2
1-860 mutant. In contrast, the srs2 4875-902 gave a gene
conversion rate that is only slightly higher than the wild-
type control (Figure 8B). These findings fit with our
observations that the srs2 1-860 mutant protein is quite
defective in Rad51 interaction and in the inhibition
of Rad51-mediated reactions, while the srs2 A875-902
mutant protein retains some ability to interact with
Rad51 and possesses residual anti-recombinase activity.

DISCUSSION

Despite the important contributions that HR makes to
the eclimination of deleterious DNA lesions and the
re-establishment of injured DNA replication forks, it
must be tightly regulated so as to prevent untimely
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Figure 7. Quantification of Rad5l presynaptic filament disruption by
electron microscopy. (A) Representative Rad51 nucleoprotein filaments
(I) or RPA-ssDNA complexes (II) assembled on 150-mer ssDNA. The
scale bar represents 50nm. (B) Distribution of Rad51 presynaptic
filaments and RPA-ssDNA complexes observed following incubation
without or with 100 nM Srs2, srs2 1-910, srs2 A875-902 or srs2 1-875.

events that interfere with other DNA and replication fork
repair processes, or to avoid the generation of toxic
nucleoprotein intermediates that trigger prolonged cell
cycle arrest (6,7,11,44). Moreover, crossover HR events
are disfavored in mitotic cells, as they can give rise to
undesirable chromosome rearrangements, such as
translocations. Genetic and other companion analyses
have found several pathways able to attenuate undesirable
HR events or promote the usage of the conservative
SDSA pathway that does not entail the generation of
crossovers. Importantly, all of these HR regulatory
pathways are dependent on a DNA helicase. Specifically,
the human BLM helicase, and likely its S. cerevisiae coun-
terpart Sgsl, functions with Topo IIla (Top 3 in yeast), a
type 1A topoisomerase, and other associated factors to
resolve key HR DNA intermediates, such as the double
Holliday structure, to non-crossover recombinants in a
process termed double Holliday junction dissolution
(45). Interestingly, the Srs2 helicase suppresses spurious
HR events and also prevents crossover formation via a
unique ability to disrupt the Rad51 presynaptic filament
(16,17). Genetic and biochemical evidence has been pre-
sented to implicate the mammalian RECQS helicase in
HR regulation via the same general mechanism as Srs2
(43). More recently, a separate means of HR regulation has
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Figure 8. Phenotypic analysis of srs2 1-860 and srs2 A875-902. (A) The
ability of the srs2 1-860 and srs2 A875-902 alleles to suppress the
MMS sensitivity of radl8A cells was examined. Platings on both
YPD and YPD containing 0.005% MMS are shown. (B) Rates of
recombination between the leu2-RI and leu2-bstell alleles were deter-
mined and the results graphed. The rates shown represent the mean
from three independent fluctuation tests performed for each strain.
Error bars are the standard deviations derived from this mean of
three independent rate determinations. Asterisks denote significant
results, as determined by t-tests: **P < 0.005; *P < 0.05. Specifically,
the rates for SRS2 and srs24875-902 are significantly different
(P = 0.00004), the rates for SRS2 and srs2 A875-902 are marginally
different (P = 0.0117), and the rates for SRS2 and srs2 [-860 are
significantly different (P = 0.0016).

been documented for the S. cerevisiae Mphl helicase and
its orthologues human FANCM and Schizosaccharomyces
pombe Fmll; these orthologous helicases have been
suggested to promote the use of the SDSA pathway of
HR by disrupting the D-loop intermediate made by the
Rad51 recombinase protein (34,46). Finally, the human
RTELI1 helicase has also been shown to disrupt Rad51-
made D-loops, but this novel attribute of RETLI
is thought to exert a general suppressive effect on HR
frequency rather than fulfilling a regulatory role.
Importantly, mutations in all the above helicases compro-
mise genome instability and in some cases are associated
with the tumor phenotype (43,47,48).

Several of the aforementioned helicases, including Srs2,
RECQS5 and BLM/Sgsl are known to physically interact
with Rad51 (16,43,49), although the functional signifi-
cance of these protein-protein interactions has not been
addressed. In this study, we have strived to address the



functional relevance of the Srs2-Rad51 complex at the
biochemical level. Specifically, by a combination of yeast
two-hybrid analysis and biochemical mapping, we have
narrowed the Rad51 interaction domain to a short
region within the Srs2 C-terminus, and have taken advan-
tage of this information to generate several truncation
mutants of Srs2 that retain wild-type levels of ATPase
and helicase activities but are specifically compromised
for Rad51 interaction. Importantly, with both biochemi-
cal means and electron microscopy, we have demonstrated
a diminished ability of these srs2 mutants to attenuate
Rad51-mediated HR reactions and to dismantle the
Rad51 presynaptic filament, in concordance with the
degree of Rad51 interaction deficiency. We note that, by
employing a kinetic assay involving the use of a
fluorescently labeled DNA substrate, Antony et al. (50)
also showed recently that the srs2 1-860 mutant is defi-
cient in anti-recombinase activity. Thus, in aggregate, our
findings and those of Antony et al. (50) reveal that the
efficacy of Srs2 as an anti-recombinase is dependent on
its physical interaction with Rad51. Consistent with our
biochemical results, we found that the srs2 I-860 mutant
displays a hyper-recombination phenotype. Since the srs2
1-860 mutant protein retains wild-type levels of ATPase
and helicase activities, our results thus provide evidence
that the Srs2 helicase domain alone is insufficient for anti-
recombinase function in cells. We have shown that the srs2
A875-902 mutant protein is less impaired for Rad51 inter-
action or for the ability to inhibit Rad51-mediated
reactions in vitro. The phenotype of srs2 4875-902 cells
is accordingly mild or near wild-type.

Like Srs2, the human RECQ5 helicase associated with
Rad51 physically, inhibits the Rad51-mediated D-loop
reaction, and catalyzes the removal of Rad51 from
ssDNA in a manner that is dependent on its ATPase
activity (43). Based on these functional similarities
between Srs2 and RECQS, it seems reasonable to
suggest that Rad5S1 interaction is also a determinant of
the anti-recombinase activity of RECQS5. The results of
Antony et al. have suggested that Srs2 enhances ATP
hydrolysis by Rad51 within the presynaptic filament,
thereby hastening Rad51 dissociation from DNA (50). It
will be interesting to test whether RECQS5 also acts by a
similar mechanism.

We note that Srs2 becomes phosphorylated on multiple
sites in response to intra-S phase DNA damage (26), and
several of these phosphorylation sites are located within
the C-terminus of the protein, including two such sites in
the region spanning residues 875-902 (51) that we know
are important for complex formation with Rad5l
(this work). It will be particularly interesting to ascertain
how C-terminal phosphorylation of Srs2 in response to
DNA damage regulates its anti-recombinase function via
an influence on complex formation with Rad51.
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Homologous recombination represents an important means
for the error-free elimination of DNA double-strand breaks
and other deleterious DNA lesions from chromosomes. The
Rad51 recombinase, a member of the RAD52 group of recom-
bination proteins, catalyzes the homologous recombination
reaction in the context of a helical protein polymer assembled
on single-stranded DNA (ssDNA) that is derived from the
nucleolytic processing of a primary lesion. The assembly of
the Rad51-ssDNA nucleoprotein filament, often referred to
as the presynaptic filament, is prone to interference by the
single-strand DNA-binding factor replication protein A
(RPA). The Saccharomyces cerevisiae Rad52 protein facili-
tates presynaptic filament assembly by helping to mediate the
displacement of RPA from ssDNA. On the other hand, dis-
ruption of the presynaptic filament by the Srs2 helicase leads
to a net exchange of Rad51 for RPA. To understand the sig-
nificance of protein-protein interactions in the control of
Rad52- or Srs2-mediated presynaptic filament assembly or
disassembly, we have examined two rad51 mutants, rad51
Y388H and rad51 G393D, that are simultaneously ablated for
Rad52 and Srs2 interactions and one, rad51 A320V, that is
differentially inactivated for Rad52 binding for their bio-
chemical properties and also for functional interactions with
Rad52 or Srs2. We show that these mutant rad51 proteins are
impervious to the mediator activity of Rad52 or the disruptive
function of Srs2 in concordance with their protein interac-
tion defects. Our results thus provide insights into the func-
tional significance of the Rad51-Rad52 and Rad51-Srs2
complexes in the control of presynaptic filament assembly
and disassembly. Moreover, our biochemical studies have
helped identify A320V as a separation-of-function mutation
in Rad51 with regards to a differential ablation of Rad52
interaction.
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Homologous recombination (HR)? helps maintain genomic
stability by eliminating DNA double-strand breaks induced by
ionizing radiation and chemical reagents, by restarting dam-
aged or collapsed DNA replication forks, and by elongating
shortened telomeres especially when telomerase is dysfunc-
tional (1-3). Accordingly, defects in HR invariably lead to
enhanced sensitivity to genotoxic agents, chromosome aberra-
tions, and tumor development (4, 5). In meiosis also, HR helps
mediate the linkage of homologous chromosome pairs via arm
cross-overs, thus ensuring the proper segregation of chromo-
somes at the first meiotic division (6). Accordingly, HR mutants
exhibit a plethora of meiotic defects, including early meiotic
cell cycle arrest, aneuploidy, and inviability.

Much of the knowledge regarding the mechanistic basis of
HR has been derived from studies of model organisms, such as
the budding yeast Saccharomyces cerevisiae. Genetic analyses
in S. cerevisiae have led to the identification of the RADS52 group
of genes, namely, RAD50, RAD51, RAD52, RAD54, RADSS,
RADS57,RAD59, RDH54, MRE11, and XRS2 (1), that are needed
for the successful execution of HR. Each member of the RAD52
group of genes has an orthologue in higher eukaryotes, includ-
ing humans, and mutations in any of these genes cause defects
in HR and repair of double-strand breaks.

The DNA pairing and strand invasion step of the HR reaction
is mediated by RADS51-encoded protein, which is orthologous
to the Escherichia coli recombinase RecA (2). Like RecA, Rad51
polymerizes on ssDNA, derived from the nucleolytic process-
ing of a primary lesion such as a double-strand break, to form a
right-handed nucleoprotein filament, often referred to as the
presynaptic filament (3, 7). The presynaptic filament engages
dsDNA, conducts a search for homology in the latter, and cat-
alyzes DNA joint formation between the recombining ssDNA
and dsDNA partners upon the location of homology (1, 3). As
such, the timely and efficient assembly of the presynaptic fila-
ment is indispensable for the successful execution of HR.

Because the nucleation of Rad51 onto ssDNA is a rate-limit-
ing process, presynaptic filament assembly is prone to interfer-
ence by the single-strand DNA-binding protein replication
protein A (RPA) (1, 3, 7). In reconstituted biochemical systems,
the addition of Rad52 counteracts the inhibitory action of RPA

3 The abbreviations used are: HR, homologous recombination; RPA, replica-
tion protein A; ss, single-stranded; ds, double-stranded; Ni-NTA, nickel-
nitrilotriacetic acid; DTT, dithiothreitol.
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(8, 9). Consistent with the biochemical results, in both mitotic
and meiotic cells, the recruitment of Rad51 to double-strand
breaks is strongly dependent on Rad52 (10-12). This effect of
Rad52 on Rad51 presynaptic filament assembly has been
termed a “recombination mediator” function (13).

Interestingly, genetic studies have shown that the Srs2 heli-
case fulfills the role of an anti-recombinase. Specifically, muta-
tions in Srs2 often engender a hyper-recombinational pheno-
type and can also help suppress the DNA damage sensitivity of
rad6 and radl8 mutants, because of the heightened HR profi-
ciency being able to substitute for the post-replicative DNA
repair defects of these mutant cells (2, 14). Importantly, in
reconstituted systems, Srs2 exerts a strong inhibitory effect on
Rad51-mediated reactions in a manner that is potentiated by
RPA. Biochemical and electron microscopic analyses have pro-
vided compelling evidence that Srs2 acts by disassembling the
presynaptic filament, to effect the replacement of Rad51 by
RPA (15, 16). The ability of Srs2 to dissociate the presynaptic
filament relies on its ATPase activity, revealed using mutant
variants, K41A and K41R, that harbor changes in the Walker
type A motif involved in ATP engagement. Accordingly, the
srs2 K41A and srs2 K41R mutants are biologically inactive (17).

In both yeast two-hybrid and biochemical analyses, a com-
plex of Rad51 with either Rad52 or Srs2 can be captured (1, 16).
Using yeast two-hybrid-based mutagenesis, several rad51
mutant alleles, A320V, Y388H, and G393D, that engender a
defect in the yeast two-hybrid association with Rad52 have been
found (18). Here we document our biochemical studies dem-
onstrating the inability of these rad51 mutant proteins to phys-
ically and functionally interact with Rad52. Interestingly, we
find that two of these rad51 mutants, namely, Y388H and
G393D, are also defective in Srs2 interaction. Accordingly,
these mutant rad51 proteins form presynaptic filaments that
are resistant to the disruptive action of Srs2. Our results thus
emphasize the role of Rad51-Rad52 and Rad51-Srs2 interac-
tions in the regulation of Rad51 presynaptic filament assembly
and maintenance, and they also reveal the presence of overlap-
ping Rad52 and Srs2 interaction motifs in Rad51. In these
regards, our biochemical studies have identified the A320V
change as a separation-of-function mutation in Rad51.

EXPERIMENTAL PROCEDURES

Purification of Proteins—All of the chromatographic steps in
protein purification were carried out at 4 °C. The rad51 A320V,
rad51 Y388H, and rad51 G393D proteins were expressed in
yeast cells and purified to near homogeneity, as described for
the wild type counterpart (19). Rad52 with a His, tag at its C
terminus and Srs2 with a His, tag at its N terminus were
expressed in E. coli Rosetta strains (Novagen) and purified to
near homogeneity, as described (16, 20). Rad54 and Rdh54 con-
taining a thioredoxin-Hisg double tag at its N terminus were
purified from Rosetta cells, as described (21, 22).

For the expression and purification of Rad52-C, a DNA frag-
ment harboring amino acid residues 327-504 of Rad52 was
introduced into pET-11d. Rosetta cells harboring this plasmid
were grown at 37 °C to Ay, 0.6—0.8, at which time 0.4 mm
isopropyl p-thiogalactopyranoside was added. The culture was
incubated for another 3 h at 37 °C, and the cells were harvested
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by centrifugation. Cell lysate from 20 g of cells (being equivalent
to 10 liters of culture) was prepared by sonicating the cell sus-
pension in 50 ml of cell breakage buffer (50 mm Tris-HCI, pH
7.4, 50 mm KCl, 2 mm EDTA, 1 mm DTT, 10% sucrose, 0.01%
Igepal, 5 ug/ml leupeptin, pepstatin A, aprotinin, chymostatin,
and 0.4 mm phenylmethylsulfonyl fluoride) and ultracentrifu-
gation (100,000 X g for 90 min). The clarified lysate was applied
onto a Q Sepharose column (20 ml), and the flow-through frac-
tion was collected and applied onto a SP Sepharose column (20
ml). The proteins were fractionated with a 160-ml gradient
from 50 to 300 mm KCl in K buffer (10 mm K,HPO,, pH 7.4, 10%
glycerol, 1 mm DDT, and 0.5 mm EDTA). The fractions contain-
ing Rad52-C (8 ml total, 200 mm KCI) were applied onto a Macro-
Hydroxyapatite column (1 ml; Bio-Rad) and then eluted with a
40-ml gradient from 0 to 200 mm KH,PO, in K buffer. The Macro-
Hydroxyapatite fractions (6 ml total, 60 mm KH,PO,) were
applied onto 1-ml Mono S column and eluted with a 40-ml gradi-
ent from 50 to 300 mm KCl in K buffer. The peak fractions (5 ml
total, 150 mm KCI) were collected and concentrated to 10 mg/ml
with Amicon Ultra-4 concentrator (Millipore). The overall yield of
highly purified Rad52-C was ~1.5 mg.

In Vitro Pulldown Assay—Rad51 or rad51 mutant (5.0 um)
was mixed with Rad52 (5.0 uMm), Rad54 (5.0 um), or Srs2 (5.0
um) at 4 °C for 30 min in 30 ul of buffer (25 mm Tris-HCI, pH
7.5, 150 mm KCl, 10 mm imidazole, 1 mM B-mercaptoethanol,
0.01% Igepal). To examine the effect of Rad52 on Rad51-Srs2
complex formation, Rad51 or rad51 A320V (5.0 uMm) was mixed
with Rad52-C (3.3, 5.0, or 6.7 uM) and Srs2 (5.0 uMm), as above.
The reactions were gently mixed at 4 °C for 30 min with 20 ul of
Ni-NTA resin (Qiagen), which binds the polyhistidine tag on
Rad52, Rad54, or Srs2, to capture protein complexes. After
washing the resin three times with 20 ul of the same buffer, the
bound proteins were eluted with 2% SDS. The supernatant (S),
wash (W), and SDS eluate (E) fractions, 10 ul each, were
resolved by SDS-PAGE and stained with Coomassie Blue.

DNA Substrates—The $X174 replicative form I DNA and
viral (+) strand DNA were purchased from New England Bio-
labs. The linear ¢$pX174 dsDNA was prepared by digesting the
replicative form I DNA with the restriction enzyme ApaLl.
Topologically relaxed ¢$X174 DNA was prepared by treating
the replicative form I DNA with calf thymus topoisomerase I
(Invitrogen) as described previously (23). For the DNA mobility
shift assay, the 83-mer oligonucleotide (5'-TTTATATCCTTT-
ACTTTATTTTCTATGTTTATTCATTTACTTATTTTGTA-
TTATCCTTATACTTTTTACTTTATGTTCATTT-3') was 5’
end-labeled with T4 polynucleotide kinase (Roche Applied Sci-
ence) and [y->P]ATP (Amersham Biosciences). The radiola-
beled oligonucleotides were annealed to its exact complement
by heating the two oligonucleotides at 85 °C for 3 min followed
by slow cooling to 23 °C. The resulting duplex DNA was puri-
fied from a 10% polyacrylamide gel, as described (22). For the
D-loop assay, a 5" end-labeled 90-mer oligonucleotide comple-
mentary to positions 1932-2022 of pBluescript SK DNA was
used (24). The 150-mer oligonucleotide (5'-TCTTATTTATG-
TCTCTTTTATTTCATTTCCTATATTTATTCCTATTATG-
TTTTATTCATTTACTTATTCTTTATGTTCATTTTTTAT-
ATCCTTTACTTTATTTTCTCTGTTTATTCATTTACTTA-
TTTTGTATTATCCTTATCTTATTTA-3') was used as DNA
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substrate in the electron microscopic analysis of presynaptic
filament formation.

ATPase Assay—Rad51 or rad51 mutant (3.5 um) was incu-
bated with ¢pX174 circular (+) strand DNA (30 uMm nucleotides)
in 10 pl of buffer (35 mm Tris-HCI, pH 7.2, 50 mm KCl, 5 mm
MgCl,, 1 mm DTT, 0.1 mm [y->?P]ATP) at 37 °C. A 2-ul aliquot
of the reaction mixtures was removed at the indicated times
and mixed with an equal volume of 500 mm EDTA to halt the
reaction. Thin layer chromatography and phosphorimaging
analysis were used to determine the level of ATP hydrolysis, as
described (25).

DNA Mobility Shift Assay—The **P-labeled 83-mer ssDNA
or dsDNA (4.5 um nucleotides) was mixed with the indicated
amounts of Rad51 or rad51 mutant in 10 ul of buffer (35 mm
Tris-HCI, pH 7.2, 50 mMm KCl, 1 mm DTT, 1 mm ATP, 5 mm
MgCl,, 0.1 mg/ml bovine serum albumin) for 10 min at 37 °C.
The reaction mixtures were resolved in 10% polyacrylamide
gels in TA buffer (30 mm Tris acetate, pH 7.4) containing 5 mm
magnesium acetate. The gels were dried on a sheet of DEAE
paper (Whatman) and subjected to phosphorimaging analysis.

Assays for Rad51-induced DNA Topology Change—To meas-
ure DNA topology change induced by Rad51 or the rad51
mutants, the indicated amount of the wild type or mutant pro-
tein was incubated with topologically relaxed ¢$X174 dsDNA
(15 uM nucleotides) for 5 min at 37 °C in 8.1 wl of buffer (35 mm
Tris-HCI, pH 7.2, 100 mm KCI, 1 mm DTT, 2 mm ATP, 5 mm
MgCl,, 0.1 mg/ml bovine serum albumin), followed by the
incorporation of 3 units of calf thymus topoisomerase I
(Invitrogen; added in 0.4 ul) and a 20-min incubation. To meas-
ure the disruption of the presynaptic filament by Srs2, Rad51 or
rad51 mutant (2 um) was incubated with ¢$X174 ssDNA (8.5 um
nucleotides) for 5 min with an ATP regenerating system (20 mm
creatine phosphate and 20 ug/ml creatine kinase) in 8.1 ul of
buffer, followed by the incorporation of RPA (1 um, added in 0.5
wul) and Srs2 (35 or 50 nM, added in 0.7 ul) and a 5-min incuba-
tion. Topologically relaxed ¢X174 dsDNA (15 um nucleotides)
and 3 units of calf thymus topoisomerase I (Invitrogen) were
then added in 0.7 and 0.4 ul, respectively, followed by an 8-min
incubation. The reaction mixtures were deproteinized with
SDS (0.5%) and proteinase K (0.5 mg/ml) for 5 min at 37 °C,
before being resolved on 0.9% agarose gel run in TAE buffer (30
mM Tris acetate, pH 7.4, 0.5 mm EDTA). DNA species were
stained with ethidium bromide, and the results were recorded
in a gel documentation station (Bio-Rad).

DNA Strand Exchange Assay—All of the reaction steps were
carried out at 37 °C. For the standard reaction, the indicated
amount of Rad51 or rad51 mutant was incubated with ¢$X174
ssDNA (30 um nucleotides) in 10.3 ul of buffer (35 mm Tris-
HCL pH7.2,50 mM KCl, 1 mMm DTT, 2.5 mMm ATP, 3 mm MgCl,)
at 37 °C for 5 min. Following the addition of RPA (1.2 M, added
in 0.5 ul), linearized ¢$pX174 dsDNA (25 um nucleotides, added
in 0.7 pul) and spermidine hydrochloride (final concentration, 4
mm added in 1 ul) were incorporated into the reaction, followed
by a 60-min incubation. After deproteinizing treatment, the
reaction mixtures were resolved by agarose gel electrophoresis
and analyzed as before. To examine the effects of the rad51
mutations, Rad51 or rad51 mutant (10 um), RPA (2 um), and
the indicated amounts of Rad52 were mixed on ice for 10 min in
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buffer before adding ssDNA and a 10-min incubation. Other-
wise, these reactions were treated and processed in the same
manner as above.

D-loop Reaction—The radiolabeled 90-mer oligonucleotide
(3 uM nucleotides) was incubated with Rad51 or rad51 mutant
(1 um) for 5 min at 37 °Cin 10 ul of buffer (35 mm Tris-HCI, pH
7.2, 140 mm KCl, 2 mm ATP, 5 mm MgCl,, 1 mMm DTT, and the
ATP-regenerating system) to assemble the Rad51-ssDNA
nucleoprotein filament, followed by the incorporation of RPA
(200 nM, added in 0.5 ul) and Srs2 (17 or 24 nMm, added in 0.5 ul)
and a 4-min incubation at 37 °C. Then Rad54 (150 nm) was
added in 0.5 ul, and the reaction mixtures were incubated for 3
min at 23 °C. DNA pairing was initiated by adding pBluescript
replicative form I DNA (50 um base pairs) in 1 ul, and the
reaction mixtures were incubated at 30 °C for 7 min. The reac-
tion mixtures were deproteinized and subjected to agarose gel
electrophoresis, as above, and the gels were dried and subjected
to phosphorimaging analysis.

Electron Microscopy—To assemble the presynaptic filament,
the 150-mer oligonucleotide (7.2 um nucleotides) and Rad51 or
rad51 G393D (2.4 um) were incubated for 5 min in 12 ul of
buffer containing 2 mm ATP, 2.5 mm MgCl,, 50 mm KCl, and an
ATP-regenerating system at 37 °C. Following the addition of
RPA (240 nwMm, in 0.5 ul) and Srs2 (100 nM™, in 0.4 wl), the
reaction mixture was incubated for 3 min at 37 °C. After a
10-fold dilution with buffer, a 3-ul aliquot of the reaction
was applied to a 400-mesh grid coated with carbon film,
which had been glow-discharged in air. The grid was stained
with 2% uranyl acetate for 30 s and rinsed with water. The
samples were examined with a Tecnai 12 Biotwin electron
microscope (FEI) equipped with a tungsten filament at 100
keV. Digital images were captured with a Morada (Olympus
Soft Imaging Solutions) charge-coupled device camera at a
nominal magnification of 87,000 -135,000 X.

RESULTS

Purification of rad51 Mutants—A mutagenic screen con-
ducted previously identified three RAD5I mutations, namely,
A320V, Y388H, and G393D, that ablate the interaction of Rad51
with Rad52 but not with Rad54 or Rad55 in the yeast two-
hybrid system (18). For their biochemical analyses, we
expressed the three rad51 mutant proteins alongside the wild
type counterpart in yeast cells deleted for the endogenous
RADSI gene and purified these proteins to near homogeneity
(Fig. 1) using the procedure devised for the wild type protein
(19). The mutants were expressed to the same level as the wild
type protein, and during purification, all three mutants behaved
like the wild type protein chromatographically. Moreover, a
yield of these mutants similar to that of the wild type protein
was obtained.

The rad51 Mutants Retain the Basic Biochemical Attributes
of Rad51—Before evaluating the rad51 mutants for their phys-
ical and functional interactions with Rad52 and Srs2, we wished
to first establish that they possess the biochemical attributes of
the wild type protein with regards to ATP hydrolysis, DNA
binding, and the ability to mediate homologous DNA pairing
and strand exchange in conjunction with RPA. First, the
ATPase activity was measured with ¢$X174 (+) DNA as co-
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FIGURE 1. Purification of rad51 mutants. A, scheme of protein purification.
B, purified Rad51, rad51 A320V, rad51 Y388H, and rad51 G393D (2 u.g each)
were analyzed by 10% SDS-PAGE and staining with Coomassie Blue.
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FIGURE 2. Biochemical properties of the rad51 mutants. A, the ATPase
activity of Rad51, rad51 A320V, rad51 Y388H, or rad51 G393D was examined.
B, the ssDNA (panel I) or dsDNA (panel Il) binding activity of Rad51 and rad51
mutants was examined. The amounts of these proteins used were 0.5,0.8, 1.2,
and 1.8 um. The results from these DNA binding experiments are plotted in
panels Il and IV. C, DNA topology change induced by Rad51 and mutants.
Panel | depicts the basis of the topoisomerase |-linked assay. In panel Il,0.5, 1.0,
and 2.0 um of Rad51 and the three rad51 mutants were examined for their
ability to induce Form U.
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factor, and the results showed that all three rad51 mutant pro-
teins possess a level of ATPase activity comparable with that of
the wild type protein (Fig. 2A4). By a DNA mobility shift assay
conducted with radiolabeled ssDNA or dsDNA as substrate
(Fig. 2B), we also verified that none of the rad51 mutants has
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FIGURE 3. Homologous DNA pairing and strand exchange by rad51
mutants. A, scheme of the homologous DNA pairing and strand exchange
reaction. Pairing between the circular $X174 (+) ssDNA and linear $pX174
dsDNA yields a joint molecule (jm), which can be further processed by strand
exchange to produce a nicked circular duplex (nc). B, Rad51, rad51 A320V,
rad51 Y388H, or rad51 G393D (5.6, 7.4, 9.3, and 11.2 um) was pre cubated
with ssDNA to assemble presynaptic filaments before RPA and dsDNA addi-
tion. C, total products (joint molecule plus nicked circular duplex) catalyzed
by the optimal level of Rad51 or rad51 mutant (9.3 um) were quantified and
plotted in the histogram.

any noticeable DNA binding deficiency. One of the key charac-
teristic of Rad51 is the ability to form extended helical nucleo-
protein filaments on DNA. The extent of nucleoprotein fila-
ment formation can be conveniently monitored by a
topoisomerase I-linked assay (Fig. 2C). The resulting products
are negatively supercoiled species called Form U (under-
wound). Fig. 2C showed that all three rad51 mutants are just as
adept as the wild type protein in inducing the formation of
Form U DNA.

We next tested the three rad51 mutant proteins for their
ability to catalyze the homologous DNA pairing and DNA
strand exchange reaction. In the in vitro system used, $X174
circular ssDNA is first incubated with Rad51 to allow for pre-
synaptic filament assembly, and then RPA followed by homol-
ogous linear dsDNA are added to complete the reaction. Under
these prescribed conditions, RPA enhances the efficiency of the
reaction, by helping remove secondary structure in the ssDNA
and also sequestering the displaced ssDNA generated as a result
of DNA strand exchange. As shown in Fig. 3, all three rad51
mutants generated the same level of reaction products as wild
type Rad51. Thus, all three rad51 mutants are just as capable as
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FIGURE 4. Interaction of rad51 mutants with Rad52. Rad51, rad51 A320V,
rad51 Y388H, or rad51 G393D was incubated with Hiss-tagged Rad52. The
reaction mixtures were mixed with Ni-NTA resin to capture any protein com-
plex that had formed. Bound proteins were eluted from the resin with SDS.
The supernatant (S), wash (W), and SDS eluate (E) were analyzed by 10% SDS-
PAGE with Coomassie Blue staining (A). Neither Rad51 nor any of the three
rad51 mutants bound the Ni-NTA resin in the absence of Rad52 (B).

wild type Rad51 in the catalysis of homologous DNA pairing
and strand exchange. Altogether, the results from the four inde-
pendent analyses as summarized above allowed us to conclude
that the rad51 A320V, Y388H, and G393D mutants possess
biochemical activities comparable with that of wild type Rad51.

The rad51 Mutants Are Defective in Rad52 Interaction—We
used affinity pulldown to test whether the rad51 mutants are
defective in physical interaction with Rad52 tagged with a His,
epitope at its C terminus. For this, the purified rad51 mutants
and wild type Rad51 were individually mixed with purified
Rad52, and any protein complex that formed was captured on
Ni-NTA resin, which recognized the His, affinity tag on Rad52.
Bound proteins were eluted with SDS and then analyzed. None
of three rad51 mutants interacted with Rad52, whereas, as
expected, a complex of wild type Rad51 with Rad52 was seen
(Fig. 4A). Neither wild type Rad51 nor any of the rad51 mutants
bound the Ni-NTA resin in the absence of Rad52 (Fig. 4B).
Thus, all three rad51 mutants are defective in complex forma-
tion with Rad52. In contrast, all three rad51 mutants retain the
wild type level of ability to interact with Rad54 (see later),
Rdh54, and Rad59 (data not shown).

Reliance of Rad52 Recombination Mediator Function on
Rad51 Interaction—Because of the ability of RPA to compete
with Rad51 for sites on ssDNA, co-addition of RPA with Rad51
to the ssDNA template strongly inhibits the homologous DNA
pairing and strand exchange reaction. Importantly, the reaction
efficiency can be fully restored by the inclusion of an amount of
Rad52 substoichiometric to that of Rad51 (20). We used the
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RPA/Rad51 co-addition protocol (RPA, 1°) to test for the
responsiveness of the three rad51 mutant proteins to Rad52. As
expected, RPA strongly suppressed the efficiency of homolo-
gous pairing and strand exchange mediated by wild type Rad51
or any of the three mutants (Fig. 5, A, compare lanes 3 with
lanes 2, and B). Importantly, although Rad52 was able to help
overcome the inhibitory action of RPA with wild type Rad51
(Fig. 5, A, panel I, lanes 4 -8, and B), with maximal restoration
occurring at a Rad51 to Rad52 ratio of ~10 (Fig. 5, A, panel I,
and B), the inhibition posed by RPA was not at all relieved by
Rad52 when any of the rad51 mutant proteins was examined
(Fig. 5, A, panels II-1V, lanes 4—8, and B). These results thus
provide evidence that interaction with Rad51 is critical for the
efficacy of Rad52 recombination mediator activity.

radS1 Y388H and rad51 G393D Are Impaired for Srs2
Interaction—As described above and elsewhere (18), the rad51
A320V, rad51 Y388H, and rad51 G393D mutants are proficient
in interaction with Rad54, Rdh54, and Rad59 but are specifi-
cally defective in Rad52 binding. We wondered whether these
rad51 mutants retain the ability to interact with Srs2. To
address this question, purified Rad51 and rad51 mutants were
each mixed with Hisy-tagged Srs2 and subsequently with Ni-
NTA affinity resin to capture protein complexes, which were
eluted from the resin with SDS and analyzed. Rad51 associated
with Srs2 as previously described (Fig. 6A) (16). Interestingly,
whereas rad51 A320V also bound Srs2, much less rad51 Y388H
or rad51 G393D was found associated with Srs2 (Fig. 6A). Spe-
cifically, whereas nearly 80% of the input Rad51 or rad51 A320V
associated with Srs2, only 15% of rad51 Y388H or 17% of rad51
G393D was pulled down by Srs2 under the same conditions
(Fig. 6A). As expected, neither Rad51 nor any of the rad51
mutants was retained on the Ni-NTA affinity resin without Srs2
(Fig. 6B). These affinity pulldown data thus revealed an Srs2
interaction defect in the rad51 Y388H and rad51 G393D pro-
teins and provide evidence that the rad51 A320V mutation dif-
ferentially inactivates Rad52 interaction.

Effect of Srs2 on the D-loop Reaction Mediated by rad51
Mutants—As an anti-recombinase, Srs2 interferes with Rad51-
mediated homologous DNA pairing and strand exchange by
disrupting the presynaptic filament (16). The availability of the
rad51 Y388H and rad51 G393D mutant proteins that retain the
basic functional attributes of Rad51 but are defective in Srs2
interaction provides the opportunity to verify the functional
significance of the Rad51-Srs2 complex in the anti-recombi-
nase function of Srs2. Because Srs2 exerts a strong suppressive
effect on the D-loop reaction mediated by the Rad51-Rad54
protein pair (16), we asked whether the D-loop reaction medi-
ated by rad51 A320V, rad51 Y388H, or rad51 G393D in con-
junction with Rad54 is also prone to the inhibitory action of
Srs2. Consistent with their proficiency in Rad54 interaction
(Fig. 7A), all three rad51 mutants gave a level of D-loop product
comparable with that obtained with wild type Rad51 (Fig. 7B).
However, whereas the rad51 A320V-mediated D-loop reaction
was suppressed to a similar degree as in the case of wild type
Rad51, much less inhibition was seen with either rad51 Y388H
orrad51 G393D (Fig. 7B). These results thus revealed a depend-
ence of Srs2 anti-recombinase function on its ability to interact
with Rad51 protein.
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FIGURE 5.rad51 mutants are refractory to Rad52 mediator activity. A, DNA strand exchange reactions were
conducted as described in Fig. 3, with RPA added after Rad51, rad51 A320V, rad51 Y388H, orrad51 G393D was
allowed to bind the ssDNA (RPA 2°) or with RPA added together with Rad51 or rad51 mutant to the ssDNA (RPA
1°).Rad52 (0.24,0.48,0.72, 1.2, or 1.68 um) was added together with Rad51 and RPA, as indicated. B, the results

from A were plotted. jm, joint molecule; nc, nicked circular duplex.

Resistance of rad51 Y388H or rad51 G393D Presynaptic Fil-
aments to Srs2 Action—We employed a topoisomerase-linked
assay to test the susceptibility of presynaptic filaments of the
rad51 A320V, rad51 Y388H, and rad51 G393D mutants to Srs2.
In this assay, Rad51 displaced from ssDNA by Srs2 is trapped on
topologically relaxed dsDNA, leading to lengthening of the lat-
ter DNA species that can be monitored as a DNA linking num-
ber change upon treatment with calf thymus topoisomerase I
(Fig. 84, panel I). The underwound dsDNA species, called
Form U, is visualized by ethidium bromide staining after agar-
ose gel electrophoresis (16). We had already established that the
three rad51 mutants are just as effective as the wild type protein
in inducing the Form U species when allowed to bind to dsDNA
(Figs.2Cand 84, panel I, lanes 2, 6, 10, and 14). In addition, the
presynaptic filaments made by the mutant proteins are stable in
the absence of Srs2 (Fig. 84, panel II, lanes 3, 7, 11, and 15).

The addition of Srs2 to the Rad51 presynaptic filament
induced the generation of Form U (Fig. 84, panel II, lanes 4 and
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Form U was efficiently generated
when Srs2 was mixed with presyn-
aptic filaments that harbored rad51
A320V (Fig. 84, panel II, lanes 8 and
9). In sharp contrast, only a trace of
Form U DNA was evident when
presynaptic filaments of rad51
Y388H or rad51 G393D were incu-
bated with Srs2 (Fig. 84, panel II,
lanes 12, 13, 16, and 17). These
results provide clear evidence that
disruption of Rad51 nucleoprotein
filament by Srs2 requires the inter-
action of Rad51 with Srs2.

Characterization of Presynaptic
Filaments by Electron Microscopy—
Electron microscopy was employed
to further characterize the effect of
Srs2 on the Rad51 or rad51 G393D
presynaptic filaments, with the pre-
diction that the latter filaments
would be more resistant to Srs2.
Incubation of Rad51 or rad51
G393D with a 150-mer oligonucleo-
tide produced abundant presynap-
tic filaments with the characteristic
striations (Fig. 8B, panels I and III;
data not shown) and few RPA-
ssDNA complexes with a nonde-
script appearance (Fig. 8B, panels II
and I1]). As reported previously, the
addition of Srs2 to Rad51 presynap-
tic filaments led to their dissocia-
tion, such that the RPA-ssDNA
complexes now comprised the
majority of nucleoprotein species
(Fig. 8B, panel III). Importantly, the presynaptic filaments of
rad51 G393D were much less sensitive to the disruptive action
of Srs2, because only a slight reduction in their level was
observed upon the inclusion of Srs2 (Fig. 8B, panel III). Thus,
these results also support the notion that the disassembly of
presynaptic filament by Srs2 is dependent on the interaction
between Rad51 and Srs2.

Rad52 Inhibits Rad51-Srs2 Complex Formation—Because
rad51 Y388H and rad51 G393D are simultaneously impaired
for Rad52 and Srs2 interaction, it seems possible that the
domains in Rad51 that mediate its interaction with Rad52 and
Srs2 might overlap. If this were the case, then Rad52 should
compete with Srs2 for Rad51 binding. To address this, His,-
tagged Srs2 immobilized on Ni-NTA-agarose beads was mixed
with Rad51 and an increasing concentration of a Rad52 frag-
ment (residues 327-504, termed Rad52-C) harboring the
Rad51-binding domain (26, 27). After washing the beads with
buffer, bound proteins were eluted with SDS and analyzed, to
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FIGURE 6. Interaction of rad51 mutants with Srs2. Rad51, rad51 A320V,
rad51 Y388H, or rad51 G393D was incubated with His,-tagged Srs2, and the
reaction mixtures were mixed with Ni-NTA resin to capture any protein com-
plex that had formed. The proteins were eluted from the resin with SDS. The
supernatant (S), wash (W), and SDS eluate (E) were analyzed by 8% SDS-PAGE
with Coomassie Blue staining (A). Neither Rad51 nor any of the three rad51
mutants bound the Ni-NTA in the absence of Srs2 (B).

quantify the amount of Srs2-Rad51 complex. As shown in Fig.
9A, less Srs2-Rad51 complex was captured on the Ni-NTA-
agarose beads upon the inclusion of Rad52-C, and this effect
was clearly dependent on the concentration of Rad52-C.
Importantly, under the same reaction conditions, the complex
made with Srs2 and rad51 A320V mutant, which we have
shown earlier to be defective only in Rad52 interaction (Fig. 4),
was resistant to even the highest concentration of Rad52-C
tested. Thus, the results from the above pulldown experiments
validate the premise that the Rad52 and Srs2 interaction
domains in Rad51 overlap. They also provide further support
that the change of alanine 320 in Rad51 to valine represents a
separation-of-function mutation with regards to the differen-
tial impairment of Rad52 interaction.

DISCUSSION

The inhibitory effect of RPA on Rad51 presynaptic filament
assembly can be effectively overcome by Rad52 (3). By multiple
criteria, including co-immunoprecipitation, yeast two-hybrid
analysis, and biochemical means, yeast Rad51 and Rad52 have
been shown to form a stable complex (1, 3). The Rad51 inter-
action domain resides within the C terminus of Rad52 (27), and
previously, using variants of Rad52 that lack the C-terminal
Rad51 interaction domain, we and others have provided evi-
dence for a role of the Rad51-Rad52 complex in the delivery of
Rad51 to RPA-coated ssDNA to seed the assembly of the pre-
synaptic filament (9, 26).
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FIGURE 7. Resistance of the rad51 Y388H and rad51 G393D mutants to
Srs2. A, Rad51, rad51 A320V, rad51 Y388H, or rad51 G393D was incubated
with Hisg-tagged Rad54. The reaction mixtures were mixed with Ni-NTA resin
to capture any protein complex that had formed. Bound proteins were eluted
from the resin with SDS. The supernatant (S), wash (W), and SDS eluate (E)
were analyzed by 8% SDS-PAGE with Coomassie Blue staining (panel I). Nei-
ther Rad51 nor any of the three rad51 mutants bound the Ni-NTA resin in the
absence of Rad54 (panel Il). B, scheme of the D-loop assay is shown in panel .
Panel Il shows D-loop reactions that were mediated by Rad51, rad51 A320V,
rad51Y388H, orrad51 G393D in conjunction with Rad54 and RPA (lanes 2-13).
Srs2 was added to 17 or 24 nm, where indicated. The results from panel Il were
quantified and plotted in panel Ill.

To further define the importance of the Rad51-Rad52 com-
plex in presynaptic filament assembly, we have expressed and
purified three rad51 mutants that each harbor a single amino
acid change, namely, rad51 A320V, rad51 Y388H, and rad51
G393D, shown previously to be impaired for Rad52 interaction
by the yeast two-hybrid assay (18). We have provided herein
several lines of evidence that these rad51 mutants possess nor-
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FIGURE 8. Resistance of the rad51 Y388H and rad51 G393D presynaptic
filaments to Srs2. A, the schematic of the topoisomerase I|-linked assay is
shown in panel I. Panel Il shows the results obtained when presynaptic fila-
ments of Rad51, rad51 A320V, rad51 Y388H, or rad51 G393D were incubated
with or without Srs2. The appropriate controls were included. B, electron
microscopic analysis. Representative Rad51 nucleoprotein filaments (panel /)
or RPA-ssDNA complexes (panel Il) assembled on 150-mer ssDNA and imaged
at 87,000 magnification. The scale bars represent 50 nm. Panel Ill shows the
distributions of presynaptic filaments and RPA-ssDNA complexes upon incu-
bation of Rad51 or rad51 G393D presynaptic filaments with RPA alone or with
RPA and Srs2, as indicated.
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mal biochemical attributes with regards to DNA binding, ATP
hydrolysis, and the ability to conduct homologous DNA pairing
and strand exchange. Importantly we have verified that all three
rad51 mutants are indeed defective in complex formation with
Rad52, even though they retain the ability to interact with other
recombination factors including Rad54, Rad59, and Rdh54.
Consistent with their deficiency in Rad52 interaction, none of
the three rad51 mutants is responsive to the recombination
mediator activity of Rad52. Thus, our analyses with these rad51
mutants along with previous studies involving the use of Rad51
interaction defective variants of Rad52 (9, 26) provide unequiv-
ocal support for the notion that physical interaction with Rad51
is indispensable for the recombination mediator attribute of
Rad52.

Ablation of SRS2 leads to elevated levels of recombination
including cross-over recombination, cell cycle arrest, and syn-
thetic impairment of growth fitness in combination with other
mutations (17, 28 -30). Studies in the past several years have
indicated that Srs2 serves the role of an anti-recombinase, act-
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FIGURE 9. Rad52 interferes with Rad51-Srs2 complex assembly. Rad51 (A)
or rad51 A320V (B), 5.0 um each, was incubated with (panels I) or without
(panels Il) Hisg-tagged Srs2 (5.0 um) in the absence or presence of 3.3, 5.0, or
6.7 um Rad52-C. The reaction mixtures were mixed with Ni-NTA resin to cap-
ture any protein complex that had formed. After washing with buffer, the
resin was treated with SDS to elute bound proteins, and the supernatant (left
panels) and SDS eluate fractions (right panels) were analyzed by 12% SDS-
PAGE with Coomassie Blue staining.

ing to prevent untimely or undesirable HR events via the dis-
ruption of the Rad51 presynaptic filaments (15, 16). The ssDNA
freed of Rad51 molecules via Srs2 action becomes occupied by
RPA, thus making the DNA inaccessible for Rad51 reloading
(16). In yeast two-hybrid and biochemical analyses, Srs2 forms
a complex with Rad51, and we have mapped the Rad51 interac-
tion domain to the C-terminal region of Srs2 (16). Unexpect-
edly we found that rad51 Y388H and rad51 G393D, but not
rad51 A320V, are impaired for Srs2 interaction. With these
rad51 mutant proteins, we have presented evidence derived
from biochemical and electron microscopic analyses to validate
the premise that the “disruptase” activity of Srs2 relies on com-
plex formation with the Rad51 recombinase. The interaction
defective rad51 Y388H and rad51 G393D mutants are much
more resistant to the anti-recombinase activity of Srs2 than is
either wild type Rad51 or the interaction proficient mutant
rad51 A320V. Consistent with the premise that the Rad52 and
Srs2 interactions motifs overlap in Rad51, we have furnished
biochemical results that Srs2 is precluded from interacting with
Rad51 when an excess of Rad52 is present. However, the fact
that the rad51 A320V mutation differentially inactivates the
ability to interact with Rad52 suggests that the Rad52 makes an
additional contact with Rad51 protein that is not shared by
Srs2. Alternatively, the rad51 A320V mutation alters the con-
formation of Rad51 in such a fashion as to ablate Rad52 inter-
action without affecting Srs2 binding.

Fig. 10 maps the locations of the three rad51 mutations
onto the known three-dimensional structure of the yeast
Rad51 filament (Fig. 104). We note that Tyr®®® and Gly**?
are located on the outer surface of the Rad51 helical polymer,

whereas Ala®?? is situated in the interior of the polymer. We

sV
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S.cerevisiae 315 DQFGVAVVVTN - - - - 385 FAIYEDGVIGDPR
S.pombe 279 DEFGI/AVVITN =-=-=-= 348 FAINSDGVGDPK
H.sapiens 257 DEFGVAVVITN - - == 327 FAINADGV/GDAK

FIGURE 10. Locations of the rad51 mutations in the Rad51 polymer. A, the
positions of the amino acid residues Ala%°, Tyr*®8, and Gly>*® in the Rad51
filament, colored in red, blue, and green, respectively, adapted from Ref. 33.
B, sequence alignment of the Rad51 orthologues from budding, fission yeast,
and humans. Positions of amino acid residues explored in this study are
boxed in red, blue, or green as in A.

also note that Ala®*° and Gly*** are conserved among various
Rad51 orthologues, including human Rad51 (Fig. 10B). It will
be interesting to ask whether these residues contribute to the
association of Rad51 proteins from other species with their
cognate mediator proteins, such as the BRCA2 protein in
human cells, and toward the association of the Rad51 ortho-
logues with anti-recombinase proteins, such as the RECQ5
helicase in human cells (31, 32).
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Article history: Homologous recombination plays a key role in the maintenance of genome integrity, especially during
Available online xxx DNA replication and the repair of double-stranded DNA breaks (DSBs). Just a single un-repaired break can
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Sre2 helicases have been implicated to play role in these processes, however their detail roles, specificities and
co-operativity in the complex protein-protein interaction networks remain unclear. In this review we
summarize the current knowledge about Saccharomyces cerevisiae helicase Srs2 and its effect on multiple
DNA metabolic processes that generally affect genome stability. It would appear that Srs2 functions as an
“Odd-Job Man” in these processes to make sure that the jobs proceed when and where they are needed.
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1. Introduction recombination (HR) plays a key role in repair of double-strand

breaks (DSBs). Although HR is a highly important repair mecha-

The genome is constantly threatened by various damaging nism, it has to be regulated to prevent it from interfering with other
agents and maintaining its integrity is crucial in all organisms.  DNA repair pathways, generating toxic intermediates, or blocking
Several repair pathways have been implicated in the removal of the progression of the replication fork. Therefore, it is not surprising
different types of lesions from DNA. Among them, homologous  that cells have evolved mechanisms that counteract untimely HR
events. In the yeast Saccharomyces cerevisiae, one of the pathways

responsible for regulation of HR requires the action of the SRS2 gene

Abbreviations:  DSB, double-strand break; HR, homologous recombina- product. Mutations in the SRS2 gene exhibit pleiotropic recombina-

tion; NHE], non-homologous end joining; PRR, post-replication repair; SDSA, tion phenotypes ranging from anti-recombinogenic in one aspect
synthesis-dependent single-strand annealing; HU, hydroxyurea; MMS, methyl to pro-recombinogenic in another. In addition to its role in HR, Srs2
methanesulfonate; dHJ, double Holliday junction; H]J, Holliday junction; SCE, sister- isalso involved in other DNA metabolism processes, including post-

chromatid exchange. , . replication repair (PRR), preservation of replication fork integrity,
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Fig. 1. Homology of Srs2 with other known helicases. (A) Several members of the SF-I family helicases and their alignment to Srs2 using CLUSTALW. Helicase motifs
are indicated above the sequences. Color-coding is based on amino acid conservation. Symbols indicate important interaction amino acids within UvrD. (B) Schematic
representation of Srs2. The helicase domain is colored in yellow, the Rad51 interaction domain in green and the PCNASYMO interaction domain in red. Striped areas contain
SUMO consensus motifs. The marked amino acids in blue are phosphorylation sites. K41 represents the Walker type A motif.

2. Biochemical properties

The SRS2 gene encodes a superfamily I DNA helicase with
homologies to the bacterial helicases Rep, PcrA and UvrD [1-3]
(Fig. 1). In contrast to these prokaryotic helicases, Srs2 contains an
additional C-terminal region that mediates many protein-protein
interactions and is also a target for post-translational modification.
Interestingly, a previously performed large scale 2-hybrid screen
using Srs2 as bait identified 166 potential interacting proteins and
some of which are shown in Fig. 1 [4]. Biochemically, Srs2 possesses
strong ssDNA-dependent ATPase activity with a kcat >3000 min~!
unwinds DNA with 3-5’ polarity [5,6], and the Walker A motif is
absolutely required for both ATPase and helicase activities [7]. DNA
with a 3’ overhang containing at least 10 nucleotides is the pre-
ferred substrate for its helicase activity. Srs2 is also able to unwind
substrates containing forks, flaps, D-loops as well as 5’ ssSDNA over-
hangs and blunt end dsDNA substrates ([6]; Marini and Krejci,
unpublished data). Srs2 is also able to unwind in vitro structures
that resemble D-loops recombination intermediates and this activ-
ity is stimulated by Rad51 bound to dsDNA [8]. However, recent
experiments have shown that the helicase Mph1 is more efficient
than Srs2 in dissociating D-loops formed by Rad51 [9]. In addition,
the single-strand DNA binding proteins, RPA or SSB, enhance Srs2
unwinding of long substrates, by preventing the reannealing of the
separated strands [6]. Srs2 is able to translocate on ssDNA as a
monomer, with an average processivity of almost 1600 nt with a

rate of 300 nt/s, as revealed by analytical centrifugation [10]. Inter-
estingly, it has been proposed for other helicases that translocase
and helicase activities are separate functions and oligomerization
might be required for the latter [11]. Further mechanistic analysis
of the helicase and translocase activities of Srs2, investigation of the
roles of Srs2 interacting partners, and structural characterization of
Srs2 will help to understand its biological roles.

3. Anti-recombinase activity

HR contributes to genomic integrity and the repair of DSBs as
well as acting during the recovery of damaged replication forks.
However, HR must be also tightly regulated to prevent untimely
events that could interfere with other DNA repair mechanisms as
well as during replication fork progression. It has been noted that
damaged DNA, blocked replication forks, or nucleoprotein com-
plexes generated by the HR machinery can trigger cell cycle arrest
and even cause cell death in certain genetic backgrounds [12-15].
Several pathways are involved in the elimination of undesirable HR
intermediates. Interestingly, they all include the action of a heli-
case but use different mechanisms and act at different stages. One
pathway involves the activity of the Srs2 helicase, which allegedly
suppresses HR events at an early stage by dismantling the Rad51-
presynaptic filament. A second mechanism involves the action of
Mph1 or human RTEL that have been suggested to influence the effi-
ciency of HR by disrupting the D-loop intermediate produced by the
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Fig. 2. Complexity of genetic interactions between SRS2, SGS1, and RRM3 helicases as well as other genes as a part of a genome integrity network.

Rad51 recombinase [9,16]. Finally, BLM/Sgs1 together with Top3 is
required for dissolution of dH]J or other recombination intermedi-
ates [17-19]. Here, we will describe in detail the anti-recombinase
activity of Srs2 protein. The role of other helicases during HR will
be the focus of other accompanying reviews.

Genetic studies were the first to suggest a possible role for
Srs2 as an anti-recombinase. Mutations in the SRS2 gene lead to
a hyper-recombination phenotype due to inappropriate channel-
ing of the lesions into the homologous recombination pathway
[20-23]. The need for appropriate regulation of HR is most clearly
illustrated by the near lethal phenotype of the srs2 sgs1 double
mutant. Deletion of recombination genes can efficiently suppress
the severe phenotype of this double mutant as well as the srs2
mutant [12,20,24-26]. These genetic data suggest that sgs1 srs2
cells accumulate toxic recombination intermediates that cannot be
resolved in the absence of the Srs2 and Sgs1 helicases.

To directly demonstrate the effect of Srs2 on the efficiency
of recombination, biochemical studies have shown that catalytic
amounts of Srs2 protein can dramatically inhibit the formation
of Rad51-mediated joint molecules and D-loop formation [27,28].
Additional biochemical and electron microscopy analysis revealed
that Srs2 efficiently dismantles the presynaptic filament formed by
Rad51, an early HR intermediate. This is further enhanced in the
presence of RPA that prevents re-nucleation of Rad51 on cleared
ssDNA [27,28]. The helicase activity does not appear to be respon-
sible for the dissociation of these intermediate molecules due to
its modest processivity as well as lower activities on these struc-

tures [6,9,27]. Rather, ATP hydrolysis-fueled translocase activity
is necessary for Srs2 to dismantle Rad51 filaments; mutants that
cannot bind or hydrolyze ATP fail to disrupt Rad51-presynaptic fil-
aments [7]. In agreement with the biochemical data, these ATPase
dead mutants also show similar sensitivities to genotoxic agents, a
hyper-recombination phenotype and synthetic interactions when
compared to the srs2 deletion mutant [7]. It has been suggested
that Srs2 activity might be guided to the Rad51-filament via its
direct physical interaction with Rad51 [27]. In agreement with this
view, mutants of Rad51 that fail to interact with Srs2 are resistant
to its anti-recombinase activity [29]. Accordingly, a mutant ver-
sion of Srs2 that retains wild type levels of ATPase and helicase
activities, but fails to interact with Rad51 is compromised for its
anti-recombinase function [30]. The mechanism by which Srs2 dis-
mantles Rad51 seems to be the result of ATP-driven motor activities
of Srs2 that are capable of dissociating not only DNA structures but
also protein-DNA complexes. Recent evidence suggests that the
direct interaction between Srs2 and Rad51 is used both to target
Srs2 to HR intermediates and to trigger ATP hydrolysis within the
Rad51 filament, causing Rad51 to dissociate from DNA [10]. In line
with this, the crystal structures of Rad51 and RecA reveal the impor-
tance of adjacent monomers in the coordination of ATP binding
[31-33]. It is therefore intriguing to hypothesize that Rad51 fila-
ments could actually sense/coordinate the Srs2 translocase activity
through its own ATP hydrolysis-mediated affinity towards ssDNA,
thus allowing more efficient clearing of the nucleoprotein filament
by Srs2.
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4. Role of Srs2 in replication fork maintenance and
post-replication repair (PRR)

During replication, a damaged DNA template frequently blocks
the progression of the replication fork. Unless stalled forks are able
to restart, the cells cannot complete replication, which leads to
cell cycle arrest and cell death. Several checkpoint-related pro-
teins have been implicated in reducing the frequency of HR, that
otherwise could lead to destabilization of replication forks and
generation of toxic HR intermediates [34,35]. Srs2 is directly impli-
cated in the replication checkpoint. This is based on the fact that
srs2 mutants fail to fully activate a Rad53-dependent DNA dam-
age response, which is required to slow DNA replication [36].
Srs2 is also required for recovery and adaptation in response to
checkpoint-mediated cell cycle arrest [14,36]. It still needs to be
addressed whether the role for Srs2 during DNA-damage check-
point activation requires its anti-recombinase activity or if this is
dependent on its role in determining the fate of the replication
fork.

Several mechanisms have been described that would provide
multiple options for cells to counteract damage while replicat-
ing their DNA. Mechanisms that control recombination and other
DNA repair processes during replication are again distinguished
by the action of several helicases. Among them, SRS2, SGS1 and
RRM3 genes show overlapping roles in genome maintenance as
demonstrated by growth impairments or lethal phenotypes when
mutations in these genes are combined [22,37-41]. It has been
established that these helicases perform specific functions that can-
not be executed by any another helicase (Fig. 2). As mentioned
above, the inhibition of these alternative pathways in Srs2 mutants
leads to synthetic lethal phenotypes, which can be suppressed by
preventing recombination. This suggests that the helicase double
mutants accumulate toxic HR intermediates, further supporting the
need for tight regulation of recombination during DNA replication
[22,39]. Rrm3, together with other components of the replication
fork machinery ensures fork progression in the presence of repli-
cation blockages and prevents extended fork pausing that may
occasionally lead to fork collapse [39,42-44]. The Sgs1 helicase
seems to promote fork restart using HR via generation of recombi-
nationintermediates, as well as mediating their resolution [22]. The
second mechanism involved in the restart of collapsed replication
forks requires the action of the Srs2 helicase and other members
of the RADG epistasis group, which are required for PRR. This path-
way may also lead to the formation of repair intermediates that
require processing by the activity of the Sgs1 helicase [45]. Alter-
natively, another yeast helicase Mph1 has been implicated in an
error-free DNA damage bypass pathway that requires genes from
HR [46].

The SRS2 gene was first identified as a suppressor of DNA damage
sensitivity of both rad6 and rad18 mutants (Suppressor of RAD Six
mutant 2) and this suppression requires functional HR [3,47-49].
Accordingly, Srs2 is also actively recruited to replication forks via its
interaction with SUMOylated PCNA and this recruitment favors the
use of PRR [50-52]. At the replication fork, Srs2 acts as a molecular
switch between PRR and HR by channeling DNA lesions into the
RADG6 pathway while preventing the use of an alternative recombi-
nation repair [21,26,53]. Little is known about the molecular details
of PRR, but genetic studies have revealed an intricate system of
several independent pathways, comprising error-free and error-
prone sub-pathways that allow the bypass of replication-blocking
lesions [54]. It is possible that Srs2 could act at several stages of PRR,
involving both early as well as late roles. It could prevent substrates
assigned for PRR to be repaired by recombinational mechanisms
by directly disrupting Rad51-filaments. It could also prevent or
reverse Rad51 binding to repair intermediates, which could be
important for preventing the nascent strand from pairing to gen-

erate chicken-foot structures that occur at stalled replication forks
[55]. It is also possible that Srs2 could facilitate the generation of
substrates needed for the error-prone or error free sub-pathways
of PRR [45,54]. Such ability would help to explain the increased
UV-sensitivity of rad6/rad18 strain in the srs2 mutant [23,56]. It
has been noted that Srs2 is required for some or all branches of
PRR where it could play an important role in the decision between
error-free or error-prone PRR pathways [57-59]. However, further
studies are needed to elucidate the mechanistic role of Srs2 in PPR
pathways.

5. Srs2 as part of a recombination “quality control”
mechanism

Recently, the cellular role of Srs2 at replication forks and in
the regulation of HR was addressed. A decreased requirement for
Rad52 activity during Rad51 focus formation in the srs2A mutant
was observed, suggesting that Srs2 antagonizes Rad52 in the for-
mation of Rad51 filaments [60]. This idea was further supported,
by the ability of Rad52 protein to suppress the inhibitory effect of
Srs2 on Rad51-mediated strand exchange [60]. Furthermore, Rad51
mutants, originally isolated as Rad52-interaction deficient mutants
[61], also appeared defective for the interaction with Srs2, suggest-
ing that these proteins compete for the same interaction region
on Rad51 [29]. As expected, these Rad51 mutants show resistance
to the action of Srs2 as well as an inability of Rad52 to overcome
the RPA inhibition during Rad51-mediated strand exchange [29].
Accordingly, an Srs2 mutant protein that fails to interact with Rad51
is compromised for anti-recombinase function in vitro as well as in
vivo [10,30]. However, additional mechanisms could still exist that
restrict the recruitment of HR proteins to replication forks even in
the absence of Srs2.

Based on our current knowledge, a model for a recombination
“quality control” mechanism for the repair of DSBs and dam-
aged replication forks can be proposed (Fig. 3). In one pathway of
this model, Srs2 scans the chromosomes for inappropriate Rad51-
filaments. This is in agreement with recent observations showing
that deletion of SRS2 results in an increase in the number of Rad51
and Rad54 foci even at genomic locations that are not relevant
to HR, confirming the loading of HR proteins at inappropriate
sites [60]. Srs2 anti-recombinase activity is able to remove Rad51
molecules from ssDNA that are subsequently occupied by RPA, thus
making the DNA inaccessible for Rad51 reloading. In addition, the
RPA-coated ssDNA, as a common structure generated at the sites
of DNA damage or as a result of Srs2 anti-recombinase activity,
is a target for modification as well as responsible for recruitment
of the checkpoint machinery [15,62,63] and/or Rad18 [64]. The
damage checkpoint once recruited may participate in the choice
of repair pathways. If required, Srs2 could also channel substrates
derived from other repair processes into the PRR pathway. When
the cell favors HR, the second pathway of this model (Fig. 3) involv-
ing Rad52 mediator activity will antagonize Srs2 by nucleating
Rad51-filaments [65-67]. Therefore, an equilibrium between these
pathways might exist allowing cells to quickly and appropriately
react to the incoming signal. Perhaps post-translational modifica-
tions or additional factors could shift this equilibrium accordingly
as a part of a quality control mechanism. Future studies should
provide details of how such regulation determines the fate of DNA
repair at replication forks. Interestingly, the C-terminal region of
Srs2 can be envisioned as a control node that integrates motor
activity of Srs2 with protein interactions (Fig. 1). Similarly, Rad52
is also modified by phosphorylation and SUMOylation [68,69]. In
summary, it is attractive to speculate that a cooperative or coordi-
nated regulatory mechanism exists that determines the outcome
of repair events at common HR intermediates.
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Fig. 3. Multifunctional role of Srs2 and other helicases during DNA repair and homologous recombination. RRM3 prevents the replication fork from stalling and collapsing.
However, when this happens stalled or broken forks activate the intra-S-phase or DNA damage checkpoints, respectively. Also the RPA-ssDNA complex triggers a checkpoint
response. Srs2 and Sgs1 serve distinct as well as overlapping functions in the regulation of recombination bypass of replication forks. Collapsed or broken forks are channeled
either to Rad51-mediated recombination or Rad51-independent PRR. Sgs1 is involved in processing DSBs to generate 3’ tails for Rad51 filament formation and together with
other helicases facilitate fork reversal. Srs2 and Rad52 are part of a “quality control” mechanism that influences the efficiency of repair via alternative routes. The quality
control mechanism allows the cell to regulate the outcome of the intermediate, RPA-ssDNA or Rad51-filament, formed during repair. Srs2 and Mph1 or Sgs1 also play a
downstream role in SDSA and DSBR, respectively. A synthetic lethal interaction between these helicases is due to the generation of toxic recombination intermediates, as
deletion of recombination genes suppresses the lethality. The only difference is that deletion of the RAD52 gene that does not alleviate the synthetic phenotype, arguing for a
role of a Rad52-mediated and Rad51-independent process (BIR or SSA) as an alternative repair pathways. However, it should also be noted that Rad51 could be required for a
specific role at blocked forks as suggested for bacterial RecA. It was proposed that RecA binds to the ssDNA region on the blocked lagging strand, and that this RecA filament
invades the homologous leading strand, thus forming a reversed fork [103,104]. Also in yeast, recombination and template switching had previously been considered as
separate mechanisms. Recent studies suggest that Rad51 and Rad18 have overlapping functions in the formation of sister-chromatid joint molecules after MMS treatment

[45].

6. Srs2 and additional roles in DNA repair

Interestingly, even though Srs2 suppresses spontaneous recom-
bination events via its anti-recombinase activity, the same activity
also facilitates DSB repair by the synthesis-dependent single-strand
annealing (SDSA) pathway [70,71]. Srs2 channels recombination
intermediates into non-crossover pathways to minimize cross-
ing over. During SDSA, Srs2 could facilitate strand displacement
and/or displacement of Rad51 from non-invading ssDNA in the D-
loop structure, thus preventing second-end capture. A role of Srs2
downstream of the strand invasion step and possibly in promot-
ing double-strand break repair is further supported by the failure

to detect accumulation of recombination intermediates in srs2 or
pol30 mutants in contrast to sgs1 and ubc9 mutants [72,73]. In
addition, the Srs2 mutants defective in ATP binding and hydrolysis
display a hyper-recombination phenotype that is even more pro-
nounced than in a srs2 deletion strain, suggesting that when Srs2 is
absent, recombination is used to repair spontaneous DNA damage,
but when a defective Srs2 protein is present, it might impede alter-
native pathways of repair [7]. The ability of Srs2 to remove Rad51
from ssDNA might also be required during other alternative repair
pathways, including break-induced replication (BIR) and single-
strand annealing (SSA) [74-77]. It has been recently observed that
Srs2 is recruited to DSBs by Nejl to promote NHE] via SSA-like
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repair [75]. In this pathway, Rad52-dependent strand annealing
and subsequent repair are probably achieved by Srs2-mediated
removal of Rad51 from ssDNA overhangs. This mechanism could
help to explain why Srs2 is recruited to HR foci independent of
Rad51 [60].

Srs2 has also been implicated in maintaining the stability of trin-
ucleotide repeats, which are known to be responsible for a series of
hereditary neurological disorders. Mutation in srs2 leads to triplet
repeat expansion. The function of Srs2 in preventing expansion is
dependent on its helicase activity, requires connection with poly-
merase 9, but it is not dependent on recombination [78]. Srs2 is
more efficient than Sgs1 and UvrD in unwinding substrates that
mimic the triplet repeat hairpin, which is believed to be the rel-
evant intermediate during expansions in vivo [79,80]. However,
a recent study of long trinucleotide repeats established depen-
dency, but to different degrees, on RAD52 and RAD51, in both srs2
and sgs1 mutants [81]. This discrepancy could reflect a possible
repeat size threshold that triggers HR [81]. In general, Srs2 seems
to be responsible for prevention of repeat expansions that could
arise via hairpin formation on the nascent lagging strand. In con-
trast, mutation in SGS1 leads to contractions, suggestive of a role in
unwinding hairpins that form on the lagging-strand template [81].
Nevertheless, other data point towards a role for Sgs1 in large-scale
repeat expansions, possibly via a template switching mechanism
[82].

7. Regulation of Srs2 activities

The roles of Srs2 in a number of different repair processes
necessitate the proper regulation of its activity. Regulation and
communication of Srs2 with cell cycle checkpoint pathways may
provide a means to chose the most appropriate method to over-
come stalled replication forks and other types of DNA damage.
The post-translational modification of Srs2 could regulate the
availability of specific DNA substrates that either favor homolo-
gous recombination or promote the use of alternate pathway to
bypass the damage, such as template switching. In general, SRS2
is expressed at low levels and its expression is coordinated with
DNA synthesis genes, which are induced at the G1-S transition. In
addition, Srs2 expression is induced by UV irradiation, but this is
restricted to G2 cells [83].

Srs2 is also regulated by phosphorylation, which occurs follow-
ing activation of the intra-S-phase checkpoint and this requires
Dun1, Mec1 and Rad53 kinases [36]. Several studies have sug-
gested that regulation of Srs2 can also be achieved through its
recruitment to replication forks viaits interaction with SUMOylated
PCNA [50,51]. Accordingly, Srs2 was shown to form S-phase foci
in a PCNA-SUMO dependent fashion; mutants deficient for PCNA
SUMOylation or Srs2 lacking the SUMO interaction domain failed
to form replication foci [60]. Conversely, recruitment of Srs2 to DSB
foci is independent of PCNA interaction and also does not require
interaction with Rad51. Instead, SUMOylation of Srs2 and the pro-
tein Siz1 plays a role in Srs2 recruitment to these foci [60]. Thus,
recruitment of Srs2 to replication forks and other sites of recombi-
nation are genetically distinct processes. Perhaps SUMOylation of
Srs2 itself is involved in its recruitment, as Srs2 was shown to inter-
act with Smt3 (SUMO) and is SUMOylated both in vitro and in vivo
([84,85]; Krejci and Zhao, unpublished data). It is also possible that
Srs2 regulation is under the direct control of components of the PRR
pathway. For example, ubiquitination of Srs2 mediated by either
Rad6 or Mms2/Ubc13 ubiquitin-conjugating activities could regu-
late its activities or recruitment. Understanding the nature of Srs2
regulation will help to clarify the complex relationships between
DNA replication, repair and recombination and will be a key chal-
lenge for the future.

8. The search for human homologs

Srs2 shares a core architecture with other members of the
SF-1 family of helicases, including UvrD, PcrA, and Rep [86-88].
UvrD appears to be both structural and functional homolog of
Srs2 as it also disrupts formation of RecA filaments and has a
role in replication fork maintenance [89,90]. Importantly, Srs2 also
contains an additional C-terminal region that possesses many inter-
action as well as regulatory domains that may be responsible for
its other specialized functions (Fig. 1). Fission yeast contains a
sequence homolog of Srs2 that shares a number of phenotypes
with its budding yeast Srs2 homolog, including hyper-sensitivity to
DNA damaging agents, hyper-recombination, and several synthetic
lethal interactions [91,92]. However, unlike in budding yeast, the
fission yeast homolog is not required for channeling lesions to the
PRR pathway [92,93] and can act on stalled or collapsed replication
forks independently of PRR [93]. Interestingly, S. pombe (unlike S.
cerevisiae) contains an additional Srs2-like protein, the F-box heli-
case Fbh1 that appears to serve in an overlapping manner with Srs2
to alleviate stress caused by DNA damage [94,95]. Mutation in the
fission yeast FBH1 gene leads to a phenotype and genetic interac-
tions that resemble those of srs2 mutant, suggesting that spFbh1
does indeed act as an anti-recombinase [95-97]. In addition, the
expression of hFBH1 can partly complement the srs2 phenotypes
in S. cerevisiae [98] and mutation of chicken FBH1 in DT40 cells
leads to a slight increase in SCE [94]. Despite their functional simi-
larities, spFbh1 and spSrs2 likely target different HR intermediates
[95]. In contrast to Srs2, spFbh1 does not seem to interact with
Rad51 and the deletion mutant does not affect spontaneous recom-
bination at direct repeats [95]. The duplication of the SRS2 locus in
certain species suggests that gene duplication might have facili-
tated their rapid evolution towards specialized functions [99]. It
also remains possible that some of the RecQ helicases also possess
one or more of the activities of the Srs2 protein (see accompany-
ing reviews). For example, similar to Srs2, RecQL5 was shown to
displace Rad51 from ssDNA and acts to suppress recombination in
human cells [100]. In addition, BLM and RTEL1 were also shown
to inhibit Rad51-mediated SDSA reactions by dissociating D-loops
[16,101], this however might reflect an alternative pathway, similar
to yeast Mph1 [9].

It is apparent that cells possess a number of over-lapping and
compensating anti- and pro-recombination activities associated
with Srs2, Fbh1, RecQ helicases, and other helicases (FML1, RTEL1
and others). Each of these helicases contributes to genome sta-
bility without strict functional conservation among species. It is
likely that the distinct roles played by these helicases are a direct
consequence of their association with other cofactors. However,
functional redundancy clearly exists between this group of heli-
cases, whichillustrates the importance of regulating recombination
reactions. Despite the apparent functional overlap, mutants in
these helicases clear exhibit distinct cellular phenotypes as well
as characteristics indicative of specific functions alone or in com-
bination with other factors. Understanding how these activities
cooperate and compensation for each other will continue to provide
valuable insights for understanding genome maintenance.
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ABSTRACT

Homologous recombination (HR) plays a vital role in
DNA metabolic processes including meiosis, DNA
repair, DNA replication and rDNA homeostasis. HR
defects can lead to pathological outcomes,
including genetic diseases and cancer. Recent
studies suggest that the post-translational modifi-
cation by the small ubiquitin-like modifier (SUMO)
protein plays an important role in mitotic and
meiotic recombination. However, the precise role
of SUMOylation during recombination is still
unclear. Here, we characterize the effect of
SUMOylation on the biochemical properties of the
Saccharomyces cerevisiae recombination mediator
protein Rad52. Interestingly, Rad52 SUMOylation is
enhanced by single-stranded DNA, and we show
that SUMOylation of Rad52 also inhibits its DNA
binding and annealing activities. The biochemical
effects of SUMO modification in vitro are
accompanied by a shorter duration of spontaneous
Rad52 foci in vivo and a shift in spontaneous mitotic
recombination from single-strand annealing to gene
conversion events in the SUMO-deficient Rad52
mutants. Taken together, our results highlight the
importance of Rad52 SUMOylation as part of a
‘quality control’ mechanism regulating the efficiency
of recombination and DNA repair.

INTRODUCTION

DNA double-strand breaks (DSBs) are one of the most
toxic kinds of chromosome damage that are implicated
in cancer and many other diseases. A single unrepaired
break can lead to aneuploidy, genetic aberrations or
cell death. DSBs are caused by a vast number of
endogenous and exogenous agents including genotoxic
chemicals or ionizing radiation, as well as through repli-
cation of a damaged DNA template or replication fork
collapse. In the yeast Saccharomyces cerevisiae, homolo-
gous recombination (HR) is the major pathway for repair
of DSBs (1).

Genes of the RADS52 epistasis group mediate HR. The
members of this gene group were identified by mutants’
sensitivity to ionizing radiation or their deficiency in DSB
repair, and they include RADS50, RADS51, RADS52, RAD54,
RADS55, RAD57, RADS59, RDH54/TID1, MREII and
XRS?2. These genes are also needed for HR and chromo-
some segregation in meiosis I and are in general highly
conserved among eukaryotes (2,3).

HR involves DNA homology search and DNA strand
invasion to form a joint between the recombining DNA
molecules. These reaction steps are mediated by the
Rad51 recombinase, an orthologue of the Escherichia
coli RecA recombinase (4). In the presence of ATP,
Rad51 binds single-stranded DNA (ssDNA) and forms a
right-handed filament called the presynaptic filament.
Since the assembly of the presynaptic filament proceeds
rather slowly, it is prone to interference by other
competing factors such as replication protein A (RPA)
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(5,6). RPA is a heterotrimeric ssDNA-binding protein
with a complex role in HR. In vitro, it was shown that
RPA stimulates recombination by eliminating secondary
structures in ssDNA and stabilizing the displaced strand
of the D-loop. However, due to its very high affinity for
ssDNA, it can prevent Rad51 from binding ssDNA, thus
leading to the inhibition of presynaptic filament formation
(7). This inhibitory effect can be overcome by the recom-
bination mediator activity of Rad52 (1).

Rad52 multimerizes and forms a ring structure (8). The
assembly of a ring structure requires sequences in the evo-
lutionary conserved N-terminal domain of Rad52, which
also possesses a DNA binding activity with a preference
for ssDNA (9). Yeast Rad52 can interact with Rad51 as
well as with RPA to help ensure the efficient displacement
of RPA from ssDNA by Rad51 (10-12). The interaction
with RPA is mediated by a domain within the middle
portion of Rad52, while the carboxyl terminus harbours
the Rad51 interaction domain (13,14). Moreover, the
C-terminal domain also possesses a DNA binding
activity and alone has recombination mediator activity
(5). A robust DNA annealing activity has been described
for Rad52 as well (9).

Many proteins participating in HR can be
post-translationally modified by the small ubiquitin-like
modifier (SUMO) protein, and this modification can po-
tentially influence the biochemical activity and function of
the target protein. Recently, Sacher er al. (15) identified
the residues that serve as SUMO acceptor sites in Rad52.
In addition to the SUMO-conjugating enzyme Ubc9,
Rad52 modification is stimulated by the SUMO ligase
Siz2 (15). SUMO was shown to protect Rad52 from
proteasomal degradation and to facilitate the exclusion
of Rad52 recombination foci from the nucleolus to
maintain a low level of recombinational repair at the ribo-
somal gene locus (16).

Here, we show that the SUMOylation of Rad52 is sig-
nificantly stimulated in the presence of ssDNA in vitro.
We find that enhanced SUMOylation is mediated via
the C-terminal DNA binding domain of Rad52 and
requires lysine K253. Moreover, we demonstrate that
SUMOylated Rad52 exhibits lower affinity towards
ssDNA and dsDNA, and also has reduced single-strand
annealing activity. These data provide mechanistic infor-
mation regarding the role of SUMOylation in the regula-
tion of the biochemical activities of Rad52.

MATERIALS AND METHODS
Genetic methods, yeast strains and plasmids

Yeast strains were manipulated using standard genetic
techniques, and media were prepared as previously
described (17). All strains used in this study are RADS
derivatives of W303 (Supplementary Table S1) (18,19).
To generate the (His)s-RADS2(N+ M )::pETI1d
plasmid, the (His)s-RADS2::pETI11d plasmid was
digested with BamHI. The resulting DNA product was
isolated from agarose gel, ligated and sequenced. The
plasmids expressing the rad52 (K43,44R), rad52
(K253R) and rad52 (K43,44,253R) mutants were

constructed by site-directed mutagenesis using specific
primers (Supplementary Table S2). The amino acid num-
bering corresponds to translation from first ATG of
GenBank accession number CAA86623 for Rad52
protein.

DNA substrates

Oligonucleotides were purchased from VBC Biotech.
The sequences of the oligonucleotides are shown in
Supplementary Table S2. Oligo-1 and Oligo-3 were
modified with fluorescein at the 5 end. The DNA sub-
strates were prepared by mixing an equimolar amount
of the constituent oligonucleotides in the hybridization
buffer H (SOmM Tris—-HCI, pH 7.5, 100mM NacCl,
10mM MgCl,), heated at 90°C for 3min, and cooled
slowly to room temperature to allow DNA annealing.
The annealed DNA substrates were purified by fraction-
ation in a 1-ml Mono Q column (GE Healthcare Life
Sciences) with a 20-ml gradient of 50-1000 mM NacCl in
10mM Tris—-HCI, pH 7.5. Peak fractions were filtered,
dialysed into S0 mM Tris—HCI, pH 7.5, containing 5SmM
MgCl, and concentrated in a Vivaspin concentrator with a
SkDa cutoff. The concentration of the DNA substrates
was determined by absorbance measurement at 260 nm.

Recombinant protein expression and purification

The various Rad52 species were expressed and purified
with modifications as described (5). Rad51 and RPA
proteins were purified as described (4,20).

Purification of Aosl/Uba2 complex (EI protein). The
Escherichia coli strain BL21(DE3) transformed with
plasmid for expression of El (Aosl/Uba2 complex)
protein (a kind gift from Dr B. Schulman) containing
GST-tagged Aosl was induced with 0.5mM IPTG for
3h at 37°C. The cells were pelleted and stored at —80°C.
The cell pellet (7g) was resuspended in 25ml of cell
breakage buffer (CBB) (50 mM Tris—HCI, pH 7.5, 10%
sucrose, 2mM EDTA) containing 150 mM KCI, 0.01%
NP40, 1mM B-mercaptocthanol, sonicated and
centrifuged (100000g, 90 min). Clarified supernatant was
loaded onto 7-ml SP-sepharose column with its outlet con-
nected to a 7-ml Q-sepharose column (Amersham
Biosciences). Both columns were pre-equilibrated with
buffer K 20mM K,HPO,, 10% glycerol, 0.5mM
EDTA) containing 100mM KCIl. The Q-sepharose
column was subsequently eluted with a 70-ml gradient of
100800 mM KCI in buffer K. Peak El protein fractions
eluting around 330-470 mM KCI were pooled and mixed
with 800 ul of GTH-sepharose (Amersham Biosciences)
washed in buffer K containing 100mM KCI for 1h at
4°C. The GTH-sepharose with bound proteins was
washed with 8 ml of 100 mM KClI in buffer K and eluted
in steps with 800 pul of 10, 50, 100 or 200 mM glutathione
(GTH) in buffer K containing 100mM KCI. The peak
fractions eluting within the range of 10-100mM GTH
were loaded onto a 0.5-ml Mono Q column followed by
elution using 5-ml gradient of 100-700 mM KCI in buffer
K. The main fractions of El protein eluting from the
Mono Q column at ~560 mM KCI were concentrated in
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a Centricon-30 to Spug/ul and stored in small aliquots
at —80°C.

Purification of Ubc9 (E2 protein). The plasmid (a kind
gift from Dr Erica Johnson) expressing E2 (Ubc9)
protein containing (His)6-affinity tag was introduced
into E. coli strain BL21(DE3). Overnight culture grown
at 37°C in 2xTY medium was diluted 100-fold into
fresh 2xTY medium and incubated at 37°C. The
overexpression of E2 was induced by addition of 0.1 mM
IPTG followed by an incubation at 25°C overnight.
To prepare cell extract, 13g of cell pellet was thawed
in 20ml of CBB containing 150mM KCI, 0.01%
NP40, 1 mM B-mercaptoethanol and protease inhibitor
cocktail (pepstatin, leupeptin, aprotinin, chymostatin,
benzamidine and phenylmethylsulfonyl fluoride). The
cells were disrupted by sonication and the crude extract
was clarified by centrifugation (100000g, 4°C, 90 min).
The supernatant was passed through a 7-ml column of
Q-sepharose and the flow-through fraction was applied
directly to a 7-ml SP-sepharose column that was eluted
with 70-ml gradient of 100-750 mM KCI in buffer K. E2
protein eluted from SP-column at 290-370 mM KCI. The
peak fractions were mixed with 750 pl of Ni-NTA agarose
(Qiagen) for 75min at 4°C. The beads were washed with
7.5ml of buffer K containing 100 mM KCI followed by a
7.5ml wash with buffer K containing 100 mM KCIl and
10 mM imidazole. E2 protein was then eluted with buffer
K containing 100 mM KCI and 50, 150 or 300 mM imid-
azole, respectively. The fractions eluted from Ni-NTA
agarose column from 50 to 150mM imidazole were
pooled, applied onto a 1-ml Mono S column, and eluted
using a 10-ml gradient of 100-750 mM KCI in buffer K.
E2 protein eluted at 360-510mM KCI was concentrated
to 20 pg/pl in a Centricon-30 and stored in small aliquots
at —80°C.

Purification of SUMO protein. The plasmid containing
the SUMO (Smt3) gene containing both (His)6-affinity
and FLAG tags (a kind gift from Dr Erica Johnson)
was introduced into E. coli strain BL21(DE3). Overnight
culture grown in 2xTY medium at 37°C was diluted
100-fold into fresh medium and incubated at 37°C until
OD600 reached 0.8. At that time, IPTG was added to
0.5mM, and the culture was incubated at 37°C for 3 h.
The cells were harvested by centrifugation and stored at
—80°C. Extract from 5g of cell paste was prepared by
sonication in 25ml of CBB containing 150mM KCI,
0.01% NP40, 1mM B-mercaptoethanol and protease
inhibitor cocktail. The lysate was clarified by ultracentri-
fugation and the resulting supernatant was passed in
tandem over SP- and Q-sepharose columns (7ml each).
The Q-column was then eluted with a 70-ml gradient of
100-750mM KCI in buffer K. The SUMO-containing
fractions (370470mM KCIl) were pooled and mixed
with 600 1l Ni-NTA agarose. The bead-bound proteins
were washed with 6ml of buffer K containing 100 mM
KCl, followed by 6-ml of buffer K containing 100 mM
KCl and 10mM imidazole. The bound proteins were
eluted with buffer K containing 50, 150, or 300 mM imid-
azole and 100 mM KCI. The fractions with SUMO protein
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eluting from 50 to 300 mM imidazole were pooled and
loaded onto a 0.5-ml Mono Q column and then eluted
with a 5-ml gradient of 100-900mM KCI in buffer K.
The peak fractions (400-700mM KCI) were pooled,
concentrated in a Centricon-30 to 10 ug/ul and stored
at —80°C.

In vitro SUMOQylation assay

The assay was performed in a 20 pl reaction volume con-
taining 5.6 uM of purified SUMO protein (Smt3), 400 nM
El protein (Aosl/Uba2), 2.8uM E2 protein (Ubc9),
2.5mM ATP, buffer S (50mM HEPES, 100mM NaCl,
10mM MgCl,, 0.1 mM DTT) and 2.7-4.1 uM of various
Rad52 proteins. Reactions were incubated at 30°C for 3 h,
stopped by addition of 30pul of SDS Laemmli buffer
(62.5mM Tris—HCI, 2% SDS, 5% p-mercaptoethanol,
10% glycerol, 0.002% bromphenol blue) and analysed
by SDS-PAGE and western blotting. The quantification
of Rad52 SUMOylation was done using Quantity One
software (Bio-Rad) and is presented as a ratio of
mono-SUMOylated versus non-modified Rad52.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded at 10°C
using a Jasco J-810 spectrometer (Jasco, Tokyo, Japan)
coupled with Peltier temperature controller. Data were
collected from 195 to 340nm, at 100nm/min, 1s
response time and 2nm bandwidth using a 0.1 cm quartz
cuvette containing studied protein/DNA in 20 mM phos-
phate buffer and 50mM KCI (pH 7.5). CD difference
spectrum was calculated by subtracting spectrum of
DNA from that of protein-DNA complex. Each
spectrum represents an average of 10 individual scans
and is corrected for absorbance caused by the buffer.
CD data were expressed in millidegrees (instrument units
of CD).

Electrophoretic mobility shift assay

Indicated amounts of various forms of Rad52 protein
were incubated with fluorescently-labelled DNA sub-
strates (0.44 uM nucleotides) at 37°C in 10 ul of buffer B
(50 mM Tris—HCI, pH 7.8, 5SmM MgCl, and 1 mM DTT)
for 10min. After the addition of gel loading buffer
(60% glycerol, 10mM Tris—-HCI, pH 7.4 and 60 mM
EDTA), the reaction mixtures were resolved in 7.5%
native polyacrylamide gels in TBE buffer (40 mM Tris—
HCI, 20mM boric acid, 2mM EDTA, pH 7.5) at 4°C,
and the DNA species were quantified using Quantity
One software (Bio-Rad).

Single-strand annealing assay

The assay was essentially done as described previously
(14). Oligo-2 and fluorescently labelled Oligo-1 (0.26 uM
nucleotides) were incubated in separate tubes at 37°C for
3min in the absence or presence of RPA (20nM) in 20 pl
of buffer D (40 mM Tris—HCI, pH 7.5, 50 mM KCI, 1 mM
DTT and 100pg/ml bovine serum albumin (BSA)).
Varying amounts of Rad52 or Smt3-Rad52 were added
to the tube containing Oligo-2 and then mixed with
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Oligo-1. The completed reactions were incubated at 37°C
for 8 min. At the indicated times, 9pl of the annealing
reactions was removed and treated with 0.5% SDS, and
500 pg/ml proteinase K at 37°C for 10min in a total
volume of 10 pl. The individual samples were resolved in
12% native polyacrylamide gels run in TBE buffer. DNA
annealing was quantified as the portion of the
fluorescently-labelled Oligo-1 that had been converted
into the double-stranded form.

Binding of Rad52 to Rad51 and RPA immobilized
on Affi-gels

Affi-gel 15 beads containing either Rad51 (Affi-Rad51;
300ng/ul) or RPA (Affi-RPA; 350 ng/ul) were prepared
as described previously (21). Purified Rad52 or Smt3-
Rad52 were mixed with 30 ul of Affi-Rad51 or Affi-RPA
in 25l of buffer T (20mM Tris—HCI, pH 7.5, 150 mM
KCl, ImM DTT, 0.5mM EDTA and 0.01% NP40) for
30min at 4°C. The beads were washed twice with 100 pl
of buffer T before being treated with 30pul of SDS
Laemmli buffer to elute bound proteins. The supernatant
that contained unbound Rad52 or Smt3-Rad52 protein,
and the SDS eluate (10 ul each) were analysed by SDS—
PAGE in 10% gel.

Gel filtration

A Sephacryl S400 column (25ml total) was used to
monitor the oligomeric status of Rad52 and
SUMOylated Rad52 proteins. The proteins were filtered
through the sizing column at 0.1ml/min in buffer
K containing 200mM KCI, collecting 0.5ml fractions.
The indicated column fractions were separated by SDS—
PAGE electrophoresis to determine contents of the
Rad52, or SUMOylated Rad52 proteins, respectively.

Determination of mitotic recombination rates

Interchromosomal and direct-repeat recombination
between non-functional /eu2 heteroalleles was measured
as described (22), except that the single colonies were
inoculated into liquid SC medium containing 100 pg/ml
adenine. The plating efficiency and the number of recom-
binants were determined by plating an appropriate
number of cells on SC and SC-Leu medium. After
3 days at 30°C, the number of colonies was counted.
The Leu" colonies were replica-plated to SC-Leu-Ura in
order to distinguish between gene conversion (Ura") and
single-strand annealing (Ura™) events in the direct-repeat
assay. For each strain, 15-19 independent trials were
carried out. The corresponding recombination rates and
their standard deviations were calculated according to the
median method (23). The rate of ADE2 marker loss at the
rDNA was determined as described (24). In brief, single
colonies were grown overnight in liquid YPD medium at
30°C. Then, cultures grown to exponential phase were
diluted before plating an appropriate number of cells on
YPD. After 3 days at 30°C, the number of half-sectored
red-white colonies was counted as a direct measure of the
rDNA recombination rate.

Analysis of meiotic recombination

Sporulation was induced by replica-plating of the fresh
patch of cells from solid YPD to SPO medium and
followed by incubation at 30°C for 3 days. Next, cells
were resuspended in H>O and inspected microscopically
to determine the sporulation efficiency. For each strain,
18 four-spore tetrads were dissected to determine the
germination efficiency. To determine the meiotic recom-
bination frequency and relative viability, ODygoy was
measured and cells were sonicated before plating an
appropriate number of cells on SC and SC-Leu medium.

Analysis of inverted-repeat substrate recombination and
break-induced replication

Recombination between inverted repeats was assayed
using the ade2-5'A:TRPI1::ade2-n system (provided by
L. Symington, Columbia University, New York, NY,
USA). The experiments were essentially performed as
described (23). A chromosome fragmentation assay was
used to measure the efficiency of break-induced replication
(BIR) in Rad52 SUMOylation-defective mutant. The
experiments were performed as previously described (25).

Microscopy

Cells were processed for fluorescence microscopy as
described previously (26). Yellow fluorescent protein
(YFP) was visualized using a band-pass YFP (Cat.
no. 41028) filter set from Chroma (Brattleboro, VT,
USA). Images were acquired with a 10% neutral density
filter in place to reduce photobleaching and phototoxicity.
Fluorescence intensities were measured in arbitrary units
(AU) using Volocity software (Improvision).

Results
Enhancement of Rad52 SUMOylation by ssDNA

Previous studies have shown that Rad52 protein is
SUMOylated at lysines K43, K44 and K253 in response
to DNA damage [Figure 1A, (15)]. To define the biochem-
ical requirements of this reaction, we have established an
in vitro SUMOylation assay using purified yeast Ubc9,
Aosl, Uba2 and Smt3 (SUMO in yeast) proteins
(Figure 1B and Supplementary Figure S3). Addition of
Rad52 protein to this reaction resulted in its modification
(Figure 2A). We have also confirmed that lysines K43, 44
and 253 are the major in vitro SUMO conjugation sites as
observed in vivo [(15), Supplementary Table S3)]. Since
Rad52 is known to bind both ssDNA and dsDNA, we
decided to assess the effect of DNA on Rad52
SUMOylation. Importantly, when the SUMOylation of
Rad52 was performed in the presence of ssDNA
cofactor, we noticed a significant stimulation of the
SUMO modification (~3-fold, Figure 2A). That Rad52
was modified by SUMO conjugation was confirmed by
immunoblotting with anti-Smt3 and anti-Rad52
antibodies (Figure 2B and C). In contrast, the addition
of dsDNA did not enhance the level of SUMOylated
Rad52 species (Figure 2A), suggesting that only ssDNA
binding confers this  stimulation. Interestingly,
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Figure 1. Purification of Rad52 species and SUMO machinery proteins. (A) Schematic representation of functional domain within S. cerevisiae
Rad52 protein, including the positions of known SUMO acceptor lysines. The RPA interaction domain (black box, residues 308-311) and Rad51
interaction domain (grey box, residues 409—412) are indicated. (B) Purified SUMO machinery proteins: GST-tagged Aosl/Uba2 heterodimer (1 pg),
(His)¢-tagged Ubc9 and Smt3 proteins (1 pg each) were run on a 15% SDS-PAGE and stained with Coomassie blue. (C) Purified (His)s-tagged
Rad52 species (1 pug each): Rad52, Rad52 (K43,44R), Rad52 (K253R) and Rad52 (K43,44,253R) were run on a 10% SDS-PAGE and stained with

Coomassie blue.

experiments with titration of ssDNA showed that stimu-
lation of Rad52 SUMOylation was optimal when the ratio
of Rad52 to nucleotides reached approximate ratio 1:37
(Figure 2D and E). This is in good correlation with pre-
viously published data indicating that Rad52 protein
binds ~36 nt of ssDNA (27). Maximum stimulation cor-
responded up to 25% of modified Rad52 protein.
Altogether these data show that: (i) Rad52 can be
SUMOylated in vitro, (ii) the pattern of SUMOylation is
identical to that observed in vivo and (iii)) Rad52 binding
to ssDNA stimulates its SUMOylation.

Binding of ssDNA causes a conformational change
in RadS52

Stimulation of Rad52 SUMOylation by ssDNA prompted
us to test whether ssDNA binding could cause conform-
ational changes in the Rad52 protein. Therefore, we
measured and compared CD spectrum of Rad52 alone
and difference spectrum of Rad52 in the presence of
DNA (Figure 2F; red and green squares, respectively).
The results provided evidence that interaction of Rad52
protein with ssDNA induced a conformational change in
the protein. This conformational change takes place
without any alteration in the structure of the DNA,
since the DNA spectrum did not change above 240 nm.
We attribute the increased magnitude of the negative
bands to an increase in the o-helicity of Rad52 (28). In

summary, binding of ssDNA results in a conformational
change within Rad52 equivalent to an increase in the
a-helicity.

ssDNA bound by RPA but not by Rad51 can stimulate
SUMOylation of RadS52

The ssDNA generated during DSB repair is often pro-
tected by interaction with other ssDNA binding
proteins, namely RPA and Rad51. Therefore, we tested
if RPA- or Rad51-bound ssDNA is still accessible for
interaction with Rad52 and whether it enhances Rad52
SUMUOylation. We pre-incubated ssDNA with increasing
amounts of RPA protein and examined the effect of
RPA on Rad52 SUMOylation in vitro. Under the experi-
mental conditions, RPA bound efficiently to ssDNA
(Supplementary Figure S4) with stoichiometry of one
RPA trimer per up to 30nt. As shown in Figure 3A and
B, the level of stimulation was similar to that without
RPA, suggesting that ssDNA coated with RPA can
enhance Rad52 SUMOylation. Even with a 2-fold molar
excess of RPA over the ssDNA (Figure 3A, lane 8), stimu-
lation of Rad52 SUMOylation is comparable to that
observed with ssDNA (Figure 3A, lane 3). Next, we
pre-incubated ssDNA with increasing amounts of Rad51
protein to form presynaptic filaments. Notably, this DNA
was no longer accessible for Rad52 and resulted in
decreased Rad52 SUMOylation to the basal level
observed in the absence of ssDNA (Figure 3C and D).
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Figure 2. In vitro SUMOylation of Rad52 is stimulated by ssDNA. (A) The effect of ssDNA and dsDNA on Rad52 SUMOylation. In vitro
SUMOylation assays were performed with recombinant Aosl/Uba2 (400nM), Ubc9 (2.8 uM) and Smt3 (5.6 uM) in the presence or absence of
ATP (2.5mM), Rad52 (2.7 uM), 83-mer ss-DNA (100 pM nucleotides) or dsDNA as indicated. The reaction mixtures were incubated for 3 h at 30°C,
stopped by adding 30ul of SDS Laemmli buffer and analysed on 7% SDS-PAGE followed by silver staining. The hash symbol indicates high
molecular poly-SUMOylated species of Rad52 and E1. The number at the bottom of the gel represents the ratio of modified and unmodified Rad52.
SUMOylated RadS2 protein was confirmed by western blotting using anti-Smt3 (B) or anti-Rad52 (C) antibodies. (D) In vitro SUMOylation assay
on Rad52 protein carried out without DNA (lanes 1 and 2) or with increasing amount of 83-mer ssDNA (15, 50, 100, 150, 300 pM nucleotides; lanes
3-7). The hash symbol indicates high molecular weight SUMOylated species. (E) Graphical representation of the gel in panel D, as a ratio of
mono-SUMOylated versus non-modified Rad52. (F) The CD spectrum of 83-mer ssDNA (black), Rad52 (red) and the Rad52-ssDNA complex
(white). The difference spectrum (green) represents values for Rad52 in the complex with DNA from which the spectrum of DNA has been
subtracted. To form the complex, protein and DNA were incubated together for 10min at 37°C prior to the analysis. The concentration of the
protein was 3.87uM and the concentration of DNA was 2.24 uM. The samples were measured at 10°C in 20mM phosphate buffer containing
50mM KCl, pH 7.5.

Specifically, the maximum inhibition of Rad52 effect on Rad52 SUMOylation (Figure 3C, lane 10 and
SUMOylation occurred at 3nt of ssDNA per Rad5l data not shown). Taken together, these data indicate
monomer, corresponding to the ssDNA binding site size that ssDNA bound by RPA is fully accessible for
of Rad51 and ensuring fully coated DNA (20). Further binding by Rad52, whereas the DNA in a Rad51 nucleo-
increasing the Rad51 amount did not have any additional protein filament is not.
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Figure 3. Effect of accessibility of RPA- or Rad51-coated ssDNA on Rad52 SUMOylation. (A) RPA bound to ssDNA does not affect Rad52
SUMOylation. Increasing amounts of RPA protein (1.2, 3.5, 4.6, 5.9 and 8.3 uM) were pre-incubated with 83-mer ssDNA (100 uM nucleotides) for
10 min at 37°C and then mixed with E1 (400 nM), E2 (2.8 uM), Smt3 (5.6 uM), Rad52 (2.7 uM) and 2.5mM ATP. After 3 h incubation at 30°C, the
reactions were analysed by 7.5% SDS-PAGE and silver-stained. (B) The ratio of mono-SUMOylated versus non-modified Rad52 is presented by
quantifying the corresponding bands in (A). (C) Rad51-coated ssDNA does not stimulate Rad52 SUMOylation. The reactions were carried out as in
(A) except increasing amounts of Rad51 were used (3, 7, 14, 21, 27, 34, 41 uM). The reaction mixtures were stopped and analysed by 10% SDS—
PAGE followed by silver staining. (D) Quantification of Rad52-Smt3 conjugate from C, as a ratio of mono-SUMOylated versus non-modified
Rad52. The arrow indicates amount of Rad51 that fully coats ssDNA. The hash symbol indicates high molecular poly-SUMO chains of Rad52 and

El proteins.

The enhancement of Rad52 SUMOylation at residue
K253 is mediated via the C-terminal DNA binding domain

Rad52 SUMOylation occurs at three lysine residues:
K43, K44 and K253 (15), so we constructed and purified
Rad52 mutant proteins lacking one or more of these
SUMO-conjugation sites for the in virro studies
(Figure 1C). Interestingly, the Rad52 (K43,44R) mutant
showed a pattern of SUMOylation similar to wild-type
Rad52 both in the absence and presence of ssDNA
(Figure 4A), suggesting that ssDNA-enhanced
SUMOylation can occur at K253 alone. The other two
Rad52 mutant proteins containing the K253R mutation
[Rad52 (K253R) and Rad52 (K43,44,253R)] are strongly
impaired for Rad52 SUMOylation (Figure 4A), indicating
that residues K43 and K44 are modified as a consequence
of SUMOylation at lysine 253 (Figure 4A). This is differ-
ent to previously published data which could reflect the
presence of E3 ligase in the in vivo situation (15). To help
eliminate the possibility that the individual mutations
could affect the protein folding, we tested all our mutant
proteins for DNA binding and DNA strand annealing,
and found no difference between wild-type and mutant
proteins (Supplementary Figure S1).

Rad52 was shown to harbour two DNA binding
domains, one at the amino-terminus and the other at its
carboxyl-terminus [Figure 1A, (5)]. We wished to examine
which of these domains are responsible for enhancement

of Rad52 SUMOylation. Since this stimulation is
mediated via K253, located at the middle region of
Rad52, we checked the SUMOylation status and its
enhancement after ssDNA binding using three Rad52
fragments that harbour either the amino-terminus and
the middle portion of the protein (N+ M), the middle
portion only (M) or both the middle portion and
carboxyl-terminus (M + C). Even though all three frag-
ments can be SUMOylated in vitro, only the reaction
involving Rad52 (M+C) was stimulated by ssDNA
(Figure 4B), suggesting that the C-terminal binding
region is responsible for the SUMOylation enhancement.

SUMOylation attenuates DNA binding and
strand annealing

The effect of ssDNA on SUMOylation efficiency
prompted us to test the biochemical properties of
SUMUOylated Rad52 protein. The oligomeric status of
Rad52 prevents purification of the SUMOylated fraction
from the in vitro SUMOylation reaction. Therefore, the
SUMUOylation reaction was performed in the presence or
absence of ATP to ensure the same quantity of Rad52 for
individual experiments, leading to up to 10% of modified
Rad52. First, we tested both free and SUMOylated Rad52
for its ability to bind DNA using a well-established elec-
trophoretic mobility shift assay. The SUMOylated Rad52
showed a significant decrease in DNA binding efficiency
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Figure 4. Binding of Rad52 to ssDNA via C-terminal domain enhances the SUMOylation of lysine K253. (A) SUMOylation at lysine K253 is
stimulated by ssDNA. The standard in vitro SUMOylation reaction was done with wild-type Rad52 (2.7 uM) or SUMO-deficient acceptor lysine
Rad52 mutants: Rad52 (K43,44R), Rad52 (K253R) and Rad52 (K43,44,253R). (B) The C-terminal DNA binding domain of Rad52 is responsible for
stimulation of SUMOylation. Rad52 protein and its fragments: Rad52 (N+M) (4.13uM), Rad52 (M) containing GST-tag (3.52uM) and Rad52
(M +C) (4.03 uM) were SUMOylated in vitro in the presence or absence of 83-mer ssDNA (100 uM nucleotides) and analysed. The asterisks indicate
main SUMOylated Rad52 species. The hash symbol indicates high molecular poly-SUMO chains of Rad52 and El proteins.
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Figure 5. Rad52 SUMOylation affects its biochemical activities. (A) SUMOylation of Rad52 inhibits its binding to DNA. Increasing amounts of
Rad52 or Smt3-Rad52 (20, 40, 80, 200nM) were incubated with fluorescently labelled 49-mer ssDNA (0.49 uM nucleotides) at 37°C for 10 min. The
reaction mixtures were resolved in 7.5% native polyacrylamide gels, and the DNA species were quantified using Quantity One software (Bio-Rad).
(B) The results from (A) plotted. (C) SUMOylation of Rad52 inhibits its strand annealing activity. Labelled Oligo-1 (0.25uM nucleotides) and
Oligo-2 (0.25pM nucleotides) were incubated separately with RPA (20nM) for 3min at 37°C. The annealing reactions were initiated by mixing
RPA-coated oligonucleotides and Rad52 or Smt3-Rad52 proteins (0.7, 5, 10, 20nM) and incubated at 37°C. After 8 min of incubation, 9 ul of the
annealing reactions was removed and treated with 0.5% SDS, and 500 pg/ml proteinase K at 37°C for 10 min. The reaction mixtures were resolved in
12% native polyacrylamide gels. (D) The averaged values of results from three independent experiments are plotted.

towards both ssDNA and dsDNA (Figure 5A and B, and
data not shown). Next, we addressed whether the lower

Figure S2). This has been further confirmed in the
reaction when ssDNA is coated by RPA to reflect the

affinity towards DNA can also affect the annealing
activity of Rad52 protein. Both unmodified and
SUMOylated Rad52 were incubated with complementary
ssDNA strands, and their annealing ability was moni-
tored. Importantly, SUMOylated Rad52 showed a
lower activity in the annealing reaction (Supplementary

in vivo conditions and to prevent the effect of possible
DNA self-annealing (Figure 5C and D). No effect of com-
ponents of the SUMOylation reaction or ATP alone on
DNA binding or single-strand annealing activity was
observed (data not shown). In summary, SUMOylation
of as little as 10% of the total Rad52 protein is sufficient
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to significantly decrease Rad52 affinity towards both assayed the Rad52 oligomerization status on anti-FLAG
ssDNA and dsDNA and decrease single-strand annealing agarose beads. As shown in Figure 6A, the ratio of

activity. modified versus unmodified Rad52 protein does not

change after anti-FLAG pull-down. This was further con-
SUMUOylation of Rad52 does not affect its interactions firmed by size exclusion chromatography (Sephacryl S400,
with Rad51 and RPA see ‘Materials and Methods’ section), which showed that

Rad52 is known to self-associate (8) and interact with SUMOylation has little or no effect on the oligomeric state
other HR proteins including Rad51 (10,11) and RPA of Rad52 (Figure 6B). In summary, the oligomeric state of
proteins (12,29,30). We have tested the effect of Rad52 Rad52 is not affected upon SUMOylation. Moreover,
SUMOylation on these interactions. Since Smt3 protein ~ SUMO conjugation occurs to the same degree among
in this experiment contains the FLAG tag, we first the individual Rad52 oligomers (Figure 6A and B).

C 3o
A g o2 O\"?\a
?\a&ﬂ' 5‘(\\3’?@ \1\"0\*?\ 66?*\]\"
Q o
o R

Mw S W E S W E

-~ S W E S W E
200 —
LT p— :l # & _
97 — - — Smt3-Rad52 97 — 1 — diSmt3-Rad52(M+C)
66 — N -— o | — Rad52 - *% — Smt3-Rad52(M+C)

4 - 66 —

45 — &

« — Smt3-Ubc9 ‘ — Rad52(M+C)
— - -
29— @ °
e —-— —
1 2 3 4 5 6

a-Rad52
Wi
B D W
2\ b
TG CAT @ o
MW [ | | |
S W E S W E
MW
97 —
66 — : .
66 — T — Rad52 s — diSmt3-Rad52(M)
Fracton# 4 6 8 10 12 14 16 18 20 22 24 26 28 45 —
- — Smt3-Rad52(M)
97 —
P— — Smt3-Rad52
66 — s ——— — Rad52 29—
[ - S — Rad52(M)

Fracton# 4 6 8 10 12 14 16 18 20 22 24 26 28 1 2 3 4 5 6

a-Rad52

Figure 6. Rad52 oligomerization and interaction with RPA and Rad51 are not affected by its SUMOylation. (A) SUMOylation of Rad52 does not
influence its oligomerization status. Rad52 and Smt3-Rad52 (2.3 uM) in 40 pl of buffer S were incubated with 4 ul of anti-FLAG agarose in 10 pl of
buffer T containing 200 mM KCI for 30 min at 4°C. The beads were washed and treated with 25 ul of SDS Laemmli buffer to elute bound proteins.
The supernatant (S) that contained unbound Rad52 or Smt3-Rad52 protein, wash (W) and the SDS eluate (E) (10 pl each) were analysed on 12% gel
SDS-PAGE followed by staining with Coomassie Blue. The arrows and symbol hash denote anti-FLAG IgG and higher order SUMOylated species,
respectively. (B) Analysis of Rad52 oligomerization status by gel filtration. Purified Rad52 or Smt3-Rad52 proteins (9 uM) in 200 pl of buffer S were
filtered through a sephacryl S400 column. The indicated fractions were run on 10% SDS-PAGE followed by staining with Coomassie blue. The
elution positions of the size markers are indicated: TG, thyroglobulin (669kDa) and CAT, catalase (223kDa). (C) SUMOylation of Rad52
does not affect its interaction with RadS1. Purified Rad52(M +C) or Smt3-Rad52(M +C) (22 uM) were mixed with Affi-Rad51 beads (4,6 uM
RadS51) in 25l of buffer K and incubated for 30min at 4°C. The beads were washed and treated with 25ul of SDS Laemmli buffer to elute
bound proteins. The supernatant that contained unbound Rad52 or Smt3-Rad52 protein, wash, and the SDS eluate (5l each) were analysed by
SDS-PAGE in 12% gel followed by western blotting using anti-Rad52 antibody. (D) SUMOylation of Rad52 does not affect its interaction with
RPA. The interaction with RPA was tested using purified Rad52 (M) or Smt3-Rad52 (M) (230 pmol) and Affi-RPA (1 uM RPA) beads pre-incubated
with ssDNA (1 ug of 1MX174) for 10 min at 37°C. Both mixtures were combined in 45 pl of buffer T followed by an incubation for 30 min at 4°C and
then analysed as in panel C.
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However, we cannot exclude the possibility that
SUMOylated and unmodified subunits re-distributed
during the SUMOylation and pull-down assays. Electron
microscopy of unmodified and SUMOylated Rad52 also
revealed no difference in the oligomeric status of Rad52
(data not shown).

Next, we checked the ability of SUMOylated Rad52 to
interact with Rad51. For this purpose, we generated
Affi-Rad51 beads to use as affinity matrix for testing inter-
action with unmodified and modified Rad52. We used a
Rad52 fragment without the N-terminal oligomerization
domain [Rad52 (M + C)] to minimize its effect on the role
of SUMOylation on Rad51 interaction. The result from
this experiment showed SUMOylated Rad52 is just as
capable of Rad51 association as the unmodified protein
(Figure 6C). To test the interaction with RPA, we
generated Affi-RPA beads and performed a pull-down
assay as described previously (5). Rad52 (M) fragment
missing the N- and C-terminal DNA binding domains
was used to monitor its ability to interact with
DNA-bound RPA (5). Little or no change could be
observed between Rad52 (M) and SUMOylated Rad52
(M) for RPA association (Figure 6D). Taken together,
the above results allowed us to conclude that

SUMOylation does not affect Rad52 self-association or
its interaction with Rad51 and RPA.

Rad52 SUMOylation regulates recombination in vivo

To address the effects of Rad52 SUMOylation in vivo, we
examined the SUMO-deficient mutants (rad52-K43,44R,
-K253R or -K43,44,253R) using several recombination
assays. In agreement with previous work (15), we found
that these mutations did not dramatically affect the rate of
intra- or inter-chromosomal recombination during mitosis
(Tables 1 and 2), but caused a shift from single-stranded
annealing to gene conversion events (Table 1). In addition,
these mutations resulted in slight hyper-recombination
phenotype in rDNA recombination [Table 3, (16)].

We also expanded the previous studies and examined
the effect of rad52 SUMOylation mutants in additional
mitotic and meiotic recombination assays. We found
that rad52-K43,44,253R exhibited 60% of a wild-type
level of BIR (Table 4), suggesting that Rad52
SUMOylation contributes positively to this type of recom-
bination. In meiosis, although all three rad52 SUMO
mutants exhibited wild-type levels of recombination
at the /leu2 locus (Table 5), rad52-K43,44,253R, but
not rad52-K43,44R and rad52-K253R cells exhibited

Table 1. Effect of rad52 SUMOylation-defective mutants on mitotic heteroallelic and direct-repeat recombination

Genotype Heteroallelic Fold change Direct-repeat Fold change P-value Fraction P-value
recombination relative recombination (x10~%)* relative (direct-repeat)® Ura™ GC (Ura™)?
rate (x107%)?* to wild-type® to wild-type

RADS2 219 + 29 1 SI£8 1 n.a. 0.33 n.a.

rad524 0.7+04 0.005 23405 0.03 <0.001 0.0004 <0.001

K43,44R 253 + 48 1.2 107 + 15 2.1 0.06 0.45 <0.001

K253R 179 + 30 0.8 70 £ 11 1.4 0.13 0.37 0.075

K43,44,253R 216 + 36 1.0 74 £ 11 1.4 0.16 0.40 <0.001

“Recombination rate is presented as events per cell per generation as described previously (37). For each strain, 15-19 trials were performed. Strains
ML412 (wild-type), ML414 (rad524), ML466 (rad52-K43,44R), ML467 (rad52-K253R), MLA480 (rad52-K43,44,253R).

®There is no significant difference in mitotic heteroallelic recombination between wild-type and the SUMOylation defective rad52 mutants.
°P-value for t-test applied to the direct-repeat recombination rate relative to wild-type.

dp-value for Pearson’s x> test relative to wild-type.

Schematic of the assays for spontaneous heteroallelic (i) and direct-repeat (ii) recombination between leu2-AEcoRI and leu2-ABstEII heteroalleles.
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Table 2. Effect of rad52-K43,44,253R on recombination rates of the
inverted-repeat substrate®
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Table 3. Effect of rad52 SUMOylation-defective mutants on rDNA
recombination

Genotype Rates (10~%)? P-value Fold
AP change
relative to
wild-type
WT 28432 + 4982 n.a. 1.00
rad524 5+ 14 n.d 0.0002
rad51A4 5631 + 1358 n.a. 0.20
rad514, rad52A 0 0.002 <0.00004
rad51A, rad52K43,44,253R 4986 + 1617 0.31 0.18

“Rates are per cell per generation as described previously (38). Results
presented are a mean of 3-5 independent isolates for each genotype, out
of a single representative experiments.

"The x*test was applied to compare the recombination rates with that
of rad51A4 strain.

Schematic of the assay for spontaneous inverted-repeat recombination
between ade2-5'A and ade2-ANdel heteroalleles.

Genotype ADE?2 loss® Fold
change

Rate of P-value® Half-sectored/ relative to
loss total wild-type
(x107%)

RAD52 2.89 n.a. 112/38 700 1

rad52/ 0.85 <0.001 17/20029 0.29

K43,44R 3.71 0.095 79/21279 1.28

K253R 3.95 0.036 84/21271 1.36

K43,44,253R 9.51 <0.001 380/39939 3.29

“rDNA recombination in the first generation after plating was assayed
by counting half-sectored colonies as described previously (24).
Recombination was assayed in strains RMY180-5A (wild-type),
NEB136-2B (rad524), NEBI187-10A (rad52-K43,44R), NEB168-11B
(rad52-K253R), NEB63-2B (rad52-K43,44,253R).

PFisher’s exact test was applied to compare the recombination rate with
that of the wild-type strain.

Schematic of the assay for spontaneous rDNA recombination resulting
in ADE2 marker loss.
'l' — rDNA b ADE2 H rDNA —
or l
or

Table 4. Effect of rad52-K43,44,253R mutation on the frequency of break-induced replication®

Genotype Frequency of stable Ura® (x107%) P-value (x°)° Fold change relative
with CFV/D8B-tg to wild-type

RADS2 3.94 + 0.75 n.a. 1

rad52A <0.0002 n.d. <0.0039

K43,44,253R 2.39 £ 0.44 0.0044 0.60

The frequency of break-induced replication is the number of stable Ura" transformants per microgram with cut DNA divided
by the number of transformants per microgram with uncut DNA transformed, as described previously (25). For each genotype,
five to seven trials were performed.

®The y*-test was applied to compare the recombination rate with that of the wild-type strain.

Schematic of the assay for BIR resulting in a stable Ura® recombinant strain with the CFV/D8B-tg fragment.
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Table 5. Effect of rad52 SUMOylation-defective mutants on meiotic recombination

Genotype Meiotic recombination Fold change relative to Sporulation Germination Relative
frequency (x10™%)?* wild-type efficiency®, % efficiency®, % viability?

RADS2 118 + 31 1 41 96 1

rad524 0.06 £ 0.06 0.001 1 n.a. 0.10

K43,44R 144 + 38 1.2 58 69 0.95

K253R 77 + 24 0.7 55 88 0.84

K43,44,253R 109 + 27 0.9 53 96 2.39

“Recombination frequency is presented as events per colony forming unit. For each strain, three trials were performed. Strains ML412 (wild type),
MLA414 (rad524), ML466 (rad52-K43,44R), ML467 (rad52-K253R), ML480 (rad52-K43,44,253R) were sporulated on solid medium at 30°C essentially

as described previously (39). [See schematic in Table 1(i)].

®Sporulation efficiency was determined as the fraction of three to four spore tetrads out of all cells after 3 days on solid SPO medium at 30°C.
“Germination efficiency was determined by tetrad dissection of four-spore tetrads after 3 days on solid SPO medium at 30°C.
9Viability is the number of colony forming units per milliliter per ODgq after sporulated on solid medium at 30°C.
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Figure 7. Rad52-K43,44,253R foci exhibits shorter duration than wild-type. Time-lapse of spontaneous wild-type Rad52 and mutant
Rad52-K43,44,253R foci. Strains W5094-1C (RADS52-YFP) and ML228 (rad52-K43,44,253R-YFP) were examined by fluorescence microscopy at
Smin intervals as described in the ‘Materials and Methods’ section. (A) Representative examples of time-lapse image sequences. Arrowheads mark
Rad52 foci. (B) Quantitative analysis of time-lapse analysis. The number of cell cycles analysed is n» = 173 for wild-type Rad52 and n=252 for the
Rad52-K43,44,253R mutant protein. The class of cells for which no foci were observed amounted to 62 and 63% for RAD52 and rad52-K43,44,253R,

respectively (not shown in the graph).

increased spore viability. This effect is not due to an alter-
ation of the ability of these mutant proteins to bind
ssSDNA or dsDNA or to anneal complementary DNA,
because Rad52-K43,44,253R, Rad52-K43,44R  and
Rad52-K253R  proteins exhibit wild-type levels of
activities in these reactions in vitro (Supplementary
Figure S1). Thus, the effect on spore viability could be
due to the fact that SUMOylation of Rad52 affects
other meiotic events. Taken together, these results
suggest that Rad52 SUMOylation facilitates certain re-
combination sub-pathways and disfavours the others
and may contribute to meiotic processes that determine
spore viability.

Finally, we also tested the in vivo localization of a
Rad52 SUMO-deficient mutant by cytological analysis.
The fusion of wild-type as well as the Rad52-
K43,44,253R proteins to YFP revealed that the mutant
protein forms foci similarly to wild-type, but the

duration of the foci is significantly shorter (P = 0.01,
t-test) (Figure 7A and B). The average intensity of the
YFP signal for wild-type and the SUMO-deficient
mutant foci is similar, suggesting that the difference in
duration of foci is not due to a difference in the amount
of proteins (data not shown).

DISCUSSION

HR is essential for genome maintenance and must be
tightly controlled to avoid of loss of heterozygosity,
chromosome translocations and gene deletions (1,3).
Recent studies have documented several examples of HR
proteins and associated factors being post-translationally
modified by the SUMO protein. In particular, defects in
SUMOylation of Rad52, Rad59 and RPA result in
genomic context-dependent changes in HR and chromo-
somal rearrangements (31). Also, during S-phase, Srs2
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(a helicase that blocks recombinational repair by disrupt-
ing Rad51 nucleoprotein filaments) is recruited to replica-
tion forks via interaction with SUMOylated PCNA
(proliferating cell nuclear antigen), thereby preventing
assembly of Rad51 nucleoprotein filaments on ssDNA
associated with the replication forks (32).

In this study we have strived to determine the effects
of SUMOylation on the Rad52 protein. Using in vitro
biochemical assays, we have found that Rad52 is
SUMOylated in a manner that is stimulated by ssDNA
and dependent on the carboxyl-terminal DNA binding
domain. The stimulation is specific for ssDNA, as
dsDNA has no effect on the level of SUMOylation. In
addition, the CD analysis revealed that binding of
ssDNA by Rad52 is accompanied by a conformational
change. By replacing each of the SUMOylation-targeted
lysines with arginine, we observed that increasing
SUMOylation in the presence of ssDNA is directed to
residue K253. In addition, we have found that RPA-
bound, but not Rad51-bound, ssDNA promotes Rad52
SUMUOylation, suggesting that Rad52 SUMOylation is
favoured prior to the formation of Rad51 nucleoprotein
filament during HR in cells. Significantly, while Rad52
SUMOylation has no effect on its oligomerization and
interaction with RPA and Rad51, a small percentage
(<10%) of SUMOylated Rad52 markedly decreases its
affinity to ssDNA and dsDNA, and causes a reduction
of its DNA annealing activity.

Collectively, our biochemical results suggest that upon
binding to resected ssDNA tails coated with RPA, Rad52
undergoes conformational change that can promote its
efficient SUMOylation. Because SUMOylation does not
affect Rad52 interaction with RPA and Rad51 or its oligo-
merization, this modification does not appear to function
by altering protein—protein interactions. Instead, our
results suggest that SUMOylation attenuates Rad52
strand annealing activity and prompts its disassociation
from DNA. This can provide a mechanism either for fa-
vouring appropriate pathways over others or for dynamic
exchange of Rad52 on DNA. Consistently with previous
reports (15,16), we find that SUMOylation of Rad52
in vivo suppresses rDNA recombination and favours
single-strand annealing over gene conversion in direct
repeat recombination at the LEU2 locus. In addition, we
show that both the N-terminal (K43,44) and central
(K253) SUMOylation sites contribute to these effects.
Further, we show in this study that Rad52
SUMOylation reduces meiotic spore viability and
appears to favour BIR events. While the mechanism for
these effects remains to be determined, it may reflect a
requirement of Rad52 dynamics in these pathways or a
role of SUMO in facilitating events unique to these
pathways.

Finally, it is noteworthy that the effects of SUMO on
Rad52 activity are somewhat reminiscent of that on
thymine-DNA glycosylase, SUMOylation of which
induce its dissociation from the abasic site (33).
However, different from thymine-DNA glycosylase,
Rad52 functions in concert with several additional
mediator and recombination proteins, such that its regu-
lation is more complex and defects in any single form of

Nucleic Acids Research, 2010 13

regulation can be buffered by other mechanisms. Our
in vivo results suggest that this is likely the case, as the
lack of Rad52 SUMOylation does not dramatically affect
several mitotic or meiotic recombination processes
examined here. However, the observed alteration of
recombination pathway usage as well as the changes
of duration times of recombination foci in rad52
SUMUOylation defective mutants indicate the modification
of Rad52 can indeed influence recombination pathway
choice or efficiency. An intriguing possibility is that
SUMUOylation, in conjunction with other Rad52 functions
such as antagonizing Srs2 (34,35), helps to fine-tune the
efficiency of recombinational repair. In addition, as other
recombination proteins and Rad52-interacting factors are
also subject to SUMOylation, the presence and modifica-
tion of these factors may collectively provide a quality
control mechanism to direct HR pathway choice depend-
ing on substrate types and the chromosomal environment
(36). This work brings initial characterization of the role
of SUMOylation during HR; additional studies will need
to further our understanding of the underlying molecular
mechanism.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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The Saccharomyces cerevisiae Mus81-Mms4 protein complex,
a DNA structure-specific endonuclease, helps preserve genomic
integrity by resolving pathological DNA structures that arise
from damaged or aborted replication forks and may also play a
role in the resolution of DNA intermediates arising through
homologous recombination. Previous yeast two-hybrid studies
have found an interaction of the Mus81 protein with Rad54, a
Swi2/Snf2-like factor that serves multiple roles in homologous
recombination processes. However, the functional significance
of this novel interaction remains unknown. Here, using highly
purified S. cerevisiae proteins, we show that Rad54 strongly
stimulates the Mus81:Mms4 nuclease activity on a broad range
of DNA substrates. This nuclease enhancement does not require
ATP binding nor its hydrolysis by Rad54. We present evidence
that Rad54 acts by targeting the Mus81-Mms4 complex to its
DNA substrates. In addition, we demonstrate that the Rad54-
mediated enhancement of the Mus81-Mms4 (Emel) nuclease
function is evolutionarily conserved. We propose that
Mus81:-Mms4 together with Rad54 efficiently process perturbed
replication forks to promote recovery and may constitute an
alternative mechanism to the resolution/dissolution of the
recombination intermediates by Sgs1-Top3. These findings pro-
vide functional insights into the biological importance of the
higher order complex of Mus81:-Mms4 or its orthologue with
Rad54.

Barriers arising from DNA structures or lesions caused by
endogenous and exogenous genotoxic agents are frequently
encountered during DNA replication. Because of this, the suc-
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cessful completion of DNA replication relies on its coordina-
tion with a variety of replication fork repair and restart mecha-
nisms. Several such mechanisms have been described.
Depending on the circumstance, a mechanism that employs end
tail repriming, template switch, fork regression and recovery, or
translesion DNA synthesis may be used (1-4). Alternatively, the
perturbed fork can be cleaved, creating a DNA double-strand
break that is repaired by the homologous recombination machin-
ery in a manner that leads to fork restart (5, 6).

Mounting evidence has implicated the Mus81 protein in the
processing of stalled DNA replication forks (7-9). The mus81
mutant exhibits hypersensitivity to methyl methanesulfonate,
camptothecin (CPT),> UV, and hydroxyurea (HU), reagents
that in general cause replication fork stalling or collapse, and it
also shows synthetic interactions with mutations in DNA rep-
lication proteins (6, 10). Mus81 inactivation results in elevated
levels of genomic instability, elicits checkpoint activation, and
also leads to checkpoint-dependent cell cycle arrest (11-13).
Mus81 is a member of the XPF family of endonucleases that
play crucial roles in various DNA repair processes, including
nucleotide excision repair, DNA interstrand cross-link repair,
and homology-directed repair (14). XPF and its homologs func-
tion in the context of a heterodimeric complex with a partner
protein. Mms4 (Emel in fission yeast and human) is the partner
protein for Mus81, and the Mus81-Mms4 complex shows a
preference for branched DNA structures that are believed to
arise during the processing of stalled or collapsed replication
forks as well as during recombination (4, 6, 10).

In general, Mus81-Mms4 prefers to cleave substrates with
three- and four-way junctions containing a 5’ end at the
junction, which serves to direct the cleavage reaction (8, 15,
16). Mus81 in complex with Mms4 or Emel also cleaves
nicked Holliday junctions (HJ), and to a much lesser degree,
intact HJs as well (6, 10). Whether the HJ represents a phys-
iological substrate for the Mus81:-Mms4 (Emel) complex
remains unclear. It has been also suggested that the activity
of the Mus81 complex on intact H] may be enhanced by a
cellular factor (17). Nevertheless, mus81/mms4/emel
mutants show severe meiotic phenotypes, indicating an
essential role of this complex in processing recombination
intermediates during meiotic recombination (6, 10).

2 The abbreviations used are: CPT, camptothecin; HU, hydroxyurea; HJ, Holli-
day junction; SC, synthetic complete; nt, nucleotide(s); dsDNA and ssDNA,
double-stranded and single-stranded DNA, respectively; FITC, fluorescein
isothiocyanate.
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Several models have been postulated in regard to the role of
homologous recombination in processing stalled, blocked, and
collapsed replication forks as well as their restart (3, 5, 6, 10).
Furthermore, Mus81 was suggested to be required for process-
ing recombination intermediates that form downstream of col-
lapsed replication forks (18). In these models recombinational
processing or repair of the damaged or collapsed forks is initi-
ated via the assembly of the Rad51 nucleoprotein filament on
single-stranded DNA to mediate the invasion of the sister chro-
matid. The product of this DNA strand invasion reaction is a
structure called a D-loop, and this step appears to be enhanced
by the Swi2/Snf2-like factor Rad54 (19, 20). Interestingly,
Mus81 was initially identified in a two-hybrid screen for Rad54
interaction partners (14). Here, using purified proteins, we
show a direct association between Rad54 and Mus81 and pres-
ent data to reveal a dramatic stimulation of the Mus81-Mms4
nuclease activity by Rad54. In addition, we demonstrate that the
ATP binding and hydrolysis by Rad54 is not required for
Mus81:-Mms4 enhancement and that Rad54 acts by targeting
the Mus81-Mms4 complex to its substrates. We discuss the
biological significance of the physical and functional interac-
tions between Rad54 and Mus81-Mms4 (Emel).

EXPERIMENTAL PROCEDURES

Purification of Rad54 Protein and Mutants—The expression
and purification of Rad54 was carried out as described by Ras-
chle et al. (21) with slight modifications. The cells (30 g) were
resuspended in 200 ml of lysis buffer C (50 mm Tris-HCI, pH
7.5, 10% sucrose, 10 mm EDTA, 1 mm dithiothreitol, 0.01%
Nonidet P-40, protease inhibitors) containing 0.6 M KCI and
lysed by sonication. All subsequent steps were performed at
4. °C. The lysate was clarified by centrifugation for 50 min at
100,000 X gand applied sequentially onto a 20-ml Q-Sepharose
(Amersham Biosciences) column and a 20-ml SP-Sepharose
(Amersham Biosciences) column. The SP-Sepharose column
was developed with a 210-ml gradient of 150 —1000 mm KCl in
buffer K (20 mm K,HPO,, pH 7.5, 20% glycerol and 0.5 mm
EDTA, 0.01% Nonidet P-40, and 1 mm -mercaptoethanol).
Saccharomyces cerevisiae Rad54 protein was eluted at 400 mm
KClI, and the peak fractions were mixed with 1 ml of His-Select
nickel affinity gel (Sigma) for 30 min. The beads were washed
with buffer K containing 10 mm imidazole and 600 mm KCl and
eluted with a step-gradient using 50, 150, and 270 mm imidazole
in buffer K. The 50 and 150 mm imidazole fractions were con-
centrated in a Vivaspin concentrator (Sigma) and stored in
small portions at —80 °C. The human Rad54 protein and S. cer-
evisiae rad54-K341A and rad54-K341R mutant proteins were
expressed and purified according to published procedures (22,
23). The concentration of all these proteins was determined by
densitometric scanning of SDS-polyacrylamide gels containing
multiple loadings of purified proteins against known quantities
of bovine serum albumin.

Purification of Mus81 and Mus81-Mms4—The Escherichia
coli protein expression constructs were generous gifts from
Steven Brill (Rutgers University). Protein expression and puri-
fication was based on a previously described procedure (18).
E. coli cells (21 g of cell paste) were resuspended in 80 ml of cell
lysis buffer C containing 150 mm KCI. After sonication, the
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crude lysate was clarified by centrifugation (100,000 X g, 90
min). The clarified lysate was applied sequentially onto
Q-Sepharose (20 ml) and then SP-Sepharose (20 ml). Proteins
were eluted from SP-Sepharose with a 200-ml gradient of 150 —
1000 mm KCI in buffer K. Mus81 or Mms4-Mus81 fractions
were pooled and mixed with 1 ml of His-Select nickel affinity
gel for 1 h at 4 °C. After extensive washing with buffer K con-
taining 150 mm KCl and 10 mm imidazole, the bound proteins
were eluted using 50, 150, and 300 mm imidazole in buffer K
containing 150 mm KCL. The 150 and 300 mm imidazole frac-
tions were pooled and loaded on a 1 ml hydroxyapatite column
(Bio-Rad), and proteins were eluted with a 10-ml gradient from
0 to 500 mm KH,PO, in buffer K. Peak fractions were pooled,
loaded onto a 1-ml Mono S column (GE Healthcare), and eluted
with a 10-ml gradient from 150 to 1000 mm KCI in buffer K.
Pooled fractions were and stored in small portions at —80 °C.

Purification of Mus81-Emel—The Mus81-Emel expression
construct was a kind gift from Stephen West (Cancer Research
UK), and protein complex was expressed as described (24).
Lysate was prepared from 10 g of E. coli cell paste using sonica-
tion in 50 ml of buffer C containing 150 mm KCI. The cleared
lysate was applied sequentially onto a 7-ml Q-Sepharose col-
umn and a 7-ml SP-Sepharose column. Proteins were eluted
from the SP-Sepharose column with a 70-ml gradient from 150
to 800 mm KCl in buffer K. The peak fractions were pooled and
mixed with 1 ml of His-Select nickel affinity gel for 2 h at 4 °C.
The column was washed with 10 ml of buffer K containing 150
mM KCl and 10 mm imidazole, and the bound proteins were
eluted using 50, 150, 300, and 500 mm imidazole in buffer K
containing 150 mm KCL. The 150, 300, and 500 mm imidazole
fractions were loaded onto a 1-ml hydroxyapatite column
which was eluted with a 10-ml gradient from 0 to 500 mm
KH,PO, in buffer K. The peak fractions were concentrated and
stored in 5-ul aliquots at —80 °C.

Expression and Purification of Fenl—The plasmid for
expression of Fenl in E. coli was a generous gift from Binghui
Shen (City of Hope National Medical Center). Fen1 protein was
expressed and purified by a method modified from that
described for the human FEN-1 protein (25). Lysate was pre-
pared from 6 g of E. coli cell paste using sonication in 30 ml of
buffer C containing 150 mm KCL The crude lysate was clarified
by centrifugation (100,000 X g, 90 min). The clarified lysate was
applied sequentially onto a 7-ml Q-Sepharose column and a
7-ml SP-Sepharose column. The SP-Sepharose column was
developed with a 70-ml gradient from 0 to 800 mm KCl in buffer
K. The peak fractions were pooled and mixed with 0.5 ml of
His-Select nickel affinity gel. The beads were washed with 10
column volumes of buffer K containing 150 mm KCl and 5 mMm
imidazole. The bound proteins were eluted from the affinity
beads using 50, 150, 300, and 500 mM imidazole in buffer K
containing 150 mm KCL. The 150, 300, and 500 mm imidazole
fractions were pooled and further fractionated in a 0.5-ml
Mono S column with a 5-ml gradient of 220 to 700 mm KCl in
buffer K. Fractions with purified Fenl were pooled, concen-
trated in a Vivaspin concentrator, and then stored in 5-ul ali-
quots at —80 °C.

DNA Substrates—Oligonucleotides were purchased from
VBC Biotech. The sequences of the oligonucleotides and the
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structures of DNA substrates made from these oligonucleo-
tides are shown in Table 1. The asterisk in the substrates
denotes end modification by a fluorescent dye (fluorescein or
Cy3). The substrates were prepared by mixing an equimolar
amount of the constituent oligonucleotides in the hybridization
buffer (50 mm Tris-HCl, pH 7.5, 100 mm NaCl, 10 mm MgCl,)
heated at 90 °C for 3 min and cooled slowly to room tempera-
ture to allow DNA annealing. The substrates were purified by
fractionation in a 1-ml Mono Q column (GE Healthcare) with a
20-ml gradient of 50-1000 mMm NaCl in 10 mm Tris-HCI, pH
7.5. Peak fractions were filtered dialyzed into 50 mm Tris-HCl,
pH 7.5, containing 5 mm MgCl, and concentrated in a Vivaspin
concentrator with a 5-kDa cutoff. The concentration of the
DNA substrates was determined by absorbance measurement
at 260 nm.

Affinity Pulldown Studies—S. cerevisiae Rad54-containing
protein complexes were captured using S-protein-agarose
(Novagen), specific for the S-tag on Rad54. Purified Rad54 (4 ug
in Fig. 1B and 3 g in Fig. 1C) was incubated with Mus81 (4 ug),
Mus81-Mms4 (3 ug), Rad51 (4 ug), or Fenl (3 ug) in 30 ul of
buffer T (20 mm Tris-HCI, pH 7.5, 150 mm KCl, 1 mwm dithio-
threitol, 0.5 mM EDTA, and 0.01% Nonidet P-40) for 30 min at
4. °C. The reactions were mixed with 15 ul of S-Protein-agarose
at 4 °C for 30 min and then treated with DNase I (2 units, New
England Biolabs) for 10 min at 37 °C. After washing the beads
twice with 150 ul of buffer T, the bound proteins were eluted
with 30 ul of 5% SDS. The supernatant, wash, and SDS eluate,
10 pl each, were subject to SDS-PAGE analysis.

Nuclease Assay—The nuclease assay with Mus81-Mms4 was
performed essentially as described (18). Reaction mixtures con-
taining the indicated amount of Mus81-Mms4 and 6 nm DNA
substrate in 20 wl of buffer N (20 mm Tris, pH 8.0, 100 mm NaCl,
100 pg/ml bovine serum albumin, 0.2 mm dithiothreitol, 5%
glycerol, and 10 mm MgCl,) were incubated at 37 °C for the
indicated times. After deproteinization by incubation with 0.1%
SDS and 500 pg/ml of proteinase K at 37 °C for 10 min, the
reactions were mixed with % volume of loading buffer (60%
glycerol, 10 mm Tris-HCI, pH 7.4, 60 mm EDTA, 0.10% Orange
G) and resolved in a 10% polyacrylamide gel in TAE buffer (40
mM Tris-HCI, 20 mm sodium acetate, 2 mm EDTA, pH 7.5). The
fluorescent DNA species were visualized and quantified in the
PharosFX Plus imager with the QuantityOne software (Bio-
Rad). The experiment addressing the effect of rad54-K341A
and rad54-K341R mutants was done in the presence of 2 mm
ATP and ATP-regenerating system (10 ug/ml creatine phos-
phokinase and 20 mM creatine phosphate). In the Mus81-Mms4
targeting assay (Fig. 7), preincubation of the indicated DNA
substrate with Rad54 was for 5 min at 25 °C. The nuclease assay
with Mus81-Emel or Fenl was carried out as described (24, 25).

DNA Mobility Shift Assay—Purified S. cerevisiae Rad54 (50
or 100 nm) was incubated with the indicated fluorescently
labeled substrate (12 nm) at 37 °C in 10 ul of buffer D (40 mm
Tris-HCI, pH 7.8, 50 mm KCI, 1 mm dithiothreitol, and 100
pg/ml bovine serum albumin) for 10 min. After the addition of
gel loading buffer, the reaction mixtures were resolved in 10%
native polyacrylamide gels in TAE buffer at 4 °C and analyzed as
above.
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FIGURE 1. Physical interaction of Rad54 with Mus81 and Mus81-Mms4.
A, purified Rad54 (lane 1), Mus81 (lane 2), Mus81-Mms4 (lane 3), Mus81-Eme1
(lane 4), and Fen1 (lane 5) were resolved by SDS-PAGE and stained with Coo-
massie Blue. B, Mus81 (4 ug) was mixed with S-protein-agarose in the pres-
ence of dsDNA (lane 1-3) or with S-protein-agarose beads coated with Rad54
(4 ng) in the presence of ssDNA (lanes 4-6) or dsDNA (lanes 7-9). The beads
were incubated with DNase | (2 units), washed, and treated with SDS to elute
bound proteins. The supernatant that contained unbound proteins (S), the
wash (W), and the SDS eluate (E) were analyzed by SDS-PAGE. As a positive
control, Rad51 (4 ng) was mixed with S-protein-agarose beads coated with
Rad54 (4 ng) in the absence of DNA (lanes 10-12) and then analyzed.
C, Mus81-Mms4 (3 ug) was mixed with S-protein-agarose beads (lanes 1-3) or
S-protein-agarose beads coated with Rad54 (3 ug; lanes 4-6) in the presence
of dsDNA. As a negative control, Fen1 (3 ng) was mixed with S-protein-agar-
ose beads coated with Rad54 (3 ug) in the presence of dsDNA (lanes 7-9) and
then analyzed. BSA, bovine serum albumin.

Camptothecin Sensitivity Spot Assays—Cells were grown to
mid- to late-log phase and diluted in water to A4y, of ~0.2.
10-Fold serial dilutions were made in water such that the most
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TABLE 1
DNA substrates used in this study

The list includes oligonucleotides used in substrate construction. In each substrate schematic, the numbers denote the constituent oligonucleotides and are positioned at
the 5" end of these oligonucleotides. The asterisk denotes the position of the fluorescent dye (FITC or Cy3).

Oligol: 5’ -AGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-3’

0ligo2: 5’ -AGCTATGACCATGATTACGAATTGCTTAATTCGTGCAGGCATGGTAGCT-3"

2 e——
(e S —

0ligo3: 5’ -CTACAGTTCGTCAGGATTCC-3’ 4 1

Oligo4: 5’ -AATTCGTGCAGGCATGGTAGCT-3’ 7

0ligo5: 5’ -AGCTATGACCATGATTACGAATTGCTT-3' SF 5_\ :

0Oligo6: 5’ -AGCTATGACCATGATTACGAATTGCTTGGAATCCTGACGAACTGTAG-3' *

0ligo7: 5’ -GATGTCAAGCAGTCCTAAGGAATTCGTGCAGGCATGGTAGCT-3' y 6 ’f

0ligo8: 5’ -GGCATGGTAGCT-3’ \\ :
*

0ligo9: 5’ -GTGCAGGCATGGTAGCT-3'
0ligol0: 5’ -ATTCGTGCAGGCATGGTAGCT-3'

0Oligoll: 5’-AGCTATGACCATGATTACGAATTGCTTG-3’

FORK ©

0ligol2: 5’ -AGCTATGACCATGATTACGAATTGCTTGGAAT-3’
0ligol3: 5’ -AGCTATGACCATGATTACGAATTGCTTGGAATCCTGA-3' 14
HJ
0ligold: 5’ -TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTT-3’
15
0ligol5: 5’ -TGCCGAATTCTACCAGTGCCAGTGATGGACATCTTTGCCCACGTTGACCC-3’ 17%
0ligol6: 5’ -GTCGGATCCTCTAGACAGCTCCATGATCACTGGCACTGGTAGAATTCGGC-3’
16
0ligol7: 5’ -CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGGATCCGA-3’
14
0ligol8: 5’ -GGACATCTTTGCCCACGTTGACCC-3' nHJ
18
0l1igol9: 5’ -TGCCGAATTCTACCAGTGCCAGTGAT-3’ — — O
17%
01igo20: 5’ -TATAGAACATCTTGCTCTTA-3'
0ligo2l: 5’ -TAAGAGCAAGATGTTCTATAARAAGATGTCCTAGCAAGGCAC-3' 16
) 20
01igo22: 5’ -GGGTGAACCTGCAGGTGGGCGGCTGCTCATCGTAGGTTAGTTGGTAGAATTCGGCAGCGTC-3/ 21
D-loop 2 x \
01igo23: 5’ -GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAGGTTCACCC-3/ —— 3

concentrated spot contained ~10° cells, and the dilutions were
spotted on synthetic complete plates (SC), SC + DMSO, or SC
+ 1 pg/ml CPT (from a stock of 2 mg/ml in DMSO). In all
experiments, the SC + DMSO plate mirrored the SC alone
plate and, therefore, are not shown. For HU, dilutions were
spotted on yeast extract/peptone/dextrose (YPD) or YPD +
200 mm HU. Drugs were added to the agar medium just before
pouring the plates.

Live Cell Fluorescent Microscopy—Cells for microscopic
analysis were grown and processed as detailed previously (26)
with the following changes; cells were harvested by brief cen-
trifugation (3800 X g) and resuspended in approximately 10
times the cell pellet volume of growth media. Immobilization of
cells was carried out by mixing equal volumes of cell suspension
and 1.4% low-melt-agarose (Nu-Sieve 3:1, FMC) plus growth
medium solution (held at 42 °C before mixing) on a glass slide.
When applicable, cells were treated with y-irradiation (40 Gy

7736 JOURNAL OF BIOLOGICAL CHEMISTRY

from a Gammacell-220 °°Co source, Atomic Energy, Ottawa,
Canada) or CPT (5 ug/ml) during mid-log phase growth and
harvested for microscopy as above at the indicated times.

Images were acquired identically as in Lisby et al. (26) on the
microscope apparatus described therein. For Mus81-yellow
fluorescent protein detection, an exposure time of 3000 ms was
used. Images were false-colored and overlaid in Openlab
(Improvision, Lexington, MA), then transferred to Adobe Pho-
toshop for scaling.

RESULTS

Association of Rad54 with Mus81 and Mus81-Mms4 Com-
plex Occurs on dsDNA—Results from a yeast two-hybrid screen
for Rad54 partner proteins have identified a fragment of Mus81
protein as capable of Rad54 interaction (14). We used purified
proteins (Fig. 1A) to ascertain Rad54-Mus81 interaction. For
this purpose we mixed S- and His,-tagged Rad54 with His-
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FIGURE 2. Rad54 concentration-dependent enhancement of Mus81-Mms4-mediated 3’ DNA flap cleavage. Reaction mixtures containing 3" DNA flap (6
nm), Mus81-Mms4 (0.25 nm), and the indicated amount of Rad54 (0.5, 1, 2, 4, 8, or 16 nm) were incubated at 37 °C for 10 min (A) and 30 min (B) and then analyzed.
C, quantification of the data in A and B with S.D. based on three independent experiments. D, plot of percent of product formation as a logarithm of Rad54

concentration with indicated median effective concentration (ECs).

tagged Mus81 or His,-Mus81:-Mms4 and then incubated the
reaction mixtures with S-protein conjugated agarose to capture
any Rad54 protein complex that might have formed. We eluted
the bound proteins from the S-protein-agarose beads with SDS
and then analyzed them by SDS-PAGE. However, we were not
able to detect any significant association of Rad54 with either
Mus81 or Mus81-Mms4 (data not shown). We note that, as
determined by co-immunoprecipitation, Interthal and Heyer
found only weak or transient interaction between Rad54 and
overexpressed Mus81 (14). One strong possibility is that com-
plex formation between Mus81 and Rad54 occurs on DNA.
Therefore, we examined this possibility by incubating Rad54
with Mus81 or Mus81-Mms4 in the presence of 49-mer ss- or
dsDNA. We used an amount of Rad54 in excess over DNA as
determined by binding experiments (supplemental Fig. 1). Fur-
thermore, the mixture was treated with DNase I to ensure that
the association was not due to direct bridging of the interaction
via free DNA. As shown in Fig. 1, B and C, only reactions con-
taining dsDNA retained a stoichiometric amount of Mus81 or
Mus81‘Mms4 on the Rad54-S-protein beads. As expected,
Mus81 or Mus81:-Mms4 was not retained on the S-protein
beads in the absence of Rad54 (Fig. 1, B and C). The interaction
of Mus81 with Rad54 is specific, as Fen1, also a DNA structure-
specific endonuclease, did not show any association with Rad54
in the presence of dsDNA (Fig. 1C). As reported before (19, 27),
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Rad54 forms a complex with Rad51 in the absence of DNA (Fig.
1B). Taken together, the results show an ability of Mus81 and
Mus81-Mms4 to associate with Rad54 protein in a dsDNA-de-
pendent manner.

Rad54 Binds Branched DNA Substrates Preferentially—The
requirement for dsDNA in the Rad54-Mus81 interaction
prompted us to test the affinity of yeast Rad54 for DNA struc-
tures that Mus81-Mms4 complex is able to cleave. Specifically,
we examined the affinity of yeast Rad54 protein toward ssDNA,
dsDNA, 3’ flap (3F]), fork, Y form DNA (Y), intact HJ, and also
a nicked HJ (Table 1). To do this increasing amounts of Rad54
protein was incubated with the fluorescently labeled substrates
followed by resolution of the reaction mixtures on native poly-
acrylamide gels. Fluorescence imaging analysis of the gels
allowed us to detect and quantify the extent of DNA mobility
shift. As shown in supplemental Fig. 1, Rad54 protein bound all
these DNA substrates with higher affinity for the branched
structures. We note that human Rad54 also prefers to bind
similar types of DNA molecules (28).

Rad54 Stimulates Cleavage of 3' DNA Flap—The physical
interaction between Rad54 and Mus81 together with the dem-
onstrated binding preference of Rad54 for substrates that
Mus81-Mms4 acts on prompted us to test whether Rad54 might
modulate the nuclease activity of the Mus81:Mms4 complex.
We first used the 3" DNA flap substrate, as it is bound by Rad54
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A No Rad54 0.5 nM Rad54 Eis6 affinity.f tag on Mms4 does not

ave any significant effect on the

0 25 5 10 20 30 50 (min) 0 25 5 10 20 30 50 (min) nuclease activity of Mus81-Mms4 or

on the enhancement of substrate

Ny b bl bl b — b bl e bl b e d =5 cleavage by Rad54 (supplemental

I Il Fig. 3). Taken together, the results

— - demonstrate that Rad54 can

1 2 3 4 5 6 7 1 2 3 4 5 6 7 strongly stimulate the ability of

Mus81-Mms4 to cleave the 3' DNA

1.5 nM Rad54 3 nM Rad54 flap structure and also suggest that

0 25 5 10 20 30 50 (min) 0 25 5 20 30 50 (min) optimal enhancement is contingent
upon oligomerization of Rad54.

e [ [ S S S S W A b bl Lo < Enhancement of Gapped 3' DNA
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FIGURE 3. Time course of the enhancement of Mus81-Mms4-mediated 3’ DNA flap cleavage by Rad54.
A, Mus81-Mms4 (0.25 nm) was incubated with the 3’ DNA flap (6 nm) at 37 °Ciin the absence (panel |) or presence
of 0.5, 1.5, or 3 nm Rad54 (panels II, lll, and IV). Aliquots of the reactions were taken at the indicated times and
analyzed. B, quantification of the data with S.D. based on three independent experiments.

with higher affinity and represents a relevant DNA intermedi-
ate that arises during DNA repair or replication. We performed
a Rad54 protein titration with 0.25 nM Mus81:-Mms4, an
amount that could cleave only a small fraction of the substrate
(supplemental Fig. 2, A and C). Importantly, strong enhance-
ment of the Mus81-Mms4 DNA cleavage activity occurred in a
Rad54 protein concentration-dependent manner. Flap cleavage
was stimulated 3-fold by 1 nm Rad54 and 5-fold by 2 nm Rad54,
and complete incision of the substrate was seen when 8 nm
Rad54 was added (Fig. 2, A-C). The plot of the percent product
formed as a logarithmic function of Rad54 concentration yields
a sigmoid curve for stimulation, with the median effective con-
centration EC,, = 1.56 nM (Fig. 2D). This Rad54 amount cor-
responds to 6 times that of Mus81-Mms4 heterodimer. Because
Rad54 forms oligomeric complexes on DNA (22, 29, 30), our
results are consistent with the premise that optimal stimulation
of Mus81-Mms4 occurs upon assembly of a Rad54 oligomer. As
expected, Rad54 alone was devoid of nucleolytic activity (Fig. 2,
A and B, lane 9). Time course experiments provided further
details on the effect of Rad54 on the rate of Mus81:-Mms4-me-
diated DNA cleavage (Fig. 3). We note that the presence of
Rad54 does not affect the position of the cleavage site within the
flap structure (data not shown). In addition, the presence of
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50

clease activity is recognition of the
5" end at the flap junction as the
DNA cleavage efficiency declines
with increasing DNA gap size in the
flap (18). Mus81-Mms4-mediated
cleavage of the 3' DNA flap sub-

3 nMRad54

15 nM Rad54 strate that harbors a 1-nt gap
0.5 "M Rad54 occurred with a similar efficiency as
No Rad54 that of the 3’ DNA flap without any

gap (data not shown). However, the
cleavage efficiency decreased as the
gap size increased to 5 nt and was
much lower with a 10-nt gap (Fig.
4A). Under the conditions used, the
Y substrate was resistant to
Mus81-Mms4 cleavage (Fig. 4A4).
Then we tested the ability of Rad54
to stimulate Mus81-Mms4 activity
on the gapped 3’ DNA flap struc-
tures. The addition of Rad54 (from 0.5 to 16 nMm) resulted in the
up-regulation of Mus81:-Mms4 (0.25 nm) activity on flaps con-
taining a 1- or 5-nt gap (Fig. 4B) without effecting significant
cleavage of the flap with the 10-nt gap. Interestingly, at 2 nm
Mus81:-Mms4 that could afford an ~10% incision of the flap
with the 10-nt gap, the addition of Rad54 (from 0.5 to 16 nm)
also enhanced DNA cleavage (Fig. 4C). In the case of the Y
substrate, cleavage was not seen with as high as 10 nm
Mus81-Mms4 regardless of whether Rad54 (up to 40 nm) was
added or not (Fig. 4C).

Cleavage of Nicked HJ and D-loop Structures Is Also Stimu-
lated by Rad54—Next we wanted to test substrates that are
known to arise during homologous recombination, including
the D-loop, nicked HJ, and intact HJ. As stated elsewhere (8, 18,
24, 31-33) and confirmed here, Mus81:-Mms4 has only a lim-
ited ability to cleave an intact HJ. Specifically, as much as 65 nm
Mus81-Mms4 cleaved only 6% of the HJ after 30 min of incuba-
tion (Fig. 4D). The addition of up to 400 nm Rad54 had only a
slight stimulatory effect (Fig. 4D). As reported before (8, 17, 34)
and in our hands also, the cleavage of nicked HJs by Mus81-
Mms4 was very efficient and was greatly stimulated by Rad54 to
the same extent as when the 3’ DNA flap substrate was used
(Fig. 4, E and F). In addition, we also tested the ability of Rad54
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FIGURE 4. Effect of Rad54 on Mus81-Mms4 cleavage of 3’ DNA flap substrates with varying gap sizes. A, cleavage of 3’ DNA flap (F/) substrates with
increasing gap size (1, 5, or 10 nt) and of Y form DNA. Each of these substrates (6 nm) was incubated with Mus81-Mms4 (0.13, 0.25, 0.5, 1, 2, 4, or 8 nm) at 37 °C
for 30 min and then analyzed. B, reaction mixtures containing gapped 3’ DNA flaps or Y form DNA (6 nm each), Mus81-Mms4 (0.25 nm), and the indicated
amounts of Rad54 (0.5, 1, 2, 4, 8, or 16 nm) were incubated at 37 °C for 30 min and then analyzed. C, Mus81-Mms4 (2 nm) was incubated with the 3’ DNA flap
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analyzed. D, Rad54 has little effect on the cleavage of an intact HJ. The HJ substrate (2 nm) was incubated with Mus81-Mms4 (65 nm) and with or without Rad54
(15 or 400 nm) at 37 °C for 30 min and then analyzed. Quantification of the data with S.D. was based on three independent experiments. E, cleavage of a nicked
HJ (2 nm) by Mus81-Mms4 (0.05 nw) is greatly stimulated by Rad54 (0.5, 1, 2,4, 8, or 16 nm) in a dose-dependent manner. F, graphical representation of the data
shown in panel E with S.D. based on three independent experiments.
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(0.5,1,2,4,8,0r 16 nm) at 37 °C for 30 min and then analyzed. B, quantification of the data shown in panel A. C,
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to activate the cleavage of a D-loop
substrate by Mus81:-Mms4, and a
similar level of stimulation was
observed (supplemental Fig. 4). In
summary, Rad54 is able to dramati-
cally increase the DNA cleavage
activity of Mus81:-Mms4 on the
D-loop and nicked HJ but has little
or no effect on the cleavage of the
intact HJ.

Stimulation of Mus81 Activity by
Rad54 Is Evolutionarily Con-
served—To determine whether the
functional interaction of Rad54 with
Mus81 is evolutionarily conserved,
we examined the effect of human
Rad54 on the nuclease activity of the
human Mus81:Emel complex. We
used the 3’ DNA flap substrate and
demonstrated that the addition of
human Rad54 (0.5-16 nm) to the
reaction containing 0.13 nMm
Mus81-Emel resulted in a robust
enhancement of nuclease activity
(Fig. 5, A and B). The extent of stim-
ulation was similar to that obtained
with the equivalent yeast proteins.

We next asked whether human
and yeast Rad54 proteins are inter-
changeable with regard to the
enhancement of the Mus81-Mms4
(Emel) nuclease function. As
shown in Fig. 5, C and D, hRad54, at
the relatively higher concentra-
tion of 4-16 nu, exerted a 2.5-5-
fold stimulatory effect on the
Mus81:-Mms4 (0.25 nm) activity.
Similarly, yeast Rad54, at the rela-
tively high concentration of 4-16
nM, was also able to stimulate
Mus81-Emel (0.13 nMm) by about
3-fold (data not shown). On the
other hand, yeast Rad54 does not
have any effect on the activity of
another DNA structure-specific
nuclease, Fenl (Fig. 6, A and B).
Overall, the results in this section
provide evidence that the Rad54-
mediated enhancement of the
Mus81-Mms4 (Emel) nuclease func-
tion is specific and evolutionarily
conserved.

ATP Binding and Hydrolysis by
Rad54 Is Dispensable for Mus81
Mms4  Nuclease Enhancement—
Rad54 possesses a dsDNA-depend-
ent ATPase activity (19, 35). We
sought to establish the role of ATP
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Stimulation of Mus81-Mms4 Activity by Rad54

Rad54 Targets Mus81-Mms4
Complex to the DNA Substrate—
Because our results have suggested
that physical interaction between
Rad54 and Mus81 or Mus81-Mms4
occurs when these protein species
are DNA-bound (Fig. 1), we asked

whether Rad54 serves to target
" k= Mus81-Mms4 to various DNA sub-
strates. We set up two experiments
using mixtures of different sub-
strates to address this possibility. In
one reaction Rad54 (2 nm) was pre-
incubated with a non-cleavable
intact HJ before the cleavable DNA
S fork substrate was added together
with Mus81-Mms4 (0.25 nm). This
s resulted in a modest stimulation of
& DNA fork cleavage compared with
the control reaction without Rad54
(Fig. 7, A and B, compare lanes 2 and
3). On the other hand, preincuba-
tion of Rad54 with the fork substrate
resulted in strong stimulation of its
cleavage (~9-fold) (Fig. 7, A and B,
lane 4). In the other assay we used
two cleavable substrates, a nicked
HJ and a 3’ DNA flap, labeled with
FITC and Cy3 fluorescent dyes,
respectively, to allow us to distin-
guish the products resulting from
the cleavage of these substrates.
Preincubation with Rad54 again led
to a greater enhancement of sub-
strate cleavage (Fig. 7, C-E, com-
pare lanes 3 and 4). Altogether these
results suggest that Rad54 acts by
targeting the Mus81-Mms4 com-
plex to its cleavage substrate, and it
does not seem to function in trans.
Epistatic Relationship of Rad54

SR
o
S ¢

& og¥

FIGURE 7. Substrate targeting of Mus81-Mms4 by Rad54. The DNA substrate pairs (the HJ and the DNA fork
(Fk) in A; the nicked Holliday junction (nHJ) and 3’ DNA flap (F/) in C and D), 3 nm each, were incubated with
Mus81-Mms4 (M/M; 0.25 nm) and Rad54 (R54; 2 nm) in the indicated orders at 37 °Cfor 20 min and then analyzed.
The reaction mixtures that contained FITC-labeled HJ and Fk are shown in A, and the results with S.D. based on
three independent experiments are presented in the histogram in B. The reactions that contained FITC-labeled
nicked HJ and Cy3-labeled Fl are shown in C and D, and the results with S.D. based on three independent

and Mus81—Previous genetic anal-
ysis showed that Rad54 and Mus81
act together in the recombination
pathway for the repair of vy-ray
induced DNA damage (14). We

experiments are presented in the histogram in E.

binding and hydrolysis in the Rad54-mediated stimulation of
the Mus81:-Mms4 nuclease activity. For this purpose we used
two mutants, rad54-K341A and rad54-K341R, that are
expected to be defective in interaction with ATP and to retain
the ability to bind but not hydrolyze ATP, respectively (22). As
shown in Fig. 6, C and D, rad54-K341A and rad54-K341R were
just as proficient as the wild type protein in enhancing the
cleavage of the 3’ flap DNA by Mus81-Mms4 in the presence of
ATP, thus formally establishing that the up-regulation of the
Mus81-Mms4 nuclease function does not require binding or
hydrolysis of ATP by Rad54.
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wanted to investigate their relation-

ship in regard to the removal of replication-blocking damage.
Therefore, we tested sensitivities of rad54, mus81, or the dou-
ble mutant to CPT and HU, which impede DNA replication by
poisoning topoisomerase I and ribonucleotide reductase,
respectively. As shown in Fig. 8, A and B, the mus81 rad54
double mutant was no more sensitive to CPT or HU than the
rad54 single mutant. Thus, RAD54 and MUS81 likely act in the
same pathway for the repair of injured DNA replication forks.
This observation together with our biochemical data
prompted us to test whether Rad54 and Mus81 co-localize in
vivo with or without DNA damaging treatment. Only about 5%
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of the budded cells contained spontaneous Mus81 foci, and this
formation was induced to 9% by DNA damage treatment. In
contrast to frequent and bright Rad54 foci (~70% of budded
cells after DNA damage treatment, data not shown), Mus81 foci
were quite dim (Fig. 8C), suggesting that these foci contain only
very few Mus81-Mms4 molecules. Interestingly, we noticed
only transient co-localization of both proteins (data not
shown), which is in agreement with the nature of this protein-
protein interaction seen in a biochemical pulldown. Impor-
tantly, deletion of the RAD54 gene causes a significant reduc-
tion of Mus81 focus formation especially in the presence of
DNA damage (Fig. 8D). However, Mus81 focus formation is
decreased only by the absence of Rad54 but not by the lack of
Rad54 ATPase activity, as both the rad54-K34IR and rad54-
K341A mutants are still able to assemble DNA damage-induced
Mus81 foci (Fig. 8D). Taken together, our results suggest that
Rad54 and Mus81 function together in the repair of chromo-
some damage caused by y-rays as well as replication blocking
agents and that the ATPase activity of Rad54 is dispensable in
this regard.

DISCUSSION

The Mus81-Mms4 (Emel) complex is believed to be respon-
sible for processing intermediates of homologous recombina-
tion as well as those derived from stalled, blocked, and broken
replication forks. However, the manner in which the activities
of Mus81-Mms4 are connected to these cellular processes is still
not clear. Interestingly, Mus81 was first identified in a two-
hybrid screen for Rad54 interacting partners, and this interac-
tion seems to be evolutionary conserved from yeast to humans
(14, 36, 37). Rad54 is one of the key proteins involved in homol-
ogous recombination. It interacts with the Rad51 recombinase,
promotes the assembly and stability of Rad51 filament, stimu-
lates D-loop formation, and could allow Rad51 filament to
engage in homology search. In addition, Rad54 removes Rad51
from dsDNA, remodels chromatin structure, and also pro-
motes the migration of branched DNA structures (38, 39).

We have presented data showing a direct physical interaction
of Rad54 with Mus81 and the Mus81:-Mms4 complex when
dsDNA is present. It is possible that the two-hybrid signal of
Mus81-Rad54 interaction reflects a transient association of
these proteins or that it stems from an interaction of these pro-
teins on DNA (14). We note that even though yeast Rad52 binds
RPA in the yeast two-hybrid assay (40), significant complex
formation between the two purified proteins requires ssDNA
(41). We also show that the association of Rad54 with
Mus81-Mms4 leads to a strong stimulation of the nuclease
activity of the latter on a variety of substrates and that cleavage
by human Mus81-Emel is similarly enhanced by human Rad54,
indicating evolutionary conservation of the functional interac-
tion between these two protein species. We note that while our
work was undergoing peer review, a paper by Mazina and
Mazin (42) showing enhancement of the Mus81-Emel nuclease
activity by human Rad54 had appeared. Rad54 possesses ATP-
dependent branch migration activity on Holliday junctions (43,
44). Our results and those of Mazina and Mazin (42) provide
biochemical and biological insights linking the ability of Rad54
to promote D-loop formation (19) and branch migration of late
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recombination intermediates (43, 44) with the nucleolytic
processing of replication and/or recombination intermediates
by Mus81:-Mms4 (Emel).

Interestingly, neither ATP binding nor its hydrolysis by
Rad54 is needed for the stimulation of Mus81:Mms4 nuclease
activity in vitro. Genetic results presented here and elsewhere
(14) establish that Rad54 and Mus81 function together in the
same pathways of DNA damage and replication fork repair and
that the assembly of DNA damage-induced Mus81 foci is
dependent on Rad54. Both the rad54-K341R and rad54-K341A
mutants are still able to assemble DNA damage-induced Mus81
foci. This observation is in congruence with a less severe defect
in recombination rates for both mutants compared with the
rad54A mutant (22). However, we expect the dsDNA translo-
case and DNA branch migration activities of Rad54 (30, 43—46)
to facilitate the formation of substrates that are resolved by the
Mus81-Mms4 complex in vivo. The yeast mus81 and rad54
mutants fall into the same epistasis group regarding y-ray sen-
sitivity (14), and we have presented data showing epistasis of
these mutants in the repair of damaged replication forks as well.
We note that homologous recombination mediated by
Mus81-Emel and Rad54 is needed for the DNA replication-de-
pendent interstrand DNA cross-link repair pathway in human
cells, with Mus81 contributing to replication restart by gener-
ating double-strand breaks (13, 47, 48). In addition, the yeast
mus81 and mms4 mutants are inviable in the absence of the
Sgs1 helicase, which is thought to act in conjunction with Top3
and Rmil to resolve late recombination intermediates, such as
the double Holliday junction, to generate non-crossover
recombinants (18, 49). Thus, Rad54 together with Mus81-
Mms4 (Emel) comprises an alternative mechanism for the res-
olution of DNA intermediates parallel to the Sgs1-Top3
(BLM:Top3) pathway. Both mus81 and mms4 mutants show
severe meiotic phenotypes as a result of unprocessed recombi-
nation intermediates that activate a meiotic checkpoint (50,
51). Importantly, defects in the initiation of recombination are
able to overcome the sgsl synthetic lethality in both budding
and fission yeasts (8, 15, 51). Overall, the available evidence is
consistent with the premise that Mus81-Mms4 (Emel) helps to
resolve otherwise toxic recombination intermediates in mitotic
and meiotic cells, and our biochemical data reveal an involve-
ment of Rad54 in the enhancement of these Mus81-Mms4
(Emel) activities.

There has been much discussion regarding the possible role
of Mus81-Mms4 in the nucleolytic resolution of intact HJs. We
have confirmed that a nicked HJ is more efficiently cleaved by
Mus81-Mms4 than an intact HJ. Although Rad54 renders the
Mus81-Mms4-mediated cleavage of flap substrates efficiently,
it has only minimal stimulatory effect on the cleavage of an
intact HJ. This result argues against Mus81-Mms4 acting to
resolve HJ structures in cells and is consistent with the sugges-
tion that the cleavage of intact HJs reflects a secondary effect of
Mus81-Mms4 flap cleavage activity (24). Furthermore, the effi-
cient cleavage of nicked HJ structure supports a mechanism by
which Mus81-Mms4 could act on the nascent D-loop before it
is converted into an intact HJ. As discussed by others previ-
ously, Mus81:-Mms4-mediated D-loop cleavage may favor
crossover production during meiosis and could account for the

JOURNAL OF BIOLOGICAL CHEMISTRY 7743

6002 ‘9T AInr uo Aq 610 ogl-mmm wol) papeojumoq


http://www.jbc.org

ASBMVIB

The Journal of Biological Chemis

Stimulation of Mus81-Mms4 Activity by Rad54

decrease in crossovers observed for mus81 mutants (10). How-
ever, one cannot exclude the possibility that there is another
partner of Mus81-Mms4 that allows the latter to act on intact
HJs in cells (52-54).

The successful assembly of a Rad51 nucleoprotein filament is
a prerequisite for Rad54 recruitment to recombination sub-
strates in cells (26, 27, 55, 56) placing Rad54 in temporal and
spatial arrangement to mediate later steps in recombination.
During these steps, via its ability to stimulate the recombinase
activity of Rad51 and to migrate branched DNA structures (43,
44), Rad54 is expected to mediate the formation of certain DNA
structures, such as the D-loop or nicked Holliday junction, that
are subject to nucleolytic processing by the Mus81:-Mms4 com-
plex. In this regard, Rad54 likely targets Mus81-Mms4 to these
structures to affect their processing. However, from genetic
experiments (6, 39), it seems clear that Mus81-Mms4 and
Rad54 also possess additional functions during meiotic or dam-
age-induced double-strand break repair.

Recently, the human BLM helicase was also shown to stimu-
late the nuclease activity of the Mus81-Emel complex, albeit to
a lesser degree than what we have documented for Rad54 (57).
Interestingly, both BLM and Rad54 are capable of mediating
the migration of branched DNA structures. The lesser ability of
BLM to activate Mus81-Emel could reflect a role of BLM as a
backup to the Rad54-mediated up-regulation of the Mus81-
Emel nuclease function.
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The error-free repair of double-strand DNA breaks by homologous recombination (HR) ensures genomic
stability using undamaged homologous sequence to copy genetic information. While some of the aspects
of the initial steps of HR are understood, the molecular mechanisms underlying events downstream of the
D-loop formation remain unclear. Therefore, we have reconstituted D-loop-based in vitro recombination-
associated DNA repair synthesis assay and tested the efficacy of polymerases Pol & and Pol 7 to extend
invaded primer, and the ability of three helicases (Mph1, Srs2 and Sgs1) to displace this extended primer.
Both Pol & and Pol m extended up to 50% of the D-loop substrate, but differed in product length and
dependency on proliferating cell nuclear antigen (PCNA). Mph1, but not Srs2 or Sgs1, displaced the
extended primer very efficiently, supporting putative role of Mph1 in promoting the synthesis-dependent

Keywords:
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Replication strand-annealing pathway. The experimental system described here can be employed to increase our
Mph1 understanding of HR events following D-loop formation, as well as the regulatory mechanisms involved.
Srs2

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Damage to DNA in cells continuously arises either endogenously
(e.g. from exposure to metabolically generated oxidants or replica-
tion of damaged template) or exogenously (e.g. from exposure to
ionizing radiation or xenochemicals). Among these DNA lesions,
the double-stranded breaks (DSBs) represent the most toxic form,
which once left unrepaired can lead to cell cycle arrest and cell
death [1].

There are two major pathways for the repair of DSBs: a
non-homologous end joining (NHE]) pathway, and a homolo-
gous recombination (HR) pathway [2]. NHE] occurs predominantly
in higher eukaryotes, or in cases where a cell lacks a homol-
ogous sequence. In this pathway the broken arms of DNA are
simply rejoined, with or without processing or micro-homology-
mediation, often accompanied by deletions or insertions [3]. In
contrast, in HR a homologous sequence is used as a donor from
which the damaged or lost sequence of the broken molecule is
copied in an error-free manner.

* Corresponding author at: Department of Biology & National Centre for Biomolec-
ular Research, Masaryk University, Kamenice 5/A7, Brno 62500, Czech Republic.
Tel.: +420 549493767, fax: +420 549492556.

E-mail address: lkrejci@chemi.muni.cz (L. Krejci).

1568-7864/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2011.03.003

In the early steps of HR, DSBs are resected to generate a 3’
single-stranded DNA (ssDNA) tail. This 5’ resection at the site of
the break associates with the Rad50-Mre11-Xrs2 (RMX) nuclease
complex, together with Sae2, Exol and Dna2/Sgs1 proteins [4,5].
The ssDNA tail is protected by replication protein A (RPA), and is
transformed into a Rad51 nucleoprotein filament (also known as
a pre-synaptic filament) with the help of recombination media-
tors (Rad52, Rad59 and Rad55/Rad57) [6-8], which is then capable
of searching for homologous sequences [9]. However, in the case
of “unscheduled” recombination, Srs2 helicase can counteract fila-
ment formation by disassociating Rad51 from ssDNA and directly
competing with Rad52 [10-13]. Thus, Srs2 and Rad52 serve as
HR quality controllers, ensuring normal course of recombination
[14,15].

As HR proceeds, the Rad51 pre-synaptic filament invades donor
duplex DNA to form a stable intermediate known as the D-loop
[16,17]. This process is promoted by Rad54, a molecular motor pro-
tein that not only stabilizes the nucleoprotein filament, but also
allows the search for homologous sequences in normal and chro-
matinized templates [18-20]. The invading strand in the D-loop
structure is then extended using several components of the repli-
cation machinery, namely: DNA polymerase 8 or &; the proliferating
cell nuclear antigen (PCNA); and its loader, replication factor C (RFC)
[21-23].

HR can then proceed by either of two sub-pathways. The first
of these is double-strand break repair (DSBR), in which the second
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end of the broken DNA is captured and stabilized by D-loop, then a
second round of DNA synthesis occurs, followed by the formation
of a double Holliday junction. This structure can then be resolved or
dissolved, generating crossover or non-crossover products. In the
alternative sub-pathway, synthesis-dependent strand-annealing
(SDSA), the newly extended strand is displaced from the D-loop and
annealed with its original complementary strand to generate a non-
crossover product. In vitro and in vivo data suggest that the actions
of helicases Mph1, Srs2, and Sgs1 are required for the displacement
of the extended primer [24-27].

In contrast to the initial phases of HR, the steps occurring
after D-loop formation are poorly understood. Hence, our aim in
the present study was to reconstitute recombination-associated
DNA repair synthesis machinery in vitro, capable of mimicking
the in vivo events downstream of D-loop formation, in order
to study the primer extension step during the repair of DSBs
and the role of specific helicases in promoting the SDSA path-
way of HR. The results both provide new information on the
events downstream of D-loop formation during DSB repair, and
demonstrate that the reconstituted system provides a means to
explore these events (and the regulatory mechanisms involved) in
detail.

2. Materials and methods
2.1. DNA substrates

Oligonucleotides were purchased from VBC Biotech with sequences shown in
Table 1. Substrates were prepared as described by [28].

2.2. PCNA purification

PCNA was expressed in E. coli and purified essentially using the procedure
described by Ayyagari et al. [29]. Briefly, 6g of E. coli cell paste was sonicated
in 30ml lysis buffer C, consisting of 50 mM Tris-HCl (pH 7.5), 10% sucrose (w/v),
the protease inhibitors EDTA (10 mM), dithiothreitol (1 mM), nonidet (0.01%, v/v),
and KCI (750 mM). The crude lysate was clarified by centrifugation (100,000 x g
for 90 min). A fraction of the proteins within the supernatant was then harvested
by adding 0.21 g solid ammonium sulfate per ml, stirring for 1h, centrifuging at
15,000 x g for 20 min, adding another 0.32 g/ml solid ammonium sulfate to the
supernatant, stirring for 1 h, then centrifuging at 15,000 x g for 1 h. The resulting pel-
let was dissolved in 35 ml of buffer K - 20 mM K;HPO4, 20% (v/v) glycerol, 0.5 mM
EDTA (pH 7.5), 0.01% (v/v) NP40, and 1 mM [B-mercaptoethanol - then the mix-
ture was applied to a 7-ml SP sepharose column (GE Healthcare Life Sciences).
The flow-through was immediately loaded onto a 7ml Q sepharose column (GE
Healthcare Life Sciences), and eluted with a 70 ml linear gradient of 50-900 mM
KCl in buffer K. The peak fractions were pooled and loaded onto a 1 ml hydrox-
yapatite column (BioRad), and proteins were eluted with a 15ml gradient from
50 to 1000 mM KH, PO, in buffer K. Peak fractions were again pooled, and loaded
onto a 1 ml Mono Q column (GE Healthcare Life Sciences), and eluted with a 15 ml
gradient of 50-900 mM KCl in buffer K. Fractions containing nearly homogenous
PCNA were concentrated in a Vivaspin concentrator and stored in 5 pl aliquots at
—80°C.

2.3. Srs2 and Srs2'-8 purification

E. coli Rosseta cells were transformed with plasmids harboring sequences encod-
ing Srs2 and Srs2'-860 fused with a Hiso tag at the N-terminus, then the proteins
were expressed and purified essentially as described by [12]. Nearly homogeneous

Table 1
Oligonucleotides used in this study.
Name Sequence
D1 5'AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAG
TTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGT
CTATTT3'
49N FITC
5'AGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGT
CATAGCT3
22mer 5'AATTCGTGCAGGCATGGTAGCT3’
27mer FITC 5 AGCTATGACCATGATTACGAATTGCTT3’

Srs2 polypeptides were flash-frozen in liquid nitrogen in 2 nl aliquots and stored at
-80°C.

2.4. Polymerase § purification

The polymerase 8 complex was expressed and purified according to the method
of [30] with modifications. Briefly, 100 g of cell paste was lysed in a cryo-mill, the
resulting powder was re-suspended in 200 ml lysis buffer C containing 175 mM
(NH4),S04 and centrifuged (100,000 x g for 60 min at 4°C). The volume of cleared
supernatant was measured and 40 nl of 10% (v/v) Polymin P was added per ml of
lysate. After 5 min the suspension was centrifuged at 15,000 x g for 45 min and solid
(NH4),S04 was added to the supernatant to a final concentration 0.28 g/ml. Pre-
cipitated proteins were collected by centrifugation (15,000 x g for 20 min at 4°C),
and the pellet was re-suspended in buffer K to yield conductivity equivalent to
that of buffer K containing 25 mM KCl. The suspension was loaded onto a 25 ml
SP-sepharose column, and proteins were eluted with 100 ml of buffer K containing
750 mM KCl. Protein fractions were pooled and dialyzed against buffer K contain-
ing 25 mM KCI and loaded onto a 1 ml Mono Q column. Proteins were then eluted
with a 15 ml gradient of 25-500 mM KCl in buffer K. Peak fractions were pooled,
diluted 3-fold, loaded onto a 1 ml Mono S column and proteins were eluted with
a 15 ml gradient of 50-500 mM KCl in buffer K. The eluted proteins were pooled,
concentrated to 300 .l and loaded onto a 25-ml Superdex 400 column (GE Health-
care Life Sciences), which was eluted with 25 ml buffer K containing 300 mM KCl.
Nearly homogeneous polymerase 8 was concentrated, flash-frozen in 2 .l aliquots,
and stored at —80°C.

2.5. Purification of other proteins

Rad51, Rad54 and RPA were purified according to the procedure of [31], while
RFC complex, Mph1 and Pol m) were purified according to [32-34], respectively.

2.6. D-loop and primer extension assays

Essentially, the D-loop assay was performed as described by [10]. Briefly, flu-
orescently labeled, radioactively labeled or unlabeled 90-mers (3 wM nucleotides)
were incubated for 5min at 37°C with Rad51 (1 wM) in 10 pl of buffer R (35 mM
Tris-HCI pH 7.4, 2mM ATP, 2.5mM MgCl,, 50mM KCl, 1mM DTT and an ATP-
regenerating system consisting of 20 mM creatine phosphate and 20 p.g/ml creatine
kinase) then 1 pl of Rad54 (150 nM) was added and the mixture was incubated for
a further 3 min at 23°C. The reaction was initiated by adding pBluescript replica-
tive form I (50 wM base pairs) in 1.5 pl, and the mixture was incubated for 5 min at
23°C.

Next, RPA (660 nM), PCNA (6.66 nM), RFC (10nM) and either Pol & or Pol m
(15nM) in buffer O (20mM Tris-HCl pH 7.5, 5mM DTT, 0.1 mM EDTA, 150 mM
KCl, 40 pg/ml BSA, 8 mM MgCl,, 5% (v/v) glycerol, 0.5mM ATP and 75 uM each
of dGTP and dCTP) were added, and the mixture was incubated for 5min at
30°C. DNA synthesis was initiated by adding start buffer (75 wM dTTP and either
unlabeled dATP at 75 uM or 0.375 uCi [a->2P]dATP in buffer O) to a 30 ! final
reaction volume. Equal amounts of all dNTPs was not necessary to use to mon-
itor the reaction as lower amounts of [a-32P]dATP did not have any effect on
the extension reaction. After 10 min at 30°C, reactions were stopped with SDS
(0.5% final) and proteinase K (0.5 mg/ml) at 37 °C for 3 min, and loaded onto an
agarose gel (0.8%, w/v). After electrophoresis the gel was dried on DE81 paper
and either exposed to a phosphorimager screen, or directly scanned for fluorescent
DNA with a Fuji FLA 9000 imager, followed by analysis with Multi Gauge software
(Fuji).

2.7. 2D gel electrophoresis

D-loop formation and primer extension reactions were performed as described
above, the resulting mixtures were split into two parts and electrophoretically sep-
arated in 0.8% (w/v) agarose gel in 1x TAE buffer, then lanes were excised from the
gel. The lane displaying D-loops and products from one aliquot of each reaction mix-
ture was dried, and the rest of the gel was soaked for 60 min in denaturing buffer
(50 mM NaOH, 1 mM EDTA). The excised lane was loaded onto a denaturing agarose
gel (1% (w/v) in 50 mM NaOH and 1 mM EDTA) and run for 6 h. The dried gel was
exposed to a phosphorimager screen and visualized using a Fuji FLA 9000 imager
with Multi Gauge software (Fuji).

2.8. Dissociation of extended primer by helicases

Primer extension reactions using Pol & were performed as described above.
When the reactions were complete, serial concentrations (1, 7, 33 and 167 nM) of
Srs2, Srs21-860 or Mph1 were added and the mixtures were incubated for a further
5min at 30°C. The reactions were stopped with SDS (0.5% final) and proteinase K
(0.5mg/ml) and loaded onto a 0.8% (w/v) agarose gel. After electrophoresis the gel
was dried on DE81 paper, exposed to a phosphorimager screen, and analyzed using
a Fuji FLA 9000 imager with Multi Gauge software (Fuji).
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3. Results
3.1. Proteins required for extending the D-loop substrate

The D-loop represents one of the first intermediates of HR,
therefore we used it as a substrate to confirm the functionality
and explore the roles of components of our reconstituted DNA
repair synthesis machinery. The initial part of the in vitro pro-
cess consisted of a standard D-loop assay involving formation of
the Rad51 nucleoprotein filament assembled on 90-mer oligo D1,
followed by invasion of homologous super-coiled plasmid dsDNA
aided by Rad54 (Fig. 1A). After the D-loop formation several factors
expected to play a role in the subsequent DNA synthesis reactions
were added (Pol 8, RFC and PCNA at 15nM, 10nM and 6.6 nM,
respectively). Strong incorporation of radiolabeled dATP was only
observed when all of these components were added (Fig. 1B, lane 7).
However, some unspecific extension was observed in the absence
of a Rad51/Rad54-mediated D-loop (Fig. 1, lanes 5 and 6). Addi-
tion of the single-strand binding protein, RPA (666 nM), enhanced
the extension of the D-loop substrate, indicating that secondary
structures might abrogate the synthesis of long extension products
(Fig. 1, lane 4). Thus, Pol 8, RFC, PCNA and RPA are essential for
primer extension (Fig. 1, lane 7), and all D-loop mediating factors
(including Rad51 and Rad54) are also required for maximal and
specific extension.

Next, we titrated individual components to determine the opti-
mal reaction conditions (Supplementary Fig. 1). Addition of various
concentrations of PCNA (up to 6.6 nM), at sub-equimolar concen-
trations (compared to Pol 8), resulted in more efficient extension
(Supplementary Fig. 1, lanes 5-8). Further increase of PCNA con-
centration did not significantly affect the extent of DNA synthesis,
but resulted in the accumulation of shorter extension products
(lanes 6 and 7). Conversely, increasing RPA concentrations from
0.66 through 6.6 and 66 to 666 nM (lanes 9-12) improved the effi-
ciency of D-loop extension. Addition of Pol & at concentrations
of 0.15, 1.5 and 15 nM resulted not only in strong stimulation of
primer extension activity, but also generated fully extended prod-
ucts (Supplementary Fig. 1A, lanes 13-15). In contrast, the addition
of 150 nM Pol d resulted in a dramatic reduction in the efficiency
of DNA synthesis (Supplementary Fig. 1, lane 16). To test the speci-
ficity of our extension assay we also used a bacterial polymerase
(Klenow fragment). As shown in Supplementary Fig. 1B, Klenow
fragment (500 nM) was only able to extend the D-loop substrate
at concentrations 30-times higher compare to Pol § indicating the
specificity of the reaction.

To further analyze the role of RPA in the process, we per-
formed an order of addition experiment (Supplementary Fig. 2),
in which RPA was added at various points and the reaction was
monitored using [32P]-dATP. Predictably, adding RPA before the for-
mation of the nucleoprotein filament inhibited the process (lane
2). When RPA was added after Rad51 nucleation of ssDNA, it
had no effect (lanes 3-6), irrespective of whether it was added
together with Rad54, dsDNA, or either before or after loading PCNA
(Supplementary Fig. 1, lanes 3-6).

3.2. Pol 5-PCNA interaction is essential for repair synthesis

To corroborate the finding that PCNA must be loaded on DNA for
primer extension to occur, we performed another order of addition
experiment, again using [32P]-dATP to follow the reaction, taking
samples 0, 1, 2.5, 5 and 10 min after its addition (Fig. 2A). When
PCNA was added together with Pol § (lanes 3-6), 65% of the [32P]-
dATP was incorporated in reaction products within 2.5 min, but
only 49% was incorporated within this time when PCNA was loaded
before addition of Pol & (lanes 7-10). A further delay was observed
when Pol 8 was incubated first with the D-loop, followed by addi-

tion of PCNA/RFC complex (lanes 11-14); these conditions led to
26% incorporation within 2.5 min (Fig. 2A). The effects of the salt
concentration on PCNA requirements were also studied by varying
the concentration of KCl in reaction mixtures (Fig. 2B) both lacking
PCNA (lanes 1-5) and containing PCNA (lanes 6-10). In the absence
of PCNA at 40 mM KCl, 95% less [32P]-dATP was incorporated thanin
the presence of PCNA (lanes 1 and 6). Furthermore, in the presence
of PCNA, incorporation of the [32P]-dATP decreased with increas-
ing salt concentrations, and only 38% incorporation was detected in
mixtures with 190 mM KCl, suggesting that high salt concentrations
adversely affect the Pol 3/PCNA interaction. Almost identical results
were obtained from order of addition and salt dependency experi-
ments using the X DNA-based extension assay (Supplementary
Fig. 3A and B). Overall, these findings suggest that for efficient
extension PCNA must be actively loaded onto the substrate together
with Pol & and that this efficiency is salt dependent. At low
salt concentrations some PCNA-independent extension was also
observed.

3.3. The efficiency and length of D-loop extension

To probe the kinetics of D-loop conversion, and the length of
the products formed, we performed time-course experiments using
radioactively labeled oligonucleotide D1 as a substrate in the D-
loop assay. Aliquots were withdrawn from the standard reaction
mixture after 1, 2.5, 5 and 10min and quantities of D-loop and
extension products were analyzed. At the start of the extension,
the reaction mixture contained over 35% of D-loop substrate. After
1min around 10% of the D-loops were extended. The elongated
products were gradually formed with up to 50% of the D-loops
being extended after 10 min (Fig. 3A and B), indicating that they
were rapidly and efficiently extended by Pol 8.

To estimate the length of the extension products we again
used radioactively labeled oligonucleotide D1 and resolved the
reaction mixtures by 2D gel electrophoresis. Fig. 3C (left panel)
shows a radiogram of products of a reaction with a physiological
salt concentration (150 mM KCl). Under these conditions most of
the extended primer (74%) migrated as a population of molecules
with estimated lengths ~200 nt (>100 nt extension of the 90-mer
primer), and a small proportion had apparent lengths reaching ca.
700 nt. When the reaction was performed in the presence of 50 mM
KCI, most (68%) of the products were extended to >1000 nt (Fig. 3C,
right panel). Thus, extension product lengths varied from 200 nt to
1000 nt, depending on the salt concentration.

3.4. Comparison of Rad51-mediated D-loop extension by Pol &
and Pol n

Next, we compared the basic properties of two polymerases
associated with DNA synthesis repair, Pol & and Pol . For this
purpose, we expressed and purified both polymerases to near-
homogeneity and analyzed their ability to extend the D-loop
substrate in a time-course experiment (Fig. 4A and B). In reaction
mixtures containing Pol d (lanes 1-5) products appeared within
1 min, while in mixtures with Pol m (lanes 6-10) no detectable
products formed within 5 min, indicating that Pol & is more effi-
cient (Fig. 4B). Interestingly, however, after 10 min Pol ) yielded a
similar proportion of extended products (>45%) to Pol & (Fig. 4B).
The activity of the two polymerases was further compared in the
presence of serial concentrations of PCNA and at two salt con-
centrations (50mM and 150 mM KCl) (Fig. 4C). At the low salt
concentration (50mM KCl), Pol 8 (lanes 1-6) was able to extend
the primer in a PCNA concentration-dependent manner. Pol ) was
able to extend the primer more efficiently than Pol 8, but its activity
was PCNA independent (Fig. 4C, lanes 7-12). At the high salt con-
centration (150 mM KCl, lanes 13-24), both polymerases showed
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similar PCNA-dependent D-loop extension efficiency (Fig. 4C and
D). The only observed difference was that Pol § (but not Pol m)
yielded an additional, slowly migrating band representing longer
extension products (Fig. 4C, lanes 4-6 and 16-18). Using 2D gel
analysis to determine the length of products extended by Pol ) in
the D-loop extension reaction, we found that, in contrast to Pol 3,
products extended by Pol m reached on average 150 nt in length
in the presence of both low (50 mM) (data not shown) and high
(150 mM) salt concentrations (Fig. 4E).

3.5. Unwinding of the extension products by Mph1 and Srs2

The SDSA sub-pathway of DSB repair involves displacement of
the newly extended strand from the D-loop followed by anneal-
ing with its original complementary strand. The actions of Srs2,
Mph1 and Sgs1 helicases are implicated in SDSA [24-27], there-
fore we expressed and purified these helicases and tested their
ability to unwind newly extended D-loops. In a first experiment
(Fig. 5A) we assembled the D-loop and monitored products using
[a32P]-dATP during 10 min extension. Serial concentrations (1, 7,
33 or 167 nM) of either Mph1 (lanes 3-6) or Srs2 (lanes 7-10) were
then added and the resulting mixtures were incubated for an addi-
tional 5min at 30°C. The addition of 1nM Mph1 resulted in the
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displacement of 15% of the extended primer. At the highest Mph1
concentration tested (167 nM) almost 90% of the extended primers
were displaced (Fig. 5, lanes 3-6). In contrast, Srs2 was not able
to displace the primers even at 167 nM, if anything it resulted in
slight stimulation of D-loop extension (Fig. 5A and B). Similar exten-
sions and kinetics of strand displacement were observed when
the reaction was monitored using radioactively labeled oligonu-
cleotide D1 (Fig. 5C and D). To confirm that the difference between
the helicases is not due to the inability of Srs2 to unwind DNA
substrates, their helicase activities were compared using a DNA
substrate with a 3’ overhang. Incubation of Srs2 with such a DNA
substrate resulted in the normal generation of unwound product
(Supplementary Fig. 5). Furthermore, to exclude the possibility that
interactions with other proteins present could inhibit unwinding
of the extended primer by Srs2, we used a truncated fragment
(Srs21-860) which lacks the domain required for interactions with
Rad51 and PCNA. Similarly to wild-type Srs2, this fragment was not
capable of unwinding the extended primer (Supplementary Fig. 6,
compare lanes 7-10 to lanes 11-14). Finally, Sgs1, another helicase
implicated in promoting SDSA, did not have any effect on strand
displacement (Supplementary Fig. 7). Taken together, these find-
ings suggest that Mph1, but none of Srs2 or Sgs1, is fully capable of
dissociating the extended primer.

Rad54
=
10 min
5,{ + dTTP
[*P]dATP
Rad51
ss oligo pBSC RFC/PCNA —Pol &
B Pold — + + + + + +
PCNA + — + + + + +
RFC + + — + + + +
RPA + + + — + + +
Radsl + + + + — + +
Rads4 + + + + + — +
3675 =
. - incorporated
P B [*P]dATP
702 —
224 —

Fig. 1. Reconstitution of recombination-associated DNA synthesis. (A) Schematic diagram of the reaction. Rad51 protein (1 wM) was mixed with ssDNA oligonucleotide D1
(3 wM nucleotides) and incubated at 37 °C for 5 min in the presence of ATP (2.5 mM). Rad54 (150 nM), depicted as oligomer [57,58] was added to the mixture and incubated
for a further 3 min at RT. D-loop formation was initiated by adding supercoiled pBluescript dsDNA (50 M as nucleotides). Next, PCNA (6.66 nM) was loaded onto the primer
by RFC complex (10 nM) during 5 min incubation at 30°C in the presence of Pol 8 (15nM), dGTP and dCTP (75 M each). Primer extension was initiated by adding dTTP
(75 wM) and [«-32P] dATP, followed by incubation for 10 min at 30 °C. Reactions were stopped, then the mixtures were deproteinized and analyzed. (B) Proteins required for
recombination-associated DNA synthesis. The reaction was performed as described in (A) except that indicated proteins were omitted from the reaction mixtures. Labeled
lambda digested with BstEI was used as marker (only a subset of bands is depicted in the figure).
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Fig. 2. Loaded PCNA is crucial for DNA repair synthesis. (A) PCNA needs to be loaded to stimulate DNA repair synthesis. An order of addition experiment was performed in

which Pol & (15 nM) was added at the same time as (lanes 3-6), after (lanes 7-10),

2.5, 5 and 10 min. In control experiments indicated factors were omitted (lanes 1 and 2).

or before (lanes 11-14) PCNA (6.66 nM)/RFC (10 nM). Samples were withdrawn after 1,
). (B) PCNA was required at every salt concentration. Gel showing results of D-loop

assays using oligonucleotide D1 and [32P]-dATP in the presence of 40, 100, 120, 150 and 190 mM KCl in both the absence (lanes 1-5) and presence of PCNA (lanes 6-10).
Labeled lambda digested with BstEI was used as marker (only a subset of bands is depicted in the figure).

4. Discussion

Homologous recombination is one of the major pathways for
the repair of DSBs. During this process the broken DNA is sealed
with a copy of an undamaged homologous sequence. The D-loop is
one of the first intermediates of HR, and here we aimed to recon-
stitute DNA repair synthesis and strand displacement machinery
in vitro, utilizing this substrate, to elucidate downstream events
in HR. In our system, polymerase 8, PCNA and RFC were found to
be absolutely required for the extension of the primer from the
D-loop substrate (Fig. 1), in good agreement with previous bio-
chemical and genetic studies [21,35,36]. The extension reaction
seems to be also highly specific as E. coli Klenow fragment of DNA

polymerase I is able to extend the D-loop only at very high con-
centrations (Supplementary Fig. 1B). In addition, the specificity of
the reaction is supported by the ratio of substrate to protein (1:5),
estimated based on the concentration of D1 oligo (8 nM) with aver-
age 35% efficiency of D-loop formation and concentration of Pol
S (15nM), is very similar to DNA replication assay [37] and much
lower to previously reported D-loop extension [21]. In comparison
to the efficiency of Klenow fragment the extension by Pol & thus
should result from physiological number of polymerization cycles.
Furthermore, most of the extension products were approximately
0.2 kb long, much shorter than conversion tracts observed in vivo
[38-40], probably due to topological constraints of DNA synthesis
in the plasmid system.
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Fig. 3. Characterization of DNA repair synthesis. (A) Extent of D-loop synthesis monitored in a time course experiment. Gel showing electrophoretically separated D-loops
and products in samples withdrawn at 0, 1, 2.5, 5 and 10 min after PCNA addition. Labeled oligonucleotide was used to monitor the rate of the extension. (B) Plots showing
the accumulation of extended products (percentage of extended products versus D-loops, squares) and D-loops (percentage of D-loops versus oligo, circles) presented in (A).
(C) The extension length is salt dependent. The reaction was set up as described in Section 2, in the presence in the presence of 50 mM KCI (right panel) or 150 mM KCl (left
panel). Radioactively labeled oligonucleotide was used to monitor the process. Each reaction mixture was loaded into two lanes and separated in neutral agarose gel. One
lane was dried and analyzed, while the other was excised from the gel, soaked for 60 min in denaturing buffer (50 mM NaOH, 1 mM EDTA), and run in a second dimension
under denaturing conditions, then the products were examined by phosphorimaging analysis. Labeled lambda digested with BstEI was used as marker (only a subset of bands

is depicted in the figure).

In addition to corroborating previously published findings,
our results show that the length of extension products strongly
depends on the salt concentration, as increasing it to physiologi-
cal concentrations resulted in a 5-fold reduction in the size of the
products (Fig. 3C). This could be due to a higher dissociation rate
of the Pol 8/PCNA complex or inhibition of its ability to bind DNA,
which can be overcome by using PCNA in excess of Pol § (Fig. 4C,
other data not shown). Increasing the concentration of the single-
strand binding protein RPA also improved the efficiency of DNA
extension, probably due to stabilization of the displaced ssDNA
during the extension reaction. In addition, the data using standard
model system containing singly primed ®X-174 circular ssDNA
(Supplementary Fig. 3) indicates that D-loop structure and its pro-
gression per se does not hinder the activities of replication proteins
and also confirm the requirement of PCNA for Pol 8 activity at every
salt concentration tested. Alternatively, under in vivo conditions,
additional factors might be required to overcome topological con-
straints or other processivity obstacles for efficient DNA extension
under physiological conditions.

It has been suggested that the replicative Pol & plays a major
role in DNA repair synthesis, and it is considered to be the main
polymerase associated with DNA repair extension [23,40]. In vitro
as well as in vivo data indicate that a translesion polymerase, Pol
T, is also capable of mediating D-loop extensions [41,42], how-
ever, further genetic studies are needed to verify the role of Pol
M in repair synthesis. Here we provide a detailed comparison of
the activities of these two polymerases. While Pol 8 extended the
primer to more than 1 kb, Pol ) produced (as expected) short exten-
sion products (Fig. 4E), reflecting the differences in the biochemical
properties of these polymerases, including their processivity or
strand-displacement activity (Supplementary Fig. 4 [30,43,44]).
DNA extension mediated by Pol y was also observed by Li et al. [21],
however, our data indicate that at the reported salt concentration
the DNA extension is PCNA-independent (Fig. 4C), in accordance
with previous analyses of human Pol m activity using synthetic
D-loop substrate [41]. The extension is only fully dependent on
PCNA at physiological salt concentration, suggesting that higher
salt levels could effect processivity by destabilizing the association
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Fig. 4. D-loop extension by Pol 1) and Pol 3 differs due to lower processivity of the former. (A) The two polymerases exhibit different time-dependent kinetics. A time-course
experiment was performed with radioactively labeled oligonucleotide to monitor the extension, in which samples were withdrawn 0, 1, 2.5, 5 and 10 min after start of the
reaction. Lanes 1-5 and 6-10 represent results of experiments with Pol 8 and Pol m (15 nM in both cases), respectively. (B) Quantification of the reaction described in (A). (C)
Polymerases differ in PCNA requirements under low salt concentrations. Results of reactions with serial concentrations of PCNA (2.22, 6.66, 20 and 60 nM) in the presence of
Pol 8 (15 nM, lanes 1-6 and 13-18) or Pol m (15 nM, lanes 7-12 and 19-24) and either 50 mM KCI (lanes 1-12) or 150 mM KCl (lanes 13-24). (D) Quantification of the reaction
described in (C). (E) The length of Pol m extensions was determined by 2D electrophoresis, in the presence of 150 mM KCl, using radioactively labeled oligonucleotide to
monitor the extension. Labeled lambda digested with BstEl was used as marker (only a subset of bands is depicted in the figure).

of Pol m) with DNA template. Interestingly, despite differences in the
length of the extension products and rate of product formation, we
observed very similar repair extension efficiencies for both poly-
merases, indicating that Pol m) probably mediates multiple rounds
of primer extension.

After successful primer extension step of HR, repair can pro-
ceed by either the SDSA or DSBR sub-pathways. The SDSA pathway
is characterized by displacement of the extended primer from
the D-loop, supposedly due to helicase action. In vivo studies
have identified several helicases (including Sgs1, Mph1 and Srs2)
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Fig. 5. Mph1 preferably dissociates extended products. (A) A reaction mixture containing extended D-loop was incubated for 5 min at 30°C in the presence of Mph1 (1, 7,
33 and 167 nM, lanes 3-6) or Srs2 (1, 7, 33 and 167 nM, lanes 7-10). D-loop extension was monitored by measuring the incorporation of a-[32P]dATP. As controls, reactions
were stopped at the point when either Mph1 or Srs2 was added (lane 1) or after an additional 5 min incubation (lane 2). (B) Quantification of the reaction described in (A). (C)
Results of the reaction described in (A), except that D-loop extension was monitored using radioactively labeled oligonucleotide. (D) Quantification of the reaction described
in (C). Labeled lambda digested with BstEl was used as marker (only a subset of bands is depicted in the figure).

that reduce the generation of crossover products and promote
SDSA [24,27,45,46]. Sgs1 suppresses crossovers by dissolving the
double Holliday junctions formed via second-end capture into non-
crossovers [47-49], but is not capable of dissociating extended
D-loops in our system. However, Srs2 might promote the SDSA
pathway by unwinding the invading strand from the D-loop [10,11].
While Srs2 is able to unwind synthetic D-loop structures [26 and
our unpublished data], we observed no effects of Srs2 on the
unwinding of Rad51-mediated D-loops [24] or on products of D-
loop extension (Fig. 5). In fact, we observed a slight stabilization
of extension products at low Srs2 concentrations (Fig. 5). Thus, the
role of Srs2 in promoting SDSA appears to be removal of Rad51
protein from the second end of the DSB, thus preventing forma-
tion of a double Holliday Junction intermediate. Alternatively, it
could influence D-loop extension by interacting with Pol32 and
sumoylated PCNA [15,50-53]. Post-translational modification may
also be an important factor as phosphorylation and sumoylation
of Srs2 influence SDSA promotion [25]. Our data clearly demon-
strate that Mph1 is fully capable of dissociating the extended strand
after DNA repair synthesis, in accordance with its observed ability
to unwind invading strands from D-loops [24]. Mechanisms that
regulate Mph1 activity during meiosis, or whenever exchange of

genetic information occurs, remain to be determined. It is pos-
sible that Mph1 transcription is down-regulated, as seen during
sporulation and after alpha factor arrest, processes that precede
meiosis in which transcription of Mph1 decreases 2-fold [54,55].
Post-translational modifications and/or sub-cellular re-localization
might also be important regulatory processes. Other factors, such
as MutSa, that have been shown to participate in the Mphl-
dependent promotion of SDSA, may also modulate Mph1 activity
[56]. Taken together, these findings suggest that Mph1 displaces the
extended primer, whereas Srs2 and Sgs1 promote SDSA by other
mechanisms.

In summary, we have described an in vitro system that offers the
opportunity to unravel the molecular mechanisms and regulation
of HR downstream of D-loop formation. While it has been shown
that the invasion step occurs with almost equal efficiency and
kinetics to those observed in gene conversion (GC), break-induced
replication (BIR) and single-strand annealing (SSA) [46,56], new
DNA synthesis is regulated differently in these processes. It will,
therefore, be enlightening to study further the differences between
these processes, and thus elucidate their specific regulatory ele-
ments, including the roles of post-translational modifications and
protein-protein interactions.
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