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ABSTRACT. Brh2 is theUstilago maydisortholog of the BRCA2 tumor suppressor. It functions in repair

of DNA by homologous recombination by controlling the action of Rad51. A critical aspect in the control
appears to be the recruitment of Rad51 to single-stranded DNA regions exposed as lesions after damage
or following a disturbance in DNA synthesis. In previous experimentation, Brh2 was shown to nucleate
formation of the Rad51 nucleoprotein filament that becomes the active element in promoting homologous
pairing and DNA strand exchange. Nucleation was found to be initiated at junctions of double-stranded
and single-stranded DNA. Here we investigated the DNA binding specificity of Brh2 in more detail using
oligonucleotide substrates. We observed that Brh2 prefers partially duplex structures with single-stranded
branches, flaps, or D-loops. We found also that Brh2 has an inherent ability to promote DNA annealing
and strand exchange reactions on free as well as RPA-coated substrates. Unlike Rad51, Brh2 was able to
promote DNA strand exchange when preincubated with double-stranded DNA. These findings raise the
notion that Brh2 may have roles in homologous recombination beyond the previously established Rad51

mediator activity.

Individuals with a mutation in the gene encoding BRCA2

by excess ds DNA since this competes with unbound ss DNA

are predisposed to breast, ovarian, and other cancers. Théor the available free Rad5111). Such inhibition can be

function of BRCA2 is in DNA repair by homologous

circumvented by precoating ss DNA with Rad51 before

recombination where it mediates interactions of Rad51, a addition of ds DNA 7).

protein needed for proficiency in homologous pairing and

DNA strand exchangel(2). BRCA2 associates with Rad51

Discovery of mediator activity associated with Brh2
followed in the tracks of the earlier pioneering studies

through a BRC repeat domain located medially plus a seconddemonstrating mediator function of Rad52 protein in pro-

unrelated domain at the extreme C-termir)sand interacts
with DNA through a domain comprised of a helix rich region
and tandem OBfolds closely related to those present in RPA
for association with DNA4). In studies using the conserved
but smaller homologue (Brh2) frordstilago maydisas a

moting Rad51-catalyzed strand exchan@2—(15). Yeast
lacks a protein orthologous to BRCAZ2 but relies instead on
Rad52 for all aspects of homology-directed repair and
recombination eventslf). In studies performed in vitro,
Rad52 was found to stimulate Rad51-promoted strand

model system for understanding interaction of BRCA2 with exchange by enabling Rad51 to displace RPA and access
Rad51, it was found that Brh2 directs Rad51 to junctions of DNA, thus facilitating assembly into a filameritq 18). This

single-stranded (ss) and double-stranded (ds) DNA to initiate mediator activity stems from Rad52’s highly specific ss DNA

filament formation §). Assembly of Rad51 on ss DNA to

binding activity and from its ability to interact physically

form an extended presynaptic filament is a necessarywith Rad51 and RPA. Besides its mediator function, Rad52
prerequisite for efficient homologous pairing and strand has the capacity to promote homologous pairing as measured

exchange®, 7). The overall reaction is dependent on ATP,

by the level of D-loop formation and oligonucleotide DNA

but joint molecule formation and strand exchange over strand exchange. It greatly accelerates annealing of comple-

significant lengths do not depend on ATP hydrolysis, only
that it be present as a cofact@).(As ds DNA is readily
bound by Rad517%, 9, 10), pairing reactions can be inhibited

T This work was supported in part by a grant from the National
Institutes of Health.

mentary single strand4$—21) and carries out the homolo-
gous pairing reactions in the absence of ATP in contrast to
Rad51 22, 23). Rad52’s innate capacity to promote recom-
bination reactions as well as to mediate loading of Rad51
on DNA has been interpreted as evidence for multifunction-
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10.1021/bi700399m CCC: $37.00

tion in yeast.

BRCA2 and Rad52 are unrelated at the sequence level,
and their DNA binding domains bear no relationship to each
other. The three OB folds within the DNA binding domain
of BRCA2 are arranged in a tandem linear ord®t (vhile
with Rad52, a ss DNA-binding groove is thought to form
around the outside of an 11-subunit ringlike complgx, (
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rpm in a Sorvall SS34 rotor for 30 min. The supernatant
was recovered and centrifuged at 27 000 rpmXd in a
Beckman SW28 rotor. Subsequent procedures were all
performed at 84 °C. The supernatant was passed onto a
column (6 mL bed volume) of NTA agarose (Novagen)
charged with Nit and equilibrated in the same buffer. The
column was washed with 40 mL of buffer and the protein
eluted with 25 mL of BA buffer and 200 mM imidazole.
The eluate was loadedhca 5 mL column of cross-linked
amylose which was washed with 40 mL of BA buffer
followed by 25 mL BA buffer and 10 mM maltose. The
fractions containing Brh2 protein were pooled, diluted to 100
mM KCI, and appliedd a 1 mL MonoQ column equilibrated

in buffer BB [25 mM Tris-HCI (pH 7.5), 100 mM KCI, 1
mM DTT, and 10% glycerol]. After being washed with 5

approximately 15 pmol each of the indicated proteins run alongside m|_ of puffer, the protein was eluted with a linear gradient

a ladder of Precision Protein standards (Bio-Rad Laboratories) were
stained with Coomassie blue: (A) MBP-Brh2/His-Dss1 and Rad51,

(B) MBP-Rad52, and (C) RPA heterotrimer.

25). The Radb5l-interacting region in Rad52 has been

localized by deletion mapping26). There is no sequence
motif reminiscent of BRC, but the interaction region is not

(20 mL) from 0.1 to 0.6 M KCI. Peak fractions were pooled
and dialyzed against buffer BB and stored frozen at
—80 °C.

For overproduction of Rad51 iB. coli BL21(DE3), the
U. maydiscDNA encoding Rad51 was cloned in a pET
vector derivative (Novagen) under control of the T7 promoter

yet defined at the structural level. Nevertheless, there is ans0 no affinity tags would be included. Cultures (6 L) were

interesting functional parallel. In studies with Brh2 and with

grown at 37°C and induced as described above and cells

a truncated form of BRCA2, it was found that these proteins harveste 5 h later after continued incubation at 37. Cells
recruit Rad51 to RPA-coated single-stranded DNA and Were resuspended in 50 mL of ice-cold buffer A [25 mM

facilitate the nucleation of the filament with concomitant
displacement of RPAS, 27). Thus, there seems to be a

Tris-HCI (pH 7.5), 1 mM DTT, 1 mM EDTA, 10% glycerol,
and 0.1% NP40] and 0.5 M KCI, crushed, and centrifuged

measure of functional conformity between Brh2 and Rad52 @s described above. Subsequent procedures were all per-

in the Rad51 loading or mediator function. Here, using

formed at 6-4 °C. The high-speed supernatant was diluted

oligonucleotide substrates, we examined the DNA binding With buffer RA [25 mM Tris-HCI (pH 7.5), 1 mM DTT, 1

specificity of Brh2 and tested its ability to promote DNA

mM EDTA, and 10% glycerol], to a conductivity equivalent

transactions involving complementary strands in comparisonto 100 mM KCI, mixed with 200 mL of gravity-settled

with both Rad51 and Rad52.

EXPERIMENTAL PROCEDURES

Protein Expression and Purificatioi\ll proteins used in

DEAE-cellulose slurry (Whatman DE52), stirred for 45 min,
and then passed onto a Buchner funnel with a sintered glass
filter. The resin was washed batchwise on the funnel under
gentle vacuum wit 2 L of buffer RA with 100 mM KClI,
followed by a wash with 200 mL of buffer A wit2 M KCI.

this study were recombinant proteins that were purified after The 2 M eluate was diluted 4-fold and then loaded onto a

being overproduced irEscherichia coli (Figure 1). As

column (20 mL bed volume) of Affi-Gel Blue (Bio-Rad

previously described, Brh2 was purified as a complex with Laboratories) equilibrated in buffer RA and 0.2 M KCI.

Dssl b) with the exception that here Brh2 was purified as
a MBP fusion protein in a complex with His-tagged Dss1
protein. The Brh2Dss1 complex (Figure 1A) was used in

Following the method described for yeast Rad%@)( the
column was eluted with a linear salt gradient (200 mL) from
0.2 to 1.5 M KCI, and peak fractions were pooled after

the experimentation described below and is termed Brh2 for identification of those containing Rad51 by SDS gel elec-

the sake of simplicity. The Brh2 cDNA was cloned into
PMAL-C2 (New England Biolabs) such that the fusion

trophoresis and passed over a column (20 mL bed volume)
of hydroxyapatite equilibrated with buffer RB [25 mM

begins at Brh2 residue 106. The Dss1 cDNA was cloned potassium phosphate (pH 7.5), 500 mM KCI, 1 mM DTT,

into pACYC Duet vector (Novagen) for expression with an
N-terminal hexahistidine affinity tag. The Brh2 and Dss1

and 10% glycerol] which was then eluted with a linear
gradient (200 mL) from 25 mM to 0.8 M potassium

fusion constructs are completely functional in complementing phosphate. Peak fractions were pooled and dialyzed against

the radiation sensitivity of théJ. maydis brh2and dss1

buffer RC [25 mM Tris-HCI (pH 7.5), 100 mM KCI, 1 mM

mutants, respectively. The plasmids were sequentially trans-DTT, and 10% glycerol], then applied & 1 mLMono Q

formed intoE. coli BL21(DE3) cells and cultures grown in
LB medium containing ampicillin and chloramphenicol. Cell
cultures (3 L) were grown at 37TC to anAsgo 0f 0.6, induced
by addition of IPTG to 0.1 mM, but maintained at 18
after induction for 10 h. After being harvested, cells were
resuspended in 50 mL of BA buffer [25 mM Tris-HCI (pH
7.5), 200 mM KCI, 1 mM DTT, 10% glycerol, and 0.1%

NP40] with 20 mM imidazole, crushed by two passes through

column (Amersham Biosciences), washed with 10 mL of RC
buffer, and eluted with a linear gradient (20 mL) from 0.1
to 1 M KCI. Peak fractions that appeared to b®5%
homogeneous were pooled (Figure 1A) and dialyzed against
buffer RD [25 mM Tris-HCI (pH 7.5), 0.5 M KCI, 1 mM
DTT, 0.1 mM EDTA, and 20% glycerol], snap-frozen in
liquid nitrogen, and stored at80 °C.

For overproduction of Rad52 iB. coli BL21(DE3), the

a French pressure cell at 20 000 psi, and centrifuged at 16 000U. maydiscDNA encoding the Rad52 ortholog (GenBank
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accession number XP761136) was amplified by PCR and (—) strand had been labeled at theehd with3?P using T4
cloned in pMAL-C2 (New England Biolabs) as a MBP fusion polynucleotide kinase and 6@Ci of [y-32P]ATP, it was
protein. Cultures (6 L) were induced at 23 and processed annealed with appropriate complementary strands in the
as described above for Rad51 protein. Extracts in buffer A presence of 20 mM KCI by being heated to 8D and then
and 0.5 M KCI were passed through a column (100 mL) of slowly cooled to 22°C. Substrates were prepared by
DEAE-cellulose. The flow-through fraction was collected and annealing the following combination of oligomers: -¢&/
passed omt a 5 mLcolumn of cross-linked amylose (New B; ds nicked-C/E/B; gap ds-F/G/B; 3-overhang-A/D; 5'-
England Biolabs). The column was washed with 10 mL of overhang-C/B; ss-B; Holliday junction—L/M/N/O; fork—
buffer A with 0.5 M KCI and then eluted with the same H/B; ds fork—H/I/C/B; 3'-flap—H/I/B; 5'-flap—H/C/B;
buffer with 10 mM maltose. The eluate was passed onto bubble-J/B; D-loop-J/K/B; 5-flap D-loop—J/B/I. Gel
successive columns of Affi-Gel Blue and hydroxyapatite and purification was performed when required by electrophoresis
fractionated by salt and phosphate gradient chromatographyof annealed products in 12% polyacrylamide gels. The
respectively, as described above with Rad51. Rad52 preparedollowing oligonucleotides designated-20 were utilized:
in this way was very sensitive to contaminating protease (A) 100mer ), 5-TAA ATT GTA AGC GTT AAT ATT
activity, and the purified protein preparations quickly ac- TTG TTAAAATTC GCG TTAAAT TTT TGT TAAATC
cumulated a significant amount of proteolytic fragments AGC TCA TTT TTT AAC CAA TAG GCC GAA ATC
deduced by their amylose binding capacity and mobility on GGC AAA ATC CCT TAT A-3; (B) 100mer (), 5-TAT
SDS gel electrophoresis (Figure 1B) that had been truncatedAAG GGA TTT TGC CGA TTT CGG CCT ATT GGT
by approximately 300 residues at the C-terminus. We TAA AAA ATG AGC TGA TTT AAC AAA AAT TTA
estimate that the most purified fractions containee-80% ACG CGA ATT TTA ACA AAA TAT TAA CGC TTA
of the full-length protein. However, thg. maydisRad52 at CAA TTT A-3'; (C) 49mer (), 5-AA ATT GTA AGC
722 residues is much larger than the yeast (504 residues)GTT AATATT TTG TTAAAATTC GCG TTAAATTTT
and human (418 residues) orthologs with an unusually long TGT TA-3'; (D) 49mer ), 5-TAA CAA AAATTT AAC
extension at the C-terminal end, a feature not uncommonGCG AAT TTT AAC AAA ATA TTA ACG CTT ACA
amongU. maydisproteins 28). The conserved DNA binding  ATT T-3'; (E) pBSII (52-101) (), 5-AA ATC AGC TCA
domain is located within the first 300 residues of the TTT TTT AAC CAA TAG GCC GAA ATC GGC AAA
N-terminus so it seems likely that even in the most ATC CCT TAT A-3'; (F) pBSIl (2-42) (—), 5-TAA ATT
severely truncated proteolytic products the DNA binding GTA AGC GTT AAT ATT TTG TTA AAA TTC GCG
domain was still intact. To date, we have been unsuccessfulTTA AA-3'; (G) pBSII (62-101) (=), 5-TTT TTT AAC
in ridding the preparations of the trace protease activity that CAA TAG GCC GAA ATC GGC AAA ATC CCT TAT
appears to be responsible for generating Rad52-truncatedA-3'; (H) A HJ-pBSIl 51-101 (), 5-GAC GCT GCC GAA
fragments. TTCTGG CTT GCT AGG ACATCTTTG CCCACGTTG
For overproduction of RPA irE. coli BL21(DE3), the ACC CGA ATC AGC TCA TTT TTT AAC CAA TAG
cDNAs for RPA70 were cloned into pET28a (Novagen) to GCC GAA ATC GGC AAA ATC CCT TAT A-3; (1) 1A
fuse a hexabhistidine tag to the N-terminus and the cDNAs HJ rev comp, 5CG GGT CAA CGT GGG CAAAGA TGT
for RPA32 and RPA14 were cloned into pACYC Duet CCT AGC AAG CCA GAA TTC GGC AGC GTC-3 (J)
(Novagen). The plasmids were transformed sequentially into pBSII (2—42) 1A HJ (2-21) (62-101), 3-TAAATT GTA
BL21(DES3). Cultures grown with shaking in a water bath  AGC GTT AAT ATT TTG TTA AAA TTC GCG TTA
(New Brunswick G76) were induced as described above but AAC GCT GCC GAA TTC TGG CTT TTT TTT AAC
with a decreasing temperature gradient from 32 t0°€3 CAA TAG GCC GAA ATC GGC AAA ATC CCT TAT
over the coursefdb h effected by switching off the water  A-3"; (K) PBS Il (44-59) (), 5-T TTT TGT TAA ATC
bath’s heating element. Extracts fno3 L of culture were AGC TCA-3; (L) 1A HJ, 5-GAC GCT GCC GAA TTC
prepared using BA buffer, and protein was loaded on a NTA TGG CTT GCT AGG ACA TCT TTG CCC ACG TTG
agarose column and eluted as described above. The eluatdCC CG-3; (M) 2A HJ, 5-CGG GTC AAC GTG GGC
was diluted to a conductivity equal to that of 0.1 M KCI AAA GAT GTC CTA GCA ATG TAA TCG TCT ATG
loaded ond a 1 mLMonoQ column and eluted with a linear ACG TC-3; (N) 3A HJ, 3-GAC GTC ATA GAC GAT TAC
gradient (30 mL) from 0.1 to 0.6 M KCI. Fractions eluting ATT GCT AGG ACA TGC TGT CTA GAG ACT ATC
at 0.3 M KClI containing RPA subunits were pooled, diluted GC-3; and (O) 4A HJ, 5GCG ATA GTC TCT AGA CAG
to a conductivity equal to that of 0.1 M KClI, loaded onto a CAT GTC CTA GCA AGC CAG AAT TCG GCA GCG
heparin-Sepharose column (1 mL HiTrap Heparin HP, TC-3. The sequence of the heterologous 80mer derived from
Amersham Biosciences), and eluted with a linear gradient puC19 was 5TTA ACT ATG CGG CAT CAG AGC AGA
(20 mL) from 0.1 to 0.4 M KCI. Fractions eluting at 0.2 M TTG TAC TGA GAG TGC ACC ATA TGC GGT GTG
KCI appeared to contain equimolar amounts of all three RPA AAA TAC CGC ACA GAT GCG TAA GGA GA-3.
subunits (Figure 1C) and were pooled and stored frozen at Gel Mobility Shift. Oligonucleotide DNA substrate at 2
—80 °C. nM was incubated with protein for 10 min at 3T in
DNA SubstratesUnless indicated otherwise, all DNA  reaction mixtures (1%L) with buffer containing 25 mM
concentrations are expressed as moles of DNA moleculesHEPES (pH 7.5) and 1 mM DTT. Glutaraldehyde was then
Oligonucleotide sequences are in general based on pBlue-added to a final concentration of 0.2%, incubation continued
script Il DNA SK+ (Stratagene) and were synthesized and for 10 min to cross-link proteirDNA complexes, and Tris-
gel purified by Integrated DNA Technologies. The 100mer HCI (pH 8.0) added to a final concentration of 120 mM to
(and complementary strand) corresponds to pBluescript Il quench the cross-linking reaction. Products were resolved
SK+ nucleotides 2101. After 30 pmol of 100mer-f) or by electrophoresis on 1% agarose gels run& 4Gels were
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dried on DE81 paper and radiolabeled bands identified usingl mM DTT, and 30 nM ds 5FAM/3'-BH2 49mer were run
a Molecular Dynamics phosphorimager. Relative amounts at 37°C in MicroAmp optical 96-well PCR plates (Applied
of substrate and shifted product bands were determined usingBiosystems) and monitored in a TagMan 7500 Real Time
Image Quant. PCR System (Applied Biosystems) at 38 s intervals with
Single-Strand AnnealingAnnealing of complementary  excitation set at 488 nm and emission monitored with Filter
100mer oligonucleotides was monitored by a fluorimetric A in place. Percent release from quenching, a metric
method based on the procedure described by the Kowalc-interpreted as being equivalent to strand exchange, was
zykowski laboratory 29) but modified to utilize PicoGreen  normalized to the fluorescence intensity of standards consist-
(Molecular Probes) instead of DAPI to signal formation of ing of 30 nM ds 5FAM/3'-BH2 49mer with 200 nM Brh2
duplex DNA as the former has a higher fluorescence yield (0%) and 30 nM ss '8FAM-49mer with 200 nM Brh2
(30). Measurements were performed in microtiter plates in (100%). E. coli exonuclease IlI (Exo Ill, New England
100uL reaction mixtures containing 25 mM Tris-HCI (pH  Biolabs) was used as a control with units of activity specified
7.5), 25 mM KCI, 1 mM DTT, and 12 nM each A+) strand by the manufacturer.
and B (+) strand 100mer oligonucleotides at 3C in the For more conventional strand exchange reactions with
presence of 0.18M PicoGreen unless otherwise indicated. radiolabeled substrates, 60 nM ss 100mer (oligonucleotide
Reactions were set up with A strand ss 100mer without or B) was paired with 6 nM ds 49mer (oligonucleotides C and
with RPA at a ratio of nucleotide to protein of 25:1. The D) in which the strand complementary to the ss 100mer
RPA/DNA mixture was deposited on one side of a 96-well (oligonucleotide C) was labeled at theehd with32P using
white microtiter dish chamber as a small microdroplet (25 T4 polynucleotide kinase ang/{*?P]JATP. Preincubations
uL) and the Brh2 or Rad52 solution as a separate micro- were performed with the first DNA (60 nM ss DNA or 6
droplet (25uL) on the opposite side of the chamber with nM ds DNA, plus the protein as appropriate for the
care taken to avoid mixing. Reactions were started by experiment), and then reactions were started by addition of
addition of a solution (5QiL) with the complementary B the second DNA substrate (60 nM ss DNA or 6 nM ds DNA,
strand 100mer plus PicoGreen using a multichannel pipettorrespectively). In the standard reaction with Rad51, 60 nM
such that mixing of the microdroplets was rapid. Fluores- ss 100mer was preincubated with Rad51 protein &Cif
cence measurements were taken at30 s intervals with a 15uL reaction mixture in a buffer containing 25 mM Tris-
excitation and emission wavelengths set at 485 and 538 nmHCI (pH 7.5), 20 mM KCI, 1 mM DTT, 4 mM CaGJ and
respectively, using a SpectraMax Gemini fluorimetric plate 2 mM ATP. After 15 min, reactions were started by addition
reader (Molecular Devices). Due to the manual handling, of 6 nM 32P-labeled ds 49mer DNA, and incubation was
several seconds elapsed before the first readings could becontinued for additional time. In the standard Brh2 reaction,
recorded. Therefore, the initial time points were not zero. conditions were the same except that GeaZld ATP were
Percent annealing was normalized to the fluorescenceomitted and preincubation with ss 100mer was not performed
intensity of standards consisting of 12 nM 100mer ds DNA unless otherwise indicated. Reactions were stopped by
made by thermal annealing (100%) and 12 nM 100 ss DNA addition of SDS and proteinase K to concentrations of 1.2%
(0%). and 1.7 mg/mL, respectively, for 30 min. EDTA (20 mM)
DNA Strand Exchange-or strand exchange monitored and loading dye were added, and DNA components were
by FRET, reactions were performed in two different formats resolved by electrophoresis on 10% polyacrylamide gels in
depending on the instrumentation that was available for 90 mM Tris-borate (pH 7.9) and 1 mM EDTA buffer. Dried
detection. In one using oligonucleotides modified with a Cy5 gels were exposed to Phosphorimager plates, and developed
fluorophore donor and lowa Black RQ dark quencher images were quantified using ImageQuant as described
(Integrated DNA Technologies), reaction mixtures contained above. The percentage of product was calculated as the
10 nM ss 100mer (oligonucleotide B) and 10 nM ds 49mer radiolabeled product divided by the total amount of radio-
(oligonucleotides C and D) in which the strand complemen- labeled DNA in each lane.
tary to the ss 100mer (oligonucleotide C) was labeled at the
5'-end with Cy5 and the strand with identity to the ss 100mer RESULTS
(oligonucleotide D) was labeled at thé-énd with the Brh2 Binds Preferentially to DNA Structures with D-Loops
fluorescence quencher lowa Black RQ. Reactions (100 or BranchesThe Brh2-Dss1 complex (Figure 1A) was used
were performed in 96-well white flat-bottom microtiter plates in the experimentation described below and is termed Brh2
(Costar) and were started by addition of the ds 49mer to for the sake of simplicity. In previous studies, it was
solutions containing the ss 100mer and proteins. Fluorescenceastablished that Brh2 can recruit Rad51 to DNA to facilitate
measurements were monitored using the SpectraMax Geminffilament nucleation at a junction between ds DNA and ss
fluorimetric plate reader as described above with excitation DNA (5). The specificity for 3-protruding single-strand
and emission wavelengths set at 643 and 667 nm, respec+egions implied Brh2 has an inherent ability to recognize
tively. Percent strand exchange was normalized to the junctions with the polarity of a processed DNA double-strand
fluorescence intensity of standards consisting of 10 mM ds break. Support for this notion was obtained from measure-
5'-Cy5-49mer/3lowa Black-49mer (0%) and 10 nM s&5  ment of the affinity for binding 3tailed versus 5tailed
Cy5-49mer (100%). The second format utilized a FAM oligonucleotides using a gel mobility shift assay in which a
fluorophore donor and Black Hole Quencher 2 (Integrated 2.5-fold preference for'3ailed molecules was determined.
DNA Technologies) in which oligonucleotide C was labeled We were interested in exploring additional DNA structural
at the 5-end with FAM and oligonucleotide D was labeled features that might constitute determinants contributing to
at the 3-end with Black Hole Quencher 2. Reaction mixtures Brh2 binding and used a similar methodology to measure
(15uL) containing 25 mM Tris-HCI (pH 7.5), 25 mM KCI,  specificity for an expanded series of DNA substrates with a
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A Holliday junction concentration of~4 nM under these con_di'Fions. It_ was
ds g Soverang || 3flap  Sflp  Dioop notable that a ladder of up to perhfaps four_dlstlnct!y mlgratln_g
= == = ne —_ = == complexes became evident with an increasing protein
concentration using several of the branched DNA substrates.
we ™ .. . . 'f Formation of each more slowly migrating complex appeared
” v ’ : to be dependent on accumulation of the previous complex,
Seias WIS s s wmae e e suggesting the higher-order complexes resulted from pretein
ndedes B Yol Pk LK bR STRDR® protein interaction.
>= o Brh2 Anneals ss DNA Complexed with RrAthe course
" of examining the association of Brh2 with various combina-
T L R tions of oligonucleotid ticed that ol ith
y . " gonucleotides, we noticed that oligomers wi
csseses GEON.. . S00Rsss Sesss. | s Slie. . Bk complementary stretches annealed quickly when mixed in
the presence Brh2. To investigate this annealing activity in
e oy more detail, we used a fluorimetric assay to assess reaction
L in real time rather than tracking with radiolabeled oligomers

by gel electrophoresis. Since spontaneous annealing of
complementary oligonucleotides can be fast, monitoring
reaction in real time has the advantage of eliminating high
background and artifacts that could arise in electrophoretic
gel-based assays, in which end points are determined after
. manipulations that might promote annealing. The fluorimetric

1 n:amz 1&0 1000 4 1 100 1000 assay is based on a r_netho_d develqped to measure gnnealing

oM Brh2 (M) by yeast Rad52 protein, which monitors the increase in DAPI

Ficure 2: Specificity of Brh2 in DNA binding. (A) Reaction  fluorescence upon binding annealed ds DNIS)( except
mixtures containing oligonucleotide substrates shown schematically i 5t we substituted PicoGreen for DAPI to enhance sensitiv-

and increasing concentrations of Brh2 (samples from left to right . . .
in each frame, 0, 2, 4, 10, 20, 100, and 200 M) were incubated ity. PicoGreen has been developed as a selective reagent for

for 10 min and then analyzed by gel electrophoresis as describedd€termining ds DNA concentration80Q).
in Experimental Procedures. Samples were run in triplicate, buta A 100mer oligonucleotide and its complement were used
single representative is shown. The sample with tHfap substrate 55 substrates in annealing reactions. Since Rad52 has been

ran crooked, and the image was straightened using Photoshop. (B ;
The level of substrate shifted relative to the total signal in the lane eported to promote annealing of complementary ss DNA

was determined and is shown graphically. For the sake of clarity, Oligonucleotides19), we used thé&J. maydisRad52 protein
the substrates are listed in order according to their binding affinity as a positive control for annealing. To reduce the rate of
and are divided arbitrarily into two groups arranged so that all spontaneous annealing of the oligonucleotides so that the
_cur\r:es are visiblle.fThetl)z_alft-harr]\%I figure con}t\ains me dr?ta Teﬁr%sergedeffects of added protein could be measured, we manipulated
e e (o b "¢ the DNA concentration and temperature of reacton. Under
conditions where the spontaneous reaction was slow, there
variety of different conformations. The set was framed was a substantial rate enhancement with added Brh2,
around a 100mer oligonucleotide derived from a natural although by comparison Brh2 was less active on a molar
sequence stretch within pBluescript Il plasmid DNA. By basis than Rad52 (Figure 3A,B). Annealing was delayed by
annealing oligomers with various runs of noncomplementary 2—3 min when 4 mM MgCJ] was added to reaction mixtures
and complementary sequences to the 100mer, we preparedFigure 3C) but then proceeded with almost identical kinetics.
the various substrates shown schematically in Figure 2. The Because RPA binds tightly to ss DNA, it creates a barrier
substrates end-labeled witfP were incubated with increas- to Rad51 in DNA strand exchange. Rad52 and Brh2 have
ing concentrations of Brh2, and protein-bound complexes been demonstrated to serve as mediators in strand exchange
were then detected by shifts in the mobility of substrates by enabling Rad51 to gain access to ss DNA coated with
after gel electrophoresis. Tailed molecules with & 5- RPA, thus facilitating displacement of RPA&, (12, 14, 15).
overhangs, forked molecules, and flap molecules were We tested whether Brh2 could promote annealing of the
designed to be 100 residues long and consist of half base-oligonucleotides when precoated with RPA. Spontaneous
paired duplex and half tails, flaps, etc. The 100mer moleculesannealing was strongly inhibited when the ss 100mers were
of gapped ds DNA, bubble, and D-loop structures contained precoated with RPA at a saturating level of 25 nucleotides
20 internal residues that were unpaired. per RPA (Figure 3D). However, Brh2, like Rad529( 31),
Upon being tested with Brh2, the substrates appeared towas still able to promote annealing (Figure 3E,F). In the case
fall into thee general classes according to binding preference.of Brh2, there was a marked lag before annealing was
Linear ds DNA molecules that were completely base paired initiated followed by an increasing rate indicative of over-
were bound the weakest, linear ss DNA and linear moleculescoming a kinetic barrier in reaction. These results reinforce
with single-stranded regions bound substantially better, andthe previous observations that Brh2 has the capacity for
ds DNA molecules with forked, branched, or bubble specific interaction with RPA-coated ss DNA)(but also
structures bound the best. Binding preference did not strictly suggest it is capable of enabling displacement of the RPA.
correlate with branches as the four-armed Holliday junction Evidence for annealing of RPA-coated oligonucleotides by
appeared to be somewhat anomalous in its binding. By aCeBRC-2, the BRCA2-related protein froGaenorhabditis
slight margin, the D-loop substrate appeared to be the topelegans was also presented recently but with the use of a
candidate with half of the input DNA shifted at a Brh2 gel assay measuring end poin82).
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Ficure 3: Brh2 anneals complementary single strands. The 100mer
oligonucleotide ) and ) strands at 12 nM each were incubated
at 30°C with the indicated levels of (A) Brh2 or (B) Rad52 in the
presence of 0.1%M PicoGreen as described in Experimental
Procedures. (C) Reaction mixtures as in panel A with or without 4
mM MgCl, were incubated at 37C. (D) Reaction mixtures )
Containing 100mer —f) and (—) strands at 40 nM each were FiIGUure 4: FRET assay for DNA strand exchange. (A) Reaction

incubated at 37C with or without RPA at a ratio of nucleotide to ~ Mixtures containing 30 nM ds-&AM-49mer/3-BHQ2-49mer, 120
protein of 25:1. Reaction mixtures containing 100mey &nd () nM homologous ss100mer, or heterologous ss 80mer were started

strands at 12 nM each with (E) Brh2 at 200 nM or (F) Rad52 at by addition of 200 nM Brh2, and the increase in fluorescence was

100 nM with or without RPA at a nucleotide to protein of 25:1 monitored. (B) Reaction mixtures were the same as those in panel
were incubated at 37C. A but containing 30 nM ds'SFAM-49mer/3-BHQ2-49mer only,

4 mM MgCl,, and the indicated amounts of Exo lll. (C) Reaction

. mixtures containing 10 nM ss 100mer were preloaded with 80 nM
DNA Strand Exchange Monitored by FRETO test RPA for 10 min where indicated followed by 200 nM Brh2 or 100

whether Brh2 could promote a pairing transaction more nm Rad52. Reactions were started by addition of'd6y&-49mer/
complex than complementary strand annealing, we investi- 3-IB-49mer.

gated its activity in reaction involving three DNA strands,

namely, oligonucleotide strand exchange. Here the substrates Under the same conditions that were used in the annealing
were based on the ss 100mer used above and a ds 49meeactions with equimolar concentrations of substrates, there
homologous to the distal end of the ss 100mer. In an was a substantial increase in fluorescence emission upon
approach similar to that taken above to enable monitoring addition of Brh2 indicative of Cy5 fluorescence emission
reaction in real time, we developed a fluorimetric assay basedreleased from quenching to a level approaching 20% of the
on FRET to follow DNA strand exchange. The basis of the ss Cy5-49mer (Figure 4A). The increased fluorescence was
assay was the release of emission by a fluorescent reportedependent on addition of homologous ss 100mer, although
from FRET-mediated dark quenching upon strand exchange.it made no difference whether the strand 100mer or-)

The 49mer ) strand complementary to the ss 100mej ( strand 100mer was used. Furthermore, no increase was
strand was labeled at thé-&nd with the fluorophore Cy5, observed when a heterologous ss 80mer was used in place
and the 49mer-) strand was labeled at th&-8nd with the of the ss 100mer or when ss DNA was omitted altogether
fluorescence quencher lowa Black (IB). When the 49mer (Figure 4B). On the other hand, addition Bf coli exonu-
strands were paired, the fluorescent signal of the Cy5 donorclease Il resulted in an immediate increase in fluorescence
was quenched by FRET with the lowa Black energy as would be expected upon removal of thdE3 quencher
dissipater due to the proximity. However, when the Cy5- given Exo IlI's 3 to 5 polarity on ds DNA. These controls
49mer strand was exchanged with the complementaryimply that the increase in fluorescence in the three-DNA
100mer, the FRET quenching was abrogated and fluores-strand reaction was due to strand transfer of th€yb-
cence emission of Cy5 revealed. Thus, release from the49mer from the 5Cy5/3-IB ds 49mer to the ss 100mer and
guencher under these conditions is a measure of DNA strandnot to nucleolytic removal of the quencher from tHeCy5/
exchange. 3'-IB ds 49mer or to ss DNA-dependent unwinding activity.

% Release from Quencher
>

Time (min)



Interaction of Brh2 with DNA Biochemistry, Vol. 46, No. 24, 20077169

When the ss DNA was precoated with a saturating amount A C NEE
of RPA as described ab_ove (25 nucleoud_e residues per RPA & |“Oroten + ds AGwier 15 rin £ u%u%
heterotrimer), the reaction proceeded with almost the same E > ss 100mer 15 min + o+ o+
rate and to nearly the same extent as in the absence of RPA 58 = 3 ggids
(Figure 4C). However, when the analysis was performed with g 2 2 —_ 23229
Rad52 under conditions optimal for its annealing, only a low 862 8 __— _—] 858838
level of strand exchange activity was detectable. This modest
activity was slightly elevated when the ss DNA was LR
precoated with RPA. Thus, Brh2 is active in pairing a ss 9 = wenww T '
DNA with a complementary strand that is free or duplexed
when RPA is present. Moreover, while Brh2 is less potent . o seeem b "5
in the two-stand annealing reaction than Rad52, it is more |
active in the three-strand reaction.

Brh2 Strand Exchange Is Insensdito the Ordering of B
ComponentsOligonucleotide DNA strand exchange could protein + ss 100mer 15 min,
potentially result from several different mechanisms. In one £ T O IERbIR £
mode exemplified by Rad51 and RecA, it is thought that ‘g e e e
the protein induces an alteration in DNA structure upon e r a ;
binding to enable base pair switching between ds DNA and = =1 —/] ‘
ss DNA, facilitating homologous pairing and strand exchange
(33). A hallmark of the Rad51 class of mechanism is the
requirement for formation of the nucleoprotein filament on “weve R
ss DNA. Thus, DNA strand exchange is stimulated when
Rad51 is preincubated with ss DNA but inhibited when § FRRSER SRR

premCUba.‘ted with ds DNA. An alternatlve mode 5“99e5ted Ficure 5: Oligonucleotide strand exchange. (A) Brh2 or Rad51
from studies on the paralog Rad51C is that duplex oligomers yas preincubated with 6 nNeP-labeled ds 49mer (label on the
are melted by the action of the protein and the separatedminus strand) for 15 min (4 mM Cagand 2 mM ATP added for
strands can change partners by spontaneously annealing witﬂRadglt_reaCtiOFS). gr}d TSGH _GO(II_;)?/IBSEZ 100£1€(3;5rla3 added and
cupbation continued tor min. I or Ra was preincu-
o:;EZerV\s/trand? of cgmplem'enta;y tsequen(;.e tl,:at”? re prehs e_rﬁated with 60 nM ss 100mer. After 15 min, 6 nk¥P-labeled ds
(_ ). We performed experiments to inves Igate theé mecha- yomer was added and incubation continued for an additional 15
nism of DNA strand exchange observed with Brh2. Here min. Concentrations for the samples of Brh2 in panels A and B
we used the ss 100mer and ds 49mer substrates above bwtere 0.05, 0.1, 0.25, 0.5, 1, andu®/, respectively. For Rad51,
with conventional methodology following the transfer of the goélgegtfgloc?% V\gefee 2'?,6' 0-(}%\/' 0.6, 1.5, ?%M'n par{?' 'i‘\ a?g)
32p. .06, 0.15, 0.3, 0.6, 1.5, an in panel B, respectively.
P-labeled {_). strand to the ss 10Qmeﬂ-}[ stra_nd by ge! . Brh2 (1uM) was incubated with 6 nM2P-labeled ds 49mer (label
electrophoresis. Strand e>§change is evident in the shift in 5 ihe minus strand) for 30 min in 25 mM Tris-HCI (pH 7.5), 20
label from the faster running ds 49mer to the slow&- mM KCI, 4 mM MgCl,, 1 mM DTT, and 2 mM ATP. Similarly,
labeled 49mer100mer heteroduplex. Strand exchange pro- reactions were run with 0.004 or 1 unit of Exo lll. Samples were
moted by Brh2 (Figure 5A) was dose-dependent and evidentMixed with tracking dye stop solution containing formamide and

; : DTA to yield final concentrations of 50% and 10 mM, respec-
regardless of whether Brh2 was preincubated with ss 100mer§vely, heated at 5GC for 5 min. and then loaded on an 8%

or ds 49mer (Figure 5B), unlike the reaction promoted by poyacrylamide gel containin7 M urea that had been prerun for
Rad51, which proceeded only when Rad51 was prelncubatecgo min to warm the gel.

with ss 100mer. Thus, in contrast to Rad51 strand exchange,
Brh2 strand exchange was insensitive to the order of additionwere incubated for a set time, then mixed with a 10-fold
of components. We considered the possibility that the excess of ss 100mer, and either deproteinized immediately
observed strand exchange might be an artifact arising fromor incubated further and then deproteinized. If separated
trace exonuclease contamination. Here, exposure of a singlestrands of the 49mer were generated by incubation with Brh2,
stranded tract in ds DNA in the presence of a complementarythen the labeled ss 49mer should anneal when the reaction
strand and an annealing activity could lead to an apparentwas quenched upon addition of an excess of complementary
strand exchange3b). However, when we examined Brh2 ss 100mer, thus forming the strand exchange product with
directly for exonuclease activity by incubating it with the different mobility. No further increase in the amount of strand
32P-labeled ds 49mer and MIg a cofactor required for many  exchange product would be expected upon continued incuba-
E. colideoxyribonucleases, and then analyzing the productstion with ss 100mer. However, no strand exchange above
on a DNA sequencing gel in which release of a single the background level was apparent after the initial incubation
nucleotide could be detected, there was no indication of period of ds 49mer with Brh2 followed by the quench that
exonuclease contamination (Figure 5C). By comparison, included addition of excess ss 100mer and immediate
controls in which Exo Il was added exhibited a ladder of deproteinization (Figure 6A). Strand exchange became
bands indicative of exonucleolytic degradation. apparent only when there was continued incubation with the
To test whether the mechanism of Brh2 strand exchangeadded ss 100mer. These results imply that the Brh2 strand
involved melting of the 49mer duplex followed by spontane- exchange reaction occurs without the generation of free ss
ous annealing with the ss 100mer, we followed the procedureDNA from the ds DNA as an intermediate. No strand
used in analysis of Rad51C by Kowalczykowski's group exchange took place when the same procedure was used with
(34). Reaction mixtures containing Brh2 and the ds 49mer Rad51 (Figure 6C), as expected. In this case, strand exchange
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A-C  DNA1 + protein --> preincubate 15 min,
add DNAZ to start reaction --> further incubation, then quench

A = C
5 : i
g5 © DCm2sdsdmer oM RadSt+ss100-mer 15 min, Rad51 + ds 49-mer 15 min,
EE g meas 1COSmarvenatie tme -->ds 49-mer varable time -->ss 100-mer variable time
oy D =
a8 o=l N | DLl
L el L L AL L L L1 T 1)
+ GO0 SRRRRERERwns SPssseneseny seRsEveseeRy
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D-E DNAT1 + protein --> preincubate variable times,
add DNAZ to start reaction --> 15 min incubation, then quench
Brh2 + ds 49-mer variable time, Rad51 + ds 49-mer variable time [
-->55 100-mer 15 min —>55 100--mer 15 min 80
no protein ) . ©
e N i I i 2
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Ficure 6: Order of addition in strand exchange. Brh2 or Rad51 was preincubated with one DNA substrate. Strand exchange reactions were
then started by addition of the second DNA substrate. In panel§ Aroteins were mixed with the first DNA substrate as indicated and
preincubated for 15 min. Reactions were started by addition of the second DNA substrate and terminated at 0, 0.5, 1, 1.5, 2, 3, 5, 7.5, 10,
15, 20, and 30 min. These 12 time points are represented in order from left to right by the 12 lanes in each frame. (A) BMRW@S5
preincubated with 6 nM2P-labeled ds 49mer for 15 min, followed by 60 nM ss 100mer. Samples were then taken at the times indicated
above and deproteinized. Control lanes at the far left incRiBdabeled ss 49mer or ds 49mer with no protein. These are followed by
control mixtures of2P-labeled ds 49mer and ss 100mer with no protein but incubated for the indicated times before loading. A low level

of slower moving DNA, which is a heteroduplex formed by spontaneous annealing of some residddPfieeled ss 49mer with ss
100mer, is apparent in all three lanes. (B) Rad51 (VB was preincubated with 60 nM ss 100mer for 15 min. Reactions were initiated

by addition of 6 nM32P-labeled ds49mer and samples taken at the indicated times. (C) Rad5dMl\Bas preincubated with 6 nM
32pP-labeled ds 49mer for 15 min. Reactions were initiated by addition of 60 nM ss 100mer and samples taken at the times indicated above.
In panels D and E, proteins were mixed with the first DNA substrate as indicated and preincubated for variable lengths of time (0, 0.5, 1,
15, 2,3,5,7.5, 10, 15, 20, and 30 min). Reactions were started by addition of the second DNA substrate and then terminated after 15 min.
(D) Brh2 (0.5uM) or (E) Rad51 (1.5«M) was preincubated with 6 nNPP-labeled ds 49mer for variable times given above, followed by
addition of 60 nM ss 100mer for 15 min. Control lanes at the far left include mixturé3Petabeled ds 49mer and ss 100mer with no
protein but incubated for the indicated times before loading. (F) Data from pandisake summarized with percentage strand exchange
plotted for Rad51 and Brh2 reactions preincubated with ss or ds DNA.

with Rad51 became efficient only with extended preincu- strand exchange promoted by Brh2 and the activity was
bation time with the ss 100mer (Figure 6C). Conversely, the slightly stimulated by addition of RPA (Figure 7, lanes ¢
extent of Brh2-promoted strand exchange was undiminishedand k). These findings argue against the notion that the
regardless of the time of incubation of Brh2 with ds49-mer observed Brh2-promoted strand exchange results from
as long as this was followed by a second incubation with ss spontaneous breathing of the ds DNA but, on the contrary,
100mer (Figure 6D,E), in contrast to the Rad51 reaction support the idea that the strand exchange activity of Brh2,
(Figure 6E,F). Thus, oligonucleotide strand exchange by regardless of the molecular basis, could represent a physi-
Brh2 proceeds by a mechanism that does not involve duplexologically significant aspect of its biological function.
melting and does not require prior formation of a complex In the yeast system, it has been established that Rad52
with ss DNA. forms a complex with Rad51 and can stimulate Rad51-
Given that ds DNA is less stable in the absence of divalent catalyzed strand exchange. However, the ratio of Rad52 to
cation, we considered the possibility that the apparent strandRad51 is critical. When the level of Rad52 protomers exceeds
exchange might be explained as a protein-enhanced reactiorthat of Rad51 by 1:3, strand exchange activity is strongly
initiated in response to increased spontaneous breathing oinhibited (17, 36). In agreement, we found that when Rad51
the duplex. If so, there should be no reaction when a was at suboptimal levels for strand exchange (1 protomer
physiological level of Mg" is present. Therefore, we per 18 nucleotides of ss DNA) there was almost total
performed reactions in the presence of 4 mM2¥gthe inhibition of activity upon addition of Rad52 at a ratio of
concentration optimal for the Rad51-promoted strand ex-
change activity. Under these conditions, there was robust  2N. Mazloum and W. K. Holloman, unpublished results.
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£ -4-+-+-+ -4-4-4-4 Brh2 raises the idea that this pairing activity might contribute to
= BTN the initiation of Rad51-catalyzed pairing reactions. Is it
==++=--+4+ =--++--++ Rad52 . . . .

9 oo wa st BPA possible that Brh2 sets up recombination events by establish-
ing an initial synaptic step involving a limited stretch of
residues and then recruits Rad51 to potentiate and extend
pairing, thus forming a stable heteroduplex joint? The binding

.. preference of Brh2 for D-loops and branched structures might
be a clue to the mechanism underlying the oligonucleotide

. m m strand exchange. Perhaps the Brh2 strand exchange reaction

a bcdefghi jkimnopg is driven by stabilization of a branched or D-loop intermedi-

FIGURE 7: Multiple components in strand exchange. All reactions at€. Alternatively or in addition, perhaps the preferential
were carried out in the presence of 4 mM Mg@hd 2 mM ATP. binding of Brh2 to Holliday junctions suggests a role in

In lanes b-i, protein components (500 nM Brh2, 330 nM Rad51, stabilizing the cruciform or “chickenfoot” junctions formed

and 330 nM Rad52) were mixed together as indicated with 60 nM inati i ; ;
ss 100mer. After 15 min, 6 nMP-labeled ds 49mer was added ata stalled repllcatlon fqu possibly enabling lesion bypass
through template switching.

and incubation continued for an additional 15 min. In laneq,j
gohnM ss 100mer wasd;éreéncutk)]ateq W“h.lg.o nMdePA for $8~m'”'| More experimentation will be required to establish the
ther proteins were added to the mix as indicated for an additional mechanism underlying the Brh2-promoted strand exchange
. 2 _ . . it i : ! X 1
15 min. Then 6 nM2P-labeled ds 49mer was added and incubation but it seems likely that it will involve some degree of duplex

continued for a further 15 min. . : Y e
deformation, opening, or unwinding and concerted pairing
1:1 regardless of the presence or absence of RPA (Figure 7pf the third strgnd. With its intrinsic ability to promote sipgle—
lanes f and h and lanes n and p). Rad52 also inhibited theStrand annealing, and DNA strand exchange, Brh2 joins a
Brh2 strand exchange reaction (Figure 7, lanes e and my).Set of proteins found in eukaryotes as well as prokaryotes
Inhibition of Rad51 by Rad52 was completely relieved when Providing similar functions central to homologous recom-
Brh2 was also present (Figure 7, lanes i and q). These resultination. In prokayrotes, these include RecA family mem-
suggest that precise control of the interplay among Brh2, bers, RecO37), and RecT §8), and in eukaryotes RadS1
Rad51, and Rad52 is essential for well-ordered DNA strand family members and paralogs such as Dmgg, ¢0) and

exchange. Xrcc3-Rad51C&4, 41), Hop2 @2), and Rad52. An emerging
paradigm linking these proteins with a common mechanism
DISCUSSION is the formation of a presynaptic complex with ss DNA that

enables switching of base pai3(43). Brh2 seems to stand
apart in being able to initiate DNA strand exchange in the
presence of ds DNA, but that feature by no means rules out
the possibility that its mechanism for DNA strand invasion
proceeds through formation of a nucleoprotein structure
favorable for base pair switching. As thk maydissystem
offers the powerful advantage of genetic manipulation, it
should be possible to generate Brh2 alleles defective in DNA

Previously, Brh2 was shown to be able to nucleate Rad51
filament formation on RPA-coated DNA at a ds DNAs
DNA junction (), thus demonstrating its activity as a
mediator. Here we followed up on an aspect of that work
by focusing more closely on the interplay of Brh2 with DNA
using an oligonucleotide-based model system. Three principal
conclusions can be drawn from these studies. First, Brh2

prefers binding to partially ds DNA oligonucleotide structures annealing and strand exchange. Analysis of the corresponding

that contain ss DNA regions as forks,_ branches, or D-loops. mutant phenotypes would be decisive in elucidating the
Second, Brh2 can promote annealing of complementary biological significance of these activities.

single-strand oligonucleotides coated with RPA. Third, Brh2 )
can promote a type of DNA strand exchange using oligo- It seems to be a _remarkable example_of evolutionary
nucleotide substrates without regard for the order of addition cOnvergence in function that Brh2 . maydisand Rad52
of components. These findings raise the possibility that Brh2 in Saccharomyces cersiae perform similar mediator reac-
might contribute to the homologous recombination system tions in vitro and provide the pivotal genetic control
by means not previously considered in the studies on its 9overning homologous recombination in vivo, yet they bear
mediator activity. no structura! resemblance. That a consgrved Rgd52 is present
A paradoxical feature of Rad51 revealed by in vitro N U. maydis yet relegated to a relatively minor role in
analysis is its sensitivity to ds DNA during the presynaptic "€combinatior?, while a Brh2/BRCA2 ortholog is absent in
stage. Efficient Rad51-promoted strand exchange requires a>- Cereisiae raises the interesting questions of how these
preloading step on ss DNA for circumventing the powerful Proteins evolved to similarly prominent positions in the
inhibitory effects of ds DNA on strand exchange. How then homologous recombination systems of their respective
can the function of Rad51 in vivo be reconciled in view of Organisms and what role is played by tiemaydisRad52.
the largely duplex conformation of DNA within the nuclear
environment? In the preceding work establishing that Brh2 ACKNOWLEDGMENT
could assist Rad51 in forming nucleoprotein filaments on a
resected DNA moleculé), the evidence suggested that Brh2
recognized ds DNAss DNA junctions and nucleated Rad51
filament formation in the appropriate polarity for subsequent
strand exchange. That Brh2 can promote an oligonucleotide
strand exchange reaction, albeit over a limited stretch of
residues, with ds DNA and RPA-coated ss DNA present 3M. Kojic, Q. Zhou, and W. K. Holloman, unpublished results.

This work greatly benefited from critical comments offered
by Steve Kowalczykowski (University of California, Davis,
CA) and Lorraine Symington (Columbia University, New
York, NY).
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