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TheC-terminal region of Brh2 (Brh2CT), theBRCA2homolog
in Ustilago maydis, is highly conserved and aligns with the
DSS1/DNA-binding domain (DBD) of mammalian BRCA2,
while the N-terminal region (Brh2NT) is poorly conserved and
has no obvious functional domain except for the single Rad51-
interacting BRC element. Paradoxically, Brh2NT, but not
Brh2CT, complements the DNA repair and recombination defi-
ciency of the brh2 mutant. We show here that Brh2NT exhibits
an unexpected DNA binding activity with properties similar to
that of the full-length protein. Deletion mapping localized the
region responsible for the DNA binding activity to a stretch of
residues between the BRC element and the canonical DBD. A
heterologous DNA-binding domain from the large subunit of
replication protein A substituted for the endogenous binding
region within Brh2NT in supporting DNA repair. Rad51-pro-
moted strand invasion was stimulated by Brh2NT, but required
the presence of the BRC element. The findings suggest a model
in which Brh2NT serves as the principal site for association with
DNA, while the Brh2CT provides a means for regulation.

The repair of damaged DNA by homologous recombination
is a high fidelity and universal process for maintaining genome
integrity. At the heart of it is the use of an undamaged homol-
ogous DNA sequence as a template to direct repair of damaged
regions. In eukaryotes, Rad51 plays the key role of promoting
the search for the homologous sequence (1). Rad51 assembles
into a complex with single-stranded (ss)2 DNA that has been
revealed after some processing of the damaged duplex to form a
nucleoprotein filament, which is the active element for promot-
ing homologous pairing and DNA strand exchange. BRCA2 is
an important regulator of Rad51 activity (2, 3). Investigations
using peptides or synthetic fusion proteins designed to model
component elements of human BRCA2 suggest both positive

and negative roles for BRCA2 in organizing Rad51 filaments
(4–8).
Biochemical studies with Brh2, the BRCA2 homolog from

the fungusUstilago maydis, have demonstrated that itmediates
Rad51 assembly on a protruding single-strand DNA tail (9).
Interaction of Rad51 with Brh2 is through the single BRC ele-
ment located in the N-terminal region of the protein (10). The
BRC element comprises a sequence of about 30 amino acids
(aa) that mimics a critical determinant of the Rad51 polymeri-
zation interface (11, 12). Rad51 also interacts with Brh2
through a second, poorly defined locus, the CRE, located at the
extreme C terminus of Brh2 (13). These N-terminal and C-ter-
minal elements communicate with each other in some as yet
unknown way to support proper Rad51 filament assembly.
Such communication requires an interplay that is coordinated
by Dss1 (13), a small versatile acidic protein that interacts with
Brh2 in a region corresponding to a segment of theDSS1/DNA-
binding domain (DBD) in mammalian BRCA2 (14). The mam-
malian BRCA2DBDdomain consists of a tandem array of three
oligonucleotide/oligosaccharide-binding (OB) folds and a
helix-rich domain that is laced to the adjacent OB fold by inter-
twining with DSS1 (15). Sequence alignment with BRCA2 indi-
cates that a region corresponding to part of the helix-rich
domain and the adjacent OB1 and OB2 folds is conserved in
Brh2, but that OB3 is absent. 36 of 40 residues in BRCA2 DBD
that contact DSS1 are identical or conservatively substituted in
Brh2 (14).
Mutants lacking Brh2 are extremely sensitive to DNA dam-

age by UV, ionizing radiation, and other genotoxic agents, are
deficient in recombination, and are defective in meiosis (16).
Deletion of the gene encoding Dss1 results in a virtual pheno-
copy of the brh2mutant (14). In view of the physical interaction
between Brh2 and Dss1, the implication is that Dss1 serves as a
positive activator for Brh2. Other studies also provide support
for the notion that Dss1 serves as a regulator. Removal of a tract
of 40 amino acids from the C terminus of Brh2 is enough to
cause complete loss of function, as measured by lack of activity
in complementing the UV sensitivity of the brh2 mutant. Yet
paradoxically, by removing much longer tracts from the C ter-
minus (with truncation points between residues 503 and 589)
that delete the region corresponding to the Dss1/DNA-binding
domain (the DBD), resistance to DNA damage is restored sub-
stantially when these severely truncated proteins are expressed
not only in the brh2 mutant, but also in the dss1 mutant (17).
This is surprising because the only obvious functional motif
recognizable in the remnantN-terminal region of the protein is
the BRC element and which is considered to serve in an essen-
tially negative manner by blocking formation or destabilizing
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the Rad51 filament (4, 18, 19). These findings imply that the
longer deletions remove a negative regulatory element from
Brh2.
The large subunit of replication protein A (RPA70) has a

modular arrangement of four domains including anN-terminal
protein-protein interaction domain and three ssDNA-binding
OB folds (20), but no residues in common with those in the
BRCA2DBD known from the crystal structure to contact Dss1.
Replacing the DBD of Brh2 with the DNA-binding domain
comprised of RPA70 OB folds A, B, and C creates a hybrid that
is evenmore competent in restoring resistance toDNAdamage
and extremely elevated in recombination regardless of Dss1
status (17). These observations suggest that the N-terminal
BRC-containing domain has an inherent ability to organize
Rad51 and to support DNA repair independently of Dss1,
but that the addition of a domain with strong single-strand
DNA binding activity enhances the Rad51-organizing activ-
ity. Analogous findings were made in amammalian system in
which a synthetic protein consisting of BRCA2 BRC ele-
ments fused to RPA70 was found to suppress the DNA repair
and recombination defects of BRCA2-deficient cells (6).
Based on these observations it can be imagined that a Rad51-
interaction element coupled with a single-strand-specific
DNA binding activity constitutes a primitive mechanism to
enable mediator function.
Biochemical testing with the mammalian BRCA2 DBD (15)

and studies using a synthetic construct that consisted of the
human BRCA2 DBD fused with a polypeptide spanning BRC3
and BRC4 confirmed the DNA binding ability and preference
for single-stranded DNA of the BRCA2 DBD (7), as was pre-
dicted based on its co-crystal structure with oligothymidylate
(oligo(dT9)). In experiments with a synthetic version of BRCA2
consisting of the region spanning BRC3 and BRC4 fused to the
DBD, stimulation of Rad51 nucleation onto RPA-coated single-
stranded DNA was shown to depend on both the Rad51 inter-
action ability of the BRC domain and DNA binding activity of
the DBD (7).
A simple mediator model would suggest that Brh2 binds

Rad51 by interaction with the BRC element and ferries it to
single-strandedDNA through theDNAbinding function in the
DBD. Yet our observations that the N-terminal region of Brh2
can restore resistance to DNA damage and recombination pro-
ficiency in the absence of the canonical Dss1/OB fold-contain-
ing DNA-binding domain and without dependence on Dss1
(17) suggest that this part of the protein has some inherent
ability to enhance Rad51 filament formation. A simple explana-
tion is that the N-terminal region of Brh2 contains an unrecog-
nized DNA-binding domain that, in concert with the BRC,
mediates delivery of Rad51 to damaged sites even in the absence
of the apparently canonical Dss1/DNA-binding domain. In the
present investigation we tested the idea that the N-terminal
region of Brh2 has an inherent DNA binding ability.

EXPERIMENTAL PROCEDURES

U. maydis Genetic Methods—Manipulations of U. maydis
strains, culturemethods, gene transfer procedures, and survival
after UV and � radiation have been described previously (13,
21).U. maydis strains included UCM350 (wild type for recom-

bination function), UCM565 (brh2), and UCM54 (rec2). Brh2
derivatives used in complementation studies and protein
expression were prepared by PCR amplification of regions as
specified in figures using the cloned Brh2 gene as template.
Similarly, a region from RPA70 spanning OB folds A and B
(codons 144–436) was amplified from the cloned gene and
fused in-frame with a fragment encoding Brh2 residues 1–373.
Brh2 and derivatives were expressed under control of the mod-
erate glyceraldehyde-3-phosphate dehydrogenase promoter on
self-replicating plasmids.
Protein Purification—Brh2 and Brh2CT proteins tagged with

maltose-binding protein (MBP) in complex with His-tagged
Dss1 were purified after overexpression in Escherichia coli as
described previously (13, 22). Brh2NT terminating at residue
Met-551 and other truncated forms of the Brh2NT deleted ofN-
and C-terminal residues were purified as fusion proteins with
an N-terminal MBP tag and C-terminal His tag. Purification
followed the same protocol developed for the full-length pro-
tein involving sequential affinity chromatography on Ni2�-
NTA (nitrilotriacetic acid-agarose), amylose resin, andmonoQ
beads, but included an additional step of salt gradient elution
fromHiTrap heparin-agarose (GEHealthcare). Brh2NT protein
devoid of affinity tagwas prepared froma fusion proteinwith an
N-terminal MBP tag and C-terminal His tag, which was engi-
neered to contain a tobacco etch virus (TEV) protease recogni-
tion site in the linker regions connecting the MBP and His tags
to Brh2NT. After cleavage with TEV protease, Brh2CT was puri-
fied by salt gradient elution frommonoQ resin using an AKTA
FPLC chromatography system (GE Healthcare). Protein was
stored in 50 mM Tris-HCl, pH 7.5, 200 mM KCl, 1 mM dithio-
threitol, 1 mM EDTA, 10% glycerol. His-tagged Dss1 was puri-
fied after expression in E. coli. The procedure included affinity
purification on Ni2�-NTA, gradient elution from monoQ
beads, and molecular sieve chromatography on Superose 6 gel
filtration column. TEV protease engineered to be highly stabi-
lized was purified from an overproducing E. coli strain (23)
transformed with pRK793 graciously provided by David S.
Waugh (NCI, National Institutes of Health, Frederick, MD).
Mouse BRCA2 DBD was generously provided by Jie Fan
(Nikola Pavletich Laboratory, Memorial Sloan-Kettering Can-
cer Center, New York, NY).
DNA Dynamics—DNA binding and D-loop formation were

assayed using labeled oligonucleotides by the methods
described previously (22, 24). For DNA binding by electro-
phoreticmobility shift assay, reactionswere performedwith 3.3
nM DNA in 25 mMHEPES, pH 7.5, 55 mM KCl, 2 mMMgCl2, at
37 °C for 15min.Glutaraldehydewas added to 0.2% and after an
additional 10 min, 0.1 M Tris-HCl, pH 8.0, was added. Products
were examined after electrophoresis at room temperature in 1%
agarose gels cast in 40 mM Tris acetate, pH 7.6, 1 mM EDTA.
Oligonucleotide substrates design was the same as in the previ-
ous studies. For analysis of conformational and structural spec-
ificity in Brh2, binding oligonucleotides were labeled at the
5�-end with 32P, and images of gels were determined by phos-
phorimaging. The fraction of DNA in complexes was deter-
mined using ImageQuaNT software (Molecular Dynamics).
For standard binding comparisons an ss60mer oligonucleotide
(derived from phage �X174 sequence 103–162) labeled at the
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5�-end with the fluorescent dye IRD800 (MWGBiotech AG) was
used as substrate. For D-loop reactions an ss80mer oligonucleo-
tide (derived frompBluescript II sequence 1–80)was used as sub-
strate. Gel images were collected with an Odyssey infrared detec-
tion platform (LI-COR Biosciences). All DNA concentrations are
expressed inmolecules, rather than nucleotide.

RESULTS

Biological Activity of Brh2 Lacking the DBD—To define in
more detail the biological capabilities of Brh2 N-terminal
domain we compared a representative truncation mutant with
the DBD removed (Brh21–551 or Brh2NT hereafter) with a Brh2
truncation expressing only the DBD (Brh2505–1075 or Brh2CT
hereafter) for ability to complement radiation sensitivity when
expressed in a brh2-nullmutant. Schematic representations are
shown with approximate locations of the Rad51-interacting
elements BRC and CRE, a putative nuclear localization signal,
the helix-rich domain HD and the two OB folds corresponding
to the canonical DBD of BRCA2, and Dss1 with its region of
interaction in Brh2 (Fig. 1A). At doses of UV and � radiation
that resulted in about the same degree of killing of the brh2D
mutant, Brh2NT exhibited a level of complementation
approaching that of the full-length Brh2, while Brh2CT showed
little activity (Fig. 1B). These results demonstrate that the
Brh2NT is active in repair of DNA lesions introduced as a con-
sequence of both UV and ionizing radiation.

To test the actions of Brh2NT further, we examined its ability
to suppress the radiation sensitivity of rec2. Rec2 is the single
Rad51 paralog inU. maydis, andmutants depleted of it are also
sensitive to UV and ionizing radiation. Unlike dss1, radiation
resistance of the rec2 mutant can be substantially restored by
expressing the full-length Brh2 (10) ectopically from a moder-
ately strong, constitutive promoter. Herewe found that Brh2NT

was also effective in restoring resistance of rec2 to � radiation
(Fig. 1C). Nevertheless, Brh2NT was not comparable in activity
in restoring resistance to UV, suggesting that the response to
DNA lesions arising as a consequence of UV damage is not the
same by full-length Brh2 and Brh2NT in the absence of Rec2
function. In contrast, Brh2CT showed little to no ability to sup-
press the sensitivity of rec2 to UV or � radiation. The basis for
howBrh2 restores radiation resistance to rec2 is not known, but
one suggestion is that by increasing the level of Brh2, Rad51 and
auxiliary factors can access DNA lesions in amanner ordinarily
dependent on Rec2 function. That the response of Brh2NT to
UV versus �-ray-induced damage differs from full-length Brh2
most likely reflects differences in the nature of the lesions, and
how they are processed. Single-stranded gaps arise as a conse-
quence of DNA replication past UV photoproducts (25), while
double-strand breaks result from ionizing radiation.Whenpro-
moted by Brh2NT, repair of the former is dependent on Rec2,
but apparently not the latter. Collectively, these results confirm
and extend the conclusions that the N-terminal region of Brh2
indeed has an inherent biological activity comparable to a large
degree with the full-length Brh2 protein and that the canonical
DNA-binding domain is to some extent dispensable for func-
tion. A simple explanation to account for the biological func-
tion is that Brh2NT is still able to bind DNA through an unrec-
ognized DNA-binding domain.
DNA Binding Activity within Brh2NT—We overproduced

and purified Brh2NT and Brh2CT separately to compare them
directly for DNA binding activity. As an aid to purification the
proteinswere fused to anMBPaffinity tag. Full-lengthBrh2 and
Brh2CT were necessarily produced as heterotypic complexes
with Dss1 (His-tagged) (13), but are referred to below as Brh2
and Brh2CT, respectively, for simplicity unless stated otherwise
(Fig. 2A). As previous analysis showed that biological activity of
Brh2was not compromised by the presence of theMBP tag, nor
that of Dss1 by the His tag (13, 17), we used the tagged proteins
in the experiments reported below, unless indicated differently.
DNA binding was measured using an electrophoretic mobil-

ity shift assay with 5� 32P-labeled or 5� IRD800 fluorophore-
labeled oligonucleotides as substrate. Full-lengthBrh2, as noted
previously (22), exhibited a marked preference for single-
stranded versus duplex DNA and formed complexes that
migrated in almost ladder-like fashion with progressively
slower mobility as protein concentration increased (Fig. 2B),
probably reflecting increasing mass of complexes as more and
more protein molecules associated with individual DNAmole-
cules. Brh2CT, comprising the canonical DBD, bound DNA
with lower affinity-forming complexes that were not as discrete
and that included a fraction that failed to enter the gel. To learn
whether the MBP tag interfered with DNA binding in the case
of Brh2CT, we removed the tag by specific proteolytic cleavage
through an engineeredTEV recognition site in the linker region

FIGURE 1. Domain mapping by rescue of radiation resistance. A, schematic
illustration of the domain maps of Brh2 (1075 aa), Brh2NT (551 aa), and Brh2CT

(570 aa). Dss1 (gray bar) is shown below Brh2 and Brh2CT with the approxi-
mate boundaries of the interacting region. Rad51-interacting elements BRC
and CRE; putative nuclear localization signal NLS: black bars. HD: vertical
hatch. OB1 and OB2 (ovals). Tower insert in OB2, black bar. B and C, survival of
the indicated strains after treatment with UV or �-rays. brh2 or rec2 mutant
cells were transformed as indicated with self-replicating plasmids expressing
Brh2, Brh2NT, Brh2CT, or Rec2. Cell suspensions were adjusted to �2 � 107 per
ml, diluted in 10-fold serial dilutions, and aliquots (10 �l) of each were spotted
from left to right as shown. Survival is indicated as growth of colonies 3 days
after irradiation.
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fusing theMBP to Brh2CT, but found that the untagged protein
was no different in DNA binding properties (data not shown).
The Brh2NT fragment bound DNA with capacity and prefer-
ence for single-stranded conformationmatching the full-length
protein (Fig. 2B). The complexes migrated somewhat differ-
ently from those formed with full-length Brh2. Absent was the
ladder of slower mobility complexes. Instead, with increasing
protein concentration, the complexes ran with slightly faster
mobility. The basis for this slightly increased mobility is not
clear but could mean that the Brh2NT complexes assume a
more compact form. Moreover, the mobility of the complexes
formed with Brh2NT was about the same as with full-length
Brh2 despite the substantial difference in the molecular mass
between the two proteins. This suggests that the stoichiometry
of protein bound per DNAmolecule in the complexes is higher
with Brh2NT comparedwith full-length Brh2 such that the total
mass of the complexes formed in each case is about the same.
In previous studies on the binding specificity of Brh2, it was

found that oligonucleotidemodel structures withD-loops, i.e. a
duplex with an internal displaced ss loop, or branches were
preferred substrates and were bound with higher affinity than
ssDNA (22). A set of three of these substrates was used to test
the specificity of the Brh2 truncations. These included a
D-loop, a bubble, i.e. a duplexwith an unpaired internal stretch,
and a fork, i.e. a duplex with protruding unpaired 5� and 3�-ss
tails. Binding by Brh2CT was weak, and poorly distinguished
complexes were formed; whereas in contrast the specificity and
binding capacity of Brh2NT paralleled full-length Brh2 (Fig. 2B).
As with ssDNA the Brh2NT complexes migrated slightly faster
with increasing levels of protein. These studies suggest that the
DNAsubstrate specificity exhibited by the full-lengthBrh2pro-
tein is governed primarily by determinants within the N-termi-
nal region of the protein.
To test whether the DNA binding activity observed with the

Brh2NTwas an inherent property of the Brh2NT protein and not
due to a contaminant in the preparations, we used tag-specific
antibodies to see if the complexes could be supershifted. Anti-
bodies to the MBP affinity tag were added after formation of
Brh2NT- or Brh2-ssDNA complexes, and the electrophoretic
mobility was then analyzed. DNA-bound complexes formed
with both full-length Brh2 and Brh2NT were shifted to a slower
mobility (Fig. 2C) indicating that the protein present in the
shifted DNA complexes carried the MBP tag.
To examine whether the DNA-binding activity was due to

the MBP tag, we removed the tag by specific proteolytic cleav-
age through an engineered TEV recognition site in the linker
region fusing theMBP to Brh2NT (Fig. 2A). This protein deleted
of the MBP tag bound DNA with similar affinity as the tagged
protein strongly supporting the notion that a DNA binding

FIGURE 2. DNA binding activity associated with the N-terminal region of
Brh2. A, proteins in the analysis. SDS-polyacrylamide gel (10%) with �3 pmol
each of the indicated proteins run alongside a ladder of Precision Plus protein
standards (BioRad) after staining with Simplyblue Safe stain (Invitrogen), lane
a, MBP-Brh2/His-Dss1; lane b, MBP-Brh2NT; lane c, Brh2NT with MBP tag

removed by TEV protease cleavage; lane d, MBP-Brh2CT/His-Dss1; lane e, His-
Dss1. B, mobility shift determinations for DNA binding were determined
using 32P-labeled oligonucleotides in the indicated conformations with Brh2
or derivative truncated proteins in the following final concentrations from left
to right: 0, 2, 4, 10, 20, 100, and 200 nM. C, supershift determination was
performed by addition of anti-MBP monoclonal antibody (New England Bio-
labs) 15 min after initiating a standard DNA binding reaction with IRD800-
labeled ss60mer and 200 nM Brh2 or Brh2NT. D, mobility shift determinations
for DNA binding were determined using IRD800-labeled ss60mer with MBP
alone, MBP-Brh2NT, or Brh2NT without the MBP tag at 100 nM.
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activity was inherent in the Brh2 N-terminal region (Fig. 2D).
The complexes formed with the untagged Brh2NT ran with a
slightly slower mobility compared with the tagged protein. The
reason for this is not clear, but one possibility is that the MBP
tag sterically hinders loading of adjacent Brh2NT molecules
along the length of the oligonucleotide. Thus, without theMBP
tag slightly more Brh2NT might be able to bind to the DNA to
form amore slowly migrating complex. Nomobility shift of the
DNA substrate was observed in reactions containing MBP
alone (data not shown). These controls show that a previously
unrecognized DNA binding activity is associated with the
N-terminal region of Brh2.
DNA Binding Activity of Brh2 Compared with BRCA2

DBD—In the seminal structural study describing the tandem
arrangement of the helical domain and three OB folds of the
mammalian BRCA2 DBD, the DNA binding activity and con-
formational preference for ssDNA were confirmed by direct
biochemical experimentation (15). Protein-bound complexes
with oligo(dT) in the range of 32–36 residues were reported to
form avidly with 300 nM BRCA2 DBD. We compared murine
BRCA2 DBD side-by-side with Brh2 and derivative proteins
(Fig. 3A) using the ss60mer natural sequence DNA substrate.
Under our reaction conditions with this longer DNA oligomer
half of the DNA substrate was shifted by addition of 180 nM
BRCA2 DBD to form complexes that were fairly uniform in
mobility (Fig. 3B). By comparison 310 nM Brh2CT was required
to shift half the input DNA. Complexes that formed were dif-
fuse or else failed to enter the gel. The stronger binding by
BRCA2 DBD could reflect a contribution from the third OB
fold, which makes contacts in its binding groove with DNA
according to the atomic structure (15) and which appears to be
missing from Brh2. On the other hand a much lower concen-
tration of Brh2 (20 nM) or Brh2NT (10 nM) was required to shift
half the DNA, indicating that these proteins bound DNA
tighter than BRCA2 DBD by more than an order of magnitude
(Fig. 3C). These observations suggest that the primary site
within Brh2 for associatingwithDNA resides in theN-terminal
region and support the hypothesis that the biological activity
manifested by the N-terminal region is due to the coupling of
the BRC element to a DNA binding activity.
Mapping the Brh2NTDNA-bindingDomain—Inour previous

genetic studies showing that biologically active variants of Brh2
independent of Dss1 could be obtained by truncating the entire
DBD, we performed a deletion analysis to define the region
within the N-terminal fragment responsible for complement-
ingUV sensitivity of the brh2mutant (17). Truncation from the
N terminus was without effect upon removal of 213 residues,
but when the deletion endpoint was within 10 residues of the
BRC element there was �90% loss of activity (Fig. 4A). Starting
at residue 551, truncation in the proximal direction was with-
out effect up to residue 503, but truncation to residue 492,
which eliminated the putative nuclear localization signal
(KRPR 496–499) and cut into a motif (FVTPFK 488–493)
shown to be critical for DMC1 interaction with human BRCA2
(26), caused �90% loss of activity.
Based on the findings that the complementing activity could

be localized to a region between Brh2 residues 213–503, it
seemed reasonable to assume that the DNA-binding domain

would lie within the same sequence. To confirm this notion, we
wished to test truncated Brh2 polypeptides directly for DNA
binding activity. Therefore, we constructed a nested series of
deletion alleles that spanned the sequence and expressed these
in E. coliwith the intention of purifying the protein product for
biochemical analysis. Not all of the constructs overproduced
protein and several that did produce protein products in forms
that appeared badly degraded and were therefore of little use.
This was particularly true of truncations that deleted residues
from the distal end of Brh2NT (e.g. Brh2106–551 was overpro-
duced as a soluble protein of uniform size while Brh2106–503
appeared as a polydisperse collection of truncated fragments).
Nevertheless, four overlapping deletion products expressed

FIGURE 3. Comparison of DNA binding activities. A, schematic representa-
tion of Brh2, Brh2NT, Brh2CT, and mouse BRCA2 DBD (736 amino acids) drawn
approximately to scale. The mouse DBD has a more extensive HD and a third
OB fold. B, mobility shift determinations shown for DNA binding were deter-
mined using IRD800-labeled ss60mer and increasing concentrations of
Brh2CT and BRCA2 DBD as follows: lanes a, f, no protein; lanes b, g, 75 nM; lanes
c, h, 300 nM; lanes d, i, 600 nM; lanes e, j, 1000 nM. Controls included lane k, 100
nM Brh2; lane l, 100 nM Brh2NT. C, binding results are presented graphically
showing means of three independent determinations with standard devia-
tions. Also shown for comparison are binding curves with Brh2 and Brh2NT at
concentrations used in Fig. 2B.
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well and were obtained in sufficient quantity to allow biochem-
ical characterization (Fig. 4, B and C). When tested directly for
DNA interaction, the N-terminal fragments Brh2318–551 and
Brh2359–551 exhibited substantial binding activity. Interpolat-
ing from the complementation assay for biological activity, we
surmise that the DNA-binding domain within the N-terminal
region of Brh2 resides between residues 359–503.
Substituting the N-terminal DNA-binding Domain with a

Heterologous Domain—When the 144-residue amino acid
sequence harboring the N-terminal DNA-binding domain was
used as query in a BLAST search no candidate with convincing
similarity was identified. Inspection of the sequence, however,
revealed it to be highly basic (pI 11.5) raising the possibility that
interaction of DNA is promoted through a positively charged
surface in this region of the protein. Nevertheless, from the
BLAST search oneweak hit (25% identity, 41% similarity, E: 8.1)
was to a segment of a predicted prokaryotic endonuclease pre-
cursor. Using both of these sequences to jumpstart a PSI-
BLAST search to provide a profile hidden Markov model
(HMM), we performed a data base search with the HHpred

server forHMM-HMMcomparison (27). The top hits from this
search consisted of OB fold domains (supplemental Fig. S1),
which are characterized by five �-strands, but can be extremely
divergent in amino acid sequence, often to the point where no
domain is evident by sequence comparison. Given the possibil-
ity that the DNA-binding domain within the Brh2NT might be
an OB fold, we decided to replace the sequence comprising it
with a known OB fold domain to see if the N-terminal region
could still perform biological function. We chose to use a
sequence constituting the A and B OB folds from the 70-kDa
subunit of the single-strand DNA-binding protein RPA (Fig.
5A), because the binding properties of the RPA70-AB polypep-
tide are well-established (20, 28). Brh2NT deleted of the DNA-
binding region, but retaining the proximal sequence including
the BRC element (residues 1–373, termed Brh2NT-BRC) was
completely inactive in complementing the UV or �-ray sensi-
tivity of the brh2-null mutant (Fig. 5B). When this fragment,
however, was fused to a region of RPA70 spanning the A and B
OB folds (termed Brh2NT-BRC-RPA70AB), radiation resistance
was restored to a level approaching that achieved by Brh2NT.
These observations suggest that a threshold requirement for
Brh2 function in DNA repair can be met by providing a BRC
element coupled with a heterologous single-strand DNA-bind-
ing domain.
Rad51-independent and -dependent D-loop Activities Pro-

moted by Brh2—Besides its role in mediating Rad51 nucleation
on RPA-coated ssDNA, Brh2was previously also found capable
of promoting certain DNA-DNA interactions including
annealing of complementary single strands, strand exchange
over short lengths with oligonucleotide substrates, and a form
of DNA strand invasion as measured by D-loop formation (22,
24). Unlike Rad51, the Brh2-promoted reactions have no
requirement for ATP as a cofactor and no need for preincuba-

FIGURE 4. Mapping the DNA-binding domain within the Brh2 N-terminal
region. A, activity of Brh2 gene fragments encoding the schematically
depicted N-terminal polypeptides in complementing the UV sensitivity of
brh2 (17). B, schematic illustration summarizing the results of Brh2 fragments
tested for DNA binding. C, proteins in the analysis. SDS-polyacrylamide gel
with �1.5 pmol each of the indicated Brh2 protein derivatives with coordi-
nates as shown. D, mobility shift determinations for DNA binding were deter-
mined using IRD800-labeled ss60mer with Brh2 protein derivatives as shown
in B at 100 nM.

FIGURE 5. Swapping the N-terminal DNA-binding domain. A, schematic
illustration of the domain maps of RPA70 (623 aa), Brh2 (1075 aa), Brh2NT (551
aa), Brh2NT-BRC (373 aa), and Brh2NT-BRC-RPA70AB (654 aa). RPA70 OB folds N,
A, B, and C were identified by alignment of the U. maydis RPA70 sequence
(623 aa) with that of the human protein (616 aa) and are shown as gray rec-
tangles. The DNA binding region spanning OB folds AB that was fused with
the Brh2 N-terminal region is indicated. For Brh2 the Rad51-interacting ele-
ment BRC and putative nuclear localization signal NLS are shown as black
bars. The CT including helix-rich region, OB1, OB2 with tower, and CRE as in
Fig. 1 are shown grouped. The junction where Brh2NT-BRC is fused with
RPA70AB is shown as a narrow black bar. B, survival of the indicated strains
after treatment with UV or �-rays. brh2 mutant was transformed with self-
replicating plasmids expressing proteins as indicated. Survival was deter-
mined as described in the legend to Fig. 1.
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tion with ssDNA. We tested activity in D-loop formation by a
standard assay using superhelical plasmidDNA (pBluescript II)
and homologous ss80mer oligonucleotide as substrates, but
without addition of the Rad51 cofactors ATP and divalent cat-
ion, which becomes inhibitory at levels of 4 mM and above. By
this assay D-loops are detected by gel electrophoresis following
deproteinization of reaction mixtures by a shift in mobility of
the labeled 80mer as it is taken up by the plasmid DNA. It was
surprising to observe that Brh2NT promoted D-loop formation
to an extent about 4-fold greater than full-length Brh2 (Fig. 6A,
lanes a and b). Only slight reaction was evident with
Brh2359–551, and nonewas apparentwith Brh2CT (Fig. 6A, lanes
c and d). These findings show that the specificity for structure
and conformation in DNA binding as well as the activity in
promoting DNA-DNA transactions resides in and is directed
by the N-terminal domain of Brh2, not the canonical DBD in
the C-terminal region. Further, it appears that at least for
D-loop formation the DNA binding activity within Brh2359–551
is missing some determinants necessary for efficient reaction.
It was demonstrated previously that D-loop formation pro-

moted by Rad51 could be stimulated by Brh2 even when Rad51
was added to saturating levels and that the stimulation was
dependent on a functional BRC element (24). Optimal condi-
tions required preincubating Rad51 with ssDNA to enable
nucleoprotein filament formation and pre-incubating plasmid
DNA with Brh2, presumably to enable formation of a protein-
DNA complex. A mechanism envisioned was that Brh2 could
help bring the Rad51-ssDNA filament to the plasmid DNA
through physical association with both the plasmid DNA and
Rad51. Thus, the recruitment would require functional DNA
binding activity and ability to associate with Rad51.
Here we asked which DNA-binding domain in Brh2 was

responsible for the activity in stimulating Rad51 D-loop forma-
tion. Brh2 derivatives were added to Rad51 reactions contain-
ing ATP and divalent cation at a level such that autonomous
D-loop formation by Brh2 was nearly eliminated. Rad51 pro-
moted D-loop formation to a modest level, and this was stimu-
lated about four times when Brh2 was included (compare Fig.
6B, lanes b and i) consistent with previous findings (24). That a
functional BRC element was required for stimulating D-loop
formation by Rad51 was evident when the Brh2F294A T296A

mutant was used. In this case no stimulationwas noted (Fig. 6B,
lane d). Stimulation was higher when Brh2NT was used in place
of Brh2 (Fig. 6B, lane f). This shows that the DNA binding
activity associated with the N-terminal domain is most likely
capable of directing interaction with the recipient plasmid
DNA and that the associated BRC element works to contribute
the Rad51 interaction activity. Brh2CT was not effective in pro-
moting D-loop formation with Rad51 (Fig. 6B, lane h). In con-
clusion, the stimulation of theRad51-promoted strand invasion
reaction requires a functional BRC element and theN-terminal
DNA-binding domain but is independent of the canonical
C-terminal DBD.

DISCUSSION

There are two principal conclusions to be drawn from this
study. First, theN-terminal region of Brh2 contributes substan-
tially to the biological function of Brh2. It houses a DNA-bind-

ing domain able to recognize specific structural conformations
of DNA and to promote DNA-DNA intermolecular transac-
tions that were previously attributed to the full-length protein.
The clear implication of these findings is that the N-terminal
region of Brh2 constitutes the primary DNA-interacting point
of the protein and in concert with the BRC element can deliver
Rad51 to sites in the genome in need of repair and enable the
process. The second conclusion, which is the opposite side of
the coin of the first, is that the highly conserved C-terminal

FIGURE 6. Promoting D-loop formation. A, D-loop formation by Brh2 or
derivatives was measured in reactions using 18 nM pBluescript II plasmid DNA
and 6 nM homologous IRD800-labeled ss80mer with addition of 200 nM Brh2
(lane a) or derivatives Brh2NT (lane b), Brh2359 –551 (lane c), Brh2CT (lane d).
D-loop formation was quantified and expressed as percent of ss60mer incor-
porated into product. Results are presented graphically showing means of
three independent determinations with standard deviations. B, stimulation
of Rad51-promoted D-loop formation. IRD800-labeled ss80mer (6 nM) was
preincubated with Rad51 (600 nM), ATP (2 mM), and Ca2� (4 mM). D-loop reac-
tions were started by addition of pBluescript II plasmid DNA (18 nM) and Brh2
or derivative (200 nM) as indicated.
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region containing the presumed canonical Dss1/DNA-binding
domain does not appear to comprise the primary DNA-inter-
acting point of the protein although it does have innate but
weakerDNAbinding capability. This raises the vexing question
of what function the canonical DBD provides.
We showed previously that Dss1 is crucial for proficiency in

DNA repair and recombination in U. maydis and suggested
that it serves as a positive activator to regulate Brh2 function
(14). Our interest in this current work stems from earlier efforts
to identify variant forms of Brh2 that were active independent
of the Dss1 requirement. In those studies we found that certain
Brh2 C-terminal truncations deleted of the entire canonical
DNA-binding domain were active in complementing to a sub-
stantial degree the UV sensitivity of the brh2 mutant, in ena-
bling formation of subnuclear Rad51 foci in brh2 mutant cells
following DNA damage, and in restoring recombination profi-
ciency (17). The obvious biological activity associated with the
N-terminal region of Brh2 opened the question of what could
be the basis for such function. As is clear from the current work
theN-terminal region of Brh2 harbors elements thatmake pos-
sible the DNA-interactive operations attributable to the full-
length protein. With the additional feature of the Rad51-inter-
acting BRCelement, it would appear that theN-terminal region
of Brh2 constitutes amodule endowedwith all of the abilities to
engage Rad51 and to deliver it to DNA. This module seems
fairly plastic in that the endogenous DNA-binding domain of
theN-terminal region can be substituted by a heterologous sin-
gle-strand binding domain. These observations are reminiscent
of the findings from the Jasin laboratory, in which it was shown
that a single BRC element fused to RPA70 could suppress DNA
repair defects of BRCA2-deficient cells (6) and also call tomind
the 394 residue Caenorhabditis elegans BRCA2 homolog,
which contains a single BRC element and a single OB fold (29).
The positive and direct role of the N-terminal region of Brh2

in Rad51 presentation seems counterbalanced by forces
imposed from the C-terminal region. This is most apparent in
studies on recombination in which the frequency of gap repair
as well as the rate of spontaneous allelic recombination is
higher in cells expressing the Brh2NT as compared with cells
expressing the full-length protein (17) suggesting the presence
of a negative regulatory feature contributed by the C-terminal
region. In previous work it was found that a second Rad51-
interacting element, CRE, unrelated to BRC was present at the
extreme C terminus of Brh2 (13). These elements appeared to
communicate in some way to provide governance over recom-
binational activity, and Dss1 appeared to mediate the commu-
nication. Given the essential role of Dss1 in the context of the
full-length Brh2 protein, it seems evident that interplay
between Dss1 and its cognate interaction site within the Brh2
together with the innate DNA binding activity present within
the C-terminal region likely provides means for fine-tuning
recombination as directed through the N-terminal domain. In
the absence of the C-terminal domain, one might expect that
postnucleation aspects of Rad51-filament assembly such as sta-
bilization as suggested for human BRCA2 (4, 19) and the worm
homolog (30) would be missing. Equally plausible could be
absence of a disassembly step. In this regardwe have no decisive
information at present about the integrity of Rad51 filaments in

cells expressing the Brh2NT. It seems likely, however, that the
filament quality is compromised somehow because cells
expressing only the Brh2NT are less fit under certain conditions,
for example, in suppressing UV sensitivity in the absence of
Rec2 as reported here.
Finally, there is the broader question of how far the conclu-

sions from the observations can be extended. There are numer-
ous structural and functional parallels between Brh2 and
BRCA2 homologs in animals. Most obvious is that inactivation
or depletion of the proteins results in deficiencies in DNA
repair, recombination, meiosis, and genome stability (1, 3, 31).
In structural arrangement, as a rule, the overall organization of
the proteins consists of a proximal region with variable num-
bers of BRC repeats followed by the distal, conserved DBD
domain, featuring a tandem arrangement of a helix-rich
domain and OB folds. Nevertheless, there are certain excep-
tions such as the BRCA2-related protein in Drosophila, which
features several BRC elements but lacks any recognizable
sequence corresponding to the canonical DBD (12, 32, 33).
That the protein functions in vivo without any apparent DNA-
binding domain would seem reminiscent of situation with the
Brh2 N-terminal domain. In the vertebrate systems, BRCA2 is
an essential gene, yet there are examples of viable cell lines
obtained aswell as live animals bornwith BRCA2 alleles deleted
of the entire DBD (34–37). Residual function attributable to
these hypomorphic alleles becomes easier to understand if
indeed an unrecognizedDNA-binding domain is still present in
an upstream region of the protein.
It is remarkable to note parallels between functional design

of Brh2 and Rad52 protein of budding yeast. Yeast appears to
lack a protein structurally related to BRCA2, but instead relies
on Rad52 to mediate loading of Rad51 on RPA-coated DNA
(38). TheN-terminal region of the protein harbors an oligomer-
ization domainwithDNAbinding activity while theC-terminal
region associates with Rad51. It had been generally assumed
that the N-terminal DNA binding function was important for
delivery of Rad51 to RPA-coated DNA (39), but remarkably,
there is another DNA-binding domain in the C terminus that is
able to promote Rad51 filament assembly and strand annealing
more efficiently than the N-terminal domain (40).
The provocative finding revealed from this study is not so

much that the N-terminal domain of Brh2 has an inherent abil-
ity to bind DNA and deliver Rad51. It is, on the contrary, that
the highly conserved C-terminal DBD seems so expendable.
What could be the meaning of the duality in DNA-binding
domains. Illumination of this issue is sure to provide greater
appreciation of themolecularmechanism bywhich Brh2 exerts
control and governance of recombination.
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