Molecular Cell, Vol. 12, 1043-1049, October, 2003, Copyright ©2003 by Cell Press

The BRCA2-Interacting Protein DSS1 Is  Short Article
Vital for DNA Repair, Recombination,
and Genome Stability in Ustilago maydis

Milorad Kojic,! Haijuan Yang,? Corwin F. Kostrub,®
Nikola P. Pavletich,? and William K. Holloman'*
'Department of Microbiology and Immunology
Hearst Microbiology Research Center

Weill Medical College of Cornell University

New York, New York 10021

2Cellular Biochemistry and Biophysics Program
Memorial Sloan-Kettering Cancer Center

New York, New York 10021

3Exelixis, Inc.

170 Harbor Way

South San Francisco, California 94083

Summary

DSS1 encodes a small acidic protein shown in recent
structural studies to interact with the DNA binding do-
main of BRCA2. Here we report that an ortholog of DSS1
is present in Ustilago maydis and associates with Brh2,
the BRCA2-related protein, thus recapitulating the
protein partnership in this genetically amenable fun-
gus. Mutants of U. maydis deleted of DSS1 are ex-
tremely radiation sensitive, deficient in recombination,
defective in meiosis, and disturbed in genome stability;
these phenotypes mirror previous observations of U.
maydis mutants deficient in Brh2 or Rad51. These find-
ings conclusively show that Dss1 constitutes a protein
with a significant role in the recombinational repair
pathway in U. maydis, and imply that it plays a similar
key role in the recombination systems of organisms
in which recombinational repair is BRCA2 dependent.

Introduction

The breast cancer susceptibility gene BRCA2 encodes
a protein that provides an important function in recombi-
national repair of DNA (Jasin, 2002; Venkitaraman, 2002).
An early clue linking BRCAZ2 to recombinational repair
was suggested by the direct interaction of the protein
with Rad51 (Sharan et al., 1997; Wong et al., 1997) which
serves to provide the catalytic activity necessary for
homologous pairing and DNA strand exchange during
recombination events. The primary sites for Rad51 bind-
ing appear to be the BRC repeats (Chen et al., 1998;
Wong et al., 1997), which comprise eight repetitive mo-
tifs of ~30 amino acids each distributed through the
central third of the BRCA2 sequence.

Attempts to discover other proteins capable of inter-
acting with BRCA2 led to the identification of DSS1, a
highly acidic, 70 residue polypeptide that associates
with a C-terminal portion of BRCA2 distal to the BRC
region (Marston et al., 1999). The biological significance
of this interaction was by no means clear, however.
DSS1 was originally identified in studies of the develop-
mental disorder split hand/split foot malformation (SHFM),
which is a clinically heterogeneous syndrome charac-
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terized by missing and fused digits and by additional
abnormalities affecting skin, genitourinary, and cranio-
facial structures (Zlotogora, 1994). An autosomal domi-
nant form of this disorder (SHFM1) involves deletions
of a minimal ~1.5 Mb locus that contains DSS1 (Crack-
ower et al., 1996). However, as this locus contains at
least two additional genes of the homeobox family, the
role of DSS1 in this syndrome is uncertain. Based on
RNA in situ hybridization analysis with the mouse or-
tholog, the DSS1 gene appeared to be expressed pre-
dominantly in the limb and facial primordia during mid-
gestation embryos and in the dermis of newborns
(Crackower et al., 1996). Such a pattern of expression
was markedly different from that of BRCA2, whose ex-
pression at the same stage was predominant in the fetal
liver, midgut, and ventricular layer of the brain (Connor
et al., 1997; Rajan et al., 1997). In adult tissue, no clear
relationship between the specificity of expression of the
DSS1 and BRCA2 genes was evident (Rajan et al., 1997;
Sharan and Bradley, 1997; Wei et al., 2003), although
both genes were noted to respond similarly in starved
cells stimulated with serum (Bertwistle et al., 1997; Mar-
ston et al., 1999).

In an effort to learn more about the biological role
of DSS1, attention was turned to the identification of
orthologs in genetically tractable organisms. Database
analysis revealed the gene was highly conserved in eu-
karyotes. Therefore, the genes encoding the DSS1 or-
tholog in budding and fission yeasts were disrupted and
the mutants were characterized (Marston et al., 1999).
The yeast mutants exhibited modestly reduced growth
at high and low temperatures and an elongated morphol-
ogy suggestive of cell cycle delay. However, no compel-
ling phenotype suggestive of a role for DSS1 in recombi-
national repair was seen in these studies (Marston et
al., 1999). Furthermore, with the isolation of the DSS7
structural gene as a high-copy suppressor of certain
yeast mutants defective in the secretory pathway (Jantti
et al., 1999), the view that the interaction with BRCA2
could somehow be biologically significant seemed un-
tenable. Nevertheless, during structural studies on BRCA2
it was found that expression of the highly conserved
~700 amino acid C-terminal domain in insect cells re-
sulted in the production of largely insoluble protein un-
less DSS1 was simultaneous coexpressed (Yang et al.,
2002). Subsequently, the crystal structure of the BRCA2
C-terminal domain bound to DSS1 revealed extensive
interactions between BRCA2 and DSS1 through resi-
dues highly conserved in their respective orthologs
(Yang et al., 2002). Furthermore, a subset of BRCA2
residues that interact with DSS1 were mutated in partic-
ular instances of cancer. Although these structural find-
ings are consistent with an evolutionarily conserved role
for the DSS1-BRCAZ2 interaction, they cannot rule out
other possibilities.

BRCA2 was until recently thought to be confined to
vertebrates, but by computational and genetic means
homologs have been discovered in plants and inverte-
brates and a number of lower eukaryotes. Ustilago maydis,
a basidiomycete fungus which is evolutionarily very dis-
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tant from the yeasts Saccharomyces cerevisiae and
Schizosaccharomyces pombe, has a homolog of BRCA2,
called BRH2, in contrast to those two yeasts. Mutants
defective in BRH2 are extremely sensitive to radiation,
deficient in recombination and meiosis, and suffer from
genome instability (Kojic et al., 2002). Close parallels
between the brh2 and rad51 mutant phenotypes and
evidence obtained supporting a direct interaction be-
tween Brh2 and Rad51 proteins raised the idea that
important aspects of BRCA2 function are recapitulated
in U. maydis, indicating that this genetically amenable
fungus is a promising system for furthering knowledge
of the cellular functions of BRCA2. Accordingly, since
U. maydis offers the potential for explicit genetic analy-
sis by molecular dissection, we have investigated the
role of DSS1 in relation to BRCAZ2 function. In this paper
we present evidence showing that DSS1 is indeed con-
served in U. maydis and that it binds Brh2, and we
provide definitive experimental evidence documenting
its essential role in DNA repair, recombination, and ge-
nome maintenance.

Results

DSS1 Is Conserved in U. maydis
Brh2, with a predicted length of 1075 amino acids, is
about one-third the size of BRCA2, yet contains both
hallmarks of the BRCA2 sequence, an N-terminal BRC
repeat and a C-terminal region with extended similarity
to the ~700 amino acid BRCA2 DBD (DSS1/DNA binding
domain) that binds DSS1 and single-stranded DNA
(Yang et al., 2002). The BRCA2 DBD consists of a helical
domain (HD), three oligonucleotide/oligosaccharide bind-
ing folds (OB1, 2, and 3), and a coiled-coil domain (Tower)
inserted into OB2 (Figure 1A) (Yang et al., 2002). In the
structure of the BRCA2 DBD-DSS1-ssDNA complex,
DSS1 binds to the HD and OB1 domains, and ssDNA
binds to the OB2 and OB3 domains. With the exception
of the first half of the HD, which is variable across spe-
cies, the HD and OB1 domains correspond to the most
conserved region of BRCA2 (Yang et al., 2002). This is
also true for the Brh2 DBD domain, which exhibits the
highest sequence similarity to BRCA2 in the HD (39%
identity) and OB1 (38% identity) domains (Figure 1A).
The Brh2 OB2-Tower segment is less conserved (~17%
identity), while the OB3 domain appears to be absent
in Brh2 (Figure 1A). This conservation pattern extends
among known BRCA2 homologs. For example, the A.
thaliana Brca2 shows the highest conservation in its HD
(44%) and OB1 domains (36%), while its OB2-Tower
and OB3 domains are less conserved (25% and 18%,
respectively; Figure 1A). In the BRCA2 DBD-DSS1 crys-
tal structure there are 50 BRCA2 residues that contact
DSS1 (Yang et al., 2002). With the exception of 10 resi-
dues that map to the variable part of the HD domain,
the rest are highly conserved in Brh2: 24 residues are
identical, 12 are conservatively substituted, and only 8
are different (Figure 1B). In view of the conservation
of these residues, it seemed reasonable that if a gene
encoding a DSS1 homolog were present in U. maydis, it
would likely serve in a capacity similar to that in humans.
In the crystal structure, the 70 residue DSS1 binds to
BRCA2 DBD in two extended segments separated by a

disordered region. The BRCA2-interacting segments, 21
and 26 residues long, are highly conserved in DSS1
orthologs, while the intervening 11 residue disordered
region has variable sequence and length in DSS1 or-
thologs (Yang et al., 2002). The binding of DSS1 is medi-
ated by aromatic, hydrophobic, and charged amino
acids, arranged in clusters of acidic residues with inter-
spersed hydrophobic and aromatic residues (Figure 1C).
A BLAST search of the U. maydis genome database
using the human and yeast sequences as queries re-
vealed a convincing DSS1 ortholog, although at 120
residues in length, it is somewhat larger than expected
from the human (70 residues) and yeast (89 residues)
proteins. It is significant to note that there are two re-
gions of high similarity to the two BRCA2-interacting
segments of DSS1 containing the characteristic clusters
of acidic residues and interspersed aromatic and hy-
drophobic residues. Of the 25 human DSS1 residues
that contact BRCA2, 17 are identical in the U. maydis
ortholog, 7 are conservatively substituted, and only 1 is
different. The insertions in the U. maydis sequence are
in unstructured regions of DSS1, including the spacer
between the segments (26 additional residues), and the
N terminus (21 additional residues; Figure 1C). Analysis
of the genomic sequence predicted the presence of
a single intron in the middle of the gene, which was
confirmed after PCR amplification of the coding se-
quence from a cDNA library. From this analysis it ap-
pears that U. maydis does contain a gene encoding a
DSS1-related protein which most likely should bind and
interact with Brh2. This notion was confirmed directly by
coprecipitation of GST-tagged Brh2 and hexabhistidine-
tagged Dss1 expressed from baculoviruses in insect
cells and by cochromatography of the untagged pro-
teins by salt gradient elution from cation and anion ex-
change columns followed by molecular sieving on a gel
filtration column (see Supplemental Figure S1 at http://
www.molecule.org/cgi/content/full/12/4/1043/DC1).

dss1 Null Mutants Are Radiation Sensitive and Can
Be Complemented by the Cloned DSS1 Gene

U. maydis dss1 null mutants deleted of the coding region
were constructed by gene disruption (Figure 2A). The
mutants were extremely sensitive to UV and ionizing
radiation (Figure 2C) and were comparable or even more
severely compromised in DNA repair capacity than brh2
and rad51 null alleles. The radiation sensitivity could
be rescued by introduction of self-replicating plasmids
expressing the DSS1 gene (Figure 2B). In one case, a
genomic DNA fragment encompassing the DSS1 locus
and likely to include the natural promoter was used. In
a second case, the cDNA of the complete open reading
frame was driven by a heterologous promoter (pgap).
Complementation analysis shows that the DNA repair
phenotype associated with the disruption is indeed at-
tributable to deletion of the DSS1 gene.

Recombination Deficiency in dss71 Cells

Since previous studies had shown that BRH2 is required
for mitotic and meiotic recombination, it was of immedi-
ate interest to learn whether the same was true for DSS1.
Therefore, dss1 homozygous diploids were constructed
to enable analysis of recombination and meiosis. Recom-
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(A) Schematic representation of the Brh2 DNA/Dss1 binding domain (DBD) and its comparison to the DBDs of BRCA2 orthologs from human

(Hs BRCA2) and A. thaliana (AtBrca2). The individual domains of the h

uman BRCA2 DBD are according to the crystal structure of the

BRCA2DBD-DSS1 complex (Yang et al., 2002). The approximate positions of BRCA2 residues that contact DSS1 are indicated by red lines,
and their count is indicated above each cluster. The N-terminal portion of the helical domain (HD) is variable across species and cannot be
reliably aligned for the UmBrh2 and AtBrca2 sequences (striped portion of the HD). Brh2 appears to lack the OB3 domain.

(B) Sequence alignment of the DSS1-interacting portion of human BRCA2

with the corresponding regions of UmBrh2 and AtBrca2. Residues

identical in two out of three orthologs are shaded yellow, and HsBRCAZ2 residues that interact with DSS1are indicated by red dots. Residue
numbers for HsSBRCA2 and Brh2 (in parentheses) are shown below the sequence. Secondary structure elements of BRCA2 are according to

the BRCA2DBD-DSS1 crystal structure (Yang et al., 2002).

(C) Yeast and human DSS1 sequences were used as queries to search the U. maydis genome. Multiple alignment shows Dss1 sequences
from U. maydis (UmDss1 AY366406) human (HsDSS1, NP_006295), A. thaliana (AtDss1, NM_120241), and yeast (ScSem1, AAD 08804). Residues
identical in three out of four orthologs are shaded yellow, and HsDSS1 residues that interact with BRCA2 are indicated by red diamonds.
Residue numbers for UmDss1 and HsDSS1 (in parentheses) are shown below the sequence. Secondary structure elements of HsDSS1 are
according to the BRCA2 DBD-DSS1 crystal structure (Yang et al., 2002), with dotted lines indicating disordered regions.

bination proficiency was tested using a standard assay
for allelic recombination at the nitrate reductase (nar)
locus (Holliday, 1967). Spontaneous allelic recombina-
tion was not detectable in dss7 diploids (Table 1), and
similarly, no recombinants were noted even after admin-
istering a small dose of UV light sufficient to induce
allelic recombination about 40-fold in wild-type, but in-
sufficient to kill more than 80% of the dss17 diploid cells.
Evidently, allelic recombination at nar1 is abrogated to
the same degree in dss? as it is in brh2 and rad51
null mutants.

Double-strand DNA break repair was measured using
a plasmid-based transformation system (Ferguson and
Holloman, 1996). The assay measures Leu™ prototroph
formation in leu1-1 derivative strains after introduction

of a self-replicating plasmid containing the cloned LEU1
gene inactivated by deletion of 0.7 kb from the coding
sequence. Previously we had found that the frequency
of gap repair in brh2 and rad51 mutants was reduced
by a factor of 100 or more (Ferguson et al., 1997; Kojic
et al., 2002); in the case of dss7, we found that gap
repair was similarly reduced at least 100-fold.

Meiosis is abortive in brh2 or rad51 homozygous
crosses due most likely to failed recombinational repair
of induced double-strand DNA breaks. This is mani-
fested in U. maydis by the inability of the meiotic telio-
spore to germinate (Kojic et al., 2002). By contrast with
brh2 or rad51, homozygous crosses of dss7 were found
to be sterile in that no meiotic teliospores were gener-
ated. This phenotype is the single obvious difference in
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Figure 2. DSS1 Disruption and Expression

(A) Shown schematically is a 4 kb sequence of
U. maydis genomic DNA spanning the DSS1
gene. The DSS1 open reading frame is shown
as the black bar with arrow indicating orienta-
tion and the stippled section indicates the
small intron. The black carets mark the sites
of primers used for PCR amplification of the
1.1 kb genomic sequence containing the
DSS1 gene used in pCM1018. The gray carets
mark the sites of primers used for PCR ampli-
fication of 1.6 and 1.2 kb sequences proximal
and distal to the DSS7 gene that were used
in constructing disruption vectors. The DSS1
gene was replaced by one-step gene disrup-
tion (see Experimental Procedures). The fol-
lowing restriction enzyme sites used for ori-
entation are shown: B (BamHI), H (Hindlll),
and X (Xhol). pCM1018 has the genomic frag-
ment containing DSS7 expressed under its
own promoter (hatched box) and also con-
tains an autonomously replicating sequence
(ARS) and HPH. Similarly, pCM1019 has the

DSS1 cDNA expressed from the gap pro-
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(B) Survival after irradiating 10-fold serially
diluted samples with 120 J/m? of UV light
was determined for the indicated strains:
wt (UCM350), Abrh2 (UCM565), and Adss1
(UCM591).

0.1 (C) Haploid strains with the indicated geno-
type were grown to late log phase, adjusted
to a density of 2 X 107 cells per ml and irra-
diated with UV light or vy rays. Error bars
are shown for three determinations. Survival
was determined by counting colonies visible
after incubation for 2 to 3 days. Strains: wild-

0.01 type (UCMB350), rad571-1 (UCM342), brh2-2
(UCM565), and dss1 (UCM591).
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UVdose (J/m2)

otherwise identical characteristics noted between dss?
and rad51 or brh2 cells and would appear to show that
DSS1 has a role in the developmental program leading
to teliospore formation. In summary, DSS1 is indispens-
able for proficiency in radiation resistance and recombi-
nation in U. maydis and as such can be added to RAD51,
the paralog REC2, and BRH2 as a constituent of the
pathway of genes directing homology-dependent repair
(see Table 1 for comparison).

150 200 250
Gamma dose (Gy)

Genomic Instability in dss1 Cells

A large body of evidence has documented chromosome
rearrangements and alterations in BRCA2-deficient mam-
malian cells (Kraakman-van der Zwet et al., 2002; Patel
et al., 1998; Yu et al., 2000). Previously we had found
that chromosome aberrations were associated with the
U. maydis brh2 mutant, and so we were interested to
learn whether loss of DSS1 disturbed chromosome in-
tegrity. Genomic stability was gauged by measuring

Table 1. Phenotype Comparison of dss1

Nar* Allelic Recombinants®

Gap Repair® Gall Teliospore Teliospore Viable
Genotype Mutation Rate® Spontaneous uv eut, (1073 Formation Production Germination Progeny
Wild-type 1.2 x107° 2x10°¢ 82 X 10°° 2.3 ++ ++ ++ ++
rec2 4 x10°8 1.7 X 10°¢ 1.4x10°%  0.033 ++ ++ ++ -
rad51 29 + 0.9 X108 <1078 <1078 =0.020 ++ ++ - —
brh2 20+03x10% <10°® <10 =0.020 4 . — _
dss1 51 +12x108 <108 <1078 <0.020 +/—- - - —

aForward mutation to 5-fluoroorotic acid resistance.
®Frequency per viable cell. UV dose was 24 J/m?.

¢Determinations were standardized by comparison in transformation efficiency with pCM216 as described previously (Ferguson and Holloman,
1996). Gap repair frequency is defined as the ratio of Leu™ recombinants per microgram of pCM291 DNA to Leu™ transformants per microgram

of pCM216 DNA.
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Figure 3. Molecular Karyotype Analysis

Chromosome-size DNA molecules were prepared from protoplasted
cells and analyzed by CHEF gel electrophoresis. M, S. cerevisiae
chromosome markers (BioRad Laboratories). Controls are as fol-
lows: lane 1, wild-type haploid (UCM350); lane 2, wild-type diploid
(UCMB33); lanes 3-7 show individual dss1/dss1 diploids obtained
from mating UCM589 X UCM591. The five shown were chosen from
a larger set prescreened for loss of mating type heterozygosity.
Additional bands representing aberrant chromosomes can be seen
in the region of the gel corresponding to a size range of 1120-
1900 kb.

mutator activity and by performing molecular karyo-
type analysis. In the first procedure, forward mutation
to 5-fluoroorotic acid resistance was determined. By
fluctuation analysis the rate of spontaneous mutation in
dss1 was found to be elevated about 40-fold, slightly
higher than the other known U. maydis recombinational
repair mutants (Table 1).

Molecular karyotype analysis was performed on dss1/
dss1 homozygous diploids by pulsed-field gel electro-
phoresis. Independent diploids picked for analysis were
prescreened for likely candidates with genomic instabil-
ity using a rapid genetic assay that measures loss of
heterozygosity at one of the mating loci (Banuett and
Herskowitz, 1989). Out of 52 diploids, 8 had lost mating-
type heterozygosity and 5 of these exhibited chromo-
somal abnormalities (Figure 3). The aberrant molecules
were clustered in a size range from 1000 to 2000 kb.
The origin and structure of these aberrant chromosomes
is unknown, but since the b mating type locus is known
to reside on the largest chromosome (Dr. Peter Schreier,
Bayer Crop Science AG, Monheim, Germany, personal
communication, and http://www-genome.wi.mit.edu/
annotation/fungi/ustilago_maydis/index.html), it seems
likely that breakage or rearrangements associated with
that chromosome gives rise to the patterns observed.
In summary, both the elevated spontaneous mutator
activity and the frequent appearance of aberrant chro-
mosomes strongly support the conclusion that DSS1 is
required for maintenance of genome stability in U. maydis.

Discussion

The primary conclusion from these studies is that the
DSS1 gene is crucial for proficiency in DNA repair, re-
combination, and genome stability in U. maydis. As the
recombinational repair system in U. maydis operates
through a BRCA2-related gene and appears representa-
tive of that in higher eukaryotes, it seems reasonable to
infer that the lessons learned from these studies can be
generalized to more complex mammalian systems. In
this regard it will be of great interest to learn whether
DSS1 functions as a genome caretaker in human cells as
suggested by cytogenetic studies of a tumor suppressor
gene mapping to the locus (for brief synopsis, see Sup-
plemental Data at http://www.molecule.org/cgi/content/
full/12/4/1043/DC1 ).

DSS1 first came to light as a candidate for the gene
responsible for the developmental syndrome, splithand/
split foot malformation. Evidence tying the gene to the
disorder came from mapping studies where it was ob-
served that individuals afflicted by an autosomal domi-
nant form of this syndrome (SHFM1) carried translo-
cations and deletions at chromosome 7q21.3-g22.1
spanning the DSS17 locus. Uncertainty remained be-
cause two genes encoding homeodomain proteins im-
portant in limb development were also eliminated or else
likely disturbed by those translocations and deletions.
Nevertheless, the developmental expression patterns
and tissue specificities of all three genes were so similar
that it was not unreasonable to suppose that DSS7 was
indeed important for limb development. However, a
shortcoming in the model of a purely developmental
function for DSS71 was the link to breast cancer, first
suggested by the capture of DSS1 in yeast two-hybrid
studies with BRCA2 as bait (Marston et al., 1999) and
later implied by the cocrystallization of DSS1 with
BRCA2 DBD (Yang et al., 2002). The findings reported
here that inactivation of DSS1 results in a phenotype as
severe, if not more so, as in the brh2 or rad51 mutant,
place the DSS1 gene function squarely in the pathway
for DNA repair and recombination. It remains a possibil-
ity that DSS1 serves additional capacities, as suggested
by the various studies on developmental regulation and
tissue specificity that show patterns of expression over-
lapping but not coincident with BRCA2. However, a
carefully controlled comparison of the two genes’ ex-
pression pattern performed in parallel is necessary be-
fore any further conclusions can be drawn about the
paradoxical role of DSS17 in development.

The emerging paradigm of recombinational repair in
BRCA2-dependent organisms holds that BRCA2 (or an
equivalent) is a direct participant in Rad51-mediated
homologous recombination. The findings reported here
extend this picture further. From the above data, the
strikingly similar phenotype of the brh2 and dss1 null
mutants is most simply accounted for by the interaction
of the two gene products. Removal of either one results
in virtually identical phenotype leading to the pertinent
and challenging question of the molecular mechanism
by which Brh2 and Dss1 cooperate or combine their
actions. Construction of double mutant combinations
for assessment of epistasis relationships has not yet
been successful (data not shown). Isolation by standard
genetic methods has been problematical since dss7,



Molecular Cell
1048

brh2, and rad51 profoundly disturb meiosis, yielding
aneuploids as the predominant class of meiotic prod-
ucts. So too, has been isolation by gene disruption, due
presumably to reduced efficiency of targeted integration
in a recombination deficient background. The possibility
that Brh2 and Dss1 are permanent constituents of a
holoenzyme dedicated to governing Rad51-mediated
recombination is an intriguing one and is supported by
the requirement for Dss1 in promoting or enabling pro-
duction of a soluble form of Brh2 in insect cells, similar to
the observation with DSS1 and the mammalian BRCA2
DBD (Yang et al., 2002). However, an alternative ad hoc
model of Dss1 having a solely regulatory role could also
be proposed. As a regulator, Dss1 may activate Brh2’s
Rad51 binding function, it may activate a preassembled
but dormant Brh2-Rad51 complex, or it may modify the
DNA binding activity of Brh2. The prospect should also
be considered that Dss1 might serve as a transmitter
or transducer of a DNA-damage signal, in which case
transcriptional and/or posttranscriptional regulation of
Dss1 itself could be an important issue for study. In any
event, it is indeed remarkable that the biological activity
of these molecules would be dependent on such a small
protein as Dss1. Consequently, the most pressing ques-
tion now concerns the molecular interplay of Dss1, Brh2,
and Rad51.

In addressing these issues, we have taken the ap-
proach of isolating suppressors of dss1. Although any
suppressor would be interesting, our immediate focus
will be on hunting for mutant alleles of BRH2. It is hoped
that a thorough investigation of the genetic properties
of various alleles together with a detailed biochemical
study will throw light on the mechanism of Brh2-Dss1
cooperation in DNA repair. We have already isolated
some suppressors and have begun a detailed analysis
of their properties. It would also be informative to exam-
ine the crystal structure of Brh2 with and without Dss1
bound to it so as to learn whether the binding of Dss1
induces either local or global conformational changes
in Brh2. Elucidating the mechanism of Brh2-Dss1 inter-
play by genetic and structural means will likely have
relevance for understanding the mammalian counter-
parts.

Experimental Procedures

U. maydis Strains and Methods

Strains used in this study are listed in Supplemental Table S1 at
http://www.molecule.org/cgi/content/full/12/4/1043/DC1). Preparation
of media and procedures for survival determinations, diploid con-
struction, meiotic analysis, DNA transformations, gene disruptions,
mutation rates, and other manipulations were carried out as de-
scribed (Fotheringham and Holloman, 1989; Holliday, 1974; Kojic et
al., 2001). Semiquantitative UV survival curves were performed by
adjusting parallel cultures to 107 cells per ml, then spotting 10 pl
aliquots of 10-fold serial dilutions onto plates containing solid me-
dium. y-radiation was performed using a Gammacell 220 ®°Co source
(Nordion International, Kanata, ON, Canada). Gap repair of the LEU1
gene was determined as described previously using the plasmids
pCM216 and pCM291 (Ferguson and Holloman, 1996). Allelic recom-
bination at the nar1 locus was measured by determining Nar™ proto-
troph formation (Holliday, 1967). Null mutants deleted of the DSS1
gene were created by one-step gene disruption. Cassettes express-
ing hygromycin (HPH) resistance (Hyg") or nourseothricin (NAT) re-
sistance (Nst®) were used to replace the 532 bp fragment spanning
the DSS1 open reading frame within the genome. Disruption vectors

contained the resistance marker flanked on either side by genomic
sequences of 1.6 and 1.2 kb. Primer pairs used for PCR amplification
of the 1.6 kb proximal and 1.2 kb distal sequences to the DSS1
gene that were used in constructing disruption vectors were as
follows: proximal forward, 5'-CTGAAGGATTCGTCGAGAGC-3’; proxi-
mal reverse, 5'-ACAAGGAGATCAAACGGTCGC-3’; distal forward,
5'-GAGCTTGACAAGCAGAGC-3’; and distal reverse, 5'-CAAGTTC
GTCTTGCTCTGGC-3'. Plasmid pCM1018 is a self-replicating vector
containing the HPH marker that expresses a 1.1 kb genomic frag-
ment containing DSS17 and its natural promoter. Plasmid pCM1019
is a self-replicating vector containing the HPH marker that expresses
the DSS1 cDNA under control of the glyceraldehyde 3-phosphate
dehydrogenase (gap) promoter. Molecular karyotype analysis was
performed by contour-clamped homogeneous electric field (CHEF)
gel electrophoresis essentially as described previously (Kojic et al.,
2002). Agarose gels (1%) were run using a CHEF-DR Il drive module
(BioRad Laboratories, Hercules CA) at 14°C at 200V for 17 hr with
a pulse interval of 60 s and then switched to a pulse interval of 90
s for 9 hr. dss1/dss1 homozygous diploids chosen for analysis after
mating UCM589 and UCM591 were first selected on minimal me-
dium, then were tested for loss of mating type heterozygosity by
plating on charcoal medium (Banuett and Herskowitz, 1989).

Acknowledgments

We thank H. Erdjument-Bromage of the Sloan-Kettering Microchem-
istry facility for NH,-terminal sequencing and mass spectroscopic
analyses. We thank Drs. Lorraine Symington and Robin Holliday for
comments on the manuscript. N.P.P. acknowledges support by the
NIH and Howard Hughes Medical Institute. W.K.H. gratefully ac-
knowledges support from the NIH grant GM42482, the Department
of Defense Breast Cancer Research Program grant BC020320, and
the William Randolph Hearst Foundation.

Received: July 15, 2003
Revised: August 20, 2003
Accepted: August 26, 2003
Published: October 23, 2003

References

Banuett, F., and Herskowitz, I. (1989). Different a alleles of Ustilago
maydis are necessary for maintenance of filamentous growth but
not for meiosis. Proc. Natl. Acad. Sci. USA 86, 5878-5882.

Bertwistle, D., Swift, S., Marston, N.J., Jackson, L.E., Crossland, S.,
Crompton, M.R., Marshall, C.J., and Ashworth, A. (1997). Nuclear
location and cell cycle regulation of the BRCA2 protein. Cancer Res.
57, 5485-5488.

Chen, P.L., Chen, C.F., Chen, Y., Xiao, J., Sharp, Z.D., and Lee, W.H.
(1998). The BRC repeats in BRCA2 are critical for RAD51 binding
and resistance to methyl methanesulfonate treatment. Proc. Natl.
Acad. Sci. USA 95, 5287-5292.

Connor, F., Smith, A., Wooster, R., Stratton, M., Dixon, A., Campbell,
E., Tait, T.M., Freeman, T., and Ashworth, A. (1997). Cloning, chromo-
somal mapping and expression pattern of the mouse Brca2 gene.
Hum. Mol. Genet. 6, 291-300.

Crackower, M.A., Scherer, S.W., Rommens, J.M., Hui, C.C., Poorkaj,
P., Soder, S., Cobben, J.M., Hudgins, L., Evans, J.P., and Tsui, L.C.
(1996). Characterization of the split hand/split foot malformation
locus SHFM1 at 7921.3-922.1 and analysis of a candidate gene for
its expression during limb development. Hum. Mol. Genet. 5,
571-579.

Ferguson, D.O., and Holloman, W.K. (1996). Recombinational repair
of gaps in DNA is asymmetric in Ustilago maydis and can be ex-
plained by a migrating D-loop model. Proc. Natl. Acad. Sci. USA
93, 5419-5424.

Ferguson, D.O., Rice, M.C., Rendi, M.H., Kotani, H., Kmiec, E.B.,
and Holloman, W.K. (1997). Interaction between Ustilago maydis
REC2 and RAD51 genes in DNA repair and mitotic recombination.
Genetics 145, 243-251.

Fotheringham, S., and Holloman, W.K. (1989). Cloning and disruption
of Ustilago maydis genes. Mol. Cell. Biol. 9, 4052-4055.



Ustilago Dss1 in Recombinational Repair
1049

Holliday, R. (1967). Altered recombination frequencies in radiation
sensitivie strains of Ustilago. Mutat. Res. 4, 275-288.

Holliday, R. (1974). Ustilago maydis. In Handbook of Genetics, R.C.
King, ed. (New York, Plenum Press), pp. 575-595.

Jantti, J., Lahdenranta, J., Olkkonen, V.M., Soderlund, H., and Kera-
nen, S. (1999). SEM1, ahomologue of the split hand/split foot malfor-
mation candidate gene Dss1, regulates exocytosis and pseudohy-
phal differentiation in yeast. Proc. Natl. Acad. Sci. USA 96, 909-914.

Jasin, M. (2002). Homologous repair of DNA damage and tumorigen-
esis: the BRCA connection. Oncogene 271, 8981-8993.

Kojic, M., Thompson, C.W., and Holloman, W.K. (2001). Disruptions
of the Ustilago maydis REC2 gene identify a protein domain impor-
tant in directing recombinational repair of DNA. Mol. Microbiol.
40, 1415-1426.

Kojic, M., Kostrub, C.F., Buchman, A.R., and Holloman, W.K. (2002).
BRCA2 homolog required for proficiency in DNA repair, recombina-
tion, and genome stability in Ustilago maydis. Mol. Cell 10, 683-691.

Kraakman-van der Zwet, M., Overkamp, W.J.l., van Lange, R.E.E.,
Essers, J., van Duijn-Goedhart, A., Wiggers, |., Swaminathan, S., van
Buul, P.P.W., Errami, A., Tan, R.T.L., et al. (2002). Brca2 (XRCC11)
deficiency results in radioresistant DNA synthesis and a higher fre-
quency of spontaneous deletions. Mol. Cell. Biol. 22, 669-679.

Marston, N.J., Richards, W.J., Hughes, D., Bertwistle, D., Marshall,
C.J., and Ashworth, A. (1999). Interaction between the product of
the breast cancer susceptibility gene BRCA2 and DSS1, a protein
functionally conserved from yeast to mammals. Mol. Cell. Biol.
19, 4633-4642.

Patel, K.J., Yu, V.P., Lee, H., Corcoran, A., Thistlethwaite, F.C., Evans,
M.J., Colledge, W.H., Friedman, L.S., Ponder, B.A., and Venkitara-
man, A.R. (1998). Involvement of Brca2 in DNA repair. Mol. Cell
1, 347-357.

Rajan, J.V., Marquis, S.T., Gardner, H.P., and Chodosh, L.A. (1997).
Developmental expression of Brca2 colocalizes with Brcal and is
associated with proliferation and differentiation in multiple tissues.
Dev. Biol. 184, 385-401.

Sharan, S.K., and Bradley, A. (1997). Murine Brca2: sequence, map
position, and expression pattern. Genomics 40, 234-241.

Sharan, S.K., Morimatsu, M., Albrecht, U., Lim, D.S., Regel, E., Dinh,
C., Sands, A, Eichele, G., Hasty, P., and Bradley, A. (1997). Embry-
onic lethality and radiation hypersensitivity mediated by Rad51 in
mice lacking Brca2. Nature 386, 804-810.

Venkitaraman, A. (2002). Cancer susceptibility and the functions of
BRCA1 and BRCA2. Cell 108, 171-182.

Wei, S.J., Trempus, C.S., Cannon, R.E., Bortner, C.D., and Tennant,
R.W. (2003). Identification of Dss1 as a 12-O-tetradecanoylphorbol-
13-acetate-responsive gene expressed in keratinocyte progenitor
cells, with possible involvement in early skin tumorigenesis. J. Biol.
Chem. 278, 1758-1768.

Wong, A.K., Pero, R., Ormonde, P.A., Tavtigian, S.V., and Bartel,
P.L. (1997). RAD51 interacts with the evolutionarily conserved BRC
motifs in the human breast cancer susceptibility gene BRCA2. J.
Biol. Chem. 272, 31941-31944.

Yang, H., Jeffrey, P.D., Miller, J., Kinnucan, E., Sun, Y., Thoma, N.H.,
Zheng, N., Chen, P.L., Lee, W.H., and Pavletich, N.P. (2002). BRCA2
function in DNA binding and recombination from a BRCA2-DSS1-
ssDNA structure. Science 297, 1837-1848.

Yu, V.P., Koehler, M., Steinlein, C., Schmid, M., Hanakahi, L.A., van
Gool, A.J., West, S.C., and Venkitaraman, A.R. (2000). Gross chro-
mosomal rearrangements and genetic exchange between nonho-
mologous chromosomes following BRCA2 inactivation. Genes Dev.
14, 1400-1406.

Zlotogora, J. (1994). On the inheritance of the split hand/split foot
malformation. Am. J. Med. Genet. 53, 29-32.



