Lo L

P

2N

Formation of deletions during double-strand break
repair in Drosophila DmBIm mutants occurs after

strand invasion

Mitch McVey**#, Jeannine R. LaRocque**, Melissa D. Adams*, and Jeff J. Sekelsky*51

*Department of Biology, Seeding Postdoctoral Innovators in Research and Education Program, and SProgram in Molecular Biology and Biotechnology,

University of North Carolina, Chapel Hill, NC 27599

Edited by Thomas D. Petes, University of North Carolina, Chapel Hill, NC, and approved September 23, 2004 (received for review August 20, 2004)

Bloom syndrome is a rare disorder associated with cancer predis-
position and genomic instability and is caused by loss of the RecQ
helicase BLM. The Drosophila ortholog of BLM (DmBIm) is required
for accurate repair of DNA double-strand gaps by homologous
recombination. Repair products from DmBIm mutants have shorter
repair synthesis tract lengths compared to wild type and are
frequently associated with deletions flanking the break site. To
determine the mechanisms responsible for deletion formation in
the absence of DmBIm, we characterized repair after excision of
the P{w?} element in various genetic backgrounds. Flies lacking
DmRad51 do not have an elevated deletion frequency. Moreover,
loss of DmRad51 suppresses deletion formation in DmBIm mutants.
These data support a model in which DmBIm acts downstream of
strand invasion to unwind a D-loop intermediate to free the newly
synthesized strand. In the absence of DmBIm, alternative pathways
of D-loop disassembly result in short repair synthesis tracts or
flanking deletions. This model explains how RecQ helicases can
promote homologous recombination while preventing illegitimate
recombination.

NA helicases of the RecQ family, which are conserved in
organisms ranging from bacteria to mammals, play vital
roles in the maintenance of genomic stability (reviewed in ref. 1).
The importance of this family is highlighted by the observation
that mutations in three of the five human RecQ helicases, WRN,
BLM, and RECQ4, cause the Werner, Bloom, and Rothmund-
Thomson syndromes, respectively (2-4). These three rare dis-
orders are characterized by genomic instability and cancer
predisposition, and patients with Werner and Rothmund-
Thomson syndromes also display symptoms of premature aging.
Bloom syndrome (BS) patients develop a wide spectrum of
cancers typical of those found in older individuals of the general
population, including sarcomas, lymphomas, and epithelial can-
cers (reviewed in ref. 5). A hallmark of BS cells is a large increase
in sister chromatid exchanges (6). In addition, BS cells show
elevated levels of chromosome breaks, rearrangements, and
deletions (7). Both in vivo and in vitro experiments with broken
plasmids demonstrate that repair of double-strand breaks
(DSBs) in the absence of BLM results in products with large
deletions (8, 9). Therefore, a clearer understanding of the
underlying events that cause chromosomal deletions in BS cells
may provide insight into how the BLM protein prevents cancer
in normal cells.

Accumulating evidence suggests that the BLM protein func-
tions in homologous recombination repair pathways to promote
genomic stability. In humans, BLM interacts with RADS51, a
protein required for the strand invasion step that initiates DSB
repair by homologous recombination (10). Sgslp, the Saccha-
romyces cerevisiae homologue of BLM, also interacts with
Rad51p (10), and sgs/ mutants have an increased rate of
chromosomal rearrangements such as translocations and dele-
tions. Interestingly, Sgslp suppresses recombination between
DNA sequences with imperfect homology (11), consistent with
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the notion that it functions both to promote accurate recombi-
nation and to suppress inappropriate recombination.

In vitro experiments provide further evidence that BLM
functions during recombination. The human BLM helicase
preferentially unwinds Holliday junctions, branched DNA struc-
tures, and other homologous recombination intermediates
(12-14). Interestingly, BLM has also been shown to be adept
at binding to and unwinding D-loops (15), which are thought
to be the initial intermediate in DSB repair by homologous
recombination.

The Drosophila melanogaster ortholog of BLM, DmBIm, is
encoded by the mus309 gene (16). Mutations in mus309 cause
increased sensitivity to ionizing radiation and defects in DSB
repair. Reminiscent of the human phenotype, deletions flanking
a DSB site on a plasmid are frequently observed in mus309
mutants (17, 18). We recently used a chromosomal DSB repair
assay to demonstrate that mus309 mutants are defective in the
repair of double-strand gaps created by the excision of a P
transposable element (19).

Double-strand gaps generated by P element excision are
repaired predominantly through a homologous recombination
pathway termed synthesis-dependent strand annealing (SDSA)
(Fig. 1). During SDSA, single-stranded DNA is generated by 5’
to 3’ resection of each end. One or both of these single-stranded
ends invade a homologous template and prime repair DNA
synthesis. The newly synthesized strand is then dissociated from
the template so that it can anneal to the single-stranded DNA
from the other end of the break. Excision of a transposable
element generates a gap relative to the sister chromatid, the
preferred homologous template. We have proposed that repair
DNA synthesis during SDSA is not highly processive, and that
repair of a large gap involves repeated cycles of strand invasion,
synthesis, and dissociation from one or both ends of the gap (20).
If complementary sequences are found, repair can be completed
to restore an intact element. Alternatively, the ends can be joined
through a noncanonical end-joining pathway, even after multiple
cycles of synthesis, resulting in an internally deleted element (20).

Several defects are apparent in P element excision repair
products generated in the absence of DmBIm (19). As in the wild
type, repair is usually initiated through the SDSA pathway.
However, in the absence of DmBIm, SDSA rarely goes to
completion. Instead, repair is completed by end joining. Syn-
thesis tracts in the repair products are much shorter than in
repair products generated in wild-type flies. In addition, many
repair products are associated with deletions into sequences
flanking the DSB site. These deletions may arise during an
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Fig. 1. DSB repair by synthesis-dependent strand annealing. Processing of a
DSB (A) begins with resection of the ends to leave 3’-ended single-stranded
overhangs (B). One or both of these invade a homologous template (C) and
prime repair synthesis (D). The nascent strand is dissociated (E), allowing it to
anneal to complementary single-stranded DNA (F).

aberrant transposition process termed hybrid element insertion
(21) or during aberrant repair processes. We have not observed
any defects in transposition in mus309 mutants (unpublished
data). Therefore, the highly elevated frequency of deletions in
mus309 mutants is most likely the result of defects in repair
caused by the absence of DmBIm.

Three nonexclusive models can explain the high incidence of
deletion products in mus309 mutants. First, DmBlm or a com-
plex that requires DmBIm may bind directly to the broken
chromosome ends to prevent degradation by exonucleases.
Second, DmBIm may be required for efficient repair synthesis
during SDSA; in the absence of DmBIm, exonucleolytic activity
predominates over synthesis, resulting in a net deletion of
sequences. Third, DmBIm may act later during SDSA to promote
the completion of repair DNA synthesis.

To test these models, we investigated the effect of mutating
spn-A, which encodes DmRad51. In the absence of DmRad51,
strand invasion cannot be initiated, preventing entry into SDSA.
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However, DSBs are still repaired efficiently through an end-
joining pathway that utilizes small microhomologies within the
17-nt overhangs that remain after P element excision (20). We
report here that these repair events are not usually associated
with deletions, as is characteristic of repair events generated in
the absence of DmBIm. Therefore, deletions are not simply a
consequence of poor repair synthesis. We also show that remov-
ing DmRad51 suppresses the deletion phenotype of mus309
mutants. This result argues strongly that DmBIm is not required
to protect DSB ends, and that it instead acts downstream of
DmRad51 to prevent deletion formation. We propose a model
that accounts for both the short repair synthesis tracts and the
frequent deletions accompanying DSB repair in the absence of
DmBIm.

Materials and Methods

Drosophila Stocks and Genetics. Flies were maintained on standard
medium at 25°C. The P{w“} transgene used in this study is
described by Kurkulos et al. (22) and Adams et al. (19). The
mus309 mutants were compound heterozygotes of mus309°2 and
mus309P3 (16). The spn-A mutants were compound heterozy-
gotes of spnA%7 and spnA%34 (23). The transposase source used
in these experiments was H{w™, A2-3}Hop2.1. Crosses for the
P{w“} assay are described by Adams et al. (19) and McVey et al.
(20). Briefly, single males containing P{w*} and transposase in
a wild-type, mus309 mutant, or spn-A mutant background were
crossed to four y w P{w*} virgins, and female progeny without
transposase were scored. Aberrant repair products were recov-
ered as white-eyed sons of yellow-eyed female progeny (only one
female was taken from each cross vial). Absence of white-eyed
sons indicated a male-lethal mutation. These were recovered
instead in balanced daughters, and were confirmed to be sd
deletions by crossing these to sd! males and scoring the scal-
loped-wing phenotype of the daughters.

Molecular Analysis of Aberrant Repair. Repair synthesis tract
lengths were determined as described in Adams et al. (19).
Genomic DNA was prepared from single male flies containing
the aberrant repair product. PCRs contained 10 mM Tris-HCl
(pH 9.0), 50 mM KCl, 2.5 mM MgCl,, 0.1% Triton X-100, 1.25
uM each primer, 250 uM dNTPs, 2 ul of the genomic DNA prep,
and TagDNA polymerase in a 20-ul volume. PCR products were
analyzed by agarose gel electrophoresis followed by ethidium
bromide staining. Positive and negative controls were included
in each set of reactions. Deletions flanking the DSB site were
determined by a lack of PCR product using primers comple-
mentary to sequences of sd on both sides of the P{w“} insertion
site (see Fig. 4). The nearest primers used were 200 bp to the left
and 420 bp to the right.

Results and Discussion

In the Absence of DmBIm, Most Repair Products Have Deletions
Flanking the DSB Site. We previously established that the DmBIm
protein is required for efficient repair of DNA DSBs created by
excision of the P{w“} transposable element (19). In our exper-
imental system, we generated males carrying an X-linked P{w"}
insertion (Fig. 2) and a transposase source under control of a
constitutive promoter. Transposase induces excision of P{w“} in
both somatic and premeiotic germ-line tissues, leaving a DSB at
the insertion site. Because P{w“} is located on the X chromo-
some, the only template for homologous repair in males is the
sister chromatid; the DSB is actually a 14-kb gap relative to the
sister chromatid. To recover individual repair events, these males
are crossed to females homozygous for P{w*}, and repair events
are initially scored according to the eye color of the female
progeny. Most of these females have apricot-colored eyes, which
indicates that the paternal P{w“} is intact. In most cases, this is
probably because the element never was excised, but some of
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Fig. 2. P{w?} excision creates DSBs that are repaired to produce distinct

classes of products. (A) P{w?} inserted into an intron of scalloped (white, sd).
Pelementinverted repeats (black) flank the white gene (gray), which contains
a copia retrotransposon (white, copia) that has 276-bp LTRs (black with white
arrows). Expression of transposase in males carrying P{w?} causes excision,
resulting in a double-strand gap with 17-nt noncomplementary 3’ overhangs.
The double-strand gap is then repaired through a variety of mechanisms. (B)
Complete SDSA, resulting in restoration of P{w?}, gives apricot-colored eyes in
females containing a maternally inherited copy of P{w?}. (C) SDSA with an-
nealing at the LTRs produces a product with increased white expression,
resulting in flat red eyes. (D) Aberrant repair includes aborted SDSA, end
joining of the inverted repeats without synthesis, and deletions into flanking
sequence. These events result in loss of white expression and are recovered as
yellow-eyed progeny.

these may arise from excision followed by restoration of the
entire P{w“} element by SDSA. SDSA can also result in red eyes
(22); this class arises only through completed SDSA, and there-
fore provides an accurate indication of the relative efficiency of
SDSA in various genetic backgrounds. Finally, yellow eye color
indicates that the paternal P{w*} is absent or damaged, a class
we refer to as “aberrant” repair. These events can arise from
nonhomologous end joining, aborted SDSA (synthesis followed
by end joining), or other mechanisms.

We previously reported that the red-eyed class was nearly
absent among progeny of mus309 mutants, indicating a defect in
SDSA (19). There was a corresponding increase in the yellow-
eyed class, indicating aberrant repair in these mutants. Molec-
ular and genetic analysis of these events revealed shorter syn-
thesis tracts when DmBIm was absent, and frequent deletions
into flanking sequences. The transposase source used to induce
excision of P{w"} in these experiments is adjacent to the spn-A
gene, so we are not able to generate spn-4 mutants that carry this
transposase source. Therefore, we repeated this experiment
using a different transposase source, located on chromosome 2.
Although this transposase appears to be more active in causing
P element excision, it does not alter the way breaks are repaired
(20). We found that the red-eyed class, which is indicative of
completed SDSA, was reduced from 6% of progeny in the wild
type (n = 3,624) to 0.2% in mus309 mutants (n = 2,851). In
contrast, the yellow-eyed class, which is indicative of aberrant
repair, was increased from 10% of progeny in the wild type to
15.5% in mus309 mutants. Aberrant repair products isolated
from mus309 mutants had shorter repair DNA synthesis tract
lengths compared to those isolated from the wild type (Fig. 3).
These results are consistent with our previous observations using
a different transposase source and confirm that the DmBIm
protein is required for the extensive repair DNA synthesis of >14
kb needed to accurately repair the gap remaining after P{w“}
excision.
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Fig.3. Repair synthesis is reduced in mus309 mutants. Repair synthesis from
the right end of the DSB was analyzed for 83 independent aberrant events in
wild-type flies and 76 independent aberrant events in mus309 mutant flies.
Molecular analysis was performed by using genomic DNA of males carrying a
repair event from yellow-eyed mothers. The percentages of flies that had
repair synthesis tract lengths at least as long as the indicated distance are
shown.

The P{w“} transposon used in our assay is inserted into a 5-kb
intron of the X-linked scalloped (sd) gene (Fig. 4), which encodes
a transcription factor with homology to the human TEF-1 gene
(24). Hypomorphic alleles, such as sd’, result in a scalloped-wing
phenotype, but null alleles are lethal. We previously found that
approximately one-quarter of the aberrant DSB repair events in
mus309 males were accompanied by deletions that extended
from the DSB site into a sd coding sequence, resulting in lethality
in males and a scalloped-wing phenotype in females when in
trans to sd’ (19). We observed similar results among the aberrant
repair events generated in the experiment described above, in
which a chromosome 2 transposase source was used: 2 of 85
(2.4%) from wild-type males had lethal sd deletions, whereas 26
of 104 (25.0%) from mus309 mutant males had lethal deletions
(Table 1).

Multiple transcripts of sd have been isolated (24), including
one in which the first coding exon lies =3 kb upstream of the
P{w“} insertion site, and two in which the first coding exon is <2
kb downstream of P{w*} (Fig. 4). We reasoned that some of our
aberrant repair products could involve smaller deletions that
were not male-lethal because they did not extend into sd coding
sequence. To characterize these smaller deletions, we first
determined whether there was a repair synthesis tract on each
end of the DSB for each male-viable repair event. In cases where
there was no repair synthesis tract on a given end of the DSB, we
used PCR to determine whether there was a deletion from that
end and, if so, to measure the extent of the deletion. Among 83
male-viable aberrant repair events from wild-type males, six had
deletions of at least 200 bp to the left and two of these also had
a deletion of at least 420 bp to the right. In total, 8 of the 85
aberrant repair events (9.4%) had deletions, two lethal and six
nonlethal (Table 1). In contrast, among the 78 nonlethal aber-
rant repair events from mus309 mutants, 33 had deletions to the
left; five of these also had deletions to the right, and five
additional nonlethal repair events had a deletion only to the
right. In total, of 104 aberrant repair events from mus309
mutants, 64 (61.5%) had deletions (Table 1).

In all instances, we recovered more nonlethal deletions to the
left of P{w"} than to the right. This apparent bias may be a
consequence of the P{w“} insertion site rather than a difference
in repair from the left versus the right side of the break. The
presence of essential sd coding information <2 kb to the right of

McVey et al.



A 3" white > copia > | 5" white
B-—um - H-HHH I ——

114

1kb

Fig. 4.

-\/I—I—I\/I-I-I-I-I-_— sd RC

Schematic of P{w?} element inserted into sd. (A) P{w?} structure. Solid black rectangles indicate P ends. A copia retrotransposon (white) ending in LTRs

(black rectangles with arrows) is inserted in the second intron of the white gene (gray). (B) Structure of sd. A map of sd exons (black boxes) is shown, with the
three known transcripts depicted below. Coding start sites are marked with an asterisk; sd-RB begins at the end of the third exon, and sd-RA and -RC begin at
the end of the fourth exon. The insertion site for P{w?} is indicated by the dashed line.

P{w4} likely results in the recovery of many right-side deletions
as male-lethal events; thus, we recover a smaller relative per-
centage of nonlethal deletions to the right of P{w"}.

Accounting for the percentage of progeny that had aberrant
repair events, 0.94% of total progeny from wild-type males had
deletions, but 9.5% of total progeny from mus309 mutants had
deletions, a 10-fold increase. We have estimated that only 20%
of all progeny are derived from cells that have experienced an
excision event (20). When we used this estimate, we detected
deletions of at least 200 bp in <5% of all repair events generated
in wild-type males, but in 47% of repair events generated in the
absence of DmBIm. Because cells from BS patients frequently
have chromosomal deletions (7), understanding the mus309
deletion phenotype may provide clues about the molecular
function of the BLM protein. Therefore, we undertook a more
extensive genetic and molecular analysis to determine potential
mechanisms of deletion formation.

Flanking Deletions Are Not Caused by a Lack of Repair Synthesis
During SDSA. Repair synthesis tracts from mus309 aberrant repair
events are significantly shorter than those from wild-type flies,
suggesting a potential defect in repair synthesis (19) (Fig. 3). One
possible explanation for the large number of deletions in mus309
mutants is that they are a consequence of a block to efficient
repair DNA synthesis. This model predicts that, if repair syn-

Table 1. Percentage of aberrant repair events with
flanking deletions

Genotype Lethal Nonlethal Total n
Wild type 24 7.0 9.4 85
mus309 25.0 36.5 61.5 104
spn-A 2.6 1.7 4.3 116
mus309 spn-A 6.7 1.9 8.6 105*

*There were an additional four male-lethal chromosomes that did not pro-
duce a scalloped-wing phenotype in trans to sd’, indicating that these events
did not involve deletions into sd. Similar events have been observed in other
genotypes (M.M., unpublished data) and may result from transposition of
the P{w?} into a nearby essential gene.
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thesis is completely blocked, the deletion phenotype should be
at least as severe as that observed in mus309 mutants.

Repair synthesis requires invasion of the broken DNA strand
into a homologous template. The Rad51 protein is known to
catalyze this strand exchange reaction in multiple organisms
(reviewed in refs. 25 and 26). In flies, the DmRad51 protein is
encoded by the spn-4 gene (23). Flies lacking DmRad51 are
unable to carry out DNA synthesis during DSB repair, and
instead join the broken ends together without synthesis (20). To
determine whether a synthesis defect is required for deletions,
we used the P{w“} assay to analyze repair events in spn-A
mutants.

We characterized 116 aberrant repair events isolated from
spn-A mutant males, and found that only three (2.6%) were
male-lethal, indicating deletions into sd coding sequence (Table
1). An additional two (1.7%) had nonlethal deletions, and these
were similar in size to those isolated from the wild type and
mus309 mutants. Thus, a total of 4.3% of aberrant repair events
in flies lacking DmRad51 had flanking deletions; this frequency
is not significantly different from the frequency in the wild type
(P = 0.16). Because spn-4 mutants have greatly reduced repair
synthesis relative to mus309 flies, but mus309 repair products are
14 times more likely to involve deletions, it follows that a lack of
repair synthesis per se does not lead to deletion formation.

Flanking Deletions Occur After Strand Invasion. The flanking dele-
tions associated with DSB repair in the absence of DmBIm do
not appear to be a result of decreased repair synthesis. An
alternative model is that DmBIm is involved in protecting the
broken DNA ends from degradation, either by binding to the
ends or by recruiting a complex that binds to the ends. If this
model is correct, then mus309 spn-A double mutants should still
have a high rate of deletions because they lack DmBIm to protect
the ends.

Therefore, we repeated the P{w“} assay in mus309 spn-A
double mutant males. As in the spn-A single mutants, we did not
recover any red-eyed progeny (n = 3,606); 17% had yellow eyes.
We molecularly analyzed 109 independent repair products from
yellow-eyed progeny. Seven (6.4%) were male lethal, indicating
deletions into sd coding sequences (Table 1). An additional two
repair events were associated with nonlethal flanking deletions,
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mediate after strand invasion and repair synthesis. DmBIm functions at the
junction marked by the arrowhead to unwind the invading strand. The
resulting single-stranded DNA can then anneal to a complementary strand
(Lower Left). In the absence of DmBIm, an endonuclease cleaves the invading
strand at the arrowhead. The result (Lower Right) is a double-stranded
deletion of sequences adjacent to the original DSB site.

for a total of 8.6%. The frequency of deletions in the mus309
spn-A double mutants is not significantly different from the
frequency in the wild type (P = 0.8). We conclude that the large
increase in deletions generated in the absence of DmBIm occurs
only when DmRad51 is present.

Model for DSB Repair in Wild-Type and mus309 Mutant Flies. We have
reported that DSB repair in the absence of DmBIm is associated
with frequent deletions into flanking sequences. Removing
DmRad51 suppresses this deletion phenotype, suggesting that
DmBIm functions after DmRad51 in preventing deletion for-
mation. One possibility is that DmBIm acts before the repair
synthesis fork to unwind the template. This could account for the
shorter synthesis tracts found in repair events that take place in
the absence of DmBIm. However, it is difficult to see how defects
in this function could result in deletions. A more attractive
alternative is that DmBIm acts behind the synthesis fork to
unwind the nascent strand (Fig. 5). In SDSA, the ends of a break
are resected to generate 3’ single-stranded tails. One (or both)
of these invades a homologous template to form a D-loop, and
the tail is then extended by repair DNA synthesis. The hallmark
of SDSA is the annealing of this nascent strand to the single-
stranded DNA at the other end of the break. For this to occur,
the nascent strand must first be dissociated from the template,
resolving the D-loop. We propose that DmBIm is involved in this
dissociation step.

Dissociation of the nascent strand could cause termination of
repair synthesis, resulting in a lack of processivity. If DmBIm is
responsible for dissociation of the nascent strand, then we might
expect to see longer synthesis tracts in the absence of DmBIm.
However, we recover shorter synthesis tracts in the absence of
DmBIm function, suggesting that DmBIm is not responsible for
the lack of processivity during repair synthesis.

In the absence of dissociation by DmBIm, the D-loop inter-
mediate must be processed by an alternative mechanism. We
propose that one way to separate the two duplexes is to cut the
invading strand 5’ to the point of strand transfer (Fig. 5 Lower
Right). According to this proposal, after DSB formation, one
strand is resected from the end of the break. The single-stranded
region exposed by resection invades a homologous template, and
subsequently is cleaved. This combination of resection of one
strand and cleavage of the complementary strand results in a
double-stranded deletion of sequences flanking the original
break point.

In conditions where end joining is unfavorable, this deletion
could be enlarged through multiple cycles of reresection, inva-
sion, and cleavage. In a previous study, we suggested that repair
synthesis is not highly processive, and estimated that the median
tract length may be only a few hundred nucleotides (20).
Although this would be sufficient for repair of a simple DSB, it
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is unlikely that a single episode of repair synthesis would traverse
the 14-kb gap remaining after excision of the P{w*} element.
Therefore, SDSA repair of a large gap must require multiple
cycles of strand invasion, synthesis, and dissociation, perhaps
occurring independently at both ends. In the absence of DmBIm,
repair by end joining after many rounds of resection, invasion,
and cleavage could generate the large deletions that we observe.

Although most repair events isolated from mus309 mutants
involved deletions, many did have detectable synthesis tracts.
Therefore, it must be possible to dissociate the nascent strand in
some cases. One possible explanation is that the mus309 mutants
we used were not completely devoid of DmBIm activity. The
males used in our assay are derived from mothers that are
heterozygous for a mus309 mutation, so there may have been
perdurance of some maternally derived DmBIm. We have ob-
served a strong maternal effect for heterozygosity for spn-4 (20).
Alternatively, DmBlm may not be absolutely required to unwind
the D-loop. There are two other RecQ helicases in Drosophila,
RecQ5 and RecQ4 (27), and it is possible that one of these or
some other helicase can weakly compensate for loss of DmBIm.
In either scenario, a model in which multiple rounds of invasion,
synthesis, and dissociation are required to repair across a large
gap predicts that in mus309 mutants, dissociation will ultimately
fail. Alternative processing of the D-loop, followed by end
joining, will result in the net decrease in synthesis tract lengths
that we observe.

D-loops such as those found during SDSA repair synthesis are
a preferred in vitro substrate for human BLM and E. coli RecQ
(15, 28), lending support to our model. BLM interacts physically
with RADS51 (10). Because RADS1 coats the single-stranded
DNA before D-loop formation (29), this interaction might
provide a mechanism for targeting BLM to its preferred sub-
strate in SDSA.

Our model provides an explanation for the paradoxical finding
that RecQ helicases can both prevent illegitimate recombination
and promote homologous recombination (11, 28, 30, 31). Un-
winding of D-loops generated during strand invasion into a
nonhomologous or homeologous template can prevent illegiti-
mate recombination, whereas unwinding of D-loops after repair
synthesis using a homologous template can promote homologous
recombination.

The identity of the endonuclease we propose is unknown.
Mutation of the S. cerevisiae BLM ortholog, SGSI, is syntheti-
cally lethal with mutations in any of six SLX genes, four of which
encode the MUS81/MMS4 and SLXI1/SLX4 heterodimeric
structure-specific endonucleases (32). Interestingly, mutations in
RADSI rescue the synthetic lethality between sgs/ and mus81 or
mms4 (33). Orthologs of MUSS81, MMS4, and SLXI can be
identified in Drosophila (unpublished data). Given the genetic
interactions in S. cerevisiae, it will be interesting to determine
whether any of these genes plays a role in deletion formation
after aberrant DSB repair in flies lacking DmBIm.

In summary, we have demonstrated that loss of DmBIm results
in a propensity to repair DSBs by a mechanism that produces
large deletions. Because the formation of these deletions re-
quires Rad51-mediated strand invasion, the primary function of
DmBIm in SDSA must occur after strand invasion. We propose
that DmBlm is required to dissociate the invading strand, and the
synthesis tract primed off it, from the homologous template to
allow annealing to a complementary single strand. In the absence
of DmBIm, this D-loop structure is cleaved, generating a dele-
tion. The identification of an endonuclease that promotes dis-
assembly of D-loops in the absence of DmBIm could provide
insight into error-prone repair mechanisms that operate in BS,
causing genomic instability and cancer.
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