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Sgs1 is a RecQ family DNA helicase required for genome stability in Saccharomyces cerevisiae whose human
homologs BLM, WRN, and RECQL4 are mutated in Bloom’s, Werner, and Rothmund Thomson syndromes,
respectively. Sgs1 and mismatch repair (MMR) are inhibitors of recombination between similar but divergent
(homeologous) DNA sequences. Here we show that SGS1, but not MMR, is critical for suppressing sponta-
neous, recurring translocations between diverged genes in cells with mutations in the genes encoding the
checkpoint proteins Mec3, Rad24, Rad9, or Rfc5, the chromatin assembly factors Cacl or Asfl, and the DNA
helicase Rrm3. The S-phase checkpoint kinase and telomere maintenance factor Tell, a homolog of the human
ataxia telangiectasia (ATM) protein, prevents these translocations, whereas the checkpoint kinase Mecl, a
homolog of the human ATM-related protein, and the Rad53 checkpoint kinase are not required. The trans-
location structures observed suggest involvement of a dicentric intermediate and break-induced replication

with multiple cycles of DNA template switching.

RecQ-like DNA helicases play important roles in the main-
tenance of genome stability from bacteria to humans. The only
member of the RecQ family of 3’ to 5" DNA helicases in the
yeast Saccharomyces cerevisiae is Sgsl. Sgsl has been impli-
cated in the coordination between DNA replication and re-
combination, in the regulation of homologous recombination
(HR) and the suppression of crossover products during HR,
and in S-phase checkpoint activation as well as in transcription
(16, 26, 38, 49, 61, 96). As a consequence, cells that lack Sgsl
display a hyperrecombination phenotype, accumulate extra-
chromosomal ribosomal DNA (rDNA) circles, frequently mis-
segregate chromosomes during mitosis and meiosis, have mod-
estly increased rates of accumulating gross chromosomal
rearrangements (GCRs), are sensitive to agents such as hydroxyu-
rea and methyl-methanesulfonate, and show signs of premature
aging (29, 58, 61, 86, 100, 101, 104).

To date, five human genes encoding RecQ-like (RECQL)
proteins have been identified. Mutations in RECQL2 (WRN)
(105), RECQL3 (BLM) (23), and RECQL4 (41, 42) cause three
rare, cancer-prone disorders, Werner syndrome (WS), Bloom’s
syndrome (BS), and a subset of Rothmund Thomson syndrome
(Type II RTS) (97), respectively, while defects in RECQLI (73,
74) and RECQL5 (41) have not been linked to a disease.
Besides short stature, early onset of diabetes mellitus, and
immunodeficiency, BS is characterized by extreme cancer risk,
which has been estimated to be 150 to 300 times higher than
the risk of malignancy in the unaffected population; in 168
BS patients, 100 cancers of many types had arisen at a mean
age of 24.7 years, with many of the patients suffering from
multiple primary cancers (31). Although WS patients share

* Corresponding author. Mailing address: Department of Biology,
University of South Florida, 4202 E. Fowler Avenue, SCA110, Tampa,
FL 33620. Phone: (813) 974-1592. Fax: (813) 974-3263. E-mail: kschmidt
(@cas.usf.edu.

5406

some of these symptoms, including early onset of diabetes
mellitus and increased cancer susceptibility, they also show
numerous other signs of accelerated aging not typical for
BS. RTS patients also show a high prevalence of cancers,
especially osteosarcomas, and suffer from skeletal abnor-
malities and skin changes (95, 98).

WS, BS, and RTS cells exhibit a wide range of chromosomal
aberrations. WS cells have an increased spontaneous mutation
rate, mainly due to the accumulation of large deletions (>20
kb), but translocations and insertions have also been observed
(27, 28, 79). Structural and numerical chromosome instability
has been described for RTS cells (22, 51, 55, 67). Chromosome
aberrations in BS cells include approximately 0.29 chromatid
and chromosome breaks per cell, translocations, and ring chro-
mosomes (34). The most striking feature of BS cells, however,
is the increased rate of spontaneous reciprocal exchange of
genetic material between sister chromatids (sister chromatid
exchange [SCE]) as well as between chromatids of two differ-
ent chromosomes leading to the appearance of, mostly, sym-
metric quadriradial (QR) chromosomes (12). While SCEs are
not mutagenic per se, such hyperactivity of recombinogenic
processes may result in mutations if it leads to recombination
between homologs or sister chromatids at nonhomologous
sites. Moreover, exchanges between ectopic homologous re-
gions of single chromatids of two different chromosomes,
whether they occur between homologous or nonhomologous
chromosomes, as suggested by the formation of asymmetric
QRs in BS cells, can lead to translocations as well as the
formation of dicentric and acentric chromosomes which cannot
be segregated properly. QRs are approximately 100-fold more
frequent in BS cells than in normal cells, where they occur at
a frequency of ~1/1,000 (12, 91). The highly elevated rate of
mitotic crossing over in BS cells between homologous chromo-
somes or regions of homology located on nonhomologous
chromosomes, such as the rDNA regions in the satellite stalks
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of acrocentric chromosomes, has been shown to lead to a high
degree of loss of heterozygosity (LOH) in BS cells and in BS
mice, which may expose recessive mutations in tumor suppres-
sor genes and has thus been suggested to be a source of tu-
morigenic chromosomal rearrangements in BS (52, 91).

Unlike most other DNA helicases, the 3’ to 5 DNA heli-
cases WRN, BLM, and Sgs1 have been shown to unwind a
duplex DNA preferentially from an internal loop rather than
from a blunt end or a 3’ overhang (6, 56). Moreover, WRN,
BLM, and Sgs1 can unwind G-quadruplexes and Holliday junc-
tions in vitro, while Sgs1 has also been shown to resolve three-
way junctions (6, 37, 56). These structural substrate prefer-
ences suggest that these RecQ-like DNA helicases may be
required for a variety of DNA metabolic processes during
which such structures may arise, most prominently during HR
and at stalled replication forks. In the absence of RecQ-like
DNA helicases, recombinogenic lesions may instead be formed
in an attempt to process anomalous replication forks or HR
intermediates. The importance of RecQ family helicases for
genome integrity is further supported by their physical inter-
action with proteins known to be involved in replicational and
repair processes. For instance, Sgs1, BLM, and WRN interact
with the single-stranded DNA binding protein RPA (11, 15,
17), Sgs1 and BLM interact with the strand exchange protein
Rad51 (70, 103), RecQL4 colocalizes with Rad51 foci after
induction of DNA damage (70), BLM and Sgsl interact with
topoisomerases (29, 101), and Sgsl, BLM, and WRN have
been found in complexes with proteins that function in DNA
damage response pathways (16, 20, 26, 47, 99). Moreover,
genetic interactions have been demonstrated between sgs/ and
mutations in DNA helicase genes RRM3 and SRS2 and the
structure-specific endonuclease genes MUS81, MMS4, SLX1,
and SLX4 (24, 30, 49, 59, 81, 93). Recently, additional inter-
action partners have been identified in large-scale genetic
screens (66, 92). In contrast to Sgs1, BLM, and WRN helicases,
recombinant RecQLA4 purified from Escherichia coli cells lacks
DNA helicase activity (53). Instead, Sangrithi et al. (78) iden-
tified a region at the N terminus of RecQL4 that shares
homology with Sld2/Drcl, which is required for the estab-
lishment of replication forks in S. cerevisiae, thus suggesting
a role of RecQL4 in the loading of replication factors at
origins.

S. cerevisiae cells lacking Sgsl have proven to be excellent
model systems for some cellular phenotypes of the Bloom’s
and Werner syndromes, especially with respect to their hyper-
recombination phenotype. Cells that lack Sgs1 display elevated
rates (~10-fold) of intrachromosomal HR between direct re-
peats and interchromosomal HR between homologous se-
quences or heteroalleles (100, 104). sgs/ mutations, including
mutations that mimic two missense mutations found in BS, also
cause an approximately fourfold elevated rate of SCE using an
assay that measures reconstitution of a functional ADE3 gene
from two nonfunctional ADE3 truncations containing a 305-bp
overlap (40, 65). An increase in the frequency of LOH in
diploid sgsI mutants has also been reported and is mainly the
result of chromosome loss and chromosome rearrangements in
the form of ectopic interchromosomal rearrangements, such as
translocations and unequal crossing over (3). In addition, sgs/
mutants exhibit an increased rate of recombination between
similar, but nonidentical (homeologous), DNA sequences,
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leading to the conclusion that Sgs1 functions in the same path-
way as the mismatch repair (MMR) proteins to suppress ho-
meologous recombination (61, 87). Here we have evaluated
the role of a wide range of DNA metabolic pathways in the
suppression of spontaneous translocations between three
highly diverged genes in sgs/ mutants of S. cerevisiae. We
observed homology-driven translocations, which are sup-
pressed by Sgs1 but not MMR, suggesting that a function of
Sgs1 other than its regulation of homeologous recombination
is responsible for its role in suppressing translocations between
related genes. Based on our analysis of translocation struc-
tures, we propose a model for the formation of complex trans-
locations by a single recombinational event that may be facil-
itated by the extraordinary relaxation of mitotic HR in the
absence of Sgsl.

MATERIALS AND METHODS

Strains and general genetic methods. S. cerevisiae strains used for determina-
tion of mutation rates are derivatives of S288C. Gene deletions in RDKY3615
(MATa wura3-52 tpIA63 his3A200 leu2Al lys2ABgl hom3-10 ade2Al ade8
hxt13::URA3), RDKY5027 (MATa ura3-52 trpl A63 his3A200 leu2Al lys2ABgl
hom3-10 ade2AlI ade8 hxt13::URA3), and their diploid derivatives were generated
by HR-mediated integration of PCR fragments using standard methods. All
haploid strains used for determination of mutation rates were obtained by sporu-
lation of appropriate diploid strains. To minimize the emergence of suppressors,
slow-growing haploid strains containing deletions of the DNA helicase genes
SGS1 and RRM3 were freshly obtained by sporulation of the appropriate diploid
strain for every experiment. S. cerevisiae strains were grown at 30°C. S. cerevisiae
strains used in this study and their complete genotypes are listed in Table 1.
Media for propagating S. cerevisiae strains have been described previously (14).

GCR rates and rearrangement analysis. GCR rates were determined inde-
pendently by fluctuation analysis of at least 15 independent cultures from three
different strain isolates, and the median rate is reported (13, 61). To minimize the
emergence of suppressors in slow-growing S. cerevisiae strains, GCR rate mea-
surements with r7m3 sgs! and sgsI rrm3 mec3 strains were carried out immedi-
ately after genotyping of freshly obtained, individual spore clones (i.e., day 7 after
plating of spores on nonselective media). All of the cells originating from an
individual spore clone were inoculated into 10 ml of yeast extract/peptone/
glucose (YPD) medium, and the cultures were incubated for 2 to 3 days at 30°C
with vigorous shaking and then plated on YPD and selective media to isolate
GCRs. Rearrangements between the CANI, ALPI, and LYPI genes were iden-
tified by PCR using a primer pair that anneals to the 5" end of CANI (5'-ATG
ACAAATTCAAAAGAAGACGCC-3') and the 3’ end of ALPI (5'-GAAAGG
ACATCCCAAACTCGTTGC-3") or the 3’ end of LYPI (5'-CAGCAGCCCA
GAATTTCTCC-3"). PCR conditions were as follows: 5 min at 95°C and then 30
cycles of 30 s at 95°C, 30 s at 55°C, 4 min at 68°C, and 7 min at 68°C. PCR
products were analyzed by 1% agarose gel electrophoresis. Prior to sequencing,
PCR products were treated with shrimp alkaline phosphatase and exonuclease 1.
The predicted orientation of the translocation target with respect to the centro-
mere was determined by comparing the DNA sequences at the breakpoint to the
Saccharomyces Genome Database. If the translocation target was predicted to
contain a centromere, the translocation chromosome was classified as dicentric
(e.g., CANI-LYPI translocation chromosomes). If the translocation target was
not predicted to contain a centromere, then the translocation chromosome was
classified as monocentric (e.g., CANI-ALPI and CANI-LYPI-ALPI transloca-
tion chromosomes).

RESULTS

Checkpoint proteins, chromatin assembly factors, and the
DNA helicase Rrm3 suppress recurring translocations in the
absence of Sgsl. Cells lacking Sgsl have a moderately in-
creased rate of accumulating GCRs; these consist of broken
chromosomes healed by de novo telomere addition (62%) and
translocations with microhomology (25%) or without homol-
ogy (13%) at the breakpoint (61). In contrast, r7m3A mutants
do not have an increased GCR rate. sgs/A rrm3A double mu-
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TABLE 1. Saccharomyces cerevisiae strains used in this study

Strain Genotype I:f?gﬁ:ccj
RDKY3615 MATa ura3-5, trpl A63 his3A200 leu2Al lys2ABgl hom3-10 ade2Al ade8 hxt13::URA3 13
RDKY3719 RDKY3615 rad9::HIS3 61
RDKY3731 RDKY?3615 tell::HIS3 61
RDKY3735 RDKY?3615 mecl::HIS3 smil::TRPI 61
RDKY3749 RDKY3615 smll::KAN rad53::HIS3 61
RDKY4561 RDKY?3615 rfc5-1.TRPI sgs1::HIS3 63
RDKY4566 RDKY3615 tell::HIS3 sgsl::TRPI 63
RDKY4588 RDKY3615 smll::KAN rad53::HIS3 sgs1::TRP1 63
RDKY4753 RDKY3615 cacl::HIS3 64
RDKY4755 RDKY?3615 asfl::HIS3 64
RDKY4765 RDKY3615 sgsi::HIS3 cacl::TRPI 64
RDKY4767 RDKY?3615 asfl::HIS, sgs1::TRPI 64
RDKY5502 RDKY3615 tsal::KAN 35
RDKY5529 RDKY?3615 tsal::KAN sgsl::HIS3 36
RDKY5556 RDKY3615 rrm3::TRPI1 This study
RDKY5558 RDKY3615 sgsi::TRP1 This study
RDKYS5564 RDKY3615 rad51::HIS3 sgs1::TRPI rrm3::KAN This study
RDKY5569 RDKY3615 mec3::HIS3 This study
RDKY5572 RDKY3615 mec3::HIS3 sgsl::TRPI This study
RDKY5573 RDKY3615 rad24::HIS3 This study
RDKY5575 RDKY3615 rad24::HIS3 sgs1::TRPI This study
RDKY5577 MATa/o ura3-52/ura3-52, tp1 A63/trp1 A63 his3A200/his3A200 leu2Al/leu2Al lys2ABgl/lys2ABgl This study

hom3-10/hom3-10 ade2Al/ade2Al adeS/ade8 hxt13::URA3/hxt13::URA3 SGS1/sgsl::TRP1

RRM3/rrm3::KAN
RDKYS5579 RDKY3615 mec3::HIS3 sgs1::TRPI rrm3::KAN This study
RDKY5772 RDKY3615 mec3:KAN asf1::HIS3 sgs1::TRPI1 This study
RDKY5773 RDKY3615 rad52::HIS3 This study
RDKY5774 RDKY3615 rad52::HIS3 sgs1::TRP1 This study
RDKYS5775 RDKY3615 rad52::HIS3 sgsl::TRPI mec3::KAN This study
RDKY5776 RDKY?3615 sgs1::TRP1 rrm3::KAN rad51::HIS3 mec3::HIS3 This study
RDKYS5777 RDKY3615 sgs1::HIS3 mecl::TRPI smll::KAN This study
RDKY5778 RDKY?3615 rad9::HIS3 sgs1::TRP1 This study
RDKYS5779 RDKY3615 msh2::KAN1 asf1::HIS3 This study
RDKY5780 RDKY3615 msh2::KANI cacl::HIS3 This study
RDKY5781 RDKY3615 msh2:KAN1 mec3::HIS3 This study
RDKY5782 RDKY3615 msh2::KAN1 rfc5-1.TRP1 This study
RDKY5783 RDKY3615 msh2::KANI tell::HIS3 This study
RDKY5784 RDKY3615 msh2::KAN1 This study
KHSY1357 RDKY3615 sgsl::TRPImec3::G418 rad51::HIS3 This study
KHSYS816 MATa/o ura3-52/ura3-52 trpl1 A63/trp1 A63 his3A200/his3A200 leu2Al/leu2Al lys2ABgl/lys2ABgl This study

hom3-10/hom3-10 ade2Al/ade2Al adeS8lade8 hxt13::URA3/hxt13::URA3, SGS1/sgs1::TRP1

RRM3/rrm3:KAN MEC3/mec3::HIS3
KHSY1448 RDKY3615 msh6::TRP1 rad24::HIS3 This study
KHSY1452 RDKY3615 msh6::TRP1 mec3::HIS3 This study

tants have a severe growth defect that can be rescued by de-
letion of the HR genes RADS51, RAD55, and RAD57 (66, 81,
93). During a detailed investigation of checkpoint activation
and genome instability in sgs/A rrm3A double mutants, we
observed that sgs/A rmm3A double mutants have a synergistic
increase in GCR rates that is reduced by mutations in HR
genes and is increased by defects in checkpoint genes (K. H.
Schmidt and R. Kolodner, unpublished data; also see Table 2).
In this study, we repeatedly found translocations between the
CANI gene on chromosome 5 and LYPI or ALPI on chromo-
some 14 in sgs/A rrm3A double mutants. CANI, LYPI, and
ALPI are closely related genes, expressing basic amino acid
transporters; the CANI gene is 64% identical to the LYPI and
ALPI genes, while ALPI and LYPI show 59% sequence iden-
tity. This observation, taken together with the finding that, with
the exception of a single CANI-ALPI translocation in a ticIA
rad51A mutant, sequencing of more than 358 translocation
breakpoints in this laboratory has never identified transloca-

tions between CANI and any of its nine most closely related
genes in any strain not carrying an sgs/A mutation (75), sug-
gests that Sgs1 may be a regulator of translocations between
highly diverged genes. To test this hypothesis, we combined an
sgsIA mutation with mutations causing defects in cell cycle
checkpoints (mec3A, rad24A, rad9A, rfc5-1, rad53A, meclA,
and felIA), in HR (rad51A and rad52A), in the oxidative stress
response (tsalA), and in chromatin assembly (cac/A and
asflA), many of which are known to increase GCR rates, albeit
through different defects, to determine the effect of the addi-
tional sgs/A mutation on the GCR rate and spectrum (36, 44).
To facilitate this analysis, we designed a PCR assay to screen a
large collection of independent GCRs isolated from these mu-
tants for CANI-ALPI and CANI-LYPI translocations using
two primer pairs that anneal to the 5’ end of CANI, located on
chromosome 5 (Fig. 1, primer F), and the 3’ end of either
LYPI or ALPI, located on chromosome 14 (Fig. 1, primers R1
and R2, respectively). The resulting PCR products were char-
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TABLE 2. Effect of defects in cell cycle checkpoints, chromatin assembly, homologous recombination, oxidative
stress response, and DNA helicases on GCRs in sgs/ and mismatch repair mutants

Total CAN1/LYPI/ALPI

. Rates of individual CAN1/LYPI/ALPI translocation classes (10'°)?
translocations

Total rate of

Relevant genotype

GCRs (10) R v , CANI-LYPI-ALPI-

ate (10'%) Frequency (%) CANI-LYPI CANI-ALPI ~ CANI-LYPI-ALPI L YPLALPI
Wild type© 35 ND (<0.2) ND ND ND ND ND
sgsl 77 <2.6 <0.03 (0/30) <3 (0/30) <2.6 (0/30) <2.6 (0/30) <2.6 (0/30)
cacl® 216 <74 <0.03 (0/29) <7.4(0/29)  <7.4(0/29) <7.4 (0/29) <7.4 (0/29)
cacl sgsl 355 60 17 (5/30) <12 (0/30) 24 (2/30) 36 (3/30) <12 (0/30)
asfl¢ 250 ND (<23) ND ND ND ND ND
asfl sgsl 318 64 23 (6/30) <11 (0/30) 21 (2/30) 32 (3/30) 11 (1/30)
rad24 23 <0.8 <0.03 (0/30) <0.8 (0/30)  <0.8 (0/30) <0.8 (0/30) <0.8 (0/30)
rad24 sgs1 136 68 50 (15/30) 4.5 (1/30) 18 (4/30) 41 (9/30) 4.5 (1/30)
mec3¢ 17 <0.6 <0.03 (0/30) <0.6 (0/30)  <0.6 (0/30) <0.6 (0/30) <0.6 (0/30)
mec3 sgsl 339 79 23 (7/30) 11 (1/30) 45 (4/30) 23 (2/30) <11 (0/30)
mec3 sgsl rad51 1,491 198 13 (4/30) ND ND ND ND
mec3 sgsl asfl 2,588 431 17 (5/30) 172 (2/30) <86 (0/30) 259 (3/30) <86 (0/30)
rad52” 161 ND (<16) ND ND ND ND ND
rad52 sgsl 125 <43 <0.03 (0/29) <4.3(0/29)  <4.3 (0/29) <4.3 (0/29) <4.3 (0/29)
rad52 sgsl mec3 3,168 <23 <0.007 (0/136) <40 (0/79) <40 (0/79) <40 (0/79) <40 (0/79)
rad51 <8 ND ND ND ND ND ND
m3 14 <0.6 <0.04 (0/24) <0.6 (0/24)  <0.6 (0/24) <0.6 (0/24) <0.6 (0/24)
rm3 sgsl 656 81 12 (7/57) <12 (0/57) 35 (3/57) 46 (4/57) <12 (0/57)
rrm3 sgsl mec3 1,942 349 18 (7/39) <50 (0/39) 100 (2/39) 249 (5/39) <50 (0/39)
rrm3 sgsl rad51 15 2.4 16 (3/19) <0.8 (0/19)  <0.8 (0/19) 2.4 (3/19) <0.8 (0/19)
rrm3 sgs1 rad51 mec3 1,640 66 4 (2/50) <33 (0/30) 33 (1/30) 33 (1/30) <33 (0/30)
mecl smll® 460 ND (<51) ND ND ND ND ND
meclsmll sgsl 1,930 <10 <0.005 (0/190) <10 (0/190) <10 (0/190) <10 (0/190) <10 (0/190)
tell¢ 2 ND (<0.3) ND ND ND ND ND
tell sgsl 126 21 17 (5/30) <4 (0/30) <4 (0/30) 21 (5/30) <4 (0/30)
rad53 smlil 95 ND ND ND ND ND ND
rad53 smil sgsl 879 <29 <0.03 (0/30) <29 (0/30) <29 (0/30) <29 (0/30) <29 (0/30)
rad9® 20 ND (<2) ND ND ND ND ND
rad9 sgs1 748 25 3 (1/30) <25 (0/30) <25 (0/30) 25 (1/30) <25 (0/30)
rfes-1¢ 660 ND (<66) ND ND ND ND ND
rfe5-1 sgsl 631 42 7 (2/30) <21 (0/30) <21 (0/30) 42 (2/30) <21 (0/30)
tsal” 173 ND (<17) ND ND ND ND ND
tsal sgsl' 1,139 <38 <0.03 (0/30) <38 (0/30) <38 (0/30) <38 (0/30) <38 (0/30)
msh2’ 5 <0.3 <0.07 (0/15) <0.3 (0/15)  <0.3 (0/15) <0.3 (0/15) <0.3 (0/15)
msh2 asf1 100 <3.7 <0.04 (0/27) <3.7(027)  <3.7(0/27) <3.7 (0/27) <3.7 (0/27)
msh2 cacl 296 <11 <0.04 (0/28) <11 (0/28) <11 (0/28) <11 (0/28) <11 (0/28)
msh2 mec3 32 <15 <0.05 (0/22) <1.5(0/22)  <1.5(0/22) <1.5 (0/22) <1.5 (0/22)
msh2 rfc5-1 193 <6.7 <0.03 (0/29) <6.7 (0/29)  <6.7 (0/29) <6.7 (0/29) <6.7 (0/29)
msh2 tell 21 <0.9 <0.04 (0/23) <0.9 (0/23)  <0.9 (0/23) <0.9 (0/23) <0.9 (0/23)
msh6 mec3 19 <0.7 <0.04 (0/27) <0.7 (0/27)  <0.7 (0/27) <0.7 (0/27) <0.7 (0/27)
msh6 rad24 16 <0.8 <0.05 (0/20) <0.8 (0/20)  <0.8 (0/20) <0.8 (0/20) <0.8 (0/20)

“ND, not determined; numbers in parentheses indicate an estimate of the CAN1/LYPI/ALPI rate based on previous GCR breakpoint analyses as listed in footnotes
¢ to i, in which no CANI/LYPI/ALPI rearrangements were found (75).

> Numbers in parentheses indicate the number of CANI/LYPI/ALPI rearrangements detected among all GCR clones tested.

¢ GCR rates and breakpoint analyses from reference 62. Breakpoint analysis results were the following: for rad53A sml1A, 5 telomere additions, 4 translocations with
microhomology; rfc5-1, 10 telomere additions; mecIA smlIA, 9 telomere additions; tellA, 6 translocations with microhomology; mec3A, 8 telomere additions, 2
translocations (0 nonhomology/2 microhomology/0 CANI/ALPI/LYPI).

@ Breakpoint analysis for the wild type from references 61 and 69: 14 telomere additions, 3 translocation (1 nonhomology/2 microhomology/0 CAN1/ALP1/LYPI).

¢ GCR rates and breakpoint analyses from reference 64. Breakpoint analysis results were the following: caclA, 7 telomere additions, 3 translocations (2 nonho-
mology/1 microhomology/0 CAN1/ALPI/LYPI); asfIA, 9 telomere additions, 2 translocations (0 nonhomology/2 microhomology/0 CANI/ALPI/LYPI).

/Breakpoint analysis for rad52A from reference 60: 3 telomere additions, 7 translocations with microhomology.

& GCR rate from reference 60. Breakpoint analysis for rad9A from reference 63: 8 telomere additions, 2 translocations with microhomology.

" GCR rate and breakpoint analysis from reference 35. tsalA, 8 telomere additions, 1 large deletion, 1 translocation (0 nonhomology/l microhomology/0
CANI/ALPI/LYPI).

 GCR rate from reference 36.

J Breakpoint analysis for msh2A from reference 61: 4 telomere additions, 2 independent base substitution mutations, 3 translocation (2 nonhomology/1 microhomol-
ogy/0 CANI/ALPI/LYPI).

acterized by DNA sequencing, and the rate of each type of determined by other breakpoint mapping and sequencing
rearrangement was calculated. methods (14) to contain CANI-LYPI breakpoints yielded

The analysis of GCRs described above in many cases yielded CANI-ALPI PCR products instead of the expected CANI-
the expected PCR products for the CANI-ALPI translo- LYP] PCR products. Sequencing of these PCR products re-
cations. Surprisingly, however, translocations that had been vealed that these GCR breakpoint regions all contained a
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FIG. 1. Location of the CANI, LYPI, and ALPI genes in the yeast genome. CANI is located on chromosome 5, while ALPI and LYPI are
located on the same arm of chromosome 14 in opposite orientations, separated by 889 bp that include a single 396-bp gene, BSC4. CANI and ALPI
are in the same orientation with respect to their centromeres, whereas LYPI is in the opposite orientation. The lengths of the genes and distances
between them are indicated in base pairs. The 174-bp regions of 93% sequence identity present in ALPI and LYPI, indicated by a gray box, are
2,449 bp apart. The locations of the primers used to screen GCR clones for CANI/LYPI/ALPI rearrangements are indicated by F, R1, and R2

(see the text for details).

secondary LYPI-ALPI breakpoint only a few hundred base
pairs downstream of the identified primary CANI-LYP] break-
point. Thus, these rearrangements were tripartite CANI-LYPI-
ALPI translocations in which the region between LYPI and ALPI
was deleted and both ALPI and LYPI sequences were now in the
same orientation relative to each other, compared to being in
inverted orientations on the normal chromosome 14. In total,
PCR analysis of 880 chromosomal rearrangements isolated from
19 different sgs/ mutants revealed 41 tripartite CANI-LYPI-
ALPI translocations, 18 CANI-ALPI translocations, 4 CANI-
LYPI translocations without a secondary ALPI breakpoint, and 2
CANI translocations with three breakpoints within LYPI and
ALPI, resulting in CANI-LYPI-ALPI-LYPI-ALPI rearrange-
ments (Table 2).

None of these classes of translocations was identified in any
single mutant analyzed, including the sgs/A single mutant.
They were observed, however, if an sgs/A mutation was com-
bined with rad24A, mec3A, asflA, caclA, or tell A mutation
and, at lower frequencies, with rad9A or rfc5-1 mutations. The
synergistic increase in translocation rates in sgs/A mec3A and
sgsIA asflA double mutants and further increase in the trans-
location rate in the sgsIA asfIA mec3A triple mutant indicates
that the formation of this class of translocations in sgs/A mu-
tants is normally inhibited independently by DNA damage
checkpoint sensors Mec3 and Rad24 and the chromatin assem-
bly factors Cacl and Asfl (Table 2). A synergistic GCR rate
increase was also observed when rrm3A and sgs/A mutations
were combined, and introduction of a mec3A mutation into the
sgsIA rrm3A double mutant led to a further GCR rate increase
(Table 2). However, the doubling times of the rrm3A sgsIA and
sgsIA rrmA3 mec3A strains are longer than those of HR-pro-
ficient sgs/A mutants with a functional Rrm3 helicase (e.g.,
Arrm3 Asgsl, 286 = 32 min; sgsIA, 109 £ 3 min; rrm3A, 98 =
1 min; wild type, 94 = 2 min) (81); therefore, it is possible that
their GCR rates may not be directly comparable to that of
normally growing sgs/A mutants, even though all cultures were
grown to the same final cell density during the fluctuation
analysis. The critical role of the DNA damage checkpoint
sensors Mec3 and Rad24 in suppressing these recurring trans-
locations is further emphasized by the exceptionally high fre-
quency of CAN-LYPI-ALPI translocations, which make up
23% and 50% of all GCRs that were isolated from sgs/A
mec3A and sgsIA rad24A double mutants, respectively. The

weaker synergistic interactions and lower frequencies of CAN-
LYPI-ALPI translocations seen when rfc5-1 or rad9A mutation
was combined with an sgs/A mutation indicate that the Rfc5
and Rad9 checkpoint proteins play a significant but lesser role
in suppressing these translocations in sgs/ A mutants than other
checkpoint proteins. In contrast, we found no CANI-LYPI-
ALPI translocations if the sgs/A mutation was combined with
mutation in MECI or RADS53. This observation was surprising
considering that Rad53, a central checkpoint kinase of the
DNA damage checkpoint, is believed to act downstream of
Rad24 and Mec3, while Mec1 has been implicated in virtually
all DNA damage checkpoints in S. cerevisiae. Mecl is known to
phosphorylate Rad53, Rad9, and Ddcl, the latter of which is a
subunit of the PCNA-like DNA damage-sensing complex that
also contains Mec3 and interacts with Rad24, both of which we
find are critical for the suppression of CANI/LYPI1/ALPI
translocations. In addition to its function in telomere mainte-
nance, Tell forms a complex with Mrell to establish a DNA
damage checkpoint for double-strand breaks (19, 94). How-
ever, synthetic lethality between sgs/A and mrellA mutations
prevented the further exploration of the role of MREI! in the
suppression of complex translocations in the absence of Sgsl.
Altogether, these findings suggest that Rad24/Mec3-depen-
dent processes effectively suppress translocations between re-
lated genes in the sgs/ mutant and that this suppression also
requires the checkpoint kinase Tell but not the Mecl kinase.
Mutations that eliminated the HR pathway (rad52A) or the
oxidative damage response system (tsal/A) did not lead to
CANI-LYPI-ALPI translocations when combined with an
sgsIA mutation; in fact, introduction of a rad52A mutation into
the sgsIA mec3A double mutant eliminated the CANI/LYP1/
ALPI translocations, demonstrating that HR is essential for
the formation of these recurring translocations. However, in-
troduction of a rad51A mutation, which causes a 4-fold reduc-
tion in mitotic recombination as opposed to the 3,000-fold
reduction reported for the rad52A mutation (76), into the
sgsIA mec3A double mutant did not reduce the rate of CANI/
LYPI/ALPI translocations, suggesting that these transloca-
tions are formed by a Rad52-dependent, Rad51-independent
recombination process.

Suppression of translocations between highly diverged
genes depends on Sgsl but not on Msh2 or Msh6. MMR
proteins have been shown to suppress recombination between
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homeologous DNA sequences (21, 83, 84, 88). To determine if
the suppression of translocations between the highly diverged
CANI, LYPI, and ALPI genes by Sgsl is due to its role in the
suppression of homeologous recombination, we analyzed
GCRs isolated from MMR-defective mutants. We constructed
msh2A mutants with an additional mutation in genes, such as
CACI1, ASF1, MEC3, and TELI, which had led to increased
rates of CAN1/LYPI/ALPI translocations in cells lacking Sgs1.
All of these msh2A double mutants had GCR rates similar to
those of the single mutants, and no rearrangements between
CANI and ALPI or LYPI were detected (Table 2). However,
in addition to its role in heteroduplex rejection, Msh2, together
with the MMR protein Msh3, is also required for the removal
of nonhomology from the ends of recombination intermediates
(89), raising the possibility that the msh2A mutation may, in
addition to inhibiting heteroduplex rejection, inhibit other
early recombination steps that may prevent the formation of
CANI/LYPI/ALPI translocations. We therefore combined an
msh6 mutation, which inhibits heteroduplex rejection but not
the removal of nonhomologous 3’ ends (89), with mec3A and
rad24A mutations, which yield high frequencies of CANI/
LYPI/ALPI translocations when combined with an sgs/A mu-
tation (23% and 50% of total GCRs, respectively). We found
that an msh6A mutation, like an msh2A mutation, did not lead
to the formation of CANI/LYPI/ALPI translocations in the
permissive mec3A and rad24A mutants, suggesting that relax-
ation of homeologous recombination is not sufficient for the
formation of the complex translocations seen in sgs/A mutants,
but that an Sgsl-specific function other than suppression of
homeologous recombination normally prevents these rear-
rangements.

Structure of translocations between CANI1, ALP1, and LYPI.
Sequence alignments between CANI and LYPI as well as be-
tween CANI and ALPI show 64% sequence identity, while
ALPI and LYPI show 60% sequence identity. All of the 65
translocation breakpoints identified in this study were found
within blocks of identical bases ranging from 1 to 17 bp in the
CANI-LYPI alignment, from 5 to 20 bp in the CANI-ALPI
alignment, and from 5 to 47 bp in the LYPI-ALP]I alignment
(Fig. 2). Analysis of the frequency of breakpoints at specific
sites revealed that longer homology blocks were utilized up to
31-fold more often than expected by chance, suggesting that
CANI/LYPI/ALPI translocations are facilitated by the increas-
ing length of homologous regions (Fig. 3). For instance, the 46
CANI-LYPI breakpoints were restricted to 26 homology
blocks distributed over 717 bp near the 5’ end of CANI and
LYP! in a region of 74% sequence identity (Fig. 2A, break-
points 1 to 26). The frequency of breakpoints in homology
blocks of =9 bp was 2- to 10-fold higher than expected by
chance, while those in homology blocks of <5 bp were under-
represented (Table 3; Fig. 3). The utilization of shorter than
average homology blocks in the formation of CANI-LYPI
translocations in mutants with rad51A or tellA mutation (4.8
bp or 6 bp, respectively, versus the average of 8.6 bp) suggests
that usage of long homology blocks for interchromosomal
translocations between CANI and LYPI depends on HR and
may also depend on Tell (Table 4).

Of 47 CANI-LYPI translocations, we found only four that
did not have a secondary LYPI-ALPI breakpoint; these are
currently being analyzed by array-based comparative genomic
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hybridization to detect potential secondary rearrangements.
All LYPI-ALPI breakpoints were confined to only seven ho-
mology blocks within a 173-bp stretch of 93% sequence iden-
tity in the center of the 1,722-bp LYPI-ALPI alignment (Fig.
2C, homology blocks 29 to 35). Remarkably, two translocations
were isolated from sgsIA rad24A and sgsIA asfIA double mu-
tants that showed two additional breakpoints between LYP!
and ALPI, resulting in even more complex CANI-LYPI-ALPI-
LYPI-ALPI translocations. These additional breakpoints were
assigned on the basis of 1-bp discontinuities in the LYPI or
ALPI alignment that corresponded to the ALPI or LYPI gene,
respectively. All LYPI-ALPI breakpoints occurred in homol-
ogy blocks of at least 5 bp, and above this threshold longer
homology blocks were favored over shorter homology blocks
(Fig. 3; Table 3). In fact, 60% of the 47 breakpoints were
located in the same 41-bp homology block (Fig. 2C, breakpoint
29), occurring with 31-fold higher frequency than expected by
chance, while another 8 (17%) were located in the same 29-bp
homology block (Fig. 2C, breakpoint 35), occurring with 12-
fold higher frequency than expected. A rad51A mutation did
not force rearrangements into shorter LYPI-ALPI homology
blocks or into regions without homology, as demonstrated by
similar average homology block lengths in rad51A and RAD
strains (35.8 bp and 36.7 bp, respectively). This disparity be-
tween the Rad51 independency of CANI/LYPI/ALPI translo-
cation rates, Rad51 dependency of homology block length in
CANI-LYPI translocations, and its lack with respect to LYP1I-
ALPI rearrangements suggests that Rad51-independent mech-
anisms mediate the formation of secondary LYPI-ALP] rear-
rangements (this pathway could involve Rad59, although we
did not test this), whereas Rad51-dependent and Rad51-inde-
pendent processes can mediate the formation of interchromo-
somal CANI-LYPI translocations with similar effectiveness
but Rad51-dependent processes are used preferentially. The
Rad52 dependency of translocations between CANI and LYPI
or ALPI, as indicated by the absence of CANI/LYPI1/ALPI
translocations in the sgsIA mec3A rad52A triple mutant, sug-
gests that a Rad59-dependent HR pathway may be partially
redundant with a Rad51-dependent HR pathway in promoting
the initial HR event leading to the CAN1/LYP1/ALPI translo-
cations.

In addition to translocations between CANI and LYPI,
translocations between CANI and ALP1 were observed in this
study. All 18 CANI-ALPI breakpoints were confined to a
248-bp region of 76% sequence identity (Fig. 2B, breakpoints
15 to 28). Like CANI-LYPI and LYPI-ALPI breakpoints,
CANI-ALPI breakpoints occurred 3 to 20 times more fre-
quently in larger homology blocks than expected, while no
breakpoints were observed in regions with less than 4 bp of
homology (Tables 3 and 4; Fig. 2B).

Note that we have excluded the possibility that CANI-LYP1I-
ALPI translocations may have been generated by translocation
of CANI to a preexisting LYPI-ALPI gene fusion on chromo-
some 14 (which could have resulted from unequal sister chro-
matid conversion or intrachromatid crossover between the two
inverted homeologous genes) by confirming by PCR that the
predicted LYPI-ALPI rearrangements were not present in the
clones containing GCRs and that intact ALP1 and LYPI genes
were present (data not shown). The presence of intact LYPI
and ALPI genes in all GCR clones tested and the absence of
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A ATGACAAATTCAAAAGAAGACGCCGACATAGAGGAGAAGCATATGTACAATGAGCCGGTCACAACCCTCTTTCACGACGTTGAAGCTTCACAAACACA

CCACAGACGTGGGTCAATACCATTGAAAGATGAGAAAAGTAAAGAATTGTATCCATTGCGCTCTTTCC CGACGA}GAGTAAATGGCGAG4GATACGT
2

ATGGAGGATGGCATAGGTGATGAAGE [TGAAGGAGAAGTACAGAACGCTGANGTGAAGAGAGACOTTAAGCARAGACATATTGGTATGATTGCCC

T'I1GGTGGTAC\TATTlGGTAClA[GGTCTTTTC}AJTTGG'HTTAJTCCACLACCTCTGACCAACGCC A CGCTCTTATATCATATTTATTT

@TTCTTTGGCATATTCTGTCACG|CAGTC\CTTG{GGTGA]A]ATGGCTACLA-CL‘:\‘Cccc\TGTT\acat CC\CTCTTmGTTTTCTCACAAAGATTCCTT

TcTclc]AmTGGTGCGGcCAATGGT[TACATGTAJTTGGTTTTC|TTGGGc\AATCACTTTTGCCCTGGAACTTAGIEGTAGCATTCAAT
TT‘MGTAC@E@GTTCCQCTG{QCQ}QCNTGGAT'I1AGTATTTTT\TGGGTAATTA‘HCACAATA]atgaac\TTG{TTCCCTGTCAAAJTATTAC\GGTGAAT|
lCMCGCTTCCATCCGGGTTTCT ARTATAG TGTTTTTGTATGGTTTGTGGTGCTGGGGTTACC AGT
TGGATTCCGTTAT ggagaaaCccaggT cctggg ﬂCCAGg[TATAATATCTAAC-GAGGTTCTTAGG’IWTm
cCTTCACATTTcaaggtactgaactlA]gttg TLATCACI’chtggtgaagc\TGCAlaaccc\ClAGAAAjATCCGTTCCAAGAGC\CIA’ZF&CAAJ
ARAAGTITGTTTTCCGTATCTTAACCTTCTAICATTGGCTCTCTATTATTCATTGGACT TTTAGTTCCATACAATGACCCTAAACTAACACAATCTACT

TCCTACGTTTCTACTTCT|ICCCTTITATTATTIGCTATTGAGAACTICTGGTACAAAGGTTTTGCCACATATCTTCAACGCTGTTATCTTAACAACCATTA

TTTCTGCCGJARATTCAAATATTTACGTTGGTTCCCGTATTTTATTTGGTCTATCAAAGAACAAGT TGGCTCCTAAATTCCTGTCAAGGACICACCAA

A@GTGGTGTTCCAT A CATTGCAGTTTTCGTTLACTGCTGCATT‘TGGCGClTTTGGqTTACATGGAGACATCTACTGGTGGTGACAAAGTTTTCGAATGG

CTATTAAATATCACTGGTGTTGCAGGCTTTTTTGCATGGTTATTTATCTCAA TCTCGCACATCAGATT’I‘IATGCAAGCTTT|GAAAT|ACCGTGQCATC

CTCGTGACGAGTTACCATTTAAAGCTRAATTAlatgcc|CGGCTTGGCTTATTATGCGGCCACATTTATGACGATCATTATCATTATTICAAGGTTTCAC
GGCTTTTGCACCAARATTCAATGGTGTTAGCTTTGCTGCCGCCTATATCTATATTTTCCTGTTCTTAGCTGTTTGGATCTTATTTCAATGCATATTC

AGATGCAGATTTATTTGGAAGATTGGAGATGTCIGACATCGATTCCGATAGAAGACAICATTGAGGCAATTIGTATGGGAAGATCATGAACCARAGACTT

TTTGGGACAAATTTTGGAATGTTGTA
B ATGACAAATTCAAAAGAAGACGCCGACATAGAGGAGAAGCATATGTACAATGAGCCGGTCACAACCCTCTTTCACGACGTTGAAGCTTCACAAACACA

CCACAGACGTGGGTCAATACCATTGAAAGATGAGAAAAGTAAAGAATTGTATCCATTGCGCTCTTTCCCGACGAGAGTAAATGGCGAGGATACGTTC

TCTATGGAGGATGGCATAGGTGATGAAGATGAAGGAGAAGTACAGAACGCTGAAGTGAAGAGAGAGCTTRAGCARAGACATATITGGTRTGATTGCC

TTGGTGGTACTATTGGTACAGGTCTTTTCATTGGTITTATCCACACCTCTGACCAACGCCGGCCAAGTGGGCGCTCTTRTATCATATTTATTTATGG

TTCTTTGGCATATTCTGTCACGCAGTCCTTGGGTGAAATGGCTACATTCATCCOTGTTACATCOTCTTTCACAGTTTTCTCACAAAGATTCCTTTCT
[CCAGCATTTGGTGCGGCCAATGGTTACATGTATTGGTTTTCTTGGGCAATCACTTTTGCCICTGGAACTITAGTGTAGT TGGCCAAGTCATTCAATTT]

scl

CTGGGTCGC ITCCAT|ICAAAGTTTTAGCCATTATCGGGTTTCTAATATACTGTTTTTGTATGGTTTGTGGTGCTGGGGTTACCGGCCCAGTTGG
16 17

GTACAAAGTTCCACTG ATGGATITAGTATTITTTTGGGTAATTATCACRAATAATGAACTTGTTCCCTGTCAAATATTACGGT]

19
ATTCCGTTA'qtggagaaa\c\ccaggmgcctgggg\TCCAGGTATAATATCTAA AAAAA CGAAGGGAGGTTCTTAGG TGGGTTTCCTCTTTGATT]
23
A2 CTTCACATTT\caaggtactgaactV—\]GTTGG{TATC-TBctggtgaagc\TGCA{aacccICAGAAAATCCGTTCCAAGAGCCATCAAA@
27

[GTTGTTTTCCGTATCTTAACCTTCTACATTIGGCTCTICTAT TATTCATTGGACTTTTAGT TICCATACAATGACCCTAAACTAACACAATCTACTTCCT

ACGTTTCTACTTCT[CCCTTTATITATTGCTATTGAGAAICTCTGGTACAAAGGTTTTGCCACATATCTTCAACGOTGTTATCTTAACAACCATTATTTC

TGCCGCARATTCAAATATTTACGTTGGTTCCCGTATTTTATTTGGTCTATCAAAGAACAAGTTGGATCCTAAATTCCTGTCAAGGACCACCAA
GGTGTTCCATACJATTGCAGTTTTCGTTACTGCTGCATTTGGCGCITTGGCTTACATGGAGACATCTACTGGTGGTGACAAAGTTTTCGAATGGCTAT

TAAATATCACTGGTGTTGCAGGCTTTITTTGCATGGTTATTTATCTCAATCTCGCACATCAGATTTATGCAAGCTTTGAAATACICGTGGICATCTCTCG

TGACGAGTTACCATTTAAAGCTAAATTAR L gCCGGCTTGGOTTATTATGOGGCCACATTTATGACGATCATTATCATTATTCAAGGTITTCACIGGCT]

[TTTGCACCAAAATTCAATGGTGTTAGCTTTGICTGCCGCAT.

TGTTCTTAGCTGTTTGGATCTTATTTCAATGCATATTCAGAT
GCAGATTTATTTGGAAGATTGGAGATGTCGACATCGATTCCGATAGAAGAGACATTGAGGCAATTGTATGGIGAAGATCATGAACCARAGACTTTTTG
GGACAAAT[TTTGGAATGTTGTAGCATAG

C ATGGGCAGGTTTAGTAACATAATAACGTCCAATAAATGGGACGAGAAACAAAACAACATTGGCGAACAGAGCATGCAGGAATTACCAGAAGACCAGAT

' AGAACATGAGATGGAAGCAATAGATCCAAGTAATAAGACGACCCCATACTCTATTGATGAGAAACAGTACAACACAAAAAAGAAGCATGGGTCATTGC
AAGGTGGCGCAATTGCTGATGTAAATTCGATAACTAATTCGTTAACAAGATTGCAAGTTGTCTCTCATGAAACAGATATTAACGAGGATGAAGAAGAA
GCCCACTATGAGGATAAACACGTGAAGAGAGCCTTGAAGCAAAGACACATTGGTATGATTGCACTAGGTGGTACAATCGGTACTGGTCTTTTC

[GTATICTCCACTCCCTTGAGTAATGCTGGCCCTGTGGGGTCCCTGATTGCTTACAT TTTCATGGGCACCATTGTCTACTTICGTTACICCAGTCACTTGG

TGAGATGGCTACGTTTATCCCCGTGACATCATCTATCACTGTCTTITTCGAAGAGGTTCTTATCACCTGCATTCGGTGTTTICTAACGGCTACATGTAC]

TTCAATTGGGCTATTACTTATGCTGTGGAGGTTTCTGTCATTGGCCLAAGTTATT\GAAJTACTGGACAGNTAAAGTTCCA ITAGCGGC|/CIT

CGATATTCTGGGTAATTATTACTTTGTTTTTTCCCTGTCAAAGTTTATGGT\GAATTTGAGTTJCTGGGTIGGCCTC|TGTTAAAGTTTTAGCCAT

TATGGGTTACTTGATATATGCTTTGATTATTGTCTGCGGTGGATCCCACCAGGGC'CCTLATCGGTTTCAGGTACTGGAGAAATCCAGGAGCCTGGGGGC‘
30 31

.AJGGCAT\C\ATCTCCAGTGATAAANGTGANGGCCGTTTTCTCGGATGGGT\CTCCTC CTTGATTAATGCTGCATTTACGTACCAAGGTACTGAACTGGT

‘TGGGAT‘C‘ACCGCTGGTGAAGCGGCTAACCCAAGAANGACCGTTCCAAGAGCTATCAATAAAGTCGTCTTTAGAATCGTACTATTCTATATTATGTCT

TTGTTCTTTATIGGTCTACTGGTTICCATACAACGATTCCCGTTTATCTGCTAGTTCTGCTGTTATTGCATCATOACCCTTCGTTATTTCCATTCARA
ACGCTGGTACTTATGCTCTTICCAGATATIT TTCRAACGOCGTGGTGTTGATTACTGTTGTATCTGCCGCTAATTCGRATGTTTACGTTGGTTCCCGTGT

TCTTTACTCTTTAGCTAGGACTGGTAACGC2ACCAAAGCAATTTGGATACGTCACCAGA|CAGGGTGTTCCATATCTCGGTGTTGTTTGCACTGCTGC

ATTGGGTATTTTGGCATTCCTGGTTGTCAATAACAATGCAAACACTGCATTTAACTGGTGATCAACATTTCCACTTTGGCTGGGTTATGCGCCTG

TTATTCATCTCTTTGGCACATATITAGGTTCATGCAAGOTTTAAAGCACICGTGGTATIT TCTCGTIGATGATCTGCCCTTCAAGGCCAAATITGATGCCT

ATGGTGCCTACTACGCAGCCITTTTTGTCACCGTCATCATATT! AGGGTTCCAAGCGTTCTGTCCGTTCAAAGTTTCTGAGTTTTTCACATC

TTACATCTCCTTGATTCTTTTAGCCGTTGTGTTCATTGGTTGC CAGATATACTACAAATGCAGATTTATTITGGAAGCTLAGAAJGATATITGAqAT CGAT|

GACAGAAGAGAAAT CGAAGCAATTATTTGGGAAGACGACGAGCCTAAGAATTTATGGGAGAAATTCTGGGCTGCTGTTGCATAG
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FIG. 3. Frequencies of CANI-LYP1, CANI-ALPI, and LYPI-ALPI rearrangement breakpoints in homology blocks of varying lengths. The
expected distribution assumes a random distribution of breakpoints.

ALPI-CANI rearrangements in all 12 tested GCR clones with rather than reciprocal events that occurred during G,/M. Since
CANI-ALPI translocations (data not shown) indicates that ~ ALPI-CANI rearrangements are not selected against in our
CANI/LYPI/ALPI rearrangements are nonreciprocal events, assay, reciprocal translocations in G,/M would predict an equal
most likely generated by break-induced replication (BIR), association of CANI-ALPI translocation chromosomes with a

FIG. 2. Location of translocation breakpoints in the CANI, ALPI, and LYPI genes. (A) The open reading frame (ORF) of CANI is shown.
Regions of homology between the CANI and LYPI genes that are longer than 4 bp are boxed with regions of homology that are unique to the
CANI-LYPI alignment in uppercase letters and regions of homology that are identical in both CANI-LYPI and CANI-ALPI alignments in
lowercase letters. The regions of homology associated with CANI-LYPI translocation breakpoints are numbered 1 to 26, with the most 5’
breakpoint having the lowest number; numbered red boxes indicate CANI-LYPI breakpoints, and numbered black boxes indicate CANI-ALP1
breakpoints that occurred within a region of homology that is identical in CANI-LYPI and CANI-ALPI alignments. (B) The ORF of CANI is
shown. Stretches of homology between the CANI and ALPI genes that are longer than 4 bp are boxed with regions of homology that are unique
to the CANI-ALPI alignment in uppercase letters and regions of homology that are identical in both CANI-LYPI and CANI1-ALPI alignments
in lowercase letters. Breakpoints are numbered 15 to 28, with the most 5’ breakpoint having the lowest number; numbered blue boxes indicate
CANI-ALPI breakpoints, and numbered black boxes indicate CANI-LYPI breakpoints that occurred within a stretch of homology that is identical
in CANI-LYPI and CANI-ALPI alignments. (C) The ORF of ALPI is shown. Regions of homology between the ALPI and LYPI genes that are
longer than 4 bp are boxed. Breakpoints are numbered 29 to 35, with the most 5’ breakpoint having the lowest number; numbered green boxes
indicate LYPI-ALPI breakpoints, and numbered dotted-line boxes indicate ALPI-LYPI breakpoints that were part of CANI-LYP1-ALPI1-LYPI-
ALPI rearrangements. Breakpoint 34 was observed in LYPI-ALP]I rearrangements as well as in ALPI-LYP] rearrangements.
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TABLE 3. Expected and observed frequencies of translocation breakpoints in homology blocks of various lengths“
Breakpoint frequency for:
Homology CANI-LYPI LYPI-ALPI CANI-ALP
length (bp)
Expected Observed Ratio? Expected Observed Ratio Expected Observed Ratio?
frequency” frequency® frequency” frequency® frequency” frequency®

1 0.146 0.064 (3) 0.4 0.150 0 0 0.122 0 0
2 0.202 0.021 (1) 0.1 0.210 0 0 0.211 0 0
4 0.031 0.021 (1) 0.7 0.065 0 0 0.043 0 0
5 0.141 0.213 (10) 1.5 0.061 0.064 (3) 1.0 0.110 0.333 (6) 3.0
6 0.026 0 0 0.016 0 0 0.019 0.056 (1) 2.9
8 0.061 0.021 (1) 0.3 0.033 0 0 0.078 0.278 (5) 3.6
9 0.010 0.106 (5) 10.2 0.009 0 0 NA NA NA
10 0.011 0.085 (4) 7.4 NA NA NA 0.005 0 0
11 0.050 0.191 (9) 3.8 0.028 0 0 0.005 0.111 20.2
12 0.007 0.021 (1) 3.1 NA NA NA NA NA NA
13 0.007 0.021 (1) 2.9 NA NA NA NA NA NA
14 0.023 0.191 (9) 8.2 NA NA NA 0.014 0.056 4.0
16 NA NA NA 0.008 0.021 (1) 2.7 0.008 0 0
17 0.019 0.043 (2) 2.3 NA NA NA NA NA NA
20 NA NA NA 0.010 0.064 (3) 6.6 0.010 0.167 (3) 17.3
22 NA NA NA NA NA NA NA NA NA
29 NA NA NA 0.014 0.170 (8) 12.2 NA NA NA
41 NA NA NA 0.019 0.596 (28) 30.6 NA NA NA
47 NA NA NA 0.022 0.116 (4) 3.8 NA NA NA

“NA (not available) indicates homology blocks of certain lengths that were not found in the specified gene alignment.
® The expected frequency of a breakpoint occurring in a homology block of a certain length was calculated by dividing the product of the homology block length and
its number of occurrences within the alignment by the total length of the alignment. The total length of the alignment was defined as the sum of the products of

homology block length and its number of occurrences.

¢ The observed breakpoint frequency was calculated by dividing the number of observed breakpoints within a homology block of certain length by the total number
of breakpoints observed between these two genes. Numbers in parentheses indicate the total number of breakpoints observed in a homology block of this length.
@ The ratio between the observed and expected number of breakpoints in a homology block of a certain length.

chromosome 14 that contains an intact ALPI gene or an ALPI-
CANI rearrangement, which we did not observe in this study.

The most overrepresented breakpoint location identified in
this study is the 41-bp LYPI-ALPI homology block. The ob-
served 31-fold-higher-than-expected frequency of breakpoints
in this location supports the correlation between longer re-
gions of sequence identity and increased HR. However, the
only threefold overrepresentation of the nearby 47-bp LYPI-
ALPI homology block shows that length of sequence identity is
not the only determining factor for translocation target sites,
but that structure and location of the homology block may also
be important predictors of their suitability as an HR hotspot.
In fact, the two most overrepresented LYPI-ALPI breakpoints
are not the longest blocks, but they are the first and the last
homology block within the 173-bp homeologous region in the
LYPI-ALPI alignment (Fig. 2C, breakpoints 29 and 35), and
they are preceded or followed by relatively long regions, 76 bp
and 70 bp, respectively, that do not contain any homology
blocks of at least 6 bp. This may suggest that the border
between nonhomologous regions and regions of significant se-
quence identity may favor HR.

DISCUSSION

We have analyzed the formation of spontaneous transloca-
tions between three related but highly diverged genes (CANI,
ALPI, and LYPI) in their natural locations on two different
chromosomes in S. cerevisiae and provided evidence for a cen-
tral role of the DNA helicase Sgsl in suppressing transloca-
tions between these related sequences. An sgs/A mutation

caused a modest increase in the rate of translocations but did
not result in the recovery of translocations between CANI and
ALPI or LYPI. However, combining an sgs/A mutation with
additional defects in other DNA metabolic pathways often
resulted in increased rates of translocations involving the di-
vergent gene CANI1, ALPI, or LYPI. This was observed when
an sgsI/A mutation was combined with mutations causing de-
fects in the DNA damage checkpoint sensors Mec3 and Rad24,
the DNA damage checkpoint protein Rad9, the replication
checkpoint protein Rfc5, the checkpoint kinase and telomere
length maintenance factor Tell, the DNA helicase Rrm3, and
the chromatin assembly factors Cacl and Asfl, but not the
checkpoint kinases Mecl and Rad53 and the Tsal-dependent
oxidative damage response pathway. A diversity of CANI/
LYPI/ALPI translocations was observed, containing as many
as four breakpoints that were preferentially located in regions
of extended homology, suggesting these translocations were
formed by HR. Where tested, these translocations were elim-
inated by a rad52A mutation but not by a rad51A mutation,
indicating that the divergent sequence translocations were pri-
marily formed by a Rad52-dependent HR pathway and that a
Rad51-independent HR pathway could also promote translo-
cations. An msh2A or an msh6A mutation in combination with
mutations found to interact with an sgs/A mutation did not
result in increased translocations between CAN1 and ALPI or
LYPI, indicating that Sgsl plays a unique role in suppressing
translocations between divergent sequences rather than simply
acting in the MMR pathway that suppresses homeologous re-
combination.

A striking feature of our results is the observation that 66%
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TABLE 4. Lengths of homology blocks with breakpoint occurrences in sgs/ mutants with defects in cell cycle checkpoints,
homologous recombination, chromatin assembly, or the DNA helicase Rrm3

Breakpoint(s) for:

CANI-ALPI (monocentric

Relevant CANI-LYPI (dicentric intermediate) LYPI-ALPI (monocentric chromosome)
a chromosome)
genotype’
Homlzl;l):t}l;,PIOCk Avg length Homology block length? Avg length Homology block length? Avg length
sgs1A rad9A° NA NA 5 5.0 29 29.0
sgsIA tell A? NA NA 1,1,5,9, 14 6.0 41, 41, 41, 41, 47 42.2
sgs1A rad51A° 8 8.0 1,4,5,9 4.8 20, 41, 41, 41 35.8
sgsIA rm3A 5,5,8, 14, 20 10.4 59,9, 11, 11, 11, 14, 14, 14 10.9 16, 29, 29, 29, 29, 41, 41, 41, 41 33.8
sgs1A mec3A$ 5,5,5,6, 11, 20 8.7 5,5,5,9, 11, 11, 11, 14, 11.1 16, 29, 29, 41, 41, 41, 41, 36.1
14, 14, 14, 14, 17 41, 41, 41
sgs1A astAh_ 58 6.5 5,11, 14, 14, 17, 5, 10, 12, 14 11.3 41, 41, 41, 41 41.0
sgsIA caclA ) 8, 11 9.5 5,11, 14 10.0 29, 41, 41 37.0
sgs1A rad24N 5, 8, 20, 20 13.3 2,5,5,8,9, 10, 10, 11, 11, 9.0 5,5, 20, 20, 41, 41, 41, 41, 41, 47 30.2
11, 17
sgsIA rfes5-1° NA NA 10, 11 10.5 41, 47 44.0
Avg length’ 9.4 8.6 36.6

“ For additional genotype information and strain numbers, see footnotes d to [. See Table 1 for complete genotypes of these strains.
® The total length (in base pairs) of every homology block with an observed breakpoint is listed. NA (not available) indicates that this chromosomal rearrangement

was not observed in this mutant.

¢ CANI/LYP1/ALPI breakpoints were identified in the rad9A sgsIA (RDKY5778) mutant.

4 CAN1/LYP1/ALPI breakpoints were identified in the tel1A sgsIA (RDKY4566) mutant.

¢ CANI/LYPI/ALPI breakpoints were identified in rrm3A sgs1A rad51A (RDKYS5564) and rrm3A sgsIA rad51A mec3A (RDKY5776) mutants.
/CANI/LYPI/ALPI breakpoints were identified in mm3A sgsIA (haploid strain freshly derived from RDKY5577) and rm3A sgsIA mec3A (RDKY5579) mutants.
8 CANI/LYP1/ALPI breakpoints listed were identified in sgs/A mec3A (RDKY5572), asfIA sgsIA mec3A (RDKY5772), and rrm3A sgsIA mec3A (RDKY5579)

mutants.

" CAN1/LYPI/ALPI breakpoints were identified in asf7A sgsIA (RDKY4767) and asfIA sgsIA mec3A (RDKY5772) mutants.

" CAN1/LYP1/ALPI breakpoints were identified in the cacIA sgsIA (RDKY4765) mutant.

7 CANI1/LYPI1/ALPI breakpoints were identified in the rad24A sgs1A (RDKY5575) mutant.

K CAN1/LYPI/ALPI breakpoints were identified in the rfc5-1 sgsIA (RDKY4561) mutant.

! The average length (in base pairs) of all homology blocks with a breakpoint occurrence is shown for each of the three rearrangements.

of the translocations involving CANI, ALPI, and LYPI in-
volved two or more apparent translocation events. Assuming
that these events are mediated by HR, there are two types of
models that might explain these types of translocations (Fig. 4).
All of the multiply translocated chromosomes appear to in-
volve translocation from CANI to LYPI. Due to the opposite
orientation of CANI and LYPI relative to their respective
centromeres, a translocation from CANI to LYP1 would yield
a dicentric chromosome, which, as suggested by the first model,
would then be predicted to break during cell division and undergo
secondary rearrangements, yielding monocentric CANI-ALPI,
CANI-LYPI-ALPI, or CANI-LYPI-ALPI-LYPI-ALPI translo-
cation (Fig. 4, model 1). The CANI-ALPI translocations could
also be generated by a single interchromosomal recombination
event between CANI and ALPI. A general mechanism involving
multiple, independent recombination events seems unlikely for
several reasons: (i) the rate of a complex event would be expected
to be the product of the rates of the individual steps, and given the
rate of single translocation events is low, the observation of trans-
locations involving two or more independent events seems un-
likely; (ii) the formation of CANI-ALPI translocations needs to
involve only one event, yet these translocations are less frequent
(28%) than the CANI-LYPI-ALPI translocations (72%) that re-
quire two events, which is surprising unless there is selection
against the CANI-ALP]I translocations due to formation of active
CANI-ALPI fusion genes (which we did not test), or ALPI is a
less favorable translocation target than LYP! despite similar se-
quence identity and presence of comparable homology blocks;

(ii) the CANI-LYPI-ALPI-LYPI-ALPI translocations, which
would involve four events, would be predicted to be much more
rare (square of the rate of two-event CANI-LYPI-ALPI translo-
cations) than observed; and (iv) it is not clear what would select
for CANI-LYPI-ALPI-LYPI1-ALPI translocations, as all interme-
diate translocations containing ALP1 would no longer be dicen-
tric and would not be subject to further breakage and transloca-
tion. An alternative model suggests that translocations may have
formed as the result of repairing a single DNA break on chro-
mosome 5 in CAN! by BIR coupled with multiple DNA template
switches (Fig. 4, model 2). This model suggests that all of the
translocations are the product of a single, concerted series of
events, which seems more consistent with the observed high fre-
quency of translocation involving two or more rearrangements. A
combination of factors, such as the location of ALPI and LYPI on
the same chromosome arm, their close proximity (889 bp), and
the presence of 173-bp regions of 93% sequence identity within
LYPI and ALPI that are only separated by 2,530 bp, may have
facilitated misannealing of the invading strand with the center of
ALPI after copying the 5" end of LYPI and dissociating from it,
thereby facilitating the formation of complex translocations in our
system. Since all sgs/ mutants with complex translocations be-
tween CANI, LYPI, and/or ALPI were mismatch repair profi-
cient, it is possible that after the initial exchange between LYPI
and ALPI occurred a LYPI-ALPI heteroduplex intermediate was
formed, and patchy rather than continuous mismatch correction,
instead of multiple chromosome breakages or template switches,
yielded the two CANI-LYPI-ALPI-LYPI-ALPI translocations
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FIG. 4. Models for the formation of complex translocations between CANI, ALP1, and LYPI. (A) Location of CANI (“C”) on chromosome
5 and ALPI (“A”) and LYPI (“L”) on the same arm of chromosome 14, facing in opposite directions. (B) Model 1 shows formation of complex
translocations as a result of multiple chromosome breaks. A single DNA break in chromosome 5 leads to invasion of the related LYP! gene on
chromosome 14, forming a D loop and initiating DNA synthesis to the end of chromosome 14 to yield a dicentric CANI-LYPI chromosome (a).
A second independent DNA break similarly leads to recombination between LYPI and ALPI, which is in the opposite orientation of LYPI,
transforming the dicentric chromosome into a stable, monocentric CANI-LYPI-ALPI chromosome (b). Similarly, recombination between CANI

and ALPI upstream of the original CANI-LYPI breakpoint eliminates any LYPI sequence from the translocation chromosome and transforms the
CANI-LYPI chromosome into a CANI-ALPI chromosome (c). CANI-LYPI-ALPI-LYPI1-ALPI translocations may have formed as a result of four
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sgslA
Oxidative Checkpoint defects Replication ~ Chromatin
damage response / L \ stress assembly defect
defect rrm3A asflA,
tsalA Multiple DNA damage Replication caclA
checkpoints checkpoints checkpoint
mecl A, / \A rfe5-1
rad33A Damage DSB, Replication
mec3A, tell A
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rad9A
\4 * v \4
non-HR-dependent HR-dependent translocations between
DNA damage repair related genes

FIG. 5. Model for the suppression of homology-driven translocations in the absence of Sgsl helicase. Replication stress as well as defects in
DNA damage checkpoints, the DNA replication checkpoint, and chromatin assembly can lead to increased levels of HR-dependent translocations
in sgs/A mutants, while lack of the checkpoint kinase Mecl or Rad53 or a defective oxidative response preferentially leads to other GCR types,
such as de novo telomere additions and translocations without homology at the breakpoint (see the text for details).

rather than CANI-LYPI-ALPI translocations. Note that if this translocations involving divergent sequences; and cases result-

mechanism did occur, mismatch repair deficiency would only be
expected to eliminate the CANI-LYPI-ALPI-LYPI-ALPI trans-
locations and not the CANI-LYPI-ALP]I translocations.
Defects in SGSI appear to result in multiple defects that
contribute to increased genome instability. These include de-
fects in processing replication intermediates and defects in
S-phase checkpoints (10, 24, 26, 30, 38, 49, 61, 81, 82, 93, 96) as
well as defects in the suppression of aberrant recombination
between divergent sequences documented here. However, the
increased genome instability seen in sgs/A single mutants is
modest and is most strikingly revealed when sgs/A mutations
are combined with defects in other pathways that are impor-
tant for maintaining genome stability. Here we observed three
types of genetic interactions with sgs/A mutations: cases where
no genetic interaction was observed; cases resulting in a syn-
ergistic increase in the GCR rate without the occurrence of

ing in small to large synergistic increases in the GCR rate along
with significantly increased rates of translocations involving
divergent sequences. Combined with the results of previous
studies, our results suggest two distinct scenarios occur. In
some cases the synergistic interaction with sgs/A results in
increased damage, but the lesions may not normally be sub-
strates for HR and hence there is no effect of sgs/A on sup-
pression of HR between divergent sequences (Fig. 5). Exam-
ples of this include the interaction between sgs/A and the
meclA and rad53A mutations that result in checkpoint defects
or a tsal A mutation that results in increased oxidative damage
to DNA. In other cases the synergistic interaction with sgs/A
usually, but possibly not always, results in increased damage
yielding lesions that are substrates for HR, and hence there is
an effect of sgs/A on suppression of HR between divergent
sequences (Fig. 5). Examples of this include the interaction

independent break-mediated recombination events of the type described for step a above sequentially, leading to generation of a dicentric
CANI-LYPI translocation, a CANI-LYPI-ALP] monocentric translocation, a CANI-LYPI-ALPI-LYPI dicentric translocation, and finally a
CANI-LYPI-ALPI-LYPI-ALPI monocentric translocation. A related but alternative mechanism follows the two-break mechanism described for
step a above, except that after initiating repair of the second DNA break in the CANI-LYPI chromosome by invading homologous sequences of
ALPI followed by short patch DNA synthesis, what occurs is dissociation from ALPI and reinvasion of homologous sequences of LYP1, followed
by another cycle of short patch DNA synthesis, dissociation, and reinvasion of homologous sequences of ALPI, after which DNA synthesis
proceeds to the chromosome end (d). (B) Model 2 shows formation of complex translocations as a result of a single chromosome break in CANI.
Instead of forming a dicentric CANI-LYPI chromosome first, translocations may have formed by a single event, which may or may not have
involved DNA template switching during DNA synthesis. CANI-ALP]I translocations could be generated by repairing a DNA break in chromosome
5 through interchromosomal recombination between CANI and ALPI (a). Discontinuous extension of the invading 3’ end could lead to the
incorporation of multiple related DNA sequences: two cycles of strand invasion, DNA synthesis, and dissociation, first into LYP! and then into
the nearby ALPI, would lead to CANI-LYPI-ALPI translocations if dissociation and reannealing occur after LYPI-specific sequence has been
copied (b); they would lead to CANI-ALPI translocations if dissociation from LYPI and annealing to ALPI occur prior to copying of LYPI-specific
sequence at a homology block shared by all three genes, as is the case for 94% (17/18) of CAN1-ALPI breakpoints (c); or four cycles of dissociation
and reannealing would lead to CANI-LYPI-ALPI-LYPI-ALPI translocations (d). In all of the models discussed above, recombination most likely
involves BIR, because the cells lose the region of chromosome 5 between CANI and the telomere but appear to retain an intact copy of
chromosome 14 as evidenced by the presence of wild-type copies of LYPI and ALPI.
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between sgs/A and the checkpoint-defective mutations rad9A,
rad24A, mec3A, and rfc5-1, the checkpoint kinase-defective
mutation felIA, the rm3A mutation that results in replication
fork stalling, and the cacIA and asflA mutations that result in
defective chromatin assembly during DNA replication. Over-
all, these results raise the possibility that replication errors that
can be processed by HR, as suggested by a number of studies
(2, 8, 45, 46, 77), can be aberrantly acted on by HR to yield
translocations, and that Tell-dependent checkpoints may be
critical to suppression of these replication errors or could act at
later steps in the translocation suppression process (Fig. 5).
The observation that a tel// A mutation did not cause as large a
synergistic increase in divergent sequence translocations in
combination with an sgs/A mutation as rad24A, mec3A, and
rfc5-1 mutations did raises the possibility that Mecl might be
partially redundant with Tell (18, 57, 62, 80), although we did
not test this.

MMR proteins and Sgs1 function in the suppression of ho-
meologous recombination in S. cerevisiae (61, 84, 87). That
msh2A and msh6A mutations did not lead to CANI/LYPI/
ALPI translocations in any of the permissive genetic back-
grounds tested suggests that failure to suppress homeologous
recombination was not the primary cause for the increased rate
of translocations between divergent DNA sequences observed
in sgs/A mutants. However, the difference between sgs/A and
MMR mutations seen here could reflect a key mechanistic
feature of the events studied. It is possible that MMR proteins
might be more effective at suppressing the intrachromosomal
recombination events measured in most previous studies com-
pared to the interchromosomal recombination events assayed
here. Additionally, the DNA sequences surrounding the ho-
meologous genes may influence the activity of MMR proteins;
for example, it was proposed that recombination between ho-
meologous sequences may not be affected by MMR proteins if
recombination is initiated within regions of nonhomology sur-
rounding the homeologous sequences, whereas MMR proteins
play an important role in the suppression of recombination
between homeologous sequences embedded in homology (72).
It is also possible that MMR, in contrast to Sgs1, cannot act to
suppress translocations resulting from HR between sequences
with the high levels of divergence studied here. In human
tumors, MMR defects lead to mono- and dinucleotide repeat
(microsatellites) instability (MIN) (25, 43, 48, 68), but MMR-
defective tumors usually do not show chromosomal instability
(CIN) (33, 43, 50). However, a subset of tumor cell lines is
known to show both MIN and CIN (1, 32, 90). The results
presented here are consistent with the observation that MMR-
defective tumors do not usually show CIN and suggest that the
reason for this is that suppression of homeologous recombina-
tion by MMR proteins may not be a major mechanism for the
suppression of genome rearrangements. Our results also sug-
gest that those MMR-defective tumor cell lines showing MIN
and CIN (1, 32, 90) may contain an additional genetic defect
inactivating a function that normally helps prevent genome
instability.

Highly elevated levels of genetic exchange between identical
sequences resulting in SCEs and symmetrical QRs are a hall-
mark of BS. Chromosomal aberrations including transloca-
tions have also been described in BS patients (4, 39, 71, 85,
102). Furthermore, the repeated observation of partial or com-
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plete loss of chromosome 7 in bone marrow cells of BS patients
with acute lymphoblastic or myeloblastic leukemia may indeed
suggest that lack of BLM can increase the frequency of spe-
cific, recurring chromosomal rearrangements (4, 39, 71, 85).
However, translocation breakpoints from BS cells have not yet
been cloned and sequenced, so little is known about the mech-
anisms that produce these translocations. Previous results
showing that defects in the S. cerevisiae BLM homolog SGS1
result in increased recombination and altered control of cross-
ing over and gene conversion (38, 100, 104) suggest how de-
fects in BLM might result in increased SCEs and QRs. The
results presented here showing that Sgs1 functions to prevent
inappropriate recombination between highly diverged DNA
sequences with minimal regions of identity, which would nor-
mally be excluded from HR during mitosis, suggest that such
sequences may become effective target sites of chromosomal
rearrangements in BS cells, leading to the translocations and
other chromosome aberrations seen in BS cells. Moreover, HR
between short interspersed elements, of which the 300-bp Alu
element is the most abundant (~10° copies/human genome),
has been implicated as a major mutational mechanism in nu-
merous common diseases with recurrent rearrangements (9).
This raises the possibility that elevated short interspersed ele-
ment-mediated recombination may also contribute to the in-
creased formation of chromosomal rearrangements in BS.
Similarly, elevation of nonallelic HR between region-specific,
low-copy repeats, which are known mediators of recurrent
rearrangements in the human genome, may contribute to chro-
mosome rearrangements in BS. Recently the tumor suppressor
protein p53 has also been implicated in the regulation of spon-
taneous HR (54; reviewed in reference 7), specifically in the
suppression of DNA exchange between imperfectly homolo-
gous DNA sequences (5) and the suppression of HR induced
by inhibition of replication (78), further highlighting the im-
portance of stringent regulation of HR, like that mediated by
Sgsl in order to maintain stability of the repetitive human
genome.
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