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In haploid rad52 Saccharomyces cerevisiae strains unable to undergo homologous recombination, a
chromosomal double-strand break (DSB) can be repaired by imprecise rejoining of the broken chromosome
ends. We have used two different strategies to generate broken chromosomes: (i) a site-specific DSB generated
at the AMT locus by HO endonuclease cutting or (ii) a random DSB generated by mechanical rupture during
mitotic segregation of a conditionally dicentric chromosome. Broken chromosomes were repaired by deletions
that were highly variable in size, all of which removed more sequences than was required either to prevent
subsequent HO cleavage or to eliminate a functional centromere, respectively. The junction of the deletions
frequently occurred where complementary strands from the flanking DNA could anneal to form 1 to 5 bp,
although 12% (4 of 34) of the events appear to have occurred by blunt-end ligation. These types of deletions
are very similar to the junctions observed in the repair of DSBs by mammalian cells (D. B. Roth and J. H.
Wilson, Mol. Cell. Biol. 6:4295-4304, 1986). When a high level of HO endonuclease, expressed in all phases of
the cell cycle, was used to create DSBs, we also recovered a large class of very small (2- or 3-bp) insertions in
the HO cleavage site. These insertions appear to represent still another mechanism of DSB repair, apparently
by annealing and ifiling in the overhanging 3' ends of the cleavage site. These types of events have also been well
documented for vertebrate cells.

Repair of double-strand breaks (DSBs) in Saccharomyces
cerevisiae by homologous recombination is very efficient, in
both meiotic and mitotic cells (16, 41, 46). There appear to be
two major mechanisms of DSB repair in mitotic cells (14).
Gap repair (63) is a conservative mechanism in which a DSB
is expanded into a single-stranded or double-stranded gap.
Repair from homologous sequences leads to a gene conver-
sion event. An alternative nonconservative pathway is called
single-strand annealing (SSA), in which a DSB between
direct repeats of homology leads to a deletion and the loss of
intervening sequences between the direct repeats (16). Both
of these repair mechanisms require extensive homology for
efficient recombination (1, 33, 59).
The RAD52 gene product is required for most mitotic

recombination in S. cerevisiae, including mating-type
switching (31, 66), integration of transformed linear DNA
(37), and repair of both enzyme-induced and nonspecific
DSBs (4, 36, 45, 50). RAD52-independent repair by SSA
between direct repeats of 1 to 2 kb occurs at a much lower
efficiency than in Rad+ strains (4; 14, 43); however, DSB
repair by SSA in large arrays of tandemly repeated genes
such as rDNA and CUPI is efficient in radS2 strains (38).
Because repair of DSBs by homologous recombination is

very efficient in S. cerevisiae, a strong selection scheme is
needed to look for nonhomologous repair pathways. In three
previous studies, illegitimate recombination has been exam-
ined using transformation of linear DNA. In one experiment,
plasmid DNA was linearized by a cut within lacZ sequences
that were not homologous to any chromosomal sequences
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(29). Most of the rare transformants recovered were head-
to-head dimer plasmids. The mechanism of end joining
appeared to depend on homologous interactions along the
length of two molecules of transformed DNA since only
head-to-head and no head-to-tail joinings were recovered. In
another series of experiments (53, 55), DNA fragments that
had been cut with BamHI preferentially integrated into
chromosomal GATC sites by interaction of the BamHI-
generated GATC ends of the fragment. Finally, linear trans-
formed fragments having homeologous sequences at either
end with 52 or 73% sequence identity were found to recir-
cularize to generate a replicative plasmid. The junction of
these recombination events involved short (2 to 21 bp)
regions of identity but also required a general alignment of
the homologous sequences so that most of the repair events
maintained the open reading frame between the two diverged
gene copies (33). Despite the very small degree of sequence
identity at the junctions, these events require RAD52 gene
function, possibly for the general alignment of homeologous
sequences.

In mammalian cells, nonhomologous recombination
events are far more common than in S. cerevisiae, as
illustrated by the fact that in mammalian cells only 1 in 100
transformants involves homologous integration of the trans-
forming DNA (10, 47). End joining appears to be the most
common pathway of DSB repair in mammalian cells. A
variety of both in vivo and in vitro studies of end-joining
events arising by nonhomologous DNA interactions in eu-

caryotic systems has revealed that in many cases short
stretches of DNA identity are involved in end-joining events
(25, 40, 47, 64), although broken DNA ends can be joined
together by simple ligation as well (49, 65).
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We have studied repair of DSBs by illegitimate recombi-
nation in nontransformed yeast cells in which chromosomal
DSBs were generated in vivo. We have compared end-
joining events in two systems: (i) a site-specific DSB gener-
ated at the AM T locus HO cut site in a radS2 haploid strain
unable to repair the break by homologous recombination and
(ii) undefined breaks created between two centromeres of a
conditionally dicentric chromosome III during mitosis in a
radS2 haploid. Although a simple rejoining of broken ends
would not eliminate the lethal condition, further chromo-
somal breakage could be prevented by the formation of
deletions. In both cases, the sizes of deletions were larger
than was required either to remove the HO cutting site or to
eliminate the function of the conditional centromere. Our
results suggest that microhomologies of a few base pairs
frequently direct end joining of broken chromosomes, al-
though in some cases we find no homology at the deletion
junction. The spectrum of repair events is very similar to
that observed in mammalian cells (49), indicating that mech-
anisms of end joining may be similar in all eucaryotes.

MATERIALS AND METHODS

Strains. Strain BW330-26A (HO MATa swil radS2 metl3
hisS ade2 mal2) was constructed as described previously
(67). Dicentric strain J178-#7-20 (AL4Ta adel metl4 ura3-52
leu2-3,112 his3 his4::GALCEN3::URA3 radS2::LEU2) was
constructed as described previously (4, 21). Monocentric
strain J178-20 (ho MATa adel metl4 ura3-52 leu2-3, 112 his3
AradS2) was constructed as described previously (4, 21). The
URA3-GAL::HO plasmid pJH132 was transformed into
strain J178-20 by the lithium acetate method described by
Schiestl and Gietz (54) to create strain J178-20T. Growth
media have been previously described by Rudin and Haber
(50) and Sherman et al. (58).

Generating deletions. (i) BW330-26A derivatives. In cells
with HO activity but which are unable to complete AMAT
switching in the radS2 background, a double-strand cut will
be lethal unless the cut site becomes deleted or mutated (66).
Surviving cells carrying deletions that remove part of the
AMTaJ gene are recognized as sterile, while survivors that
have parts of both AMTacl and MATa2 deleted are a mating
(67).

(ii) J178-#7-20 derivatives. Deletions that removed all or
part of a centromere were recovered by growing cells
carrying a galactose-suppressed conditional centromere as
well as a normal centromere on chromosome III on glucose
medium and analyzing survivors as described elsewhere (4).

(iii) J178-20T derivatives. J178-20 cells were transformed
with plasmid pJH132, in which the HO gene is carried on a
single-copy plasmid under control of the GAL1O promoter
(4, 8, 24, 68). When these cells are grown on glucose, there
is little or no HO cutting, while growth on galactose induces
HO production, and cutting at AM T is very efficient. Strains
were grown in nonfermentable yeast extract-peptone (YP)-
lactate medium overnight and plated in serial dilutions onto
galactose-containing synthetic medium lacking uracil to iso-
late mutants at the HO cut site and onto glucose-containing
synthetic medium lacking uracil to determine survival rates.
Colonies surviving galactose growth were picked as deletion
derivative candidates. They were classified genetically as
MATa or matal by mating to a MATa tester strain. A
MATa/MA4Ta diploid has a nonmating phenotype, indicating
a functional MATal gene product. matallMATa diploids
have an a-mating phenotype because they lack the MATal
gene product (for a review, see references 17 and 20). Both

types of survivors were further analyzed by Southern map-
ping and sequence analysis.
PCR and sequencing. Strains were grown overnight in 5 ml

of rich yeast extract-peptone-dextrose (YEPD) medium, and
DNA was prepared by the sodium dodecyl sulfate (SDS)-
potassium acetate method (58). An -5-ng amount of
genomic DNA was used in each PCR amplification reaction
(2, 51) with a Techne Programmable Dri-Block PHC-1 tem-
perature cycling machine. The oligonucleotides used were
synthesized with a Cyclone V1.05 synthesizer by using
phosphoramidite chemistry. Two pairs of primers used for
DNA amplifications around the HO-cut site were synthe-
sized on the basis of known sequences at AL4T. Primers for
amplification of the CEN3 deletions were synthesized on the
basis of known sequences flanking the BamHI GAL1::CEN3
fragment.
A4T primers HD (distal to the HO cut site) and HP

(proximal to the HO cut site) were as follows: 735 (HD),
5'-ATGTGAACCGCATGGGCAGT-3'; BRL4 (HD), 5'-
AATATTAGTGGGTTAATACA-3'; BRL6 (HP), 5'-GG
TAAATTACAGCAAATAGA-3'; and #867 (HP), 5'-CTG
GTAAC=TAGGTAAATTACAGC-3'. CEN3 primers were
as follows: 3050 (left of GALI::CEN3), 5'-TCGACTACGC
GATCATGGCG-3'; 3051 (right of GAL1::CEN3), 5'-CAC
GATGCGTCCGGCGTAGA-3'.
The parameters of the amplification cycle were as follows:

denaturation at 95°C for 1.5 min, annealing at 48°C for 1 min,
and polymerization at 72°C for 0.1 min per 100 bp. PCR was
run for 30 cycles with a final polymerization step at 72°C for
7 min. The enzyme used for DNA amplification was either
Pyrostase (Molecular Genetic Resources, Inc.) or Deep
VentR Polymerase (New England Biolabs). Primers were
removed from the PCR product by treatment with Prep-a-
gene (Bio-Rad). The approximate sizes of the deletions were
estimated by gel electrophoresis of ethidium-stained PCR
product, and an appropriate sequencing primer was used for
sequencing with an fmol sequencing kit (Promega). An
-50-ng amount of PCR-amplified DNA was used in each
sequencing reaction.

RESULTS

Deletions at the HO cut site. A strong selection process was
designed to look for events in which a DSB had healed by
illegitimate recombination. Haploid strain BW330-26A has a
HO MATa radS2 swil-1 genotype. In normal cells, the HO
endonuclease makes a specific cut at the AVT locus to
initiate the mating-type switch (for a review, see reference
17). In BW330-26A, this is a lethal event because RAD52 is
essential for completion of the mating-type switch (31, 66).
However, since HO expression is low because of the swil-1
mutation (18, 35, 66), the DSB occurs in only a small
proportion of the cell population, allowing the strain to be
propagated. Cells in which an HO cut has occurred have a
transient a-like mating type because of disruption of the
AL4TaJ and MATa2 genes. Thus, the mating type of a
population of cells is a > a. A few AL4Ta cells attempting to
switch mating type survived the DSB by deleting sequences
around the HO cut site and becoming resistant to subsequent
HO cleavage. Nine such subclones were recovered, eight of
which had deletions that removed part or all of the AL4Toa
sequences in which the HO cut site is embedded. Because
cells with the genotype matal AL4Ta2 are sterile, these
derivatives had a nonmating phenotype. The remaining
subclone with a stable a-like phenotype was matcld mato2,
having a deletion that removed A4 Tale sequences and part
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A

HO cutting site

MATa2 MATal 100 bp

B

B= I
CDEI CDEII

100 bp

C

HO cutting site

MATal
100 bp

FIG. 1. Sizes and positions of nonhomologous deletions. Deletion events from each strain are shown in their chromosomal contexts. Each
horizontal line represents sequences deleted relative to the relevant chromosomal sequences shown at the bottom of each deletion group. (A)
Deletions recovered fromHO swil-I radS2 strain BW330-26A. Sequences deleted are shown relative to the HO cut site on chromosome III.
MATWl and MATa2 open reading frames are indicated by arrows. (B) Deletions recovered from GAL1::CEN3 radS2 dicentric strain
J178-#7-20 after transfer to glucose medium. Sequences deleted are shown relative to CEN elements CDEI to CDEIII, indicated as shaded
bars. (C) Deletions recovered from AMTa GAL1::HO radS2 monocentric strain J178-20T. Sequences deleted are shown relative to the HO
cut site and the MATal transcript. The deletions shown do not include a large class of very small (1- to 3-bp) insertions and deletions at the
HO cutting site (see text).

of the promoter shared by AM Tod and AMTc2 (67) (Fig.
1A). Deletions around the HO cut site occurred at a fre-
quency of 1% among HO radS2 swil-1 MATa cells (67). The
actual frequency of deletions is likely to be higher, since the
HO gene is expressed only in a small proportion of cells with
this genotype.

Deletion junctions were sequenced by amplifying the
relevant DNA sequences by using PCR and directly se-
quencing the PCR product. The sizes of the deletions varied
between 62 and 698 bp, with a mean size of 282 bp, in good
agreement with a previously published Southern analysis of
these events (67). The locations of the deletions relative to
the HO cut site are shown in Fig. 1A. We note that the
deletions are much larger than necessary to relieve lethality,

given that a single nucleotide deletion at the HO cut site
eliminates cutting by the HO endonuclease (67; see below).
To understand how these deletions arose, we looked for

the presence of nucleotide homologies at the junction site
that could effect joining of flanking DNA by annealing of
complementary single strands. For example, in deletion
strain BW-D2, there is a five-nucleotide junctional homology
of GAAGA; Fig. 2A illustrates how strand annealing might
have played a role in this particular deletion event. The
convention that we have used to represent sequences at the
deletion junctions is shown in Fig. 2B. When diagrammed in
this way, junctional homologies (underlined) occupy the
same position in all three lines. The sequences of the nine
BW330-26A deletion derivatives are shown in Fig. 3A. Eight

B
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A

B

DSB

-GCTGAAGAATGGCACG ..... ...... TGGGAAGATGTGTTG-
-CGACTTCTTACCGTGC ..... ......ATTCTTCTACACAAC-

I
5'-3' exonuclease degradation

-GCTGAAGAATGGCACG ..... GTTG-
-CG ...... ATTCTTCTACACAAC

Annealing

-,

-GCTGAAGA TGMTTG-
--C C1TCTACACAAAC-

'.-

Excision of non-homologous sequences, ligation and resynthesis

-GCTGAAGATGTGTTTG-
-CGACTTCTACACAAAC-

Proximal to the DSB GCTGAAGA ATGGCACG
Junction GCTGAAGA TGTGITTG
Distal to the DSB TGGGAAGA TGTGMIIG

FIG. 2. A model for strand annealing to create deletions between
short homologies. (A) 5' to 3' exonucleolytic degradation of the ends
of a DSB exposes single-stranded regions of homology (GAAGA).
After annealing of the partner strands, nonhomologous sequences
are excised and gaps are filled in by DNA repair synthesis and
ligation. (B) The convention used in Fig. 3 for representing deletion
junctions is shown. Only the top strand (5' to 3') is shown; junctional
nucleotide homologies are underlined.

of the nine deletion junctions contain one or more nucle-
otides of homology, although only two have 3 or more
overlapping bp.

Deletions on a conditional dicentric chromosome. Nonspe-
cific DSBs were generated in a conditional dicentric rad52
haploid, J178-#7-20, as described elsewhere (4). A dicentric
chromosome III was constructed by inserting GAL1::CEN3
at the HIS4 locus 45 kb to the left of the resident CEN3 (Fig.
4). This CEN is under the control of an inducible GALI
promoter, so that transcription through the inserted CEN3
during growth in galactose medium inactivates it, allowing
normal chromosome III segregation during mitosis (4, 21). In
glucose medium, transcription from the GALI promoter is
repressed, resulting in a functionally dicentric chromosome.
As has been previously observed, dicentric chromosomes
in S. cerevisiae are mitotically unstable and prone to DNA
rearrangements, often resulting in the loss of one of the
centromeres (4, 19, 21, 22, 62). Hence, the mitotic lethality
could be rescued by deleting one of the centromere se-
quences. A total of 0.04% of cells survived growth on
glucose, most of which contained centromere deletions that
ranged from about 200 bp to more than 4 kb (4). Deletions of
either the conditional centromere or the normal CEN3 were
recovered (Fig. 4), with the majority of events removing the
conditional centromere. Approximately 13% of all deletions
were contained within the 900-bp GAL1::CEN3 BamHI

A

deletion deletion junction deletion deletiai deletion junction deletion
strain sequence size strain sequence size

CTGCIGC TGAAGAAT TACT1CTT TTAACWCrT
BW-B13 CltGCTCI ZjGIt3 173 hp BW-A3 TACrTC1r C=ATlTG 653 bp

ATAG TGDGTCGXT ATAYCAT CCTATTTG

BW-B17 ATGTTCA AAACATTA BW-D2 GCGAACA ATGGCA8G
A1TCrTr TAMNMLT 689 bp GC3G&WA TGlTIT 138 bp
TrGT TATAGAGT Tt2GGGAAGA 3ulurTr

BW-F32 GPCATAT TACPCACA BW-G30 GICr2s TTCTC=
AGCAI CCrATrTIG 282 bp GTCG l2rA%= 162 bp
ATAGCtAT CCTATTTG TATGTGTT TGTrACAT

BW-Dll CIGTAA AAAAAAT BW-B28 TCTCIt3Cr CGITGAAG
CGIGTAA CGGGPA3G 485 bp TCrCTCGL AOCCl 575 hp
TOCTATA CGG2A25G TGCTATIT ALCrCTQG

BW-A5 AATGCAGC ACGATA
AATrAGCAGZAGGGT 61 tp
GmGmrGT AGAI __

B

deletion deletion junction deletion deletion deletion junction deletion
strain sequence size strain seqence size

7-03 TATAClTr AAKGITA 4-2 OUAAAA TA PAA
TATACTrr 61TGA 234 bp CCCAAAAA m1TATTC 242 bp
TTTZATTG AATGGTAT 1CATATAT TATTATTC

7-04 GTACAAT AA1GTCAC 10 TAAAAGIA TCAAAA
GTACAAAT CAACrIAA 233 bp TAAAACTA MaTM 305 bp
Tt3AAAG CAACTTAA APTTQ TCLOATATAT

7-06 TCTTATTC AAATGTAA 2-6 ACTCTAT ACTTIAAc
TCrTATrC AS8GAAAA 349 bp AOCTCT=AT hZCA 325 bp
GAAGTA AAAGAAAA G AAATA ACTTAACA

7-19 TCT TTCTA 3-10 AC1TAAC TAATATT
TTCTTATT fMCTtAA 369 bp ACTTAAC 25C1GG75 343 bp
TGGtAAAG CAACTTAA GAAA= TACTG3TG

7-28 CATAACC CTTTAACT 1-3 TATITCTO GGrAATT
CATAA1A 08AA8AGA 383 bp TATTCTG A8GGIAM 502 bp
TTATT=TT CAATAGAA CAGWA AGGTAATG

7-40 CAAATTAA CAACCTA 3-8 TGAAAC0 AGATGIW
CAAATTAA TTG2AA 556 hp 1080C5O lT'IG 602 bp
G2EAATGA TIGAAAAA CTG GmAGT

7-54 ACAAAAA TTGTTAAT 2-5 GAA021 AGTAATAC
7-59 AC9AAAA8L IGADA 332 bp GmACTC 825M8 760 bp

AC9AAAAG TIGG0AAA 1CAATAGC AGAATAA

7-64 TTTCTATT ACTTC11 7-61 AAP:IP8C 1TATA0 r
TTTC 9CAGTAAA 295 bp AATA9A9C =A9TAGA 386 bp
GCAACTTA ACA1GT888 ATTATAT1838 _98

C

deletion deletion junction deletion deletion deletion junction deletion
strain sece size strain suence size
603 G5811GAGA TCTAAA1A 620 AATT'G5k GT109TA8

G0110M CGFAAA 117 bp AATTT1G 1TG8011 189 lp
GIGGTTGA CGAATAAT GA1Gr TGTACTT

604 TTGGGTATGr1911 636 TA17T AT9 A8AA
TTGG= AAr1TTAT 146 bp TA10CTAT AT1I1
AAArAT AATTAlTATT70 80ATT; 195 lp

647 MCban cta 642 TCAATAC ACCOCAAG
TCA P0 ATAAACC 18 bp 70AAT8AC AT GG
8M1 ATA1ACC GrGFiTr A98TT1G 360 bp

614 TTGTAGTA T0G5G2A8 629 TOIGTTT TTClITTA
1TGIMAM 133531 596 bp TC(GC= A81AACOC 37 bp
CTGAGTA CG0G3GI30 _I ATAA8TTr ATAAAO _

FIG. 3. Sequences of deletion junctions. For each deletion junc-
tion presented, only top-strand sequences are shown. The top line
represents the original sequence at the left side of the junction, the
middle line represents the deletion junction itself, and the bottom
line represents the original sequence at the right side of the junction
(see Fig. 2). Nucleotide homologies present at the junction occupy
the same position in all three lines and are underlined in the middle
line. The site of the joint is represented by a space, although in cases
in which homologies are present the nucleotides in question could
have come from either side of the junction. Sequences of deletion
derivatives from MATa ho swil radS2 strain BW330-26A (A), from
MATa GAL1::CEN3 radS2 strain J178-#7-20 (B), and from ATa
rad52 GAL:HO strain J178-20T (C) are shown.
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GROWTH IN
GALACTOSE:
FUNCTIONAL fi = _
MONOCENTRIC

GAL::CEN III CEN III

B ,B
GROWTH IN -
GLUCOSE: G UAFUNCTIONAL II
DICENTRIC GAL::CEN III CEN IlIl

X MrosIs

B B

261177(13%/C) III

CEN III

B

108/177 (65°h6) J (1 zo
CEN III

B B

43/177 (22%) ,A..( )

GAL::CEN III
FIG. 4. Deletions of the conditional dicentric chromosome III in

strain J178-#7-20. Chromosome III carries a second CEN3 under
control of a GALl promoter inserted 45 kb from the resident copy of
CEN3 (4). During mitotic growth in galactose-containing medium,
the inserted CEN3 is inactivated as a result of transcription from the
GAL promoter, yielding a functionally monocentric chromosome.
During growth in glucose, transcription from the GAL promoter is
repressed, resulting in a functionally dicentric chromosome. Glu-
cose medium is largely lethal to this strain, which lacks RAD52
function because DSBs generated during mitotic growth cannot be
repaired by homologous recombination. Cells can survive by delet-
ing one of the CEN3 sequences. The frequencies of deletions that
removed one or the other CEN3 are indicated. We have analyzed
strains in which deletions of the inserted CEN3 are confined within
the BamHI (B) fragment.

fragment (Fig. 4), of which we have examined 17. As before,
the region of interest was PCR amplified and sequenced. The
sizes of these deletions ranged from 233 to 760 bp, with a
mean size of 343 bp (Fig. 1B). We note that these deletions
represent a selected subset that retain the proximal BamHI
site and that many other deletions were substantially larger.
During mitotic segregation of the dicentric chromosome,

the DSB presumably occurred between the two CEN3
sequences (Fig. 4) and therefore to the right of the CDEIII
element of the inserted CEN3. Although a deletion of only a
few nucleotides of CDEIII would be sufficient to eliminate
centromere function (5, 15, 39, 57), all of these deletions
removed all three of the CDE elements constituting a yeast
centromere (Fig. 1B). Thus, as with the HO-induced dele-
tions, far more sequences are removed than are required to
overcome lethality by eliminating centromere function. Un-
der the assumption that the DSB occurred in the 160 bp
between the CEN3 CDEIII element and the right-hand
BamHI site, it appears that in most cases, more sequences
were deleted to the left of the break site than to the right
(Fig. 1B). However, by restricting our analysis to deletions
contained within the BamHI GAL1::CEN3 fragment, we
may have selected events in which the deletion was asym-
metric around the break site.
The results of PCR amplification and DNA sequencing of

the CEN3 deletion junctions are presented in Fig. 3B, with
nucleotide homologies underlined as described above. Of 17

Wild type MATa

Deletions

Insertions

GCITIOGCAATAATTT

GrTCCGAAAThAAIT

Gcra

number of examples

1

6

GM=CCGCAACAGTTTAA 2

FIG. 5. Small duplicative insertions and a single-base pair dele-
tion recovered in the GAL1::HO MATa radS2 strain J178-20T. The
4-bp 3' overlapping ends of the HO cleavage site are underlined in
the wild-type sequence. The deletion of a single base pair is
indicated by the boldface subscripted base. The duplications of 2 or
3 bp at the HO cutting site are indicated by boldface superscripted
letters.

deletion events, all but 2 had junctional homologies ranging
from 1 to at least 7 nucleotides. The other two (7-04 and 1-3)
had, respectively, 3 and 6 nucleotides of homology offset
from the junctions by 1 bp.

Deletions in GAL::HO strains. The deletions created byHO
endonuclease were generated in a strain background differ-
ent from that used to analyze the survivors of dicentric
chromosome breakage. Therefore, we undertook another
experiment to compare the two types of deletion events in
the same genetic background. We used a monocentric radS2
haploid J178-20T strain isogenic to dicentric J178-#7-20 but
carrying a plasmid-borne HO gene under the control of a
GAL promoter (8, 24). Growth on galactose medium in the
monocentric strain is almost always lethal, since the HO cut
at MA4T cannot be repaired by homologous recombination in
a radS2 background. Deletions around the HO cut site were
isolated by plating cells on galactose-containing medium and
by analyzing the survivors. In several experiments, the
frequency with which survivors appeared was 1 x 10-4 to
4 x 10 . Deletions around the HO cutting site will leave
strains either AL4Ta or matal, depending on the size of the
deletion. These two types can be distinguished by mating
them to MATa tester strains, as described in Materials and
Methods. A combination of Southern analysis and DNA
sequence analysis (see below) of 50 galactose-insensitive
survivors has revealed that they can be grouped into four
classes. The distribution of deletion sizes in J178-20TMALTa
radS2 GAL::HO derivatives is as follows (numbers are the
numbers that were analyzed): for 1- to 3-bp deletions and
small insertions, 36 (72%); 20- to 100-bp deletions, 9 (18%);
100-bp to 1-kb deletions, 4 (8%); >1-kb deletions, 1 (2%).
Deletions of approximately 20 bp or larger could be resolved
on Southern blots of StyI-digested genomic DNA probed
with a MA4T distal-specific probe (61).
We have determined the deletion end points of eight

randomly selected deletions that were detectable by South-
ern blot analysis (greater than approximately 20 bp) (Fig.
1C). They have an average size of 207 bp and have the same
degree of shared homology at their junctions as did the
centromere deletions made in the same strain background or
the HO-induced deletions in a different background (Fig.
3C).
The majority of survivors (72%) make up a new class of

small deletion or insertion events not observed in the HO
swil radS2 strain. We have PCR amplified and sequenced
nine of the junctions of these events. As shown in Fig. 5, all
of these deletions and insertions involved the 4 bp that are
the site of the staggered 3' overhanging cuts on the two
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HO endonuclease

-GCTTTCCGCAACA GTATAATTTTAT-
-CGAAAGGCG TTGTCATATTAAAATA-

Annealing

-GCTTUCCGCAACA GTATAA11TTAT-
-CGAAAGGCG TTGTCATATTAAAATA-

Fill-in DNA synthesis from 3' end

-GCTITCCGCMC4 ;TATAATTTTAT-
-CGAAAGGCGTTT)f ATATTAAAATA

FIG. 6. Possible mechanism to create small duplications of the
M24Ta cutting site. The terminal bases at the 3' ends of the HO
cleavage site can anneal and permit primer extension from the 3'
ends to fill in the bases missing in the gap and create a 3-bp (ACA)
insertion. If the terminal 3' T of the lower strand is removed, the
annealing of the adjacent T followed by primer extension will create
a 2-bp insertion (CA). Deletion of several nucleotides from both
ends and annealing can also give rise to the 1-bp deletion (606) seen
in Fig. 5.

strands of the HO recognition site. One was a deletion of a
single base pair; the others were insertions of 2 or 3 bp.
These types of duplication events can best be explained by
an annealing of complementary bases near the 3' overhang-
ing single-stranded ends, after which the 3' end may be used
as a primer to fill in the missing bases (Fig. 6). Such events
have been well documented in vertebrate cells and in in vitro
studies (25, 42, 49, 65).

DISCUSSION

We have examined the process of illegitimate recombina-
tion in S. cerevisiae resulting from a DSB generated in vivo
by studying deletion events in recombination-deficient
strains. On the basis of sequence analysis of the deletion
junctions, we conclude that nucleotide homologies play a
significant role in the end joining of the partner DNA
molecules; 39 of 43 events had 1 to at least 7 bp of homology
at the junctions. The presence of very short regions ofDNA
sequence identity at the end points of the deletions is
statistically significant; this can be seen by calculating the
random probability that any deletion event would containX
nucleotides of homology at a given junction, with unbiased
base composition, based on the formula P(X) = (X +
1)(4)X(3/4)2 (48). This formula applies only to nucleotides
exactly at the junction; therefore, for the purposes of this
calculation, events such as the dicentric derivatives 7-04 and
1-3 are considered to have no junctional nucleotide homol-
ogies, even though homologies around the junction may
have had a role in the end-joining event, as discussed below.
The comparison between the number of expected and ob-
served homologies, shown in Fig. 7, revealed that there are
significantly more events with 2 or more nucleotides of
homology than would be expected by random occurrence.
This suggests that these homologies play a significant role in
the joining of the DNA ends, possibly by an annealing event
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FIG. 7. Expected versus observed junctional homologies. The
probability of finding X nucleotides of homology at the junction of a
deletion was calculated by using the formula P(X) = (X + 1)
(84)x(3/4)2 assuming unbiased base composition (48). The expected
numbers are represented by black bars. The observed numbers
(based on the 34 examples in Fig. 3) are represented by striped bars.

which stabilizes the partner molecules, allowing ligation.
This small but significant number of homologous nucleotides
at the junctions of deletions has also been found in mamma-
lian cells (48).
We point out that in some cases, notably in the dicentric

derivatives 7-54 and 7-59 (Fig. 3B), the homology at the
deletion junction is discontinuous. Thus, we have assigned
only 3 nucleotides of homology to those junctions, even
though there is a total of 11 potential base pairings with two
single-nucleotide interruptions. Three other events (7-04 and
1-3 [Fig. 3B] and 620 [Fig. 3C]) had 3 and 6 nucleotides of
homology offset by 1 bp at the junction which may have
participated in the end-joining event. Schiestl et al. (53) have
reported similar observations in the insertion of nonhomol-
ogous DNA into S. cerevisiae and have suggested that such
cases may have necessitated mismatch repair of the hetero-
duplex DNA which is an efficient process in S. cerevisiae
(41, 44). The idea that longer, discontinuous regions of
homology may help align sequences that are to be joined is
also suggested from the homologous recombination studies
described by Mezard et al. (33).
How, then, does RAD52-independent deletion repair of a

DSB occur? Our previous studies have shown that the
creation of a DSB by HO endonuclease is followed by
extensive 5' to 3' exonuclease DNA degradation (14, 59, 61,
68) resulting in the formation of long 3'-ended single strands.
In Rad+ cells, such DSB can be repaired very efficiently by
SSA between flanking homologous regions that can be as
short as 30 to 60 bp (59, 60). In radS2 cells, SSA is also
possible, but only at much lower efficiency or when the
flanking homologous regions are very long, as in rDNA
repeats (14, 38, 43). In our present work, we find that at
efficiencies of between 0.05 and 1%, single strands may also
anneal in the absence ofRA4D52 function. Here, there are but
a few bases of complementary sequence that might act to
stabilize the partner DNA molecules long enough to permit
any necessary excision of nonhomologous sequences and
complete ligation (Fig. 2). It is unclear whether the similar-
ities between RAD52-dependent annealing of longer homol-
ogous regions and these RAD52-independent junctions of as
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few as 1 bp of homology are a reflection of some common
processes or whether they represent truly independent path-
ways. Recently, we have shown that a UV repair gene,
RAD1, plays a crucial role in the removal of nonhomologous
DNA from the 3' ends of HO-cut molecules undergoing
Rad+ SSA and deletion formation (13). It will be interesting
to determine whether the RA4D52-independent deletion
events that we have documented here also require RAD1.
RADJ is not needed for integration of linear transformed
DNA by illegitimate recombination (56).
An inspection of the current data also argues that there are

several different pathways for nonhomologous recombina-
tion in S. cerevisiae. All of the systems used to study
illegitimate recombination in S. cerevisiae have shown that
most events were mediated through base pairing of at least a
few nucleotides. However, both the integration of linear
transformed nonhomologous DNA (53, 55, 56) and recombi-
nation between highly diverged genes of common function
(33) have proven to be RA4DS2 dependent, even though the
junctions of recombination involve only a few base pairs. It
is possible that the HO-induced deletion-repair events that
we have studied also occur more frequently in RADS2 cells;
however, this is unlikely. The most compelling evidence that
this type of deletion repair does not occur much more
frequently in Rad+ cells comes from studies of HO-induced
attempts to switch the mating type in cells from which the
two homologous donor sequences, HML and HMR, are
deleted (26). In these studies, cells that suffer a DSB at MAT
must either repair the break by nonhomologous means or
die. Essentially, all cells died. Survivors, which arose at no
more than a few percent, had generated base substitutions or
small deletions at the HO cut site such as those reported
here. This is similar to our results with radS2 cells unable to
complete recombination (66) and in Rad+ strains that lacked
mating-type donors (69).
We have found at least 1, and perhaps 4, of 43 deletions

that appear to have resulted from blunt-end ligation when
there was no homology at the junction. Such events have
also been seen when nonhomologous transforming DNA
integrates at sites that are likely to have been cleaved by
topoisomerase I (53). It is unclear whether these events arise
by still another pathway of repair. Ligation involving no
homology can occur by two blunt-ended molecules coming
together or by a blunt end and a 5' protruding end coming
together followed by 5'-3' repair synthesis filling in of the 5'
overhang and ligation, as described elsewhere for mamma-
lian cells (49).
The majority of the events that we have analyzed can be

accounted for by the kind of process illustrated in Fig. 2.
Studies of higher eucaryotic as well as in bacterial systems
have reported deletions flanked by small direct repeats (7,
25, 28, 40, 47, 64). It has been estimated that roughly 60% of
mammalian end-joining events involve short regions of nu-
cleotide homology (49), including junctions of spontaneous
deletions as well as those resulting from end joining of
transformed or transfected DNA molecules (47). These
types of events also occur in vitro in the presence of
Xenopus egg cell extracts (65) and in human cell extracts
(64). Taken together, these data suggest that there is a
common nonhomologous deletion repair process that is
similar in a wide variety of organisms ranging from bacteria
to yeasts to mammals. Moreover, we have shown that the
same kinds of events occur after DSBs are created in two
quite different ways, one by a site-specific enzymatic cleav-
age and the other by mechanical rupture of DNA.
An unusual feature of the deletions of CEN3. The deletions

described here are generally much larger than those that
would be required to relieve lethality. In strains in which the
deletion resulted from an HO cut, removal of a single base
pair could have overcome the lethal condition. This is also
the case in the monocentric derivatives of the dicentric
strain. Because the events that we analyzed preserved a
BamHI site 160 bp to the right of CEN3, the initial rupture of
the dicentric chromosome presumably occurred in that in-
terval (Fig. 4). CEN3 itself consists of a 125-bp sequence
which can be subdivided into three elements: CDEI, CDEII,
and CDEIII (5, 9,39). Removal of CDEI plus parts of CDEII
diminishes the quality of chromosome transmission signifi-
cantly but does not abolish it. Removal of CDEIII totally
abolishes CEN activity (39). Additionally, CDEIII is the
only element in which single-base pair mutations have been
shown to abolish CEN function (23, 32). In fact, a dicentric
plasmid containing one normal CEN3 and another with a
mutation in CDEIII does not exhibit dicentric behavior (27).
In our experiments, CEN3 is oriented so that the DSB
should arise between CDEIII and the right-hand BamHI site
(Fig. 4). Surprisingly, although removal of only CDEIII
should suffice, every deletion removed the entire centromere
region (Fig. 1B). This suggests that the entire CEN3 must be
removed before an end-joining event can occur. CEN se-
quences are known to interact with protein components in a
nuclease-resistant complex (3, 52). Perhaps the DNA ends
within the CEN sequences are unavailable to participate in
end joining because of their interactions with proteins, and
only when sequences outside CEN3 are uncovered can the
deletion event occur. An alternative interpretation is that the
breakage of dicentric chromosomes does not occur by
simple mechanical rupture of DNA but is mediated by
nucleases that cleave the stretched chromatin fiber, perhaps
on both sides of the centromere.
Another type of DSB repair: creation of small duplications

at the HO cleavage site. WhenMAT deletions were generated
in a strain carrying a GAL::HO plasmid, the majority of
galactose survivors belonged to a new class of insertion
events (Fig. 5). These events were not seen when deletions
of MAT were selected in the HO swil-1 radS2 strain. There
are two possible explanations for this difference, both re-
lated to the expression of HO endonuclease from a galac-
tose-regulated promoter. The first is that the galactose-
induced HO gene is expressed in all phases of the cell cycle
and in both mother and daughter cells, while the normal HO
gene is tightly regulated and confined to the end of the G,
phase of the cell cycle in mother cells (8, 24, 34). Possibly,
the repair of HO-induced DSBs occurs by different pathways
at different points in the cell cycle. Alternatively, the level of
HO endonuclease may influence the repair process. Com-
pared with normal HO gene expression, GAL::HO levels
appear to be 100-fold higher. However, this is somewhat
misleading, in that the gene is expressed in both mothers and
daughters and throughout the cell cycle, instead of being
confined to perhaps 10 to 20% of the cell cycle in mother
cells. Thus, the level of HO endonuclease induced by
galactose may be only 5 to 10 times what is normally present.
The relative level of HO expression may be even lower in
HO swil-I cells; however, it has not been established
whether the swil-1 mutation permits a low level of expres-
sion in most cells or a normal level of HO transcription in a
few cells. It should be noted that even in galactose-induced
cells, 28% of the survivors contain deletions that are virtu-
ally identical to those obtained in the HO swil-1 cells.
We believe that the mechanism for forming small duplica-

tions of nucleotides in the HO cleavage site is best explained
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by the annealing and filling-in mechanism diagrammed in
Fig. 6. This type of mechanism has been studied extensively
in vertebrate cells by Pfeiffer and her colleagues (42, 65).
Possibly, when HO endonuclease is present at higher levels,
it helps hold the two ends of the cleaved DNA in proximity
so that the offset base pairing can occur. However, it is
difficult to see how HO endonuclease could remain bound
while the small gaps in the annealed sequence were being
filled in by a repair DNA polymerase. These considerations
lead us to suspect that these novel duplication insertions
arise by repair at a time in the cell cycle when HO is not
normally expressed.

Deletions between very short homologous regions are rare in
S. cerevisiae. In S. cerevisiae, the process of homologous
recombination is so efficient that until recently it has been
difficult to analyze illegitimate recombination. One might
expect to see such events among spontaneous mutations,
especially after ionizing radiation treatments, but in fact
spontaneous deletions in S. cerevisiae are rare (11, 12).
There is one interesting exception to the lack of deletions
among spontaneous events. The telomere-associated Y'
element of S. cerevisiae exist in two forms (Y' long and Y'
short) that differ from each other in about 1% of their
nucleotide sequences (30). The size difference between the
two forms arises from 11 small deletions, each of which
appears to have arisen by recombination between flanking
regions of 4 to 10 bp. Y' elements are also unusual in that
they are not found in many other members of the genus
Saccharomyces and have some resemblance to viral ele-
ments (30). This may suggest that the deletions arose as a
consequence of some unusual feature of the replication of
these elements.

In summary, we have shown that two very different types
of DSBs-one by a site-specific endonuclease cleavage and
the other by mechanical breakage of DNA-are repaired by
a similar mechanism in the absence of the recombination
gene RA4D52. The types of deletions that we described are
reminiscent of analogous events described in many organ-
isms, ranging from bacterial cells to higher eucaryotes (6, 25,
47, 65). The ability to analyze the genetic control of these
events in yeasts, as we have done for HO-induced homolo-
gous recombination events (14, 59), should make it possible
to determine what gene products are required for illegitimate
recombination.
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