
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/00/$04.0010

Dec. 2000, p. 9162–9172 Vol. 20, No. 24

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Aberrant Double-Strand Break Repair in rad51 Mutants of
Saccharomyces cerevisiae

LESLIE E. KANG AND LORRAINE S. SYMINGTON*

Department of Microbiology and Institute of Cancer Research, Columbia University College of Physicians and
Surgeons, New York, New York 10032

Received 10 July 2000/Returned for modification 17 August 2000/Accepted 21 September 2000

A number of studies of Saccharomyces cerevisiae have revealed RAD51-independent recombination events.
These include spontaneous and double-strand break-induced recombination between repeated sequences, and
capture of a chromosome arm by break-induced replication. Although recombination between inverted repeats
is considered to be a conservative intramolecular event, the lack of requirement for RAD51 suggests that repair
can also occur by a nonconservative mechanism. We propose a model for RAD51-independent recombination
by one-ended strand invasion coupled to DNA synthesis, followed by single-strand annealing. The Rad1/Rad10
endonuclease is required to trim intermediates formed during single-strand annealing and thus was expected
to be required for RAD51-independent events by this model. Double-strand break repair between plasmid-
borne inverted repeats was less efficient in rad1 rad51 double mutants than in rad1 and rad51 strains. In
addition, repair events were delayed and frequently associated with plasmid loss. Furthermore, the repair
products recovered from the rad1 rad51 strain were primarily in the crossover configuration, inconsistent with
conservative models for mitotic double-strand break repair.

DNA double-strand breaks (DSBs) are potentially lethal
lesions that occur spontaneously during normal cellular pro-
cesses, such as replication, or by treatment of cells with DNA-
damaging agents. DSBs serve to initiate a variety of recombi-
nation events, such as yeast mating-type switching (44), meiotic
recombination (7, 49), and rearrangement of the T-cell recep-
tor and immunoglobulin loci (38). Repair of DSBs can occur
by either homologous recombination or end joining (19). Re-
pair by homologous recombination requires a homologous do-
nor duplex and is considered to be a high-fidelity process,
whereas the homology independent end-joining pathway is po-
tentially mutagenic. Although all eukaryotes studied have the
capacity for both pathways, the choice between pathways is
likely to be determined by the nature of the DNA ends, avail-
ability of a sequence homologue, and phase of the cell cycle
(25).

The yeast mating-type-switching system provides a useful
tool to study double-strand break repair (DSBR) in mitotic
cells. The HO endonuclease can be regulated by expression
from an inducible promoter and the site for cleavage inserted
into different loci (16). Repair of the induced break can be
monitored by cell survival or by physical or genetic methods
(31, 55). In the natural context, mating-type switching is de-
pendent on homologous recombination (1, 17, 27, 47). How-
ever, under certain circumstances, repair of an HO-induced
DSB is independent of several homologous recombination
genes, including RAD51, RAD54, RAD55, and RAD57. This
was unexpected because RAD51 encodes a homologue of the
bacterial RecA protein (42) and appears to be the only func-
tional strand exchange protein in mitotic cells. Rad54, Rad55,
and Rad57 are accessory proteins that stimulate the strand
exchange activity of Rad51 in vitro (34, 51) and by genetic
analysis function in the same recombination pathway (36).

When the HO cut site is placed between directly repeated
sequences, repair occurs predominantly by resection of the
ends to produce 39 single-stranded tails followed by annealing
of complementary sequences, a process known as single-strand
annealing (SSA). This reaction is dependent on RAD52 (45),
partially dependent on RAD59 (3, 46), and independent of
RAD51, RAD54, RAD55, and RAD57 (15). The nucleotide
excision repair proteins, Rad1 and Rad10, function in SSA by
removing the 39 nonhomologous tails that are formed by strand
annealing (14). In addition, the Rad1/10 nuclease is required
during gene conversion to remove regions of heterology at the
break site (12). There are no apparent defects in gene conver-
sion in rad1 mutants when the recombining sequences are
homologous. The requirement for Rad1/10 in SSA is less strin-
gent if the HO cut site is made within repeats that are com-
pletely homologous (12). Similarly, the efficiency of gene con-
version when a large heterology is present at only one side of
the break is high in rad1 mutants (8). It has been suggested that
another nuclease similar in specificity to Rad1/10 is functional
when only one 39 nonhomologous tail must be removed. The
mismatch repair proteins, Msh2 and Msh3, are also required
for SSA when the repeats are short and are thought to stabilize
the branched structure for cleavage by Rad1/10 (48).

Evidence for aberrant repair in the absence of RAD51 has
come from studies of DSBR in diploid cells. Repair of an
HO-induced DSB was found to occur primarily by gene con-
version in wild-type cells, but in rad51 mutants repair occurred
by one-ended strand invasion to prime DNA synthesis to the
end of the chromosome (26). This type of repair, known as
break-induced replication (BIR), is a nonreciprocal recombi-
nation event that is RAD52 dependent and is likely to be
important for telomere maintenance (24). The implication of
these findings is that homology-dependent strand invasion can
occur in the absence of RAD51. This is surprising because
similar events occur in bacteria to restore collapsed replication
forks and depend on RecA (21). The requirement for RAD52
in these reactions suggests that the annealing function of this
protein is critical in formation of the strand invasion interme-
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diate, which is presumably stabilized when DNA synthesis ini-
tiates from the invading 39 end (28).

Inverted repeats have been used extensively to study the
genetic control of recombination because sequences in in-
verted orientation cannot recombine by a simple SSA mecha-
nism (9, 37). It has been assumed that inverted repeat recom-
bination occurs by a conservative mechanism, such as
predicted by the model of Szostak et al. (52) or the synthesis-
dependent strand annealing (SDSA)/migrating D-loop models
(11, 29). However, the lack of a requirement for critical re-
combination genes that are essential for recombination be-
tween single-copy sequences has raised the issue of whether
inverted repeats also recombine by a nonconservative mode.
Studies using Escherichia coli have shown that DSBR between
inverted repeats can occur by a recA-independent mechanism
that requires the recE and recT genes (53). Surprisingly, most
of the recombinant products recovered were in the crossover
configuration, and both the frequency and types of products
were unaffected by mutation of the Holliday junction resolvase
gene, ruvC (23). In yeast, recombination between inverted re-
peats is dependent on RAD52, but the requirement for other
genes in the RAD52 epistasis group is less stringent. The rate
of spontaneous mitotic recombination between chromosomal
inverted repeats was reduced more than 100-fold in rad52
strains (2, 37) and reduced more than 50-fold when the in-
verted repeats were on a plasmid (9, 35). In contrast, mutation
of RAD51 reduced spontaneous recombination of chromo-
somal inverted repeats only 5- to 10-fold (2, 37). HO-induced
recombination between plasmid-borne inverted repeats was
dependent on RAD52 but independent of RAD51 except when
the donor sequences were transcriptionally silenced (47). Al-
though HO-induced recombination of inverted repeat plas-
mids occurs efficiently in rad51 mutants, intermolecular plas-
mid gap repair is reduced more than 100-fold in the absence of
RAD51 (4). The inconsistency between these assays led us to
consider alternate models for DSB-induced recombination be-
tween inverted repeats.

MATERIALS AND METHODS

Yeast strains and plasmids. Saccharomyces cerevisiae JKM146 (Dho
Dhml::ADE1 MATa-inc Dhmr::ADE1 ade1 leu2-3,112 lys5 trp1::hisG ura3-52)
contains deletions of the HMR and HML loci, a noncleavable MATa-inc allele,
and a GAL::HO fusion inserted at the chromosomal ADE3 locus (32). JKM146
and the rad1 derivative of JKM146, YFP103 (32), were kindly provided by J.
Haber. A rad51 derivative of JKM146, LSY901, was generated by microhomolo-
gous one-step replacement with a PCR fragment designed to replace the RAD51
open reading frame (ORF) with the TRP1 ORF (5). Trp1 transformants were
tested for sensitivity to g irradiation and the disruption of RAD51 confirmed by
PCR analysis. A rad1 derivative of LSY901, LSY902, was generated by one-step
replacement with a DNA fragment derived from plasmid pL962 (gift of R. Keil)
(39). Plasmid pFP122 contains inverted repeats of the E. coli lacZ gene, the
URA3 gene for selection in yeast, and CEN4 and ARS1 elements for stable
maintenance as an episome (32). One copy of lacZ contains an insertion of a
36-bp synthetic HO cut site; the other copy of lacZ contains an insertion of 36 bp,
which differs from the HO cut site by one substitution and cannot be cleaved by
HO (inc HO). Plasmid pJFL33 contains CEN and ARS elements, the selectable
markers LEU2 and URA3, and two copies of the lacZ gene in direct repeat (12).
One copy of the lacZ gene contains a 117-bp insertion from the MAT locus with
a functional HO cut site; the other copy of lacZ contains a 117-bp insertion with
the inc allele that is resistant to cleavage by HO. Yeast transformation was
performed by the lithium acetate method (41).

Media and growth conditions. Rich (YEPD) and synthetic complete (SC)
media were made as described by Sherman et al. (41). YEP-glycerol contains 2%
(wt/vol) glycerol instead of glucose as a carbon source, and YEP-galactose
contains 2% galactose (wt/vol) instead of glucose as a carbon source. Cultures
were grown at 30°C unless otherwise stated.

Measurement of DSBR efficiency by plasmid retention. Each of the four
strains was transformed with plasmid pFP122 and grown to saturation in SC
lacking uracil (SC2Ura). This culture was used to inoculate 50 ml of YEP-
glycerol to a starting concentration of about 106 cells per ml. These cultures were
grown overnight to a density of 1 3 107 to 3 3 107 cells per ml. Dilutions of the
cultures were then plated in parallel on YEP-glucose and YEP-galactose plates.

After 3 days of growth, the colonies were replica plated to SC2Ura plates to
score retention of the plasmid. For strain LSY902, replica plating was performed
after 4 to 5 days of growth on YEP-galactose plates. Repair efficiency was
calculated as the ratio of plasmid retention on YEP-galactose plates versus
plasmid retention on YEP-glucose plates (32). The plasmid retention on YEP-
glucose plates was not significantly different between strains, usually ranging
between 70 and 85%. Because many of the Ura1 colonies obtained following
growth on YEP-galactose contained mixed populations of parental and crossover
plasmids that may be due to delayed induction of HO resulting in a round of cell
division, the above procedure was changed in order to segregate plasmids. The
50-ml YEP-glycerol cultures were induced for HO expression by the addition of
galactose to a final concentration of 2% and incubated for 24 h. Dilutions of cells
were then plated onto YEP-glucose and incubated for 3 days prior to replica
plating to SC2Ura plates.

Physical analysis of DSBR. Strains transformed with plasmid pFP122 were
grown as described above except that 300 ml of YEP-glycerol was used for the
preinduction growth. Cultures were grown to a density of 2 3 107 to 4 3 107 per
ml, and then 50-ml aliquots were removed for the 0-h time point. Galactose was
added to a final concentration of 2% to induce expression of HO. Fifty-milliliter
samples were removed at 1-h intervals up to 5 h following addition of galactose.
DNA was extracted from these samples and digested with PstI, and fragments
were separated by gel electrophoresis through 0.6% agarose. DNA fragments
were transferred to nylon membranes and probed with lacZ sequences. To
analyze individual repair events, DNA was extracted from 5-ml cultures derived
from individual Ura1 colonies obtained after growth on YEP-galactose or after
24-h liquid induction of HO. These samples were analyzed by restriction diges-
tion with PstI and Southern blotting to distinguish between parental (gene con-
version) and crossover fragments. Repair of plasmid pJFL33 was monitored by
a similar procedure except that DNA was digested with PstI and HindIII to
monitor deletion and triplication products and with PstI, HindIII, and BclI to
detect gene conversion products. Plasmid DNA levels were quantitated by strip-
ping blots and reprobing with a radiolabeled MET17 DNA fragment correspond-
ing to a unique chromosomal sequence and PhosphorImaging.

RESULTS

Experimental rationale. Previous studies have documented
one-ended invasion to prime DNA synthesis (BIR) and also
SSA in the absence of RAD51 (15, 26). Based on these obser-
vations, we considered an alternate model for the repair of
DSBs within inverted repeat plasmids that might account for
the high levels of recombinational repair in rad51 mutants (Fig.
1). The model proposes repair of the DSB by one-ended in-
vasion, DNA synthesis to the other end of the plasmid, and
resection of the ends to produce single-stranded tails which can
then anneal through regions of homology to restore the pa-
rental configuration or form a crossover product. Although the
products of the reaction have the appearance of a conservative
recombination reaction, the processes used, BIR and SSA, are
generally considered to be nonconservative modes of repair. It
is important to note that by this model inversion of sequences
between the repeats can occur without formation and resolu-
tion of a Holliday junction. Seven genes, RAD52, RAD59,
RAD1, RAD10, MSH2, MSH3, and RFA1, are known to par-
ticipate in strand annealing between repeated sequences.
RAD52, RAD59, and RFA1 are also required for DSB-induced
gene conversion (54), but RAD1 and RAD10 are not required
for gene conversion if the repeats are completely homologous.
However, the role of RAD1 and RAD10 in SSA is less stringent
when the break is made within homologous repeats instead of
between them, or when one of the repeats has heterologies
flanking the HO cut site (12, 14). It would be predicted that a
rad1 rad51 double mutant would be defective in DSBR of an
inverted repeat plasmid if repair includes a strand annealing
step to produce an intermediate with 39 nonhomologous tails.

To test this hypothesis, we constructed a set of isogenic
strains that contain no chromosomal HO cut sites, an inte-
grated copy of a GAL-HO fusion gene, and null alleles of
RAD1 and/or RAD51. Plasmid pFP122, which contains in-
verted repeats of lacZ, one disrupted by an HO cut site and the
other containing an almost identical insertion except for a
nucleotide substitution that prevents cleavage by HO, was used
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as a substrate (32) (Fig. 2). As the cut lacZ recipient has
complete homology to the donor except at one nucleotide,
repair by gene conversion should be independent of RAD1
function (12).

Reduced efficiency of repair in rad51 and rad1 rad51 strains.
To measure the efficiency of repair, cultures of each strain
containing pFP122 were plated on medium containing glucose
to repress transcription of HO or on YEP-galactose medium to
induce expression of HO. After 3 days of growth, the colonies
were replica plated to SC2Ura to determine the percentage
that retained the plasmid. Retention of the plasmid after
growth on YEP-galactose is indicative of repair; Ura2 colonies
derive from cells that lacked that plasmid prior to plating or
fail to repair the plasmid. Plasmid loss prior to plating is con-
trolled by parallel plating on YEP-glucose. Thus, the ratio of
plasmid retention after growth on YEP-galactose to plasmid
retention after growth on YEP-glucose provides a measure of
repair efficiency. In wild-type and rad1 strains, repair efficiency
was about 71 to 74% (Table 1). The colonies were 2 to 3 mm
in diameter after growth for 3 days on YEP-galactose (Fig. 3);
when colonies were replica plated to SC2Ura, very few sec-
tored colonies were found. In rad51 strains, repair efficiency

was reduced to 50% and more than half of the Ura1 colonies
were sectored, with half or more of the colony containing Ura2

cells (Fig. 3). Repair efficiency was further reduced in the rad1
rad51 double mutant. Most of the colonies from the rad1 rad51
strain grew slowly on YEP-galactose (Fig. 3). The untrans-
formed rad1 rad51 strain grew normally on YEP-galactose,
indicating that the slow-growth defect was a consequence of
the DSB present on pFP122 (data not shown). Only 21% of the
colonies from the rad1 rad51 strain grown on YEP-galactose
were Ura1 and most were sectored, often with only one-eighth
of the colony growing on SC2Ura medium (Fig. 3). These
results indicate a reduced efficiency of repair in rad51 and rad1
rad51 strains. The slow growth suggests delayed repair of the
DSB on pFP122, which signals cell cycle arrest. RAD9-depen-
dent cell cycle arrest has previously been shown for plasmid
and chromosomal HO-induced DSBs (6, 40). The growth de-
fect conferred by growth on galactose-containing medium re-
flects delayed repair; repaired Ura1 products obtained after
growth on galactose showed normal growth. Sectored colonies
could arise by perpetuation of the broken plasmid through one
or more cell cycles or could reflect a nonreciprocal mode of
repair in which more than one parental plasmid is used to
generate a single repaired product. Nonreciprocal repair could
occur if the cells have more than one copy of the CEN plasmid,
such as in the G2 phase of the cell cycle, or if the plasmid copy
number is higher than one in G1.

Aberrant mode of repair in the rad1 rad51 strain. DNA was
isolated from independent Ura1 colonies from each of the
strains after growth on YEP-galactose plates and digested with
PstI to distinguish between parental and crossover configura-
tions of the recombination products (Table 1). Seventy-two
percent of the products obtained from the wild-type strain had
the parental configuration of PstI fragments, and 16% con-
tained mixtures of parental and crossover bands. Because gene
conversion unassociated with crossing over generates PstI frag-

FIG. 1. A model for RAD51-independent recombination between inverted
repeats. Following introduction of a DSB in one of the repeats, one end is
resected to produce a 39 single-stranded tail, which invades the other repeat.
DNA synthesis is primed from the invading end and proceeds to the end of the
plasmid, coupled with lagging-strand synthesis. The sequences at the end of the
linear intermediate have homology with the internal repeats. Resection and
strand annealing can produce parental or inversion products. The inverted re-
peats are shown by thick arrows, newly synthesized DNA is indicated by dashed
lines, and sequences between the repeats are designated A and B.

FIG. 2. Plasmid substrates. Plasmid pFP122 contains two copies of the lacZ
gene oriented as inverted repeats. Both copies are interrupted by an insertion of
36 bp containing either the HO cut site (cs) or a point mutation to prevent HO
cleavage, inc HO cut site. The plasmid contains the URA3 gene for selection in
yeast and ARS and CEN elements for stable replication as an episome. After
induction of HO, repair can occur by gene conversion to form noncrossover or
crossover products, which can be distinguished by restriction digestion with PstI
(P). Failure to repair results in plasmid loss and a Ura2 phenotype. Plasmid
pJFL33 contains direct repeats of lacZ interrupted by an insertion of 117 bp with
the HO or inc HO cut site, URA3 and LEU2 genes, and ARS and CEN elements
for stable maintenance. Restriction sites for BclI (B), HindIII (H), PstI (P), and
XhoI (X) are shown.
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ments of the same size as the unrecombined plasmid, the high
number of noncrossover plasmids could represent plasmids
that had escaped HO cleavage. Four independent Ura1 colo-
nies containing apparent gene conversion products were in-
duced with galactose in liquid medium; samples of cells before
and after a 1-h induction were taken; DNA was isolated and
analyzed by Southern blotting. All four were resistant to di-
gestion with HO, indicating that the HO site had been con-
verted during the initial induction on YEP-galactose plates.
Thus, plasmids obtained after growth on YEP-galactose un-
dergo efficient induction of HO and are repaired primarily to
form noncrossover products in the wild-type strain. The rad1
strain also showed a high percentage of mixed products and
fewer noncrossover products than the wild-type strain. Fewer
mixed products were recovered from the rad51 and rad1 rad51
double mutant, and a greater proportion of crossover products
were obtained, particularly from the double mutant. The ob-
servation of more than 50% crossing over in the double mutant
suggests that the residual repair does not occur by the normal
mechanisms.

The mixed products might be due (i) to cells that were
induced in the S or G2 phase of the cell cycle and reflect
independent repair of two individual plasmids or (ii) to inef-
ficient induction of HO endonuclease so that a round of cell
division occurred on the YEP-galactose plates prior to HO
induction. To segregate recombinant plasmids, the procedure
was modified to include a 24-h liquid induction with galactose
prior to plating on YEP-glucose and subsequent replica plating
to SC2Ura (see Materials and Methods). Fewer mixed prod-
ucts were obtained using this protocol, and Ura1 plasmids
recovered from the wild-type strain showed an even lower
association of crossing over. However, the trend of lower plas-
mid survival and increased levels of inversion was maintained
in the rad51 strains. In all of the strains we recovered some
products with restriction fragments inconsistent with either
crossover or noncrossover recombinants; these were classified
as aberrant (8).

Kinetics of repair of the inverted-repeat plasmid. To deter-
mine whether there was an alteration in the kinetics of repair
in the mutant strains, HO was induced in liquid cultures, and
samples of cells were removed at various times after HO in-
duction for Southern blot analysis (Fig. 4). Because the PstI
digestion products indicative of gene conversion unassociated
with crossing over are the same size as the parental fragments,

only crossover products can be identified by this analysis. HO
was efficiently induced in all of the strains. The kinetics of
repair were similar in the rad1 and wild-type strains, with
crossover products detectable 1 h after induction of HO and
reaching a value of 7 to 12% (normalized for plasmid loss) at
5 h. The PstI fragments corresponding to the parental or con-
version products were of similar intensity through the time
course. Repair was delayed in the rad51 and rad1 rad51 strains,
with crossover products appearing 2 to 3 h after HO induction.
There was a decrease in the intensity of the PstI fragments
corresponding to the parental/conversion bands in both rad51
strains, which indicates reduced levels of gene conversion
and/or increased levels of plasmid loss (Fig. 4). Quantitation of
the plasmid sequences relative to chromosomal sequences con-
firmed loss of the plasmid in the rad1 rad51 strain following
HO induction, and values of products were normalized to
account for plasmid loss. Consistent with the analysis of Ura1

recombinants, there was a bias in recovery of crossover frag-
ments relative to the conversion/parental band in the rad51
and rad1 rad51 strains. Although the 8.7- and 4.8-kb PstI frag-
ments are assumed to arise by a completed crossover event,
fragments of the same size would be generated by strand in-
vasion and DNA synthesis to the end of the linearized plasmid.
Consistent with the delay in repair, HO cut fragments accu-
mulated in the rad51 strain and to even higher levels in rad1
rad51 double mutant. Five hours after HO induction, cut frag-
ments represented 10% of the total plasmid DNA in the rad1
rad51 strain, compared with 2.2% in wild-type, 3.3% in rad1,
and 3.8% in rad51 strains.

RAD51 is required for gene conversion. To further test the
requirement for RAD51 in strand invasion and gene conver-
sion, we used a plasmid similar to the one described above
except containing direct repeats of the lacZ gene (pJFL33).
Previous results from the Haber lab have shown that RAD1 is
not required for DSB-induced conversion of this plasmid (12).
An aberrant product, containing three copies of the lacZ gene,
was recovered from repair of pJFL33 in the rad1 strain and
thought to arise by one-ended strand invasion, replication to
the end of the cut plasmid, and then strand annealing, a model
similar to the one we propose for repair of inverted-repeat
plasmids (Fig. 1). Ivanov et al. (15) used a similar direct-repeat
plasmid, but without the HO-inc insertion within the donor
allele, to show that RAD51 is not required for SSA. In their
experiments, gene conversion was reduced 20-fold in the rad51

TABLE 1. Repair efficiency and distribution of Ura1 products

Relevant genotype Repair efficiencya

No. of Ura1 coloniesb

Total
analyzed Noncrossover Crossover Mixedc Aberrantd % Crossoversb

3-day plate induction
RAD1 RAD51 77.3 6 9.3 50 (58) 36 (44) 1 (9) 8 5 2 (16)
rad1 RAD51 74.2 6 8.1 50 (67) 25 (42) 3 (20) 17 4 6 (30)
RAD1 rad51 50.4 6 8.3 34 (37) 19 (22) 9 (12) 3 3 26 (32)
rad1 rad51 21.4 6 7.3 52 (60) 14 (22) 29 (37) 8 1 55 (62)

24-h liquid induction
RAD1 RAD51 54.3 18 17 1 0 0 6
rad1 RAD51 54.5 18 (19) 15 (16) 1 (2) 1 1 6 (11)
RAD1 rad51 25.8 18 12 6 0 0 33
rad1 rad51 10.8 18 (19) 6 9 (10) 1 2 50 (53)

a Percentage of Ura1 colonies after HO induction (see Materials and Methods).
b Numbers in parentheses count the mixed populations as two one-crossover and one noncrossover product.
c Mixed population of crossover and noncrossover products.
d Plasmids with restriction fragments inconsistent with either crossover or noncrossover products.
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FIG. 3. Delayed plasmid repair and plasmid loss in rad51 mutants. (A) Strains containing the inverted-repeat plasmid were plated onto solid medium containing
either glucose or galactose, and colony size was analyzed after 3 or 4 days of growth. (B) Colonies were replica plated to SC2Ura after 4 to 5 days of growth on
YEP-galactose plates to measure plasmid retention and colony sectoring.

9166 KANG AND SYMINGTON MOL. CELL. BIOL.



strain, which they attributed to competition between the inef-
ficient conversion pathway and the more efficient SSA path-
way. To circumvent problems in interpretation arising from
highly efficient SSA, we monitored repair of pJFL33 in rad1
rad51 strains to determine whether gene conversion events
could occur in the plasmid context.

Kinetic analysis of DSBR was performed as described above
for the inverted-repeat plasmid. DNA samples prior to and
after HO induction were digested with HindIII and PstI to
detect deletion products formed by SSA and with BclI,
HindIII, and PstI to detect gene conversion products. SSA to
generate the 6.8-kb deletion product occurred with high effi-
ciency in the wild-type strain and the rad51 mutant (Fig. 5).
The deletion product resulting from SSA was reduced twofold
in the rad1 strain but was present at the wild-type level in the
rad1 rad51 double mutant (40% of the plasmid DNA). A DNA
fragment of about 4 kb was produced in the wild-type strain
and most likely corresponds to the triplication product ob-
served by Fishman-Lobell and Haber (12) (Fig. 6). This novel
species was even more abundant in the rad1 mutant, was barely
detectable in the rad51 mutant, but was present in the rad1
rad51 double mutant. Conversion of the restriction site poly-
morphisms that flank the HO cut site during repair results in
the formation of two novel species of 1.4 and 1.5 kb (Fig. 5).
The 1.5-kb conversion product was clearly apparent in the rad1
and wild-type strains but was reduced at least 10-fold in both
rad51 and rad1 rad51 strains. The DNA fragment produced by
HO cleavage is 1.45 kb, and processing of this fragment by
nucleases changes the mobility so that it migrates at a similar
position as the 1.4-kb conversion product. Quantitation was
performed only on the 1.5-kb product and therefore is likely to
underestimate the conversion defect in the rad51 strains. By
both plating assays (data not shown) and quantitation of
Southern blots, there was no defect in plasmid retention fol-
lowing HO induction in the wild-type, rad1, and rad51 strains
but a threefold loss in the rad1 rad51 double mutant.

DISCUSSION

Conservative and nonconservative repair pathways. The re-
pair of DSBs by homologous recombination is generally con-
sidered to be a high-fidelity event in which two parental du-
plexes generate two recombinant duplexes (conservative
recombination). Conservative recombination is predicted by
both the DSBR and SDSA models (11, 29, 52). Both models
predict strand invasion by the 39 single-stranded tail formed on
one side of the broken duplex to prime DNA synthesis from
the donor duplex. After limited DNA synthesis, the invading
strand is extruded or the branched structure is cleaved by a
junction resolvase. Nonconservative repair events are charac-
terized by a net loss of DNA. For example, during SSA, two
DNA duplexes are used to generate a single recombinant du-
plex. Here, we present evidence for a RAD51-independent
pathway of repair that generates products similar to those
predicted from a conservative reaction but incorporates fea-
tures of nonconservative recombination.

Inverted-repeat recombination. Recombination between se-
quences oriented as inverted repeats is considered to be a
conservative event because simple strand annealing is not en-

FIG. 4. Repair is delayed in rad51 mutants. (A) Substrate and products
detected by PstI (P) digestion. (B) Kinetic analysis of repair in each strain.
Samples were removed prior to HO induction (0 h) and at hourly intervals after
HO induction. DNA samples were digested with PstI and fragments were sepa-
rated on 0.6% agarose gels prior to transfer. Sizes are indicated in kilobases. (C)

Hybridized filters were analyzed using a Molecular Dynamics PhosphorImager,
and the recombination products were normalized to unique chromosomal se-
quences to account for plasmid loss. h, wild type; {, rad1 mutant; E, rad51
mutant; ‚, rad1 rad51 double mutant.
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visioned to give rise to a viable product. However, spontaneous
recombination between chromosomal inverted repeats is re-
duced only 4- to 10-fold, and DSB-induced recombination be-
tween plasmid-borne repeats is reduced only 2-fold, by muta-
tion of RAD51. Because intermolecular recombination is
strongly dependent on RAD51 (1, 4, 10), we propose that
recombination events between repeated sequences must occur
by an unusual mechanism that does not normally operate
within unique sequences. A model that could account for some
of the recombination events between inverted repeats in rad51
mutants is presented (4) (Fig. 1). This model predicts strand
invasion as envisioned by the DSBR and SDSA models, but
DNA synthesis primed from the invading strand proceeds to
the end of the DNA molecule (the other side of the break).
The linear intermediate, which has short regions of shared
homology between the terminii and internal sequences, can
then repair by SSA to produce either crossover or noncross-
over products. We found an increase in the number of cross-
over recombinants in rad51 strains, consistent with the model.
These events are unlikely to occur in RAD51 cells because a
rad1 mutation does not reduce the efficiency of inverted-repeat
recombination. In contrast, a rad1 mutation decreased invert-
ed-repeat recombination in rad51 strains and also increased
the number of crossover products recovered. Although the
overall efficiency of repair in the rad51 strain was reduced only
two- to threefold by the rad1 mutation, the kinetics of repair
were delayed. We assume the delay is caused by a limiting step,
such as removal of the 39 nonhomologous tail predicted to
form during strand annealing. As shown in Fig. 5, the efficiency
of SSA between direct repeats is reduced only twofold in the
rad1 strain, consistent with the defect observed using the in-
verted-repeat plasmid. When there is homology between do-
nor and recipient repeats, the annealed intermediate will have
only one 39 heterologous tail to be removed (Fig. 7). In con-
trast, the intermediate formed when the donor and recipient
repeats lack homology flanking the cut site will have 39 heter-
ologous tails on both sides of the annealed intermediate. The
requirement for RAD1 in SSA and gene conversion appears to
be far less stringent when only one heterologous tail has to be
removed (8, 12). This could be explained if ligation of the
nicked strands on one side of the annealed intermediate occurs
and the plasmid then undergoes replication (Fig. 7). The dis-
continuous strand containing the 39 flap might not be recov-
ered, but the continuous strand should be completely repli-
cated, yielding a viable product. Such a mechanism might
contribute to the plasmid loss observed in the rad1 rad51 dou-
ble mutant.

In RAD51 cells, we imagine the extent of DNA synthesis is
limited to the region of shared homology between the repeats,
and RAD51 may be important for this step as well as the initial
homology search and strand invasion. A true strand exchange
might limit DNA synthesis by coupling synthesis to strand
exchange via branch migration or by coupling the second
strand invasion to the first one. The model described (Fig. 1)
could also apply to chromosomal repeats, but invasion from only
one of the two ends would result in a successful recombination

event. The synergistic decrease in the rate of spontaneous recom-
bination between chromosomal inverted repeats in a rad1 rad51
mutant is consistent with the proposed model (36).

The observation of 62% crossover products recovered from
the rad1 rad51 strain is inconsistent with the DSBR and SDSA
models but is more consistent with BIR, which predicts 100%
crossing over (Table 1). One mechanism that could account for
the high levels of crossover events is intermolecular recombi-
nation between misaligned sister chromatids. If two plasmids
paired with the lacZ repeats in an antiparallel configuration,
then BIR initiated from one repeat could replicate through the
intervening DNA, forming an apparent inversion (Fig. 8). Af-
ter displacement of the invading strand, pairing could occur
between the newly synthesized strand and the other lacZ re-
peat. In this way, the integrity of one of the cut plasmids would
be restored and an apparent crossover would result. Although
this model predicts a RAD1-dependent trimming step to re-
move the 39 nonhomologous tail, it is clear from the analysis of
direct-repeat recombination that the efficiency of SSA is re-
duced only twofold in the rad1 mutant (Fig. 5) (12).

Direct-repeat recombination by BIR and SSA? Kinetic anal-
ysis of DSBR of the direct-repeat plasmid indicated low levels
of conversion in both rad51 and rad1 rad51 strains. However, of
the Ura1 products recovered from the rad1 rad51 strain, 17%
were apparent conversion products (data not shown). Because
no conversion products were detected 5 h after HO induction,
we assume this pathway, or mismatch repair, is highly ineffi-
cient in the rad1 rad51 double mutant. Although it is possible
that conversions arise by the same pathway as operates in
wild-type cells, another possibility is BIR coupled to SSA as
shown in Fig. 6. The linear intermediate generated by BIR
from the direct-repeat plasmid could undergo annealing in
three ways to generate all three classes of products. Although
we consider this to be an aberrant pathway that might occur
only in rad51 mutants, there is some evidence for unusual
events in mammalian cells that are best explained by BIR
extending beyond homology followed by end joining (18).

The role of RAD1 in SSA. The substrates used in this study
contain an inc HO cut site within the donor locus and so have
only a single base pair mismatch between donor and recipient
repeats. SSA of the direct-repeat plasmid, pJFL33, containing
the inc mutation is reduced only two- to three-fold in rad1
strains (Fig. 5) (12). Thus, plasmid survival in rad1 rad51
strains could be due to the residual level of SSA that still
occurs in the absence of RAD1. When the donor cassette lacks
homology to the recipient (by insertion of an HO cut site
within the recipient), or if a break is made within unique
sequences between direct repeats, then SSA is reduced more
than 15-fold in rad1 strains. The putative annealed intermedi-
ate formed in these two cases is different. When there is ho-
mology between donor and recipient repeats, the annealed
intermediate will have only one 39 heterologous tail to be
removed, whereas the intermediate formed when the break is
between the repeats, or between breaks that lack homology
with the donor, will have 39 heterologous tails on both sides of

FIG. 5. Kinetic analysis of repair of plasmid pJFL33. (A) pJFL33 contains direct repeats of lacZ interrupted by a 117-bp insertion of the HO cut site (cs) or inc
HO cut site. Repair of the HO-induced DSB can occur by SSA to delete one copy of lacZ, by gene conversion unassociated with crossing over, or by formation of a
triplication of lacZ. Each of these products can be distinguished by restriction digestion with PstI (P), HindIII (H), and BclI (B). HO cleavage produces a fragment of
1.45 kb, the SSA product produces a 6.8-kb PstI fragment, and the triplication product generates a 4-kb HindIII fragment. The conversion product produces PstI/HindIII
fragments of the same size as the parental plasmid but can be monitored by the appearance of 1.4- and 1.5-kb BclI/HindIII fragments generated by conversion of
restriction site polymorphisms flanking the HO cut site. X, XhoI. (B) DNA samples were digested with PstI and HindIII to detect the deletion and triplication products.
Sizes are indicated in kilobases. (C) The percentages of total plasmid DNA represented by the HO cut fragments, deletion products, and triplication products were
quantitated by phosphorimaging and shown graphically. (D) DNA samples were digested with PstI, HindIII, and BclI to detect the conversion products. Sizes are
indicated in kilobases. (E) Quantitation of the 1.5-kb conversion product shown in panel D. h, wild type; {, rad1 mutant; E, rad51 mutant; ‚, rad1 rad51 double mutant.
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the annealed intermediate. As described above, the require-
ment for RAD1 appears to be far less stringent when only one
heterologous tail has to be removed.

Role of RAD52 in RAD51-independent recombination.
RAD52 is required for virtually every mitotic recombination
event in S. cerevisiae. All of the RAD51-independent events
require RAD52 and show a partial requirement for RAD59,
which encodes a homologue of Rad52. The model in Fig. 1
predicts two steps at which Rad52 could act. Rad52 could be
involved in the initial strand invasion step and/or to promote
strand annealing of the resected intermediate. Although we
cannot easily distinguish between these steps, we would argue
that Rad52 is involved in strand invasion because BIR requires
Rad52 but does not involve SSA (26).

In vitro studies have shown that Rad52 catalyzes the anneal-
ing of complementary single-stranded DNAs and stimulates
strand exchange by the Rad51 protein (28, 30, 43, 50). The
annealing function of Rad52 is likely to be biologically rele-
vant, as Rad52 is required for SSA in vivo (45). Human Rad52
is reported to promote D-loop formation in vitro, but the
reaction is very inefficient (22). It is possible that accessory
proteins are required for strand invasion by Rad52, or in vivo
strand invasion might occur by Rad52-catalyzed strand anneal-
ing between the 39 single-stranded tail and transiently un-
wound donor duplex DNA formed during transcription or
replication. We predict that recombination between transcrip-
tionally silent regions will show a stronger requirement for
Rad51 because the sequences are inaccessible to Rad52-pro-

moted annealing. This is consistent with the requirement for
RAD51 in mating-type switching and DSB-induced recombi-
nation between HMR and MAT oriented as inverted repeats on
plasmids (47).

FIG. 6. Model for BIR/SSA within the direct-repeat plasmid (12). One-
ended invasion of the unbroken lacZ gene to prime DNA synthesis to the end of
the linear molecule results in duplication of the lacZ gene. Depending on how
the complementary sequences pair, a deletion or apparent conversion can result.
If the upstream (U) sequence of the broken repeat pairs with the upstream (U9)
sequence of the unbroken repeat, and the newly synthesized downstream (D9)
sequences pair with the broken repeat (D), then DNA synthesis could initiate
from the other side of the break to create an additional repeat. Dissociation and
realignment are required to generate the triplication product. The deletion and
conversion products require clipping of a 39 heterologous tail, whereas the
triplication product has no tails to be removed and thus is favored in rad1 strains.

FIG. 7. Plasmid recovery through replication bypass of the Rad1 trimming
step. The annealed intermediate formed by SSA when the HO cut site is within
heterologous sequences is predicted to have two 39 heterologous tails flanking
the annealed region. This molecule is predicted to form inviable products if
replicated. When SSA occurs between repeats that are completely homologous,
only one 39 heterologous tail is predicted to form. If the other strand is ligated
and the plasmid undergoes replication, one viable daughter should be generated.

FIG. 8. Intermolecular recombination to produce an inversion product. If
two plasmids pair in an antiparallel configuration, BIR initiated from one cut
repeat, coupled with lagging-strand synthesis, will duplicate the intervening se-
quences to form an inversion. DNA synthesis will be blocked at the break in the
second plasmid, leading to strand displacement, annealing, and removal of the 39
heterologous tail, resulting in formation of an inversion product.
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Similarities between the Rad52 and RecET/lambda Red
pathways. Inverted-repeat plasmids have been extensively used
to study the genetic control of recombination in E. coli (20).
DSB-induced recombination is recA dependent but does not
require recA in a recBC sbcA strain background (53). The sbcA
mutation activates the recET operon of a cryptic prophage
present in some E. coli strains. recT encodes an annealing
protein with functional similarity to Redb (33) and Rad52 that
can also catalyze strand exchange in vitro (13). We suggest that
recA-independent recombination of inverted-repeat plasmids
in E. coli could occur by a similar mechanism to the one we
propose for RAD51-independent recombination and require
an annealing protein, such as RecT or lambda b. Surpris-
ingly, plasmid inverted-repeat recombination mediated by the
RecET pathway in E. coli is independent of ruvC, suggesting
that Holliday junction processing is not required; this obser-
vation is consistent with the model presented.

In summary, we present evidence in support of BIR coupled
with SSA to repair DSBs within repeated sequences. These
events may not occur in RAD51 strains but occur with low
efficiency in rad51 mutants and can account for the recombi-
nation observed in these strains.
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