










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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