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Break-induced replication (BIR) is a nonreciprocal recombination-
dependent replication process that is an effective mechanism to
repair a broken chromosome. We review key roles played by BIR in
maintaining genome integrity, including restarting DNA replica-
tion at broken replication forks and maintaining telomeres in the
absence of telomerase. Previous studies suggested that gene
targeting does not occur by simple crossings-over between ends of
the linearized transforming fragment and the target chromosome,
but involves extensive new DNA synthesis resembling BIR. We
examined gene targeting in Saccharomyces cerevisiae where only
one end of the transformed DNA has homology to chromosomal
sequences. Linearized, centromere-containing plasmid DNA with
the 5* end of the LEU2 gene at one end was transformed into a
strain in which the 5* end of LEU2 was replaced by ADE1, prevent-
ing simple homologous gene replacement to become Leu21. Ade11

Leu21 transformants were recovered in which the entire LEU2 gene
and as much as 7 kb of additional sequences were found on the
plasmid, joined by microhomologies characteristic of nonhomolo-
gous end-joining (NHEJ). In other experiments, cells were trans-
formed with DNA fragments lacking an ARS and homologous to
only 50 bp of ADE2 added to the ends of a URA3 gene. Autono-
mously replicating circles were recovered, containing URA3 and as
much as 8 kb of ADE2-adjacent sequences, including a nearby ARS,
copied from chromosomal DNA. Thus, the end of a linearized DNA
fragment can initiate new DNA synthesis by BIR in which the newly
synthesized DNA is displaced and subsequently forms circles by
NHEJ.

During the past several years, some old ideas about how
recombination occurs have received strong experimental

support. Meselson and Weigle (1) first proposed that crossing-
over could be explained by a break-copy mechanism in which one
end of a double-strand break (DSB) could invade an intact linear
template molecule and initiate new DNA synthesis that could
proceed to the end of the chromosome template. In essence, a
recombination event led to the establishment of a unidirectional
replication fork. Skalka (2) provided a more molecular view of
this idea (a replicator’s view of recombination, as she called it)
to explain phage l recombination. Mosig (3, 4) made a similar
proposal to account for late DNA replication in phage T4.
Formosa and Alberts (5) provided a key in vitro experimental
demonstration for the formation of a replication fork by recom-
bination. More recent studies by George and Kreuzer (6) of
DSB-induced recombination, controlled by phage T4 genes in
Escherichia coli have supported the idea that recombination
leads to extensive replication. Similarly, recent experiments by
Motamedi et al. (7) and by Kuzminov and Stahl (8) with phage
l have provided strong evidence that a major pathway to
generate crossing-over involves extensive replication during
break-copy recombination.

These ideas were applied by Kogoma (9, 10) to explain
origin-independent, recombination-dependent replication of the
E. coli genome. Several recent experiments have strongly sup-

ported the idea that break-induced replication (BIR) is an
important process in restarting broken replication forks (11–13).

Possible Mechanisms of BIR
BIR events begin as one-ended recombination events, either
because there is only one free DNA end or because only one of
two ends of the DSB succeeds in strand invasion of a homologous
sequence. One can imagine a number of ways in which the
process can occur; there have not yet been any experimental
observations to distinguish among them. In one scenario, strand
invasion creates a D-loop that then migrates down the template
(5); this process is analogous to the way RNA polymerase copies
DNA, displacing a single strand of newly synthesized DNA (Fig.
1A). Subsequently, the single strand could be filled in—a process
that might have different requirements than normal lagging-
strand DNA synthesis—such that all of the newly synthesized
DNA is associated with the initially broken end. Alternatively,
the D loop could be transformed into a complete unidirectional
replication fork that then migrates down the template chromo-
some (Fig. 1B). This process would result in two semiconserva-
tively replicated molecules and a single Holliday junction that
would have to be resolved. A third version imagines that the
replication structure is acted on by branch migration enzymes, so
that both newly synthesized leading and lagging strands are
displaced and DNA synthesis is conservative (Fig. 1C). It is also
not necessary that the replication structure reach the end of the
template chromosome, because BIR might be terminated by an
encounter with a converging replication fork.

BIR in Saccharomyces cerevisiae
Recombination in eukaryotes also appears to occur some of the
time by recombination-dependent DNA replication processes.
These experiments have been carried out mostly in S. cerevisiae.
Esposito (14, 15) was the first to note examples of mitotic
recombination in which there was a nonreciprocal recombina-
tion event that extended hundreds of kilobases down a chromo-
some arm. In this case, one daughter cell was identical to the
parent diploid, in that it was still heterozygous for markers
extending along the chromosome arm whereas the other cell was
homozygous for all these alleles. Voelkel-Meiman and Roeder
(16) saw similar events promoted by a mitotic ‘‘hot spot’’ and
suggested that they could arise by extensive BIR. The idea that
a broken chromosome end could acquire a new telomere by such
a process was provided by Dunn et al. (17). They showed that a
linearized plasmid with one end that lacked a telomere, but had
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homology to a subtelomeric Y9 region, could become stable by
recombining with an intact, telomere-containing chromosome
that also had an adjacent Y9 sequence. However, in these
experiments, it was not possible to show whether the repair event
was replicative or whether the transforming DNA acquired a new
chromosome end at the expense of one of two sister chromo-
somes in the G2 phase of the cell cycle. At the same time,
Walmsley et al. (18) also suggested that normal telomere main-
tenance could be achieved if one telomeric region used another
as a template to extend the end by replication.

Bosco and Haber (19) extended this idea by studying the repair
of a chromosomal DSB, created by the site-specific HO endo-
nuclease, in which the centromere-distal side of the DSB had
effectively no homology to any other site in the haploid genome,
so that gene conversion repair could not occur. However, the
centromere-proximal side of the DSB shared 70 bp homology
with homologous sequences in the HMR locus, located 30 kb
from the opposite end of the same chromosome, in the opposite
orientation. The DSB was thus repaired by a recombination
event leading to the formation of a 30-kb nonreciprocal trans-
location. This process required the Rad52p recombination pro-
tein. More recently, Malkova et al. (20) have shown that HO-
induced BIR events also can be found in meiotic cells, especially
when normal meiotic recombination is impaired.

A direct demonstration of the replicative nature of BIR repair
was provided by Morrow et al. (21), who showed that transform-
ing yeast, with a DNA fragment with an origin of replication and
a centromere with two oppositely oriented identical DNA seg-
ments at the ends, could result in the creation of an entirely new
chromosome, in which both of the end segments had to recom-
bine with the same unique homologous sequence on one chro-
mosome and, both times, replicate all of the way to the chro-
mosome end. Bosco and Haber (19) found similar results when
they used HO endonuclease to lop off the end of a chromosome
in a diploid, in which the DSB shared extensive homology only
centromere-proximal to the DSB. They found that interchro-
mosomal BIR could occur in G1 cells, producing two daughter
cells with identical repair events. This result suggests that BIR
can occur outside of normal S phase.

Two (or More) Pathways of Break-Induced Replication in
S. cerevisiae
The genetic requirements of BIR have been determined by
examining a diploid in which there is a single HO-induced DSB
in the middle of the right arm of chromosome III. Normally, such
a DSB would be repaired by ‘‘short patch’’ gene conversion, and
indeed a rad52D diploid shows almost no repair of the broken
chromosome; it is simply lost, creating a 2n-1 monosomic
derivative. But, surprisingly, a rad51D strain eliminates gene
conversions but still allows BIR to proceed (22). In colonies
derived from single cells suffering a DSB, more than 80% of
them give rise to at least a sector of cells within the colony that
have retained the centromere and left arm of the broken
chromosome by BIR, whereas the other cells in the colony had
lost the broken chromosome. Signon et al. (23) have shown that
a similar phenotype is found in rad54D, rad55D, and rad57D
mutants, all of which eliminate gene conversions but allow BIR.

The idea that recombination-dependent initiation of repair
DNA synthesis to the end of the chromosome could occur
without the only known strand exchange protein, Rad51p,
remains a great mystery. Recently, we have found that the sites
where BIR is initiated in the absence of RAD51 are distinctly
nonrandom. Virtually none of the repair events retain a marker
on the broken chromosome that is 13 kb centromere-proximal to
the DSB site. In fact, there appears to be a small, cis-acting DNA
sequence (#200 bp) located 34 kb proximal to the DSB site that
is responsible for facilitating the majority of BIR events (24). We
have speculated that this enhancer site permits the formation of
a processive repair replication fork that is capable of traversing
more than 150 kb to the end to the template chromosome. It is
also possible that the small enhancer sequence acts similarly to
the Chi sequence of E. coli, to ‘‘tame’’ exonucleolytic degrada-
tion of the chromosome and allow formation of an intermediate
leading to BIR.

Because a DSB in the middle of a chromosome is so efficiently
repaired by gene conversion in a RAD51 cell, it has not been
possible to characterize a RAD51-dependent BIR process in the
same diploid system. To examine this RAD51-dependent pro-
cess, we have created a modified diploid in which the target
chromosome is truncated such that there is only a very short
segment of homology distal to the DSB that is too short to permit
repair by gene conversion (M. Naylor, A. Malkova and J.E.H.,
unpublished results). In that strain, RAD51-mediated BIR is
significantly more efficient than what is seen in the absence of
RAD51. Moreover, the RAD51-dependent pathway does not
require the distant facilitating sequence that promotes BIR in a
rad51D diploid, and most of the repair events are initiated close
to the site of the DSB.

Further genetic analysis of the RAD51-, RAD54-independent
BIR pathway has revealed that it is largely dependent on another
set of recombination genes: RAD50, MRE11, XRS2, RAD59, and
TID1 (RDH54) (23). Double mutants, including rad51D rad50D,
rad51D rad59D, and rad54D tid1D, fail to repair the DSB more
than 90% to the time, leading to chromosome loss. However,
10% of the cells still give rise to sectors that appear to be BIR
events by Southern blot and genetic analysis; thus none of these
double mutants is as severely defective as a rad52D strain. This
result is reminiscent of a study by Bai and Symington (25) of
spontaneous heteroallelic recombination, in which a rad51 rad59
double mutant was still 3-fold less deficient in recombination
than a rad52 strain. Perhaps there is still a third pathway to be
discovered.

Yeast Telomere Maintenance in the Absence of Telomerase
Appears To Employ BIR
In the absence of the telomerase enzyme, chromosome ends
slowly shorten, in part because they fail to be replicated to the

Fig. 1. Alternative BIR mechanisms. A broken chromosome end will be
resected by 59 to 39 exonucleases, allowing the 39 end to interact with various
recombination proteins to carry out strand invasion. (A) The 39 end of the
invading strand initiates DNA replication, leading to a migrating D-loop
‘‘bubble’’ as described by Formosa and Alberts (5). the displaced newly syn-
thesized DNA strand can then be made double-stranded. (B) Strand invasion
sets up a replication fork that will result in semiconservatively synthesized
molecules. A Holliday junction will be resolved at some point. (C) Strand
invasion sets up a replication fork in which branch migration enzymes displace
both newly synthesized DNA strands as the replication structure migrates
down the template.
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very end and perhaps because they are also resected by exo-
nucleases. Depending on the initial length of the telomere, the
rate of shortening, and the minimum size of a telomere repeat
that is required to ‘‘cap’’ the chromosome end, cells can prolif-
erate for many generations. In budding yeast, cells do not exhibit
senescence for more than 50 generations, whereas in mice, the
germline can be passed through 5 generations before clear
evidence of genome instability is detected. In S. cerevisiae,
Lundblad and Blackburn (26) first demonstrated that, among
cells that cannot maintain chromosome ends by telomerase,
there emerged survivors that had somehow managed to maintain
telomere sequences at their ends. Survival depends on the
RAD52 recombination gene. Many, but not all, of these survivors
had also amplified subtelomeric Y9 elements that were originally
present at some telomeres so that now virtually all ends had Y9
sequences. Yet curiously, the Y9 ends still carried telomere
repeats. More recently, Teng and Zakian (27) showed that there
were in fact two distinct types of survivors. Type I cells exhibited
the amplification of Y9 sequences and telomere ends, whereas
type II cells had managed to dramatically elongate the number
of telomere repeats themselves, again by a RAD52-dependent
recombination mechanism, without affecting subtelomeric Y9
distribution.

The demonstration of two distinct types of RAD52-dependent
telomere maintenance in the absence of telomerase was consis-
tent with the conclusions of Le et al. (28) that there were two
genetically distinct pathways of recombination that could main-
tain telomeres. Deletion of the RAD51, RAD54, RAD55, and
RAD57 genes caused an accelerated loss of viability, similar to
rad52D cells, but there were still survivors. In contrast, deletions
of RAD50, MRE11, and XRS2 caused a slower rate of senescence,
and again there were survivors. However, a rad51D rad50D
double mutant eliminated survivors, leading to the suggestion
that there are two distinct RAD52-dependent recombination
pathways. Teng et al. (29) showed that type I survivors are
eliminated in a rad51D strain whereas Type II survivors are
absent in a rad50D strain. Chen et al. (30) found that type II
survivors also depend on RAD59. Recently, several labs have
found that the Sgs1p, yeast’s homologue of Bloom’s and Wern-
er’s syndromes in humans, is also required for Type II events
(31–33).

Thus, telomere maintenance in the absence of telomerase
appears to obey the same genetic rules as for the repair of a single
DSB created in a diploid: one pathway is RAD51 dependent and
one is RAD50 dependent. There is one distinctive difference,
however, and that is that Type II telomere recombination needs
Sgs1p whereas this helicase had no apparent role in the analo-
gous BIR event measured in the middle of a chromosome (23).
The need for Sgs1p is one of several mysteries that surround
recombinational lengthening of telomeres. First, both processes
appear to involve recombination between the irregular TG1–3
telomere repeats, either between a degrading telomere end and
similar sequences found at the junction by Y9 elements and other
subtelomeric regions or between the terminal telomeric se-
quences themselves. Consequently in one yeast strain that lacks
TG1–3 sequences centromere-proximal to Y9 elements, Type I
events are virtually absent (33). It is also possible that recom-
bination takes place between a telomere end and an autono-
mously replicating circular Y9 element with TG1–3 sequences
connecting the ends. Recent observations in mammalian cells
show that telomere sequences can form intrachromosomal loops,
in which the telomere end has invaded more proximal telomere
sequences (T-loops; ref. 34). This finding has raised the possi-
bility that type II survivors involve intrachromosomal recombi-
nation. Such an invasion could create a rolling circle that could
give rise to long telomere repeats.

Telomere maintenance in the absence of telomerase has also
been observed in other fungi, notably Kluyveromyces lactis.

McEachern and Blackburn (35) have shown a similar RAD52
dependence on the process, and recent studies have also sug-
gested that telomere amplifications could come from recombi-
nation between the end and autonomous replicating circular
telomere-containing DNA. Rolling circle replication could gen-
erate an elongated telomere at one end, and gene conversions
(i.e., BIR) could then spread this sequence to other telomeres
(M. McEachern, personal communication). McEachern’s lab has
also shown that a subtelomeric marker, initially present at a
single telomere, can efficiently spread to most or all other
telomeres in the cell when it lacks telomerase (M. McEachern,
personal communication).

Mammalian Telomere Maintenance in the Absence of
Telomerase: The Alternative Lengthening of
Telomeres (ALT) Pathway
Although many immortalized human cells, including most tumor
cells, exhibit a reactivation of the telomerase enzyme that is
usually inactivated after birth, a subset of cell lines and tumor
cells can maintain telomeres in the absence of such reactivation
(36). These cells are said to have engaged an ALT pathway of
telomere maintenance, and it is tempting to speculate that it
proceeds by BIR. As yet, there are no genetic data to show
whether this pathway depends on the expected cast of recom-
bination proteins, but a recent paper by Reddel’s lab (37)
provides strong evidence that recombination is involved. An
‘‘ALT’’ cell line was transformed with a selectable marker
inserted directly into telomere sequences; subsequently, this
marker was found to proliferate to other chromosome ends
during the growth of the cells. Such events were apparently less
frequent in immortalized cells in which telomerase had been
reactivated. Whether this outcome represents a nonreciprocal,
proliferative (BIR-like) event has not been established. It is
possible that a reciprocal ectopic recombination event among
different telomeres occurs in G2, so that one daughter cell
receives two copies of the marked sequence, but its sister cell
would have none.

BIR and Its Relationship to Other Homologous Recombination
Events
BIR begins when one end of a DSB invades a template and sets
up a replication fork. It now seems that the initial events of BIR
in S. cerevisiae may not be different from what occurs during gene
conversion. Holmes and Haber (38) analyzed gene conversion of
the MAT locus after an HO-induced DSB and showed that it
required the same DNA polymerases and many of the same
accessory factors that are required for normal DNA replication,
including DNA polymerase a and for its associated primase.
Assuming that the first newly synthesized strand in DNA repair
would be initiated by the 39 end of an invading DNA strand in
a D-loop created by strand invasion, and not by an RNA primer,
the need for Pola and primase would appear to reflect a role for
lagging-strand DNA synthesis. Hence, gene conversion, like
BIR, may involve both leading and lagging-strand synthesis,
initiated at one end of the DSB, as shown in Fig. 1. In gene
conversion, the repair replication fork may be captured by the
second end of the DSB, thus terminating the repair event as a
patch of new DNA synthesis rather than BIR continuing to the
end of the chromosome. One fundamentally important (and
unanswered) question is why BIR does not result more often
when the two ends of a DSB are both homologous to the
template. That is, why, having established a replication fork, does
it not just proceed without engaging the second end?

Most likely the repair replication fork differs in significant
ways from the origin-initiated replication fork. One difference
may be that BIR does not use the putative helicase composed of
six Mcm proteins, as does origin-initiated DNA replication (39,
40). Several studies of gene conversion suggest that the replica-
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tion process during DSB repair is much less processive, much
more prone to dissociation than normal replication, and prob-
ably less efficient. For example, Pâques et al. (41) showed that the
efficiency of gap repair decreased 4-fold as the length of DNA
that had to be gap-repaired was increased from a few base pairs
to 10 kb. This study also demonstrated that there was a high level
of dissociation of DNA polymerase (or at least its newly syn-
thesized product) from its template during gene conversion. A
DSB could be repaired even though it was necessary to copy
sequences from two different chromosomal templates. For this
event to occur, there must have been two dissociations of newly
synthesized DNA from the two templates, to be annealed at the
site of the DSB. The idea that DNA replication is likely to
dissociate from its template will be discussed more below.

One key question about new DNA synthesis during DSB repair
is whether the outcomes produced semiconservatively replicated
donor and recipient molecules, as would be predicted by the DSB
repair model of Szostak and colleagues (17) or whether the
dissociated strands were both inherited into the recipient, re-
paired molecule, as is predicted by some synthesis-dependent
strand invasion models [reviewed by Pâques and Haber (42)].
Genetic support for conservative inheritance of the newly syn-
thesized DNA has been obtained from studies of gene conver-
sion in which repair of the DSB involves the copying across an
array of repeated sequences. In several studies in S. cerevisiae,
using substrates carrying repeats of 375 bp or minisatellites of 36
bp or microsatellites of CTG sequences, it was found that there
were frequent expansions and contractions in repeat number,
and nearly all of these rearrangements were found in the
recipient (41, 43–45).

Very strong physical evidence in favor of this kind of mech-
anism has been supplied by the elegant experiments of Arcan-
gioli (46), studying mating-type gene switching in Schizosaccha-
romyces pombe. In fact, mat1 gene switching in S. pombe provides
the only well-documented example in which a ‘‘programmed’’
single-strand nick or interruption in DNA produces a DSB, by
the passage of a replication fork during S phase (46, 47). The
newly generated DSB then appears to carry out gene conversion
by a recombination process with a silent donor locus (mat2 or
mat3). Arcangioli used heavy isotopes to label the newly syn-
thesized DNA appearing at the mat1 locus and found that both
newly synthesized DNA strands at the recipient locus. This is the
first such demonstration in any gene conversion system in
eukaryotes. It should now be possible to use this approach to
learn whether BIR will also result in a conservative synthesis
pattern, with both newly synthesized DNA strands annealed
together.

Gene Targeting May also Involve BIR-Like Events
Another way to study the nature of DNA synthesis during repair
is to study gene targeting of linearized DNA fragments. In
contrast to gap repair, where the two ends of the DSB are
oriented inward (ends-in), in gene targeting the two ends are
oriented outward (ends-out). Conventionally, the integration of
a fragment, to replace the original chromosomal sequences with
sequences on the fragment, is represented as a pair of simple
crossings-over at either end of the fragment (48, 49); certainly
this seems to be the simplest way to explain the formation of very
large (ca. 100 kb) deletions that can be created by transforming
a linear fragment containing a selectable marker flanked by
sequences that are homologous to two very distant sites on a
chromosome arm (48). But several recent experiments in S.
cerevisiae suggest that this kind of outcome is, at best, one of
several alternative ways the ends may be processed (21, 50, 51).
Many events may begin with two independent strand invasions,
each setting up an outwardly moving replication fork (21).

In S. cerevisiae, gene targeting is an efficient process in which
nearly all linearized DNA, with at least several hundred base

pairs of homology on either side of a selectable marker, almost
always integrates at the homologous chromosomal locus. Non-
homologous integration events can be studied in budding yeast
if the transforming DNA is not homologous to the genome or if
there is very limited homology (52, 53). Many of these integra-
tions appear to occur at topoisomerase I sites (54). Capture of
nonhomologous DNA also occurs efficiently at HO-generated
DSB sites (55–58).

In mammalian cells, accurate gene targeting is less efficient,
and linearized DNA frequently integrates at sites with which the
fragment shares no homology. Moreover, when integration
occurs at the desired locus, a significant fraction of the events
appear to have integrated homologously whereas the opposite
end has integrated nonhomologously (59–64).

There is also an unexpected class of transformants in which the
transforming DNA must have initially encountered the homol-
ogous target and initiated recombination, but eventually the
fragment, with its newly appended DNA sequences copied from
the donor locus, integrated at a distant location. Scheerer and
Adair (65) used a truncated portion of the APRT gene to correct
an aprt mutation. A significant fraction of Aprt1 transformants
arose after the transforming fragment was extended by replicat-
ing the remaining part of the mutant aprt gene to produce a
wild-type APRT fragment, which then integrated at a nonho-
mologous site. This appears to be the result of a one-ended
BIR-like event in which the newly synthesized DNA must
dissociate from its template.

BIR Events Coupled to Nonhomologous Recombination in
Higher Eukaryotic Cells
Recently Richardson and Jasin (66) reported an example of an
apparently one-ended homologous recombination event during
the repair of an I-SceI-induced DSB on a chromosome. The
system was designed such that there were truncated but over-
lapping segments of a gene, one of which contained an I-SceI
cleavage site in the region of shared homology. Recombinants
containing an intact gene were recovered; but, surprisingly,
almost all of them had not resulted from a simple crossover event
that would create an intact gene. Instead, recombination appears
to have been initiated by one end of the DSB, after which newly
synthesized DNA copied from the template was reinserted into
the original broken chromosome by nonhomologous end-joining
(NHEJ). This event resembles those obtained by transformation
by Scheerer and Adair (65), discussed above.

An apparently similar process has been reported in tobacco
plant cells by Puchta (67) studying I-SceI-induced recombination
between two nonfunctional gene segments in ectopic locations.
Here, too, the majority of events were those where homologous
sequences were apparently added only from one of the two ends
of the DSB, so that the second junction was apparently created
by NHEJ.

It should be noted that the genetic requirements for the
end-joining of broken chromosome ends may not be the same as
for the nontargeted integration of transfected DNA. Liang et al.
(68) have shown that NHEJ repair of an I-SceI-directed DSB is
the same as for VDJ recombination; that is, there is a great
reduction in the recovery of end-joinings in the absence of the
Ku80p. However, there was little effect of the Ku80 mutation on
the recovery of random Neo-containing DNA transformed into
cells. Whether the nonhomologous events that appear to termi-
nate BIR events in the cases discussed above would be Ku80p
dependent is not known.

BIR Events During Transformation in Budding Yeast
In this paper we report experiments in budding yeast designed to
explore homology-driven events that require a nonhomologous
recombination event for their completion. We find that many of
these events occur by a BIR-like mechanism in which there is
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extensive DNA synthesis but in which the newly synthesized
DNA is dissociated from the template. These ‘‘hit-and-run’’
events strongly resemble events described in higher eukaryotes
and provide an opportunity to study their mechanism in a simple
eukaryote.

Materials and Methods
Strains and Plasmids. Strain WYL395 (MATa his3–11,14,
ura3::HIS3 ade1 (ADE1)::leu2) contains a 1.7-kb insertion of ADE1
that replaces the XhoI-Asp718 segment, including the upstream
region and 59 end of the LEU2 gene. Plasmid pWYL137 is a
derivative of pBR322-based plasmid YCp50 containing URA3 and
CEN4, into which the XhoI-SalI LEU2 fragment was inserted at the
SalI site, such that the 39 end of LEU2 was oriented toward the
EcoRI site of pBR322. Subsequently, EcoRI-digested DNA was
re-ligated to remove the 39 end of LEU2. Plasmid pRS315 is an
LEU2-containing centromeric plasmid (69). Strain YEK105 (hoD
hmlD::ADE1 mataD hmrD::ADE1 ade1 lys5 trp1::hisG
ura3D::LEU2) is a derivative of YFP17 (41) deleted for the URA3
gene from nucleotides 115,911 to 116,812 on chromosome V.
Transformation was carried out by using short homologous seg-
ments of ADE2 appended by PCR amplification to a URA3 gene
corresponding to the nucleotides 115,918 to 116,810 so that there is
no homology with the original URA3 locus.

Transformation Conditions. Transformation of plasmids and PCR
fragments was carried out according to the procedure of Gietz
et al. (70). PCR amplification of LEU2 and of the ade2D::URA3
targeting fragment was carried out according to the manufac-
turers’ instructions. Primer sequences are available on request.
The construction of short regions of ADE2 homology next to
URA3 was carried out as described by Wach et al. (52). Cells were
grown at 30°C.

DNA Analysis. Southern blots of restriction endonuclease-digested
DNA and of separated chromosomes was carried out as de-
scribed (19). Chromosome-separating gel electrophoresis was
performed with a Bio-Rad CHEF-DRII system, according to the
manufacturer’s instructions.

Results
Template-Extended Nonhomologous Recombination. Strain
WYL395 lacks the 59 end of the LEU2 gene, replaced by an
ADE1 gene, hereafter designated as (ADE1)EU2 (Fig. 2A). This
strain was transformed with an EcoRI-digested linearized frag-
ment of centromeric, replicating plasmid pWL37, containing a
deletion of the 39 end of the coding region of LEU2 truncated
at the EcoRI site (hereafter designated LEU). The plasmid and
chromosomal segments of leu2 share 390 bp of homology. In
order for the cells to become Leu21, an intact LEU2 gene must
be created by a recombination event between the plasmid and
chromosomal leu2 sequences. A simple crossover between a
recircularized plasmid and the (ADE1)EU2 locus on the chro-
mosome could produce an LEU2 gene, but this is unlikely,
because plasmid integration would introduce a second centro-
mere into chromosome III—a lethal event.

Compared with transformation with uncut plasmid, transfor-
mation with EcoRI-cleaved pWL37 gave rise to Ura31 trans-
formants '20% of the time, consistent with other studies
showing efficient ligation of linearized plasmids with cohesive
ends. We examined five Leu22 plasmids and confirmed in each
case that they had restored the EcoRI site. Among these Ura31

plasmids, Leu21 transformants were found at a frequency of
2.1 6 0.4 3 1094. Leu21 Ura31 plasmids were recovered at a
similar frequency (3.3 3 1024) when pWL37 was cleaved with
both EcoRI and AatII (Fig. 1), so that the DNA ends were not
perfectly matched. The small increase may reflect the fact that
the ends of the plasmid cannot be efficiently re-ligated, providing

more opportunity for recombination to be initiated with a
chromosomal site.

We identified three classes of Leu21 Ura31 transformants.
The great majority (53y61, or 87%) contained an autonomously
replicating plasmid carrying both URA3 and LEU2 (Class I).
These cells could readily lose the URA3 marker and hence
become 5-fluoroorotic acid (5-FOA)-resistant (71); when they
lost URA3, they simultaneously became Leu22, while remaining
Ade11. Class II cells (6y61 events) were, like Class I, Ade11 but
were 5-FOA sensitive. Subsequent analysis showed that 5-FOA-
sensitive (Ura31) cells could nevertheless lose both the LEU2
and pBR322 sequences (data not shown). Consequently, these
transformants may have resulted from two events, one of which
was the formation of an LEU2-containing plasmid, as in Class I,
but where there was also a gene conversion of the chromosomal
ura3–52 locus to URA3. There were also two Class III cells that
were Leu21 Ura31 but Ade12. These transformants apparently
created an LEU2 gene by integrating a centromere-less part of
pWYL137 at the LEU2 locus, with loss of at least part of the
ADE1 gene. These two events were not characterized further.

Fig. 2. BIR-dependent formation of LEU2 recombinants. (A) EcoRI-digested
plasmid pWYL37 has homology only at one end to sites in the yeast genome.
(B) The ‘‘LEU’’ segment at one end of the DSB may initiate new DNA synthesis,
but the completion of the event requires that the newly synthesized DNA is
displaced from the template and must rejoin to the other end of the DSB by
a nonhomologous end-joining event. (C) A ,1-kb ‘‘LEU’’ DNA fragment was
transformed into the same strain shown in A. This fragment has no ARS
sequence and cannot replicate autonomously. (D) Hit-and-run transformants
containing a circular derivative of chromosome III sequences were recovered.
A putative origin of replication, designated ARS-x, is apparently responsible
for the ability of these all-yeast circles to replicate.
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Homologous Recombination-Associated Nonhomologous Recombina-
tion. Eighteen independent Leu21 Ura31 Ade11 transformants
of Class I were first analyzed by Southern blots of DNA digested
with several restriction enzymes and probed either with the 59
end of LEU2 that is absent from the chromosomal copy or with
pBR322 sequences, or with other LEU2 segments. The original
parent plasmid pWL37 contains a single Asp-718 restriction site,
located 390 bp 59 of the EcoRI site (Fig. 2 A). Each of the LEU2
transformants carried a plasmid that yielded an Asp-718 restric-
tion fragment larger than the original linearized fragment in
plasmid pWL37. This result is expected if the plasmid now
contains a complete LEU2 ORF, which extends 454 bp beyond
the EcoRI site. Cleavage with SalI and BamHI was used to
determine roughly how much DNA 39 of the EcoRI site each of
these LEU2 plasmids had acquired. Approximately 94% (17y18)
of the LEU2 genes extended more than 477 bp beyond the end
of the LEU2 ORF, and included the SalI site (Fig. 2). Ten of 18
plasmids (56%) extended as far as a BamHI site, 3260 bp distal
to the end of the LEU2 gene.

To examine the extent of new DNA synthesis beyond the end
of the LEU2 gene and to determine how these sequences had
been joined to the pBR322 sequences on the plasmid, we
transformed 7 plasmids into E. coli, selecting for ampicillin
resistance, and then sequenced the junction between pBR322
and chromosome III sequences. In each case, we could identify
a precise junction between the LEU2-adjacent sequences and
pBR322. The exact junctions are described in Table 1. There are
a number of different junctions, although one particular junction
was recovered in four of the seven independent isolates. We did
not find any special features surrounding this junction. Between
15 and 46 bp of pBR322 had been lost. Each junction contained
1 to 3 bp of homology shared between the end of the pBR322
sequence and the extended LEU2 sequence. In some cases there
are several additional possible base pairs that could form
between the two ends, separated from the junction by one or two
mismatched bases. These junctions are very similar to nonho-
mologous end-joinings seen in the repair of chromosomal DSBs
induced by the HO endonuclease or by dicentric chromosome
breakage (72) and to those arising during end-joining in mam-
malian cells (63).

Taken together, these results argue that the LEU2 gene
present on the plasmid was created by a homologous strand
invasion event that initiated new DNA synthesis, followed by the

dissociation of the newly synthesized DNA and its subsequent
ligation, by NHEJ, to the opposite, resected end of the trans-
formed plasmid. We refer to these events as ‘‘hit-and-run’’
transformations.

Interestingly, in no case did the extension of sequences extend
more than about 5 kb from the EcoRI site where strand invasion
and the initiation of replication occurred, even though LEU2 is
located more than 20 kb from the centromere so that additional
sequences theoretically could have been replicated before end-
joining occurred. It is unlikely that this constraint reflects any
significant limitation on plasmid size in yeast, because we have
created, by transformation and gap-repair, plasmids of more
than 40 kb (73).

Hit-and-Run Transformation with Linearized DNA Lacking Replication
Origin Sequences. In the system described above, the great ma-
jority of hit-and-run transformations created a circular, auton-
omously replicating plasmid. In that system, the 59 end of the
truncated LEU2 gene (‘‘LEU’’) shared no homology with the
chromosome and was protected from any degradation by more
than 4 kb of plasmid sequences. To determine whether we could
recover Leu21 transformants with small LEU fragments, where
one end was close to the 59 promoter region, we transformed a
PCR-amplified fragment 898 bp long, where the 59 end was 272
bp upstream of the LEU2 ORF (Fig. 2C). The frequency of
obtaining Leu21 transformants was '6%, as efficient as trans-
formation of an equivalent molar amount of intact circular
pRS315 plasmid DNA.

Among more than 500 Leu21 transformants, none became
Ade12. Thus, none of the transformants appeared to have
arisen by a process in which the 39 end of the fragment
recombined homologously whereas the 59 end, which has no
homology to the chromosome, integrated by a nonhomologous
insertion. The nature of the event creating Leu21 Ade11

transformants was examined first by using chromosome-
separating gels to determine into which chromosome the LEU2
gene had integrated. Surprisingly, in 12 of 12 cases, the
LEU2-hybridizing DNA did not comigrate with any of yeast’s
16 chromosomes (data not shown). This result suggested that
the LEU2 gene was present in an autonomously replicating
episome. This conclusion was supported by the fact that, in
each case, nonselective growth of the Leu21 colonies on
YEPD plates, followed by subcloning, resulted in the appear-
ance of Leu22 colonies, at frequencies ranging from 15 to 32%
(data not shown). Thus, the LEU2 gene was present in a
moderately stable, replicating unit.

The sizes of these autonomously replicating elements was
determined by using BamHI and SalI restriction endonucleases
that cut rarely in the chromosomal region containing LEU2. The
sizes of the unstable DNA ranged from 8.5 kb to ,15 kb (data
not shown). Surprisingly, at least five of nine independent LEU2
circles that were analyzed did not extend to the first known ARS
sequence (ARS307) that lies 16.15 kb centromere-proximal to
the end of LEU2 at location 108,578 bp from the left telomere
of chromosome III. This result suggests that, at least in our strain,
there is a novel ARS (ARS-x) sequence located within 9 kb of the
39 end of LEU2. The precise position of this putative ARS-x has
not been determined.

To show that transformation could create autonomously rep-
licating circles containing a known ARS, we also did a gene-
targeting experiment using ADE2 sequences, where an ARS lies
only a few base pairs upstream of the translation start site (within
positions 566190 to 566789 on chromosome XV; refs. 74 and 75).
In this experiment, we attached 50 bp of ADE2 sequences
(positions 564740–564790 and 565740–565790) to either side of
a URA3 gene by PCR techniques (52) in a strain completely
deleted for the endogenous URA3 locus. With so little homology,
only 48.6% (100y204) were Ade2 Ura1, expected for accurate

Table 1. DNA sequence analysis of junctions formed between
pBR322 and the end of BIR-extended DNA adjacent to LEU2

Clone Sequence Nucleotide at junction

G423 pBR322 ACATTAACCTAT 4313 (246)
G466 Junction ACATTATCCGGT

G574 Chromosome III TTACTATCCGGT 92912 (11328)

G578 pBR322 GAGGCCCTTTCG 4347 (212)
Junction GAGGCCAAGTCT

Chromosome III AAAGACAAGTCT 95241 (13657)

G575 pBR322 AGGCCCTTTCGT 4348 (211)
Junction AGGCCAAGTCTC

Chromosome III AAGACAAGTCTC 95571 (13987)

G576 pBR322 CACGAGGCCCTT 4344 (215)
Junction CACGAGTAGCAT

Chromosome III TAGGAGTAGCAT 96632 (15048)

Nonhomologous junctions formed by replication-extension of the ‘‘LEU’’
segment of LEU2 and pBR322, illustrated in Fig. 2B. Initially, the ends of
EcoRI-linearized pWL37 corresponded to position 4359 in the pBR322 se-
quence and the EcoRI site of the cloned ‘‘LEU’’ region, corresponding to
nucleotide 91584 in the chromosome III sequence (78). The number of nucle-
otides lost (indicated by a minus sign) or gained (plus sign) from the two EcoRI
ends is also shown.
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replacements of the ADE2 locus by gene targeting. Of the
remaining 51.4% (Ade1 Ura1) colonies, 91y104 were nonho-
mologous integrations of URA3 at some other chromosome
location, as described (53, 76). These strains were sensitive to
5-FOA and displayed a single new URA3-homologous band on
a Southern blot. However, '13y104 (6.3%) of the Ade1 Ura1

colonies proved to be 5-FOA-resistant because they harbored an
autonomously replicating plasmid and could easily give rise to
Ura2 (5-FOAR) cells. Examples are shown in Fig. 3E, where it
can be seen that these colonies have a much greater intensity of
hybridization to the URA3 gene than is seen with the nontar-
geted integrants.

PCR amplification and DNA sequencing of sequences ad-
jacent to URA3 in two of the autonomously replicating epi-
somes confirmed that they had acquired ADE2-adjacent DNA
sequences at both ends of the plasmid, including the adjacent
ARS, which is more than 1000 bp from the end of the targeting
oligonucleotide (data not shown). These results show that both
ends of the linearized fragment, with only 50 bp of homology
at each end, had engaged in BIR, which then culminated in the
formation of an unstable circular molecule containing the
ADE2-adjacent ARS (Fig. 3D). The restriction enzyme BamHI
does not cleave within 5 kb upstream of ADE2 or 2.2 kb
downstream and does not cleave any of the five replicating
ADE2 circles shown in Fig. 3E. Note that the sizes of the
BamHI digests of these independently isolated transformants
are different in every case. This result suggests that the amount
of newly synthesized DNA in the circular molecules was
different in each case. These events are similar to those
described by Morrow et al. (21), except that, in these cases,
recombination-dependent replication did not extend to the
chromosome end but rather resulted in circular, autonomously
replicating molecules.

Discussion
In this paper, we present a model system for studying one-
ended homologous recombination processes that must termi-
nate by a nonhomologous recombination event. This system
produced results analogous to the recombination events stud-
ied by Richardson and Jasin (66) in mammalian cells and
Puchta (67) in tobacco, where recombination between two
truncated and overlapping gene segments produces an intact
gene, but without any crossing-over. For this outcome to occur,
the newly synthesized DNA must be displaced from its tem-
plate so that it can then participate in an illegitimate recom-
bination event. This dissociation of DNA during BIR appears
to be one of the distinctive differences between repair DNA
synthesis and normal DNA replication.

One surprising result from our work was the frequent recovery
of autonomously replicating transformants obtained when the
transforming fragment did not contain an ARS sequence. We
have shown that, with as little as 50 bp of homologous sequence
at the end of a selectable marker that shares no homology to the
genome, BIR events can occur to acquire an ARS sequence more
than 1 kb away. In at least some cases, both short ends of the
targeting vector engaged in hit-and-run behavior, culminating in
the production of a circular, replicating product.

BIR can occur when only one end of a DSB shares homology
with a template. This situation arises at degraded telomeres
and may also arise at stalled replication forks. At least in S.
cerevisiae, there seem to be two or more RAD52-dependent
processes that can carry out this type of repair (23). BIR could
also occur if, for some reason, one end of a DSB is more
efficient in initiating strand invasion. This possibility may
explain the apparent one-ended recombination events that
were seen in the kinetic analysis of recombination intermedi-
ates initiated by HO cleavage of a plasmid containing inverted

Fig. 3. (A) Gene targeting at the ADE2 locus using an URA3 gene carrying only 50 bp of ADE2 sequences on either end. (B) An ARS sequence lies just upstream
of the ADE2 gene, which is transcribed right to left. Three types of transformants were recovered. About half had replaced ADE2 with URA3 sequences. (C)
Another group had inserted the URA3 nonhomologously at different sites in the genome. (D) A third group had formed unstable, apparently circular
autonomously replicating sequences in which the ADE2-adjacent ARS had been copied onto the DNA of the transforming fragment, presumably by a BIR-like
event. (E) Examples of BamHI-digested DNA from 5-FOA-resistant (5-FOAR) colonies harboring an unstable replicating URA3 gene (lanes 1 to 5), which is present
in high copy number when probed with URA3 sequences. There is no BamHI site within 5000 bp upstream and 2200 bp downstream of the ADE2 gene.
Supercoiled, nicked circular and linearized forms are evident. In lanes 6–10 are 5-FOA-sensitive colonies where the URA3 gene had integrated at unknown
locations, present at single copy.
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homologous DNA segments (77). Both ends of the DSB shared
homology with the template, but one of the two ends produced
what appeared to be a crossover product an hour earlier than
the second crossover was detected. We think this intermediate
was likely to have arisen by BIR.

In gene targeting, BIR can apparently occur from both ends
of a transforming fragment and can in fact create an entire new
chromosome, beginning with a fragment of a few kilobases (21).
Here, we show that gene targeting can also abort, yielding a
quasi-stable, autonomously replicating circular product depen-
dent both on BIR and on NHEJ. The frequency with which such
an event occurs most likely depends on the proximity of the

targeting sequences to an ARS sequence that will support DNA
replication in subsequent generations. It will be interesting to
see whether we can force a linearized fragment to integrate
more often by homologous recombination at one end and
nonhomolo-gous insertion at the other if we chose a chromo-
somal target that is distant from any sequence that will
function as an ARS.

Maureen Barlow provided excellent technical assistance. Titia de Lange
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Institutes of Health Grant GM20056 and by Department of Energy
Grant 99ER62729.
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