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ABSTRACT Homologous recombination in gene target-
ing in most organisms occurs by an inefficient mechanism.
Inducing a double-strand break in the chromosomal target
may increase this efficiency by allowing recombination to
proceed by the highly efficient single-strand annealing mech-
anism. A gene targeting experiment was modeled in Xenopus
oocytes by using a circular plasmid to mimic the chromosomal
target site and a homologous linear molecule (pick-up frag-
ment or PUF) as an analogue of the vector DNA. When those
two molecules were simply injected together, no recombina-
tion was observed. In contrast, when the circular plasmid was
cleaved in vivo by injection of the site-specific endonuclease,
I-Sce I, relatively efficient intermolecular recombination oc-
curred, involving up to 17% of the cleaved molecules. Recom-
bination was dependent on the stability of the PUF; product
yield was increased by using longer fragments and by injecting
larger amounts of linear DNA, both of which increased the
lifetime of the PUF in the oocytes. These results demonstrate
that in vivo double-strand breaks can induce homologous
recombination of reluctant substrates and may be useful in
augmenting the efficiency of gene targeting.

Gene targeting is the process in which an exogenous DNA
undergoes homologous recombination with its corresponding
chromosomal site. Partial gene duplications, gene replace-
ments, and gene knockouts have been created with this
technology, which has the advantage that the modified gene
resides at its normal chromosomal locus (1-3). In higher
organisms, and in mammalian cells in particular, only very low
frequencies of homologous targeting events have been
achieved, usually in the range of 10-6 per cell. In addition,
homologous targeting occurs against a background of nonho-
mologous events that are 100- to 1000-fold more common (1,
4). Ingenious procedures have been devised to select or screen
for the rare successful targeting products (3-5), but the low
absolute frequency of favorable events remains a serious
limitation.

Available evidence suggests that (inefficient) homologous
targeting in mammalian cells proceeds by a conservative
recombination mechanism (6). The search for homology does
not appear to be limiting in these reactions (7, 8); therefore, the
reasons underlying their inefficiency must lie elsewhere. In
these same cells, extrachromosomal homologous recombina-
tion is accomplished by a more efficient, nonconservative
single-strand annealing (SSA) mechanism (9, 10). Briefly, this
mechanism requires a strand-specific exonuclease to expose
complementary strands of homologous sequences, which then
anneal and are repaired to form covalently closed products.

It has occurred to us (11) and to others (12) that the
efficiency of gene targeting could be improved if it could be
induced to utilize the SSA mechanism. Because the production
of complementary strands is mediated by exonuclease, all

participants in SSA recombination must have ends. The ex-
ogenous vector DNA in a targeting experiment typically fulfills
this criterion, but the chromosomal target does not. If a
double-strand break (DSB) could be introduced specifically at
the desired site, this could potentially activate it for SSA. A
DSB generated by a site-specific endonuclease in vivo was
shown to stimulate nonconservative recombination (presum-
ably via SSA) for chromosomal and extrachromosomal in-
tramolecular events in yeast (13-16) and for extrachromo-
somal events in plant cells (17) and mammalian cells (18).
However, the details and parameters of these reactions have
not been analyzed.
Xenopus oocytes support efficient homologous recombina-

tion of injected DNA substrates, and a large body of direct
evidence indicates that SSA (also referred to as resection
annealing) is the responsible mechanism (11, 19, 20). In this
study we have extended the observation of endonuclease-
induced, intramolecular recombination to theXenopus system.
In addition, we have shown that a model targeting experiment
works with very good efficiency. We have shown that cleavage
of an inert, stable circular DNA in vivo activates it for
recombination with a homologous linear partner.

MATERIALS AND METHODS
DNA Substrates. pSce2 (5636 bp) was constructed by clon-

ing complementary oligonucleotides (5'-TCGAGACGC-
TAGGGATAACAGGGTAATACG-3', 5'-TCGACGTATT-
ACCCTGTTATCCCTAGCGTC-3') containing the I-Sce I
target sequence (16) into the Xho I site of pRW4, which is
essentially pBR322 with a direct 1.25-kb duplication of the
tetracycline-resistance gene (21). One Xho I site was recon-
structed in the process. pScel (4412 bp) was constructed by
removing one copy of the tetracycline-resistance duplication of
pSce2 (by cleavage with Xho I and Cla I), filling in the ends
with Klenow polymerase, and ligating at low DNA concen-
tration.
The pick-up fragments (PUFs) were generated by digestion

of the plasmids, pN5, pG20, and pN3, each of which contains
a Xenopus laevis genomic DNA fragment inserted at the
HindIII site of pBR322 (22, 23). The insert sizes are as follows:
pN5, 0.73 kb; pG20, 1.25 kb; pN3, 4.88 kb. After the appro-
priate restriction enzyme digestions, the PUFs were sometimes
purified by 1% agarose gel electrophoresis and recovered with
Geneclean (Bio 101). In other experiments, the PUFs were not
purified from their vector fragment. pHSS6 was included in all
injections as a recovery control (24). All DNAs were extracted
with phenol/chloroform/isoamyl alcohol, 25:24:1 (vol/vol),
and then ether, followed by ethanol precipitation and resus-
pension in TE (10 mM Tris-HCl, pH 8.0/1 mM EDTA).

Oocyte Injections. Injections of materials into the nuclei of
stage VI Xenopus oocytes were conducted by procedures
described in detail elsewhere (21). In some cases, blue dextran

Abbreviations: DSB, double-strand break; SSA, single-strand anneal-
ing; PUF, pick-up fragment.
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(10 mg/ml; Sigma) was coinjected to monitor the success of
nuclear injection. In a typical experiment, 1 ng of pSce2 and 1
ng of pHSS6, or 0.5 ng of pScel and 1.5 ng of pHSS6, were
coinjected into 10-30 oocytes in a 10-nl volume and the
oocytes were incubated for at least 3 hr at 18°C. These amounts
were chosen to maximize eventual endonuclease cleavage in
vivo, while ensuring proper chromatin assembly (25). I-Sce I
(10 units/gl; Boehringer Mannheim) was diluted 1:1 with a 1 x
buffer supplied by the manufacturer. MgCl2 was added to 2.5
mM, and 50 milliunits were injected in a volume of 10-50 nl,
depending on whether PUF was coinjected. For the experi-
ment shown in Fig. 2, the molar ratio of PUF:target was 2:1,
corresponding to 0.55, 0.70, and 1.56 ng per oocyte for PUF1;
PUF2, and PUF3, respectively. For the experiment shown in
Fig. 3, the molar ratio of PUF:target was 14:1, corresponding
to 8, 9, and 14.8 ng per oocyte for PUFl, PUF2, and PUF3,
respectively. Five nanograms of double-stranded M13mpl9
replicative form DNA, cleaved by Cla I (fragment sizes, 4.4 kb
and 2.9 kb), was coinjected in the latter experiments (see text).

After injection, oocytes were incubated at room tempera-
ture overnight (at least 20 hr) or for the time indicated. Nuclei
were removed and the DNA was prepared as described (21).
All extracted DNAs were digested with analytical restriction
enzymes, separated by 1.2% agarose gel electrophoresis in
TBE buffer (89mM Tris HCl/89mM boric acid/2mM EDTA,
pH 8), immobilized on Zeta-Probe nylon membranes (Bio-
Rad) by overnight capillary transfer in 0.4 M NaOH, and
hybridized by the method of Church (26) with random-primed
32P-labeled pBR322 (27). This probe hybridizes to the recom-
bination substrates, pHSS6, the PUFs, and their vector frag-
ments (when present) but not with M13mpl9. For the exper-
iment shown in Fig. 3, the probe was constructed from only the
large fragment of a Pst I and Sal I digest of pBR322, which
hybridizes with all of the above molecules except the unre-
combined PUFs. Quantitation for Fig. 3 was aided by the use
of a probe constructed from the small fragment of a Pst I digest

A

PstI

PstI-

PstI

of pHSS6, which hybridizes with pHSS6 only (data not shown).
Autoradiography employed Kodak X-AR film, and quantita-
tion was performed on a Molecular Dynamics PhosphorIm-
ager. Nominally identical uninjected samples were found to
vary upon quantitation by ±+25%. We expect a similar degree
of accuracy for other samples.

RESULTS
Intramolecular Recombination. Injected circular DNA mol-

ecules are stable in Xenopus oocyte nuclei, but simple linear
molecules are degraded (21, 28-30). Linear molecules con-
taining appropriately placed homologous sequences become
substrates for efficient recombination by a nonconservative
SSA mechanism (11, 20, 21, 29). Circular DNAs with homol-
ogous repeats, however, are inert in recombination (29, 30).
We understand this in terms of the inaccessibility of circular
molecules to the 5' -* 3' exonuclease that mediates SSA
recombination (11, 21).
To test whether delivery of a DSB to a circular DNA in vivo

would activate it for recombination, we designed a substrate
molecule, pSce2, with a cleavage site for the site-specific
endonuclease, I-Sce I, between two direct 1.25-kb repeats (see
Fig. 1A). I-Sce I was chosen because it has been previously
demonstrated to cleave chromatin in vivo (16). In addition, its
18-bp recognition sequence is not expected to occur in the
Xenopus genome (31).

pSce2 was injected into oocyte nuclei and incubated for 3 hr
to allow chromatin formation (25, 32). I-Sce I was then injected
into the nuclei of these same oocytes, and incubation was
continued for various times before the nuclei were removed
and the DNA was extracted. DNA recoveries were normalized
to that of coinjected circular pHSS6, indicated as fragment R
in Fig. lB.
As shown in Fig. IB, in vivo cleavage resulted in the formation

of recombination products. Cleavage by I-Sce I was evidenced in
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FIG. 1. I-Sce I-induced, intramolecular recombination. (A) Diagram of the pSce2 substrates and recombination intermediates and products
generated by the SSA mechanism. Dashed lines are drawn from each of these species to fragments they yield upon analytical digestion with Pst
I; the fragments are shown next to their positions in the autoradiogram in B. The dark lines on pSce2 represent the directly oriented 1.25-kb repeats.
Half arrowheads indicate the 3' end of each strand. Cleavage by I-Sce I (scissors) between the two repeats produces molecular ends (1), which
are degraded by an endogenous 5' -* 3' exonuclease to expose complementary strands. The strands anneal (2) and are repaired and ligated to
form recombined product (3). Intermolecular events are also possible with this substrate. (B) Autoradiogram of a typical time course experiment.
Labels at the right indicate the position of molecules that are uncleaved by I-Sce I (U), recombination products (P), molecules cleaved by I-Sce
I but not recombined (C), and the recovery control plasmid (R). Quantitation of the percent of pSce2 cleaved by I-Sce I (% Cleavage) and percent
of pSce2 converted to product (% Product) appear below the figure. The original amount of pSce2 was determined from uninjected samples (not
shown), and all values were normalized by comparison to the recovery control plasmid. Lanes: 1, pSce2 cleaved by I-Sce I prior to injection; 2,
pSce2 injected in the absence of I-Sce I; 3-5, pSce2 cleaved by I-Sce I in vivo. pSce2 was injected 3 hr prior to I-Sce I, after which incubation continued
for the times indicated.
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this analysis by the appearance of two linear fragments, labeled
C in Fig. 1B (lanes 3 and 4). Cleavage reached a maximum level
of about 60% of the substrate DNA several hours after enzyme
injection. Products of homologous recombination, as evidenced
by the unique band labeled P, are very faintly visible within 1 hr
and level off at 12-13% of total injected pSce2 by about 6 hr after
I-Sce I injection (Fig. 1B, lanes 3-5). Substrate molecules that
were cleaved but did not recombine were degraded during
prolonged incubation (lane 5).
Two control samples confirm previous observations. First,

when pSce2 was cleaved prior to injection, essentially only
recombination products were recovered (Fig. 1B, lane 1).
Second, virtually no recombination products were observed
when I-Sce I was not injected (lane 2). The faint (<1%)
"product" band visible in lane 2 was present in uninjected
samples and is believed to have arisen from recombination in
bacteria during plasmid preparation. This trace amount of
recombination is routinely seen with this substrate and is
always much less than that obtained when a DSB is present.
The yield of products following in vivo cleavage was 22% of the
cleaved molecules (lane 5), which is quite comparable to the
18% yield obtained with the precleaved sample (lane 1).
Intermolecular Recombination. We next investigated an

intermolecular recombination event that is conceptually anal-
ogous to a typical gene targeting experiment. The model for
the chromosomal target was a circular plasmid DNA, pScel,
which is essentially pBR322 with a recognition sequence for
I-Sce I inserted at the Cla I site. This plasmid carries no
repeated sequences, so it is incapable of recombination with
itself following I-Sce I cleavage. Three model vector DNAs
were used, which were linear fragments from pBR322 clones
with inserts of different sizes at the HindIII site (which is only
6 bp away from the Cla I site) (Fig. 2A). We call these PUFs
because they can potentially recombine with and thereby
rescue pScel after it is cut by I-Sce I. Each PUF has 0.66-0.78
kb of perfect homology with pScel on each side of the
insertion/cleavage site (Fig. 2A); this should be sufficient to
support efficient SSA recombination in oocytes (ref. 29; R. J.

Dawson and D.C., unpublished data). The expected products
are analogous to those hoped for in a targeting experiment: the
inserts from the linear PUFs are incorporated at the homol-
ogous site of pScel (Fig. 2A).
As before, pScel was injected into oocyte nuclei and allowed

3 hr to assemble into chromatin prior to injection of a PUF
and/or I-Sce I. In the absence of a PUF, I-Sce I cleaved about
half of the circular molecules in vivo, but the cleaved DNA was
simply degraded (Fig. 2B, lane 1). When PUF3 was injected but
no enzyme was provided, the circular pScel was stable, the
PUF was degraded, and no recombination products were
formed.(lane 2). When the pScel was cleaved prior to injec-
tion, it recombined intermolecularly with each of the PUFs
(lanes 3-5). At the inputs used in this experiment (0.5 ng of
pScel and a 2-fold molar excess of PUF in each oocyte),'the
yield of products increased significantly with the length of the
PUF.
The results shown in lanes 6-8 of Fig. 2B demonstrate that

in vivo cleavage of pScel activates it for recombination with
PUF2 and PUF3. The yields were considerably lower than that
seen with the precleaved plasmid, and that for PURF was below
the limit of detection in this simple Southern blot analysis.
Nonetheless, this demonstrates stimulation of homologous
intermolecular recombination by site-specific cleavage of the
target DNA.
Improving Product Yield. One possible explanation for the

low product yields in the preceding experiment is that the
PUFs did not persist in the oocytes long enough to recombine
with the pScel after it was cleaved. We know that injected
linear DNAs are degraded rapidly in oocytes (21), whereas
I-Sce I cleavage of pScel may take place over several hours
(see Fig. 1B). We also have some evidence that DNA cleaved
in vivo is degraded more slowly than injected linear DNA,
perhaps due to the prior assembly of chromatin proteins onto
the circular molecules that were injected (data not shown).
We have shown previously that the rate ofDNA degradation

is slowed by injection of larger amounts of DNA and by
coinjection of nonhomologous linear fragments (33, 34). We
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FIG. 2. Intermolecular recombination of pScel with the three PUFs. (A) Reaction substrates and products. Hatched and open boxes represent
regions of homology between pScel and the PUFs. The solid black regions on the PUFs represent Xenopus genomic inserts of the indicated sizes.
The expected positions of the recombination products, after cleavage with Pst I (PUFl, PUF2) or Sal I (PUF3), are indicated with reference to
the autoradiogram in B. (B) Autoradiogram of an experiment showing induction of intermolecular recombination between pScel and PUFs by
in vivo I-Sce I cleavage. Labels are as in Fig. 1B. Most samples were analytically digested with Pst I before electrophoresis; however, because the
insert in PUF3 contains a site for Pst I, samples containing this molecule were analytically digested with Sal I and Not I. This enzyme set altered
the position of the recovery control plasmid band (R). If the PUF fragments were not degraded, PUF3 would run just behind the band P (PUF2),
PUF2 would run approximately midway between the bands labeled C and R, and PUF1 would run just ahead of the larger R band. Lanes: 1, pScel
and I-Sce I in the absence of any PUF; 2, pScel and PUF3 in the absence of I-Sce I; 3-5, pScel cleaved by I-Sce I prior to injection, coinjected
with each PUF; 6-8, pScel cleaved by I-Sce I in vivo.
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combined these factors by increasing the molar ratio of
PUF:target from 2:1 to 14:1 and by including nonhomologous
DNA fragments. The latter were of two sorts: (i) the PUFs
were not purified away from their vector fragments, which
effectively doubles the concentration of molecular ends; (ii) 5
ng of M13 replicative form DNA cut with Cla I was coinjected,
bringing the total number of ends in each sample to 8 x 1010.
This is 40 times the end concentration of the experiment shown
in Fig. 2.
As seen in Fig. 3, this increase in the amount of injected

linear DNA substantially increased the yield of intermolecular
recombination products. In the samples for which I-Sce I was
injected to induce cleavage in vivo, cutting was slightly more
effective than seen previously, and recombination products
were easily observed in each case (lanes 8-10). In fact, the
product yields for the in vivo cleaved DNAs approached to
within a few-fold those observed for the precleaved samples
(lanes 5-7). The percent cleavage appeared to increase with
the size of the PUF, perhaps indicating saturation of the
chromatin protein pool and consequent increased availability
of the I-Sce I cleavage site as the mass of injected DNA
increased. It is conceivable that recombination products would
have continued to accumulate if the incubations had been
extended beyond 24 hr, since there was still some PUF and
some cleaved pScel (bands labeled C) remaining in these
samples. The persistence of the injected linear DNA (bands
labeled L and associated smears) was evident, particularly in
the case of PUF3, where the total mass of injected DNA was
largest.
The control injections again showed that no recombination

occurred in the absence of injected PUF (Fig. 3, lane 1) or
without cleavage of the target pScel (lanes 2-4). The one
apparent exception was the uncleaved PUF3 sample (lane 4);
however, the apparent product in this case was the result of
incomplete cleavage ofpN3 byPvu I and Sal I prior to injection
and was evident also in uninjected samples (not shown). The
apparent product yield in this control-4% of pScel, equiv-
alent to 0.3% of PUF3-was subtracted from the values
obtained for the precleaved and in vivo cleaved samples.

+ Pre- In vivo-
UUncleaved cleaved cleaved

2. 1 2 3 1 2 3 1 2 3 PUF

1.23 4 56789llP(PUFa3)

42-- - 98 96199[62}69j lPPUF 1g
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42 _ -989_969 6%Cevg

0 0 0 4 20, 22 50 2 4 15 % Product

FIG. 3. Improving product yield. Autoradiogram of an experiment
similar to that in Fig. 2, except the molar ratio of PUF:pScel was
increased from 2:1 to 14:1, and nonhomologous linearDNAwas added
(L). Other labels are as in Fig. lB. Lanes: 1, pScel and I-Sce I injected
in the absence of any PUF; 2-4, pScel and PUFs injected in the
absence of I-Sce I. The apparent product yield from the control in lane
4 was subtracted from the values obtained for the precleaved and in
vivo cleaved samples (see text); 5-7, pScel cleaved by I-Sce I prior to
injection; 8-10, pScel cleaved in vivo.

Separate experiments were performed in which only the
PUF or only the M13 replicative form DNA concentration was
increased to 10 ng ofDNA per oocyte (-7 x 1010 total number
of ends per sample). A pronounced increase in product
formation was observed in each case (data not shown), but not
as substantial as that seen when both components were
increased together as above.

DISCUSSION
We have shown that I-Sce I cleavage in vivo can induce
intramolecular and intermolecular homologous recombina-
tion inXenopus oocytes. Our intermolecular experiments were
designed to mimic a gene targeting experiment by using a
circular plasmid as a model for the relatively inert chromo-
somal target and a linear DNA molecule as a model for the
targeting vector. We hypothesized that an in vivo targeted DSB
would provide an opportunity for the inert circular molecule
to participate in homologous recombination by the highly
efficient SSA mechanism, resulting in a targeting efficiency
near unity. In practice, the best efficiencywe achieved was 15%
of all target molecules and 17% of those that had been cleaved
by I-Sce I. While this is still shy of unity, it is one-third of the
best efficiency we saw with precleaved DNAs, and it is far
greater than the 10-6 events per cell reported in typical gene
targeting experiments (7). Even with direct nuclear injection,
efficiencies of only 10-2 have been achieved with mammalian
cells (35).
Our results corroborate other studies in which the induction

of a specific DSB has been shown to stimulate homologous
recombination at the cleavage site. This has been accom-
plished in yeast, plant, and mammalian cells in culture by the
use of site-specific endonucleases (13-18) and in flies and
nematodes by transposon excision (36, 37) as the DSB-
inducing agents. Among these experiments, ours models most
closely the molecular format of a gene targeting protocol.

In our experiments we used the site-specific endonuclease
I-Sce I to deliver the stimulatory DSB and routinely saw
cleavage of -60% of the I-Sce I sites. Incomplete cleavage by
I-Sce I in vivo has been reported by others (16-18) and may be
due to suboptimal conditions in the oocyte nucleus, protection
of the I-Sce I site by nucleosomes, and loss of enzyme activity
by degradation, denaturation, or diffusion out of the nucleus.
We were able to raise the level of cleavage by injecting very
large amounts of linear DNA, which may be due to disruption
of chromatin structure. However, raising the cleavage effi-
ciency to 100% would be expected to result in only a 2-fold
increase in product yield.
The most influential factor in determining the yield of

recombination products was the stability of the linear vector
DNA (PUF). Stability was improved by increasing the overall
length of the PUF and the amount of injected linear DNA. It
is known that linear DNA in oocyte nuclei is subject to the
action of a potent 5' -* 3' exonuclease (21), and increasing the
total mass of linear DNA and the number of molecular ends
has been shown to decrease substantially the rate of degrada-
tion (33, 34). While we have not surveyed conditions exten-
sively, we obtained good results with high concentrations of
PUF, plus -inclusion of nonhomologous linear DNA. Other
factors, such as a possible differential compartmentalization of
the PUF and previously injected pScel, may contribute but
were not examined.

Earlier gene targeting studies have found that targeting
efficiency increased exponentially as the length of homology
was increased (38, 39). We did not vary the length of homology
in our experiments. We predict, however, that this would have
relatively little effect on product yield, apart from the noted
influence of overall PUF length, because the mechanism of
recombination is fundamentally different from that encoun-
tered in a traditional gene targeting experiment. The minimum
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homology necessary to support efficient SSA recombination in
oocytes is <250 bp (ref. 29; R. J. Dawson and D.C., unpub-
lished data), and comparable numbers have been obtained for
SSA events in other systems (10). As long as sufficient
homology is present, all events should have approximately the
same efficiency.
We believe that recombination in these experiments pro-

ceeds by the SSA mechanism. Earlier work with precleaved
substrates showed that SSA is the only detectable recombina-
tion mechanism operating in stage VIXenopus oocytes (11, 19,
20). Direct tests of the alternative double-strand break repair
mechanism failed to detect recombination products (19, 20).
Although not rigorously proven here, the kinetics and ob-
served intermediates are all consistent with and predicted by
our earlier work with precleaved substrates. One difference
was that the rate of degradation of in vivo cleaved DNA
appeared to be slower than that of injected linear DNAs, and
we speculate that this may be due to the retention of chromatin
proteins that had assembled onto the injected circular DNA
(25) and/or I-Sce I remaining bound for some period after
cleavage (40).
Because this reaction proceeds via the SSA pathway and

because SSA recombination has been demonstrated in a wide
variety of cell types, we suspect this strategy will be applicable
to many other organisms. However, other cell types may have
additional pathways of recombination available to them, such
as nonhomologous end joining. Indeed, nonhomologous
events outnumber homologous targeting events in traditional
gene targeting experiments (1, 4). Increasing PUF concentra-
tion could be a problem in such cells because illegitimate
recombination would be increased. The oocyte system does not
allow us to study competition by these other recombination
pathways, but such studies are possible in activated Xenopus
eggs, which have been shown to support homologous and
nonhomologous recombination (41).

Endonuclease-induced, targeted homologous recombina-
tion could be a useful technique only if the appropriate
cleavage site already existed in the target molecule. It would
be more desirable to have a generalized reagent that could
induce a DSB at any chosen site. Efforts are necessary to
develop in vivo targeted cleavage reagents based on successful
in vitro strategies (42-44).
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