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Iinvestigated double-strand-break repair in Saccharomyces cerevisiae cells by measuring the frequencies and
types of integration events at the PET56-HIS3-DEDI chromosomal region associated with the introduction of
linearized plasmid DNAs containing homologous sequences. In general, the integration frequencies observed in
strains containing a wild-type region, a 1-kilobase (kb) deletion, or a S-kb insertion were similar, provided that
the cleavage site in the plasmid DNA was present in the host genome. Cleavage at a plasmid DNA site
corresponding to a region deleted in the chromosome caused a 10-fold reduction in the integration frequency
even when the site was close to regions of homology. However, although the integration frequency was normal
even when cleavage occurred only 25 base pairs (bp) outside the deletion breakpoint, 98% of the events were
associated not with the usual heterogenote structure, but instead with a homogenote structure containing two
copies of the deletion allele separated by vector sequences. Similarly, when cleavage occurred 80 bp outside the
5-kb substitution breakpoint, 40% of the integration events were associated with homogenote structures. From
these observations, I suggest that (i) exonuclease and polymerase activities are not rate-limiting steps in
double-strand-break repair, (ii) exonuclease activity is coupled to the initiation step, (iii) the integration
frequency is strongly influenced by the amount of homology near the recombinogenic ends, (iv) both ends of a
linear DNA molecule might interact with the host chomosome before significant exonuclease or polymerase

action, and (v) the average repair tract is about 600

bp.

Transformation of Saccharomyces cerevisiae cells by re-
combinant plasmids containing cloned yeast DNA se-
quences is associated with autonomous replication or chro-
mosomal integration of the introduced DNA (24, 13). If the
plasmids are incapable of autonomous replication in yeast
cells, transformation is inefficient because it depends on
homologous recombination between plasmid and genomic
sequences (4, 13). The recombination event usually results in
the precise integration of a single copy of the entire plasmid
DNA into the genome. This generates a heterogenote struc-
ture (6) in which the homologous sequences derived from the
host and introduced DNA are separated by the plasmid
vector sequences.

The transformation frequency can be increased by a factor
of 100 to 1,000 if the plasmid DNA is cleaved within the
homologous yeast sequences before being introduced into
cells (3, 7). This dramatic stimulation has been attributed to
the recombinogenic nature of the ends of the linear mole-
cules, because the resulting transformants contain one or
more integrated copies of the introduced DNA (7). More-
over, these integration events occur even when the plasmid
DNA is cleaved at two positions to produce a double-strand
gap. In this situation, the gap in the plasmid DNA is repaired
with information from the host genome. These events de-
pend on RADS52, and they are associated with roughly equal
frequencies of gene conversion and reciprocal recombina-
tion near the site of the double-strand break (8). Thus, it has
been suggested that transformation by linear plasmid DNAs
provides a model for the repair of double-strand breaks (7)
and that normal gene conversion may be initiated by such
breaks (14).

A molecular model for the chromosomal integration of
linear plasmid DNAs has been proposed (14). In this model,
exonucleases enlarge the double-strand break into a gap
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flanked by 3’ single strands. Then, one of the two 3’ ends
invades the host chromosome at the homologous site, thus
displacing a D-loop, and the invading end is extended by
DNA polymerase until the other 3' end can anneal to the
single-stranded region of the D-loop. The second 3’ end is
extended to complete the repair of the gap, and branch
migration results in the formation of two Holliday junctions.
Finally, this structure is resolved to yield gene conversion or
reciprocal recombination.

In this report, I examine several aspects of double-strand-
break repair. The basic experiment is to create double-strand
breaks or gaps at various positions within yeast DNA
sequences present on recombinant plasmids and then to
introduce these molecules into strains containing wild-type,
deletion, or substitution alleles at the homologous chromo-
somal region. The relevant structures of the recombinant
plasmids and host chromosomal regions are shown in Fig. 1.
The recombinant plasmids are derived from YIpS5-Sc2812,
which contains a 6.1-kilobase (kb) yeast DNA fragment
encoding the entire PET56-HIS3-DEDI gene region (12)
cloned into the URA3 integrating vector YIp5 (13). YIpS-
Sc3320 contains a mutated HindIII site at position +328
(with respect to the his3 mRNA intitiation site) (12), whereas
YIp5-Sc3309 contains a 400-base pair (bp) segment of the
GALI,10 promoter region inserted between positions —173
and —137 (11). S. cerevisiae KY114 contains a wild-type
PET56-HIS3-DEDI chromosomal region (12); strain KY117
contains his3-A200, a deletion between —181 and +883 (12);
and strain KY174 contains his3-CYH2, a 5-kb CYH2 frag-
ment inserted between an artificial EcoRI site at —35 and the
Bglll site at +442 (10). All of these strains contain the
ura3-52 mutation and hence are unable to grow in the
absence of uracil.
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FIG. 1. Structures of transforming DNAs and host chromo-
somes. The black bar in the middle (marked HIS3) represents the
6.1-kb EcoRI-Sall fragment from the S. cerevisiae PET56-HIS3-
DEDI chromosomal region from the wild-type strain KY114. The
locations and orientations of the RNA transcripts are shown above
the bar, and various restriction endonuclease cleavage sites are
shown below the bar. Abbreviations: R, EcoRI; H, Hindlll; K,
Kpnl, X, Xhol; Xb, Xbal; S, Sall. The two black bars below the
wild type depict the structures of the his3-A200 and his3-CYH2
alleles that are contained in strains KY117 and KY174, respectively.
The his3-A200 allele contains a 1-kb deletion (blank space), and the
his3-CYH?2 allele contains a 5-kb substitution that includes the entire
CYH?2 gene ( ). The two black bars above the wild-type diagram
the structures of the transforming DNAs (excluding the YIp5 vector
sequences). Sc3309 substitutes approximately 400 bp of DNA (in-
cluding 365 bp of the GALI,I0 regulatory region, polylinker se-
quences from plasmids pUCS8, and the 30-bp region between the
EcoRI and HindllI sites of plasmid pBR322; ) for a 40-bp region
between the HIS3 and PET56 genes (11). The HindlII site represents
the boundary between the GAL and pBR322 regions and is located
about 30 bp from the boundary of the black bar (nucleotide —173);
hence, it is located about 40 bp from the deletion endpoint of
his3-A200 (nucleotide —181). Sc3320 is simply a 4-bp insertion that
destroys one of the two HindIII sites in the HIS3 structural gene.
Both Sc3309 and Sc3320 contain a mutated EcoRlI site [indicated by
®)].

The plasmid DNAs were cleaved with various restriction
endonucleases, and the resulting products were electropho-
retically separated on a 0.7% low-temperature gelling-
melting agarose gel (10). After melting of the appropriate gel
slices at 73°C, the desired DNA segments were purified by
phenol extraction and ethanol precipitation. Cultures from
all three yeast strains were grown to early log phase (Agp =
1.0), and the cells were made competent for transformation
by incubation in lithium chloride (5). Equal amounts of DNA
(about 1 ng for each data point) were mixed with equal
numbers of cells, and Ura™ transformants were selected on
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plates lacking uracil. To minimize the variability in transfor-
mation efficiency, all of the individual reactions were per-
formed in parallel on two occasions. The average number of
Ura* transformants for each combination of linear plasmid
DNA and host strain is shown in Table 1; the error is
estimated to be +30%.

Plasmid DNAs containing a simple double-strand break
(experiments 1, 2, 9, 10, and 12 as listed in Table 1) produced
about 40 Ura™* colonies in all nine cases for which the site of
cleavage was present in the host strain. These transformants
are due to high-frequency integration of linear DNA because
the number of colonies is only 10-fold below that obtained
with an equal amount of circular YCp50, a DNA molecule
capable of autonomous replication. Genomic hybridization
analysis (data not shown) of 24 colonies from experiment 2A
indicates that 22 colonies contain a single copy integrated at
the his3 locus; the remaining 2 colonies contained two
tandem copies each. Multiple integration events occurred
much less frequently than described previously (7), presum-
ably because the transformation procedure avoids the neces-
sity for making spheroplasts. Thus, the integration fre-
quency is relatively unaffected by the position of the cleav-
age site or by the protruding 5’ or 3’ ends generated by the
restriction endonuclease.

High-frequency integration was observed even when the
cleavage site was located only 25 or 80 bp away from
nonhomologous sequences (experiments 2B and 12C, re-
spectively). In contrast, only four Ura* colonies were ob-
served in experiment 1B, in which Kpnl cleaved YIpS-
Sc3309 DNA was introduced into the his3-A200 strain which
deletes the Kpnl site. Thus, high-frequency integration re-
quires homology between sequences at or near the double-
strand break site and the host genome.

Linear molecules containing double-strand gaps ranging in
size from 150 to 600 bp (experiments 3, 4, 11, and 13) yielded
high integration frequencies in all seven cases in which both
cleavage sites were present in the host genome. Similar
frequencies were observed in the three ‘‘short-gapped”
situations in which only one site was present in the genome
(experiments 6A, 4B, and 7B). In contrast, the integration

TABLE 1. Integration frequences of plasmid DNA-yeast strain
combinations

Avg no. of Ura* colonies

No.of  Source of obtained in strain containing:
nzyme

expt. DNA Enzy HIS3 his3-A200 his3-CYH2
(A)* (B) ©

1 YIp5-Sc3309 Kpnl 44 4

2 YIp5-Sc3309 Xhol 77 38

3 YIp5-Sc3309 Xbal 30 59

4 YIpS-Sc3309 Kpnl + Xhol 78 34

5 YIpS-Sc3309 Kpnl + Xbal 29 4

6 YIp5-Sc3309 HindIIl 35 6

7 YIp5-Sc3309 HindIIl + Xhol 6 45

8 YIp5-Sc3309 HindIIl + Xbal 6 13

9 YIpS-Sc3320 Kpnl 50 39

10  YIp5-Sc3320 Xhol 45 49

11  YIp5-Sc3320 Xbal 33 75

12 YIpS5-Sc3320 HindIll 76 49

13 YIp5-Sc3320 HindIIl + Xhol 67 30

14  YIp5-Sc3320 HindIll + Xbal 14 9

15 YCpso Uncut 400 375 550

< Wild type.

b For column B, all Ura™ colonies were His~ with the following exceptions:
experiment 2B, 4 His™ colonies of 204 examined; experiment 3B, 49 His™
colonies of 59 examined.
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frequency was reduced by a factor of S to 10 in experiment
6B, a situation in which both cleavage sites were absent in
the host. Thus, high-frequency integration occurs, provided
that at least one of the two ends is homologous to the
genome.

In experiment SA, the DNA contained a 1.6-kb gap with
respect to the wild-type genome, yet the integration fre-
quency was similar to or only slightly lower than the normal
level. However, such large gaps can significantly lower the
integration frequency in situations in which one of the two
ends either is not homologous to the genome or maps close
to a region of nonhomology. For example, a 700-bp gap with
one homologous end produced 35 Ura* colonies (experiment
6A), whereas only 6 Ura* colonies were observed when the
gap is increased to 1.1 (experiment 7A) or 2.6 kb (experiment
8A). Similarly, direct comparisons between experiments 4B
and 5B, 7A and 7B, 7B and 8B, or 11C and 14C show that the
integration frequency decreased about four- to eightfold
when the gap is enlarged by 1 kb.

As mentioned above, the integration frequency was high
even when the transforming DNA was cleaved at a position
mapping only 25 bp from a deletion breakpoint (line 2B).
However, all 38 of the transformants listed in Table 1 were
His™, even though the transforming DNA contained a func-
tional his3 allele. Analysis of 204 more transformants re-
vealed that 200 (98%) were His~, whereas only 4 (2%) were
His*. Genomic hybridization analysis (data not shown)
indicated that all 16 colonies examined did not contain the
usual heterogenote structure. Instead, 15 of these strains had
a homogenote structure containing two ¢opies of the his3-
A200 allele separated by a single copy of the Ura* vector
sequence; the exceptional case was probably the result of
multiple integration events. Equivalent homogenotes were
also observed in experiment 3B, in which the transforming
DNA was cleaved to generate a 600-bp gap with endpoints
located approximately 0.9 and 1.5 kb away from the his3-
A200 breakpoint. Of 59 colonies examined, 49 (83%) were
His* heterogenotes and 10 (17%) were His™ homoge-
notes.

To account for the homogenote structures, it appears that
1.3 kb of DNA containing the entire HIS3 structural gene
and the GAL segment of YIp5-Sc3309 have been degraded
by exonucleases and possibly also recombined out by a
reciprocal exchange. The high integration frequency sug-
gests that this extensive activity is not the rate-limiting step
for chromosomal integration. Moreover, this extensive deg-
radation is not an artifact associated with the introduction of
purified DNA into yeast cells. If this were the case, high
integration frequencies would be observed even when DNA
was cleaved at sites corresponding to sequences deleted in
his3-A200, because exonucleolytic action would generate
recombinogenic 3’ ends that are homologous to the host
genome. However, the low integration frequencies in exper-
iment 1B and 6B are inconsistent with this possibility.
Moreover, the low integration frequency in experiment 6B,
in which the HindIII site upstream of the his3 gene in
YIpS5-Sc3309 is located only 40 bp from homologous se-
quences in his3-A200, suggests that newly introduced DNA
is subject to minimal exonuclease activity. This is supported
by the observation that cohesive ends generated by restric-
tion endonuclease treatment are readily ligated upon intro-
duction into yeast cells (9). Thus, these observations
strongly suggest that exonuclease activity is coupled to the
initiation event.

These observations also suggest that the integration fre-
quency is strongly influenced by the amount of homology
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near the recombinogenic ends. In principle, both ends of a
linear molecule can initiate the repair process if they are
homologous to chromsomal sequences. In experiment 2B,
both Xhol ends were homologous to the genome but the
upstream end contained only 25 bp of homology before the
A200 interruption whereas the downstream end contained
2.5 kb of uninterrupted homology. Assuming that an invad-
ing 3’ end does not suffer further exonuclease action once it
invades a duplex, one would expect His* colonies if the
his3:A200 chromosome were to be invaded by the upstream
end. Nevertheless, only 4% of the colonies were His™*, far
below the 50% tHat would be expected if both ends were
equally capable of !hitiating the recombination event.

Homegenote structures were also observed when the
transforming DN A was cleaved only 80 bp outside the point
of a 5-kb iffsettion..Genomic hybridization analysis (data not
shown) of 15 Zolonies from experiment 12C and 8 colonies
from experiment 13C indicate that only 60% are associated
with the normal heterogenote structure. The remaining 40%
are homogenotes that contain two copies of the his3-CYH2
allele. In these casés, the entire 5-kb CYH2 substitution was
copied during the integration. The relatively high frequency
of these events strongly suggests that extensive DNA poly-
merase activity ¢can occur during double-strand-break repair
and that this polymerization is not the rate-limiting step in
the process.

The generation of homogenotes containing two copies of
the his3-CYH2 allele seems to involve the repair of a 5-kb
gap in plasmid DNA with chromosomal information. How-
ever, the frequency of this eveént was considerably higher
than that observed with much smaller gaps. Once possible
explanation for this apparent anomaly is that the large-gap
effect occurs only when the recombinogenic ends are homol-
ogous to sequences that are far apart on the host genome. In
this view, his3-CYH2 homogenotes from experiment 12C
and 13C would b& generated easily because, although a large
gap must ultimately be repaired, the original ends of the
plasmid DNAs could interact with genomic sequences that
are close together. In contrast, the low integration frequency
in experiment 14C would be due to a true 1.8-kb gap between
the HindIIl and Xbal sites. One implication of this idea is
that both ends of the plasmid DNA would interact with the
host chromosome at a stage of the repair process before
extensive exonuclease or polymerase action.

On the assumption that the lengths of repair tracts fit a
Poisson distribution, two resuits in this report suggest that
the average repair tract is approximately 600 bp. First, the
heterogenotes in experiment 2B represent repair tracts less
then 25 bp in length, because larger tracts can be resolved
only by homogenote formation. Assuming an average length
of 600 bp, the predicted frequency of repair tracts less than
25 bp long is 4%, a value in excellent accord with that
observed (2%). Second, the homogenotes in experiment 3B
represent repair tracts greater than 1,500 bp in length; the
observed value (17%) agrees well with the predicted value
(10%). An average repair tract of 600 bp may explain the
decrease in integration frequency that is observed in large-
gapped molecules. Other workers (1; T. L. Orr-Weaver,
Ph.D. thesis, Harvard University, Boston, Mass., 1983)
have determined a similar average repair length by measur-
ing the conversion frequency of heteroalleles during double-
strand-break repair involving complete homology between
the transforming DNA and host chromosome. However,
although the average repair tract appears to be about 600 bp,
more extensive repair can occur in certain circumstances
without significant reduction in the integration frequency.
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