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When the yeast Saccharomyces cerevisiae was transformed with DNA that shares no homology to the genome,
three classes of transformants were obtained. In the most common class, the DNA was inserted as the result of
a reaction that appears to require base pairing between the target sequence and the terminal few base pairs of
the transforming DNA fragment. In the second class, no such homology was detected, and the transforming
DNA was integrated next to a CTT or GTT in the target; it is likely that these integration events were mediated
by topoisomerase I. The final class involved the in vivo ligation of transforming DNA with nucleus-localized
linear fragments of mitochondrial DNA.

Recombination events involving little or no sequence
homology (illegitimate recombination) have been observed
in many types of organisms. In mammals, such events can

result in mutations or structural rearrangements associated
with tumors (27). In most eukaryotic organisms, DNA
molecules introduced into the cell by transformation usually
integrate into the genome quasi-randomly by illegitimate
recombination events (33). In contrast, in the yeast Saccha-
romyces cerevisiae, transforming DNA is usually inserted
into homologous loci (20). To determine whether yeast cells
were capable of nonhomologous integration of transforming
fragments, in previous experiments, we transformed a yeast
strain that lacked URA3 sequences with a BamHI URA3
fragment (34). Two unusual types of transformants were
obtained. If the BamHI fragments were transformed in the
presence of the restriction enzyme BamHI, most of the
transformants contained an insertion of URA3 in a BamHI
site in the yeast genome. These events (called restriction
enzyme-mediated [REM] events) are a consequence of
cleavage of genomic sequences by the exogenously added
enzyme followed by incorporation of the transforming DNA;
similar events have also been observed in a Dictyostelium
sp. (24). In the absence of the enzyme, in three of three
transformants examined, the URA3 fragment inserted into a
genomic GATC site. Since this sequence is identical to that
found at the ends of BamHI fragments, this result suggests
that S. cerevisiae possesses a recombination system that is
sensitive to extremely small amounts of homology.
Below, we report two new types of illegitimate integration

events in S. cerevisiae. We analyzed the DNA sequences
flanking the transforming DNA in 44 independent transfor-
mants. In 15 of these transformants, we also obtained the
target sequence for the insertion. In addition to insertions
resulting from recombination events involving very small
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amounts of homology (4 bp or less), we observed integration
events involving no sequence homology that may be cata-
lyzed by topoisomerase I. Some of the transformants con-
tained target site deletions or target site duplications, usually
involving only a few base pairs. In addition, we found
transformants resulting from the ligation of the transforming
DNA to yeast mitochondrial DNA.

MATERIALS AND METHODS

Strains, plasmids, and media. The yeast strain used for
most of the transformation experiments was RSY12 (a
leu2-3,112 his3-11,15 ura3A::HIS3). In this strain, the coding
sequence of URA3 has been deleted and replaced by HIS3
sequences (34). The plasmid used in most of the transforma-
tion procedures was YIplac211 (19), which contains the
URA3 coding sequences inserted into the EcoO109 site of
pUC19. Growth conditions and medium preparation were
standard (35).

Genetic and molecular techniques. For experiments involv-
ing plasmid isolation and analysis, standard procedures were
used (26). Small-scale plasmid preparations were done by
the boiling method (21). Small-scale yeast DNA isolations
were done by the method of Denis and Young (14). For
Southern analysis of transformant DNA, both uncut DNA
and DNA treated with BglII were analyzed; the hybridiza-
tion probe used in these experiments was YIplac211.
Yeast transformations were done as described previously

(34). In all experiments, about 20 ,ug of YIplac211 DNA was
used per transformation. The DNA was treated with a

restriction enzyme (either BamHI, EcoRI, HindIII, PstI, or

Asp 718) before transformation. For some experiments, the
enzyme (100 U) was removed by proteinase K treatment
followed by phenol extraction (34); in other experiments, the
enzyme was not removed. The frequency of transformation
for YIplac211 (with or without restriction enzymes) was

about two to five transformants per ,ug in all experiments.
From a number of transformants, we rescued the

YIplac211 and junction sequences. DNA from the transfor-
mants was treated with BglII or ClaI and treated with DNA
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ligase under conditions that promoted self-ligation. These
DNA molecules were used to transform Escherichia coli
DH5ao to ampicillin resistance. Plasmid DNA was isolated
from E. coli, and this double-stranded DNA was sequenced
by using Sequenase (23) and a Bio-Rad sequencing cell. The
primers used for the sequencing were primers 1233 and 1212
from New England Biolabs.
Most targets for the insertions were determined by using

the junction sequences in searches of the GenBank DNA
data base with the Genetics Computer Group program
FASTA. For one of the insertions (WT133), the sequence
information obtained from the junctions was used to design
oligonucleotide primers to allow polymerase chain reaction
amplification of target DNA from the untransformed strain
(34).
The stability of the Ura+ transformed phenotype was

determined by inoculating a colony isolated from medium
lacking uracil to 3 ml of the rich growth medium YPD. After
overnight growth at 32°C (about eight divisions of unselec-
tive growth), the culture was diluted and plated on either
YPD (to determine the total number of cells) or medium
containing 5-fluoro-orotate (to determine the number of
Ura- cells [7]).

End 1 End 2

Name of
Transformant
(Class) Junction 1 Junction 2

WT1-7 CGTCAC GATCGGATA
(BID) GCAGTGTAG CCTAT

WT2-15 GTGCT GATCTGATA
(SZD) CACGACTAG ACTAT

WT2-16 TGAAG GATCAACAT
(SZD) ACTTCCTAG TTGTA

WT2-25 TTTGTCTT GATCAAGAA
(NID) AAACAGAAG TTCTT

WT2-28 TAAGG GATCGATTC
(BZD) ATTCC * G CTAAG

WT133 TTATT GATAACTT
(NED) AATAACTAG TTGAA

Gone,
Genbank
Accession

Taragt Number

CGTCAdXCGGACGTCAGQG GGATA 2 gs circle
2-CTiAi V01324

iAmC-1
GTGC4GATA
CACGCThT

2-CTAG X04493

TGAAGtGAACTAACAT 5 of MPA
ACTTC=.T}1J@TA N31791

2 -CTA&

1

TTTG11|IKAAA
AAACAGAA *TT
2-CTGI

rDNA
J01355

TAAGGTT&GATTC rDNA
ATTCC:A&AaCTAAG J01353

2- ..VAA

TTATATAACTT PCR-
AATA ii genetrated
2 - T

RESULTS

In our previous study (34), we transformed the yeast strain
RSY12, which lacked homology to the URA3 gene, with a
BamHI fragment containing the URA3 coding sequences.
Since this fragment did not contain either a plasmid replica-
tion origin or a selectable drug resistance marker, the
process of analyzing the sequences that flanked the insertion
was rather tedious. Consequently, in the experiments re-
ported here, we transformed RSY12 with a restriction frag-
ment containing YIplac211 sequences (19). This plasmid is
3.8 kb in size and contains the URA3 gene integrated into the
EcoO109 site of pUC19. In the polylinker, the plasmid has a
single site for the enzymes BamHI, EcoRI, HindIII, Asp
718, and PstI. Three transformation experiments were done
with BamHI or EcoRI. In the first experiment, BamHI-
treated YIplac211 was used to transform either RSY12 in the
absence of the BamHI restriction enzyme. In the other two
experiments, YIplac211 was treated with EcoRI before
transformation. One of these experiments was done in the
presence of EcoRI, and the other was done in the absence of
the enzyme.

Following transformation, individual Ura+ strains were
purified and analyzed. Plasmids containing the insertions
and flanking sequences were rescued by treating genomic
DNA with BglII or ClaI (which do not cleave within
YIplac2ll), allowing self-ligation of the resulting fragments,
and transforming the ligated mixture in E. coli. Plasmids
from the resulting ampicillin-resistant colonies were purified,
and the junctions between plasmid DNA and genomic DNA
were sequenced. To determine target sequences, the junc-
tion sequences were compared with existing GenBank se-
quences.

Analysis of the integration ofBamHI-treated YIplac211 into
RSY12. The sequences flanking the YIplac211 DNA were
analyzed in 19 transformants. Precise target sequences were
obtained from seven transformants. Figure 1 shows the
inferred structure of the junctions of plasmid YIplac211 and
the genomic flanking DNA. End 1 is the end closest the lacZ
gene, and end 2 is closest to the lacI gene. Also shown is
potential base pairing between the ends of the plasmid and
the target, as well as sites of cleavage necessary to explain

WT195 GGGGT GATTGCTC
(BID) CCCCACTAG ACGAG

fGATC-1
GGGG GATTGCTC
CCCCACZUULCGAG

2-~CTji

2 gm circle
J01347

FIG. 1. Flanking sequences and targets of BamHI-treated
YIplac211 DNA transformed into RSY12. In this experiment, tar-
gets for seven genomic insertions were identified. Both ends of the
BamHI-cut YIplac211 had 5' protruding GATC sequences. Follow-
ing rescue of the transforming DNA and flanking sequences, we
sequenced each end by using oligonucleotide primers; although we
analyzed about 200 to 250 bp from each junction, only 5 to 8 bp
contiguous with the YIplac211 fragment are shown. Junction 1 and
2 sequences are contiguous with ends 1 and 2, respectively, of
YIplac211. The double-stranded depiction of the junction represents
sequences that are unambiguously derived from the target; the
single-stranded portion represents sequences derived from the plas-
mid or (for end-directed events) derived from the plasmid and the
target (as shown in Fig. 2). Above and below the target sequences,
we show the inferred sequence of the 5' protruding ends derived
from the plasmid; numbers adjacent to the end sequences indicate
end 1 or end 2 of YIplac211. For some transformants, analysis of the
junction sequences indicates that one or more bases were lost from
the end of the transforming DNA. For example, in transformant
WT1-7, one base was lost from end 1, but no bases were lost from
end 2. The underlined regions in the target and plasmid ends
represent homology between the plasmid ends and the target. The
vertical lines drawn between bases in the target sequences represent
the sites at which the targets were cleaved to allow integration of the
transforming DNA. For example, the analysis of the junction
sequences indicates that the terminal A base of the end 1 plasmid
sequences was ligated to a C in the target. The boxed regions in the
target represent CTJ or GTT (consensus topoisomerase I binding
sites) adjacent to the cleavage sites; the boxed base in junction 1 of
WT2-28 represents an inferred mismatch repair event (see text).
Classification as BED, SED, or NED indicates the number of ends
that share homology to the target.

the sequence of the junctions. The assumptions involved in
this analysis are the following: (i) if the same junction can be
formed by deletions of bases either from the target or from
the plasmid, bases are deleted from the ends of the plasmid,
and (ii) base pairing between the target and the plasmid ends
is relevant to the integration event if two or more contiguous
bases (or three of four noncontiguous bases) are homologous
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GATCC-
ENDI G-

ATCC-END I G-

-G END 2
-CCTAG

-G END 2
_rA1--

TARGET
ACATCGG-
TGTAGCC

2 a

~YI lac21l1l

END 2 A(ATCGG ENDI1
CCTAG

G A
r ATCC
GTAGCC

3

/ YIlac211

({U CTION2>
z-G ATCGG _ ll
~-CCTAGCC _./

N*ACATC C :-TGTAGG
JUNCTION 1

END 1
4

END 2

~ACATCC Ypa2l GGATCGG-
TGTAGG YIplac211 CCTAGCC

JUNCTION 1 JUNCTION 2

FIG. 2. Proposed mechanism of integration of transforming
DNA when both ends share homology with the target. The target
shown is that observed for WT1-7 (Fig. 1). One of the bases is lost
from end 1. We suggest that both ends of the plasmid (indicated by
thin lines) invade the homologous target site (indicated by thick
lines), and base pairs are formed. In this example, only three of the
four bases of the plasmid termini are paired with the chromosome.
The DNA strands of the chromosome are then nicked (as indicated
by thick arrows), and the plasmid DNA sequences are ligated to the
chromosomal sequences, integrating the plasmid. At junction 2, a

base (G) is inserted as the result of repair synthesis.

between the plasmid end and the target at the position of the
nick in the target.
Of the seven integration events shown in Fig. 1, five

exhibit homology between the ends of the plasmid and the
target for either one (SED [single end directed]) or both
(BED [both ends directed]) ends. This result confirms our
previous conclusion (based on integration of the URA3
fragment) that homology between the terminal base pairs of
the integrating fragment and the target is important in many
illegitimate integration events in S. cerevisiae (34). Unlike
our previous observations, however, most end-directed
events did not involve all four terminal base pairs of the
plasmid. In our previous study, three of three integrants of
the BamHI URA3 fragment were insertions into GATC
targets. We do not know whether the lack of such insertions
for YIplac211 represents an effect of the size of the plasmid,
the sequences adjacent to the ends, or some other factor. It
is also unclear whether the pairing of the ends of the plasmid
to the target is important in determining the site of strand
cleavage as shown in Fig. 2. An alternative explanation is
that the DNA lesion occurs spontaneously at the target site,
but the integration is promoted by pairing between the ends
of the plasmid and the broken ends of the chromosome.
Although most of the integration events shown in Fig. 1

require only cut-paste interactions between the plasmid and
the chromosome, to explain the junctions of WT2-28, we

need to postulate mismatch repair during the integration
event. More specifically, if the A/A mismatch shown in Fig.
1 between end 1 and the target is corrected to insert a T in
the end 1 strand, the observed junctions would be obtained.
Since yeast cells efficiently correct mismatches in heterodu-
plexes (30), this assumption seems reasonable.

In two of the transformants (WT2-25 and WT133), the
insertions were not end directed (NED). In both of these
transformants, there were GTT or CTT sequences to the 5'
side of the nick in one (WT133) or both (WT2-25) strands.
Since CTl and GTT sequences are preferred sites for
cleavage of DNA by topoisomerase I (3, 31), this observa-
tion suggested that NED integration events might be a
consequence of topoisomerase I cleavage.
For all three BED transformants shown in Fig. 1, the

predicted target site cleavage would result in ends with 5'
overhangs of the same size as the region base paired between
the ends and the target. In the other transformants, cleav-
ages that would result in 5' overhangs, 3' overhangs, or blunt
ends were observed. For NED events, the 5' overhangs
result in target sequence deletions, and the 3' overhangs
result in target site duplications. With a few exceptions to be
discussed later, the amount of DNA deleted or duplicated
from the targets usually involved only a few base pairs.
Similarly, the ends of the plasmid either were intact or lost
only a few base pairs.

In addition to the seven transformants shown in Fig. 1, we
obtained target information for two other transformants,
WT2-10 and WT2-11. The WVT2-10 insertion occurred within
a 8 repeated element. Since these repeats are quite diverged
in DNA sequence (6), we could not identify a precise target
for this insertion by a comparison with GenBank sequences.
Southern analysis of DNA isolated from WT2-11 (described
below) indicated that this transformant contained an auton-
omously replicating plasmid rather than an integrated plas-
mid. Sequence analysis of the WT2-11 junctions indicated
that end 1 was contiguous with a region of the mitochondrial
DNA located about 180 bp upstream of a tRNAcPS gene (43).
Since the sequences of the end 2 junction were not contigu-
ous with those of end 1, the YIplac211 sequences did not
represent a simple insertion of the plasmid into a mitochon-
drial DNA target. Further analysis indicated that the WT2-11
transformant contained a plasmid consisting of YIplac211
sequences fused to two noncontiguous pieces of mitochon-
drial DNA (Fig. 3). We suggest that this plasmid reflects the
in vivo ligation of the transforming DNA with mitochondrial
DNA fragments located in the nucleus. The rationale for this
conclusion and alternative possibilities will be reviewed in
Discussion.

Analysis of the integration of EcoRl-treated YIplac211 into
strain RSY12 in the presence and absence of EcoRI. Previ-
ously, we showed that when RSY12 cells were transformed
with the BamHI URA3 fragment in the presence of BamHI,
the fragment inserted into genomic BamHI sites (34). To test
whether this method could be universally employed, we
transformed EcoRI-treated YIplac211 into RSY12 in the
presence of EcoRI. Sequences flanking the plasmid inser-
tions were determined for 10 Ura+ transformants, and four
targets were obtained (Fig. 4). Since none of these four
targets represent EcoRI sites, we assume that none of these
events are REM events. One explanation of these results is
that EcoRI, unlike BamHI, does not enter the cells during
transformation or, alternatively, does not function after it
enters. It is also possible that REM events occur more
efficiently with the smaller URA3 fragment used in our first
studies than with plasmid YIplac211.
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Transformant Name Length of Insert (bp)

Number of Bases
Lost from Ends
End 1 End 2 Structure of Plasmid

559

396

411

About 700

1693 2233 2320 2303

Endl I 11 End2

2 3

0 0

Gapl2 51890 55203 55008

o..Jod

16 20§0
Endl End2

52761 52545 52283 52060

1 0 End1l ~_ I End2

FIG. 3. Structures of plasmids containing mitochondrial DNA sequences. The mitochondrial DNA sequences are indicated by rectangles;
more than one rectangle indicates noncontiguous mitochondrial DNA sequences. Arrows indicate the relative orientation of the sequences.

Numbers above the rectangles signify the positions of the sequences relative to the mitochondrial map of Zamaroczy and Bernardi (43). The
designation Gap12 for PST135 indicates that the junction has one breakpoint in a 336-bp region (located between 51844 and 51845) sequenced
by Skelly and Clark-Walker (36) after the mapping study of Zamaroczy and Bernardi (43). The dotted lines shown for HIN152 indicate that
the whole 700-bp insertion was not sequenced. The size and structure of this insertion, however, indicate that it is likely to represent a single
continuous mitochondrial DNA fragment.

We also examined the integration of EcoRI-treated YI-
plac211 into the genome of RSY12 in the absence of the
restriction enzyme (Fig. 4). The types of integration were

similar in the presence and absence of EcoRI. In addition,
similar types of integration events were detected in these
experiments as were observed in the experiments involving
the BamHI enzyme. End-directed events (SED or BED)
were more common than events that did not involve shared
homology (NED). Small (several-base-pair) deletions and
duplications of target sequences were usually observed,
although one insertion (ECO-197) involved neither loss nor
duplication of the target. Three of the integration events
(ECO+9-1, ECO-196, and ECO-197) occurred adjacent to a
CTT sequence.
One of the integrants (ECO-128) represented an insertion

of YIplac211 associated with a chromosomal rearrangement.
End 2 of the plasmid was contiguous with sequences located
1,272 bp upstream of YEF3, the essential gene encoding
elongation factor 3 (32), whereas end 1 was contiguous with
sequences located 342 bp downstream of the initiating
codon. Southern analysis indicated that the insertion of the
YIplac211 sequences was associated with a duplication. Two
different types of mechanisms could result in a duplication
associated with the integration event. First, the two ends
could invade different regions of a replication bubble (Fig.
5), as suggested by Roth and Wilson (33). Alternatively, in a
mechanism similar to that proposed for repair of gapped
plasmids (37), the two ends could invade different positions
within a single DNA molecule, priming DNA synthesis and
generating the duplication.

Analysis of transformants obtained by treating YIplac211
with restriction enzymes other than EcoRI and BamHI: fu-
sions between YIplac211 and mitochondrial DNA. As de-
scribed above, following BamHI treatment of YIplac211, we
obtained a transformant in which the YIplac211 sequences
were fused to mitochondrial DNA. To determine whether
this fusion required BamHI ends, we examined RSY12-

derived transformants obtained by treating cells with
YIplac211 DNA digested with another restriction enzyme
(PstI, HindIII, or Asp 718). We examined by sequence

analysis only those transformants in which the Ura+ pheno-
type was unstable, suggesting that the URA3 gene was
plasmid borne. Three transformants (of approximately 80
examined) were obtained in which the YIplac211 sequences
were fused to mitochondrial DNA at both junctions (Fig. 3).
Each of these transformants is discussed below.
Transformant PST135 (resulting from transformation of

RSY12 with PstI-treated YIplac211) contained a 396-bp
insertion of mitochondrial DNA. End 1 was contiguous with
a 200-bp fragment located between position 51890 in the
Zamaroczy-Bernardi map (43) and a region in a gap in this
map sequenced by Skelly and Clark-Walker (36). This frag-
ment was connected (in direct orientation) with a 196-bp
fragment extending from positions 55203 to 55008. This
plasmid could have been formed by the ligation of YIplac211
to two small mitochondrial DNA fragments. Alternatively,
the plasmid may reflect the fusion of YIplac211 with a single
mitochondrial fragment. This fragment may have undergone
a deletion prior to its entry into the nucleus or may have had
a deletion after its fusion to YIplac211.
Transformant ASP170 was obtained by treating RSY12

with Asp 718-digested YIplac21l. This plasmid contained a

single 411-bp insertion of mitochondrial DNA derived from
positions 1640 to 2050 on the Zamaroczy-Bernardi map. This
plasmid was presumably formed by the in vivo ligation of the
linear YIplac211 sequences to a single linear mitochondrial
DNA fragment.
The last transformant (HIN152) was obtained by treating

YIplac211 with HindIII. In this plasmid, the 200 bp contig-
uous with end 1 have good (88%) but not perfect homology
to bases 52761 to 52545 on the Zamaroczy-Bernardi map.
Similarly, the 230 bp contiguous with end 2 have 90%
homology to bases 52060 to 52283. Since the size of the
mitochondrial DNA insertion is about 700 bp (as determined

WT2-11

PST1 35

ASP1 70

HINM 52
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End 1 End 2

Nameot
Transformant
(Class) Junction 1

ZCO+ 9-1 GGCTT
(SZD) CCGAATTAA

Junction 2

ATCTCAGCA rGt
AGAGTCGT CCG

XCO 11-2 AAACT AATGTTAAA
(BZD) TTTGATTAA CAATTT

ICO+ 16-1 TGGGG AATGCCTTG
(BID) ACCCCTTAA ACGGAAC

ECO+25-1 ACAAAC AACATTGCT
(BZD) TGTTTGTAA GTAACGA

ZCO 128 GGCGG AATTCAAAG

(SZD) CCGCCTTAA GTTTC

zCO 196 TACGT AATTAAGGC
(NED) ATGCATTAA TTCCG

ICO 197 GTCTT AATTCATCT

(8ED) CAGAATTAA GTAGA

Gene,
Genbank
Accession

Target Number

ETEATCTCAGCA TD39A
GAA1MGAGTCGT J013552--7

pATT-1
AAAC2AATGTTAAA ARS
TTTGAZTTCAATTT M37752

2-=

t.ATT-1
TGGGGMTGCCTTG rDNA
ACCCCCT:kCGGAAC M35588

2-Ti

ACA&MCA-TGCT 2>a circle
TGTT GTAACGA V01322

PLATT-1
GGCGfOGAAC AAATCAAAG YEI3
CCGCCCTTG TTTAGTTTC J051S

2-TTAJE
FATT-1

TACGWCAA"GC 8NR30 gene
ATGCAGIWT-CG X07673
2 -TTAA

PATT- 1
GTCATCT IOM2 gene
CAGAIGTAGA X15649
2-TTAX

FIG. 4. Flanking sequences and targets of EcoRI-treated
YIplac211 DNA transformed into RSY12. The plasmid was trans-
formed in the presence (ECO+) or absence (ECO-) of EcoRI. Since
the transformants obtained in the presence of the enzyme did not
have insertions in EcoRI sites, we assume that these events were not
enzyme mediated. Notation is as in Fig. 1.

by gel analysis), although the entire insertion has not been
sequenced, the structure of the plasmid is consistent with an
in vivo ligation between YIplac211 and a linear mitochon-
drial DNA fragment containing the sequences located be-
tween positions 52060 and 52761. The difference between the
mitochondrial DNA sequences in this plasmid and the other
plasmids described above is the amount of sequence diver-
gence. In the other plasmids, the homology levels are 98% or
more, rather than the 88 to 90% observed in HIN152. The
observed differences include single-base-pair changes as
well as small deletions and additions. It is possible that these
changes represent differences in sequence between the wild-
type mitochondrial DNA in RSY12 compared with the
wild-type mitochondrial DNA used in the Zamaroczy-Ber-
nardi map. Alternatively, these changes may reflect muta-
tional alterations that occurred in S. cerevisiae, perhaps
associated with petite formation.

It should be emphasized that the structures of these
plasmids (Fig. 3) are those expected from the ligation of
linear DNA fragments rather than the structure expected if
the YIplac2ll sequences had inserted into a circular mito-
chondrial DNA fragment located in the nucleus. For an
insertion event, one would expect the DNA sequences
flanking the insertion to be a continuous region of the
mitochondrial genome.
Other physical and genetic characterizations of the trans-

formants. For 15 of the transformants with known targets,
we performed Southern analysis and examined the stability
of the Ura+ phenotype (as described in Materials and
Methods). By DNA sequence analysis, three transformants

End 2

4 1

/01* YEF3 I

YEF3

2

3

End 1

ol YEF3 |
YIplac2ll

FIG. 5. Integration of insertion associated with a duplication
(transformant ECO-128). This model is similar to that proposed by
Roth and Wilson (33). The top portion represents the YEF3 chro-
mosomal sequences before the insertion. The thick horizontal arrow
represents upstream sequences extending from -1272 to + 1; the
thin horizontal arrow represents the direction of transcription. In
step 1, the chromosomal DNA is shown in the process of DNA
replication. In step 2, unequal nonhomologous recombination oc-
curs between the ends of YIplac211 (shown as a thick cross-hatched
line) and different sides of the replication bubble. End 1 invades at
position -1272, and end 2 invades at position +342. In step 3, one
of the expected products of the exchange is a chromosome with an
insertion of YIplac211 flanked by duplicated chromosomal se-
quences. A cell containing the reciprocal product containing the
deletion (not shown) would probably not be viable, since YEF3 is an
essential gene (32).

(WT2-15, WT2-16, and ECO-11-2) had insertions in or near
single-copy nuclear genes, five (WT2-25, WT2-28, ECO+9-1,
ECO+11-1, and ECO+16-1) had insertions in rDNA, two
(WT1-7 and ECO+25-1) had insertions in the 2,um plasmid,
and four (WT2-11, PST135, ASP170, and HIN152) had
associations with mitochondrial DNA. By Southern analy-
sis, all strains with genomic insertions in either single-copy
or repeated sequences had a single band of hybridization
with the intensity expected for a single-copy insertion, and
those with insertions in the 2,um plasmid or associated with
mitochondrial DNA had bands of hybridization with the
intensity expected for high-copy-number plasmids (data not
shown). As expected, transformants with insertions into
single-copy genomic sequences had a stable Ura+ phenotype
(0 to 0.5% Ura- cells after eight generations of nonselective
growth), whereas transformants associated with plasmid
were quite unstable (3 to 20% Ura- cells). Most transfor-
mants with insertions in rDNA had intermediate levels of

AATTCACGG Yplc2llCGAGCTTAA
GTC CGGT

ECO 11-1 TTGAG AAGATACAA TTGAtAGATACAA rDNlA
(NED) AACTCTTAA CTATGTT AACTCICTATGTT K35588 _VOL. 13, 1993
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instability (0.5 to 3% Ura- cells); the loss of the Ura+
phenotype in these transformants presumably reflects un-
equal sister strand recombination within the rDNA (38).

DISCUSSION

In both prokaryotes and eukaryotes, recombination
events that do not involve extensive DNA sequence homol-
ogy (illegitimate recombination events) have been observed
(16, 27). Such events result in chromosomal deletions,
duplications, and translocations. Some of these alterations
are associated with very small (< 10-bp) regions of sequence
homology between the interacting DNA molecules, whereas
other alterations appear to be completely homology indepen-
dent. There appear to be several mechanisms involved in
this type of recombination, including the action of break-
and-join enzymes (for example, topoisomerases and site-
specific recombinases), DNA polymerase slippage, and ran-
dom DNA breakage (16).

In many types of eukaryotes, transforming DNA is inte-
grated by illegitimate recombination (illegitimate integra-
tion). Such events have been reported in Schizosaccharo-
myces pombe (42), Neurospora crassa (2, 11), Coprinus
cinereus (4), and a number of other fungi. In mammalian
cells, illegitimate integration events represent the predomi-
nant form of integration (33). To our knowledge, there have
been only four integrants into the mammalian genome in
which the both junctions of the insert with genomic DNA
and the target have been sequenced. In three of these
integrants, no gross rearrangements of target sequences
were observed; two integrants were associated with small (9-
and 12-bp) target deletions (28), and no alteration in the
target was observed in the third (18). The fourth integrant
was associated with a 5-kb duplication (41). In most of these
integrants, small numbers of bases were deleted from the
ends of the transforming DNA. In one integrant, there was
6-bp homology between one end of the transforming DNA
and the target (28). In studies of end-joining reactions of
linear simian virus 40 genomes transformed into mammalian
cells, small amounts (1 to 5 bp) of homology are often
observed at the junctions of the rejoined molecules (33).
We can make several generalizations concerning illegiti-

mate integration in S. cerevisiae. First, most (11 of 15)
integrants involve base pairing between one or both of the
ends of the transforming DNA with the chromosomal target.
Second, in the class of integrant that does not involve base
pair interactions between the target and the plasmid, there
appears to be a preference for insertion next to CTT or GTT
in the target. Third, little DNA (0 to 4 bp) is lost from the
ends of the transforming molecules, and no DNA is lost from
the double-stranded portion of the vector. Fourth, most
integrants are not associated with large deletions or duplica-
tions. Although small (1- to 4-bp) deletions and duplications
are common, only one integrant with larger changes
(1,600-bp duplication) was observed.
As described above, four transformants (WT2-25, WT133,

TOP2-10, ECO+11-1, and ECO-196) were observed in
which neither end had homology to the target. Of these four
transformants, three had a GTT or CTT sequence adjacent
to one (WT133 and ECO-196) or both (WT2-25) junctions.
Thus, for these transformants, four of the eight junctions
were next to a CIT or GTT. The probability that a single
junction will have a CTT or GTI is about 2 x (1/4)3, or 1/32.
Thus, the chance of one or more junctions with a CTT or
GTT in a sample of eight is 1 - (31/32)8, or 0.22. Using the
binomial expansion, we calculate that the probability of two

or more such junctions is 0.02. Thus, the observation of four
such junctions is highly statistically significant.
The biological significance of this observation is that CTT

and GTI are the preferred sites for cleavage by topo-
isomerase I (3, 31). Although the cleavage specificity of
yeast topoisomerase I has not been determined, since the
cleavage specificity of the enzyme isolated from diverse
sources is very similar, we assume that the yeast enzyme
shares the same specificity. We suggest, therefore, that
although most of the illegitimate integration events are the
result of base pairing between the terminal sequences of the
transforming DNA and the target, the remaining integration
events may be catalyzed by topoisomerase I cleavage of the
target. The integration event could be the result of a topoi-
somerase I-catalyzed break, followed by ligation of the
transforming DNA to the broken chromosome. For exam-
ple, a single-stranded break caused by topoisomerase I
action near a nick on the opposite strand would cause a
double-stranded break that could be ligated to the transform-
ing DNA. Double-strand breaks caused by this type of
mechanism could represent one class of lesion for the
initiation of spontaneous mitotic recombination in yeast.
Alternatively, the topoisomerase I enzyme may directly
ligate the 3' T of the GTT or CTT to the 5' end of the
transforming DNA. One of the NED transformants did not
have a GTT or CTT at the junction. These transformants
may represent either events catalyzed by another topoi-
somerase (such as the HPR1 [1] or TOP3 [40] enzyme) or
events reflecting another mechanism of breakage.

It has been previously suggested that topoisomerase I may
be involved in catalyzing illegitimate recombination events
in both mammalian cells (12) and bacteria (16). In mamma-
lian cells, GTT or CTT sequences have been observed at the
junctions of insertions of transforming DNA (41) and at the
junctions formed by excision of simian virus 40 from the
chromosome (10). In addition, in one of two nonhomologous
integration events examined in N. crassa, there was a CTT
at the junction (2).
Our studies cannot rule out the possibility that in both

yeast and mammalian cells, there is a preference for inser-
tion next to GTT or CTT for reasons other than the action of
topoisomerase I. In preliminary studies, we have examined
insertions of transforming DNA in a topl strain (data not
shown). Of 10 integrants obtained, only one NED transfor-
mant was observed; this transformant did not represent an
insertion next to GTT or CTT. Convincing evidence for (or
against) the involvement of topoisomerase I in NED integra-
tion events would require the analysis of many more NED
events from both TOPJ and topl strains.
Of the 15 insertions associated with a previously charac-

terized gene, 8 were inserted into repeated DNA: 5 into
rDNA and 3 into the 2,um plasmid. Since 44 transformants
were sequenced, 11% of the insertions were in the rDNA and
7% were in the 2,um plasmid. Since 7 to 14% of the genome
is rDNA (29) and about 2 to 4% of the genome is 2,um
plasmid (8), there does not appear to be any striking prefer-
ence for insertion into either of these targets. As shown in
Fig. 6A, the position of the insertions within the 2,um
plasmid appears random. For the insertion in the rDNA (Fig.
6B), the insertions appear more clustered, although no two
insertions were identical. There were also insertions into or
nearby a number of single-copy genes, including MET25,
APAI, YEF3, SNR30, and HOM2. These procedures, there-
fore, should be a useful method of insertional mutagenesis.
Approximately 10% of the transformants observed in our

experiments contained plasmids with mitochondrial inser-

MOL. CELL. BIOL.



ILLEGITIMATE INTEGRATION OF TRANSFORMING DNA 2703
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1600

1 tRNA COX2 COX3
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FIG. 6. Target sites for insertions in the 2p.m plasmid, rRNA
genes, and mitochondrial DNA. (A) Insertions in the 2i±m plasmid.
Arrows indicate the positions and orientations of various tran-
scripts, the dark rectangle represents the position of the structural
element REP3, and the light rectangles represent the locations of
inverted repeats (IR) (9). The number under the name of each
transformant indicates the position of the insertion within form A of
the plasmid; position 1 represents the EcoRI site within the small
unique region. (B) Insertions within the rRNA gene. Five such
insertions were mapped. Arrows indicate the direction of transcrip-
tion. Thick lines represent the sequences encoding the mature
transcripts, thin lines represent transcribed precursor RNA, and the
dashed line indicates untranscribed spacer. The number below the
name of each transformant indicates the position within the rRNA
gene with the + 1 position representing the first base in the 37S
precursor rRNA. (C) Regions of the yeast mitochondrial genome

that were ligated in vivo to YIplac211. Plasmids derived from four
transformants contained mitochondrial sequences. In the lower
portion, we indicate various coding regions in mitochondrial DNA.
In the upper portion, we show the locations of the fragments within
the genome; the numbers are those used in the map of Zamaroczy
and Bernardi (43). For transformants ASP170 and HIN152, single
fragments (indicated by white rectangles) were ligated to YIplac211.
For transformants WT2-11 and PST135, two noncontiguous frag-
ments (indicated by black rectangles) were ligated to YIplac211.

tions. In these plasmids, either one piece or several noncon-

tiguous pieces of mitochondrial DNA were connected to the
YIplac211 sequences. To be maintained as a plasmid in S.
cerevisiae, at least one fragment must have autonomously
replicating sequence (ARS) activity. This condition is not
particularly restrictive, since many mitochondrial DNA frag-
ments have ARS activity (5, 13, 22); it should be noted,
however, that there appears to be some nonrandomness in
the recovery of particular portions of the mitochondrial
chromosome (Fig. 6C). We believe that these plasmids are

likely to be localized in the nucleus, rather than the mito-
chondria, because mitochondrial URA3 genes do not lead to

a Ura+ phenotype (39). Previously, Thorsness and Fox (39)
showed that a plasmid containing URA3 sequences associ-

ated with mitochondrial DNA escaped from the mitochon-
dria to the nucleus at a rate of about 2 x 10-5 per cell per
generation. We suggest that the plasmids observed in our
experiments represent the in vivo ligation of YIplac211
sequences to one or more fragments of escaped mitochon-
drial DNA. The deletions and inversions observed in several
of the plasmids may reflect the random ligation of several
mitochondrial fragments. A second possibility is that the
mitochondrial DNA in the plasmid was derived from a petite
genome in which a rearrangement had occurred. The rear-
ranged fragment was then transported into the nucleus and
ligated to YIplac211. It has been shown that petite genomes
frequently contain deletions and inversions, although the
mechanisms involved in these rearrangements are not yet
understood (15).

This relatively high fraction of transformants with mito-
chondrial DNA observed in our experiments suggests that
the frequency of transfer of mitochondrial DNA into the
nucleus may be even higher than that observed by Thorsness
and Fox (39). The efficiency of nonhomologous transforma-
tion is about 1% of that observed for homologous transfor-
mation with linear DNA fragments (34). If the efficiency of
ligation of plasmid sequences to mitochondrial DNA is
100%, then the frequency of nonhomologous events involv-
ing mitochondrial DNA relative to the frequency of homol-
ogous transformation is about 10-3 to 10-4. If we assume
that the fraction of cells that contain nuclear-located mito-
chondrial DNA is not different in untransformed cells,
approximately 1 in 1,000 to 1 in 10,000 cells may contain this
species of DNA. The difference between this frequency and
that observed by Thorsness and Fox (2 x 10-5) may be
explained by the observation that most of the mitochondrial
DNA fragments are small. In the experiment by Thorsness
and Fox, the detection of nucleus-localized mitochondrial
DNA required the entry of an intact URA3 gene. Alterna-
tively, the transformation procedure that we are using may
facilitate the entry of mitochondrial DNA into the nucleus.
The two observations of mitochondrial DNA in the nu-

cleus and end-directed integration of transforming fragments
suggest that entry of mitochondrial DNA into the nuclear
genome may be an important feature of genome evolution in
S. cerevisiae. Two such events have been clearly docu-
mented. In one strain, a 289-bp mitochondrial DNA frag-
ment containing the varl gene and several noncontiguous
other portions of the mitochondrial genome was inserted
within the nuclear genome (17). In another strain, a 227-bp
region derived from the fourth intron of cytochrome b was
inserted into telomeric sequences (25). If such insertion
events were very frequent, one might expect some sponta-
neous mutations of nuclear genes to be a consequence of
insertions of mitochondrial DNA. To our knowledge, no
such mutations have been reported. However, since most
nonhomologous integration events appear end directed, one
would expect most mitochondrial insertions would be within
the AT-rich DNA that separates coding sequences rather
than into the coding sequences themselves. It is conceivable
that the AT-rich spacers may have originated as a conse-
quence of the insertion of mitochondrial DNA. In addition,
since the mitochondrial DNA is rich in ARS elements, the
nonhomologous insertion of mitochondrial DNA may repre-
sent a mechanism for the introduction of DNA replication
origins into the yeast chromosome.

In summary, in studies of illegitimate integration events in
S. cerevisiae, we have obtained three types of transfor-
mants. The most common type involves the insertion of the
transforming DNA into the target as the result of an inter-

VOL. 13, 1993



2704 SCHIESTL ET AL.

action between a small number of bases on the ends of the
transforming DNA with bases within the target. The second
class of transformant involves an insertion of transforming
DNA next to a CT1 or GTT sequence in the target; we
suggest that these events are mediated by topoisomerase I.
The third class of transformant involves the in vivo ligation
of the transforming DNA with nucleus-localized linear mito-
chondrial DNA fragments.
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