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The maize, cut-and-paste transposon Ac/Ds is mobile in Saccharomyces cerevisiae, and DNA sequences of
repair products provide strong genetic evidence that hairpin intermediates form in host DNA during this
transposition, similar to those formed for V(D)J coding joints in vertebrates. Both DNA strands must be
broken for Ac/Ds to excise, suggesting that double-strand break (DSB) repair pathways should be involved in
repair of excision sites. In the absence of homologous template, as expected, Ac excisions are repaired by
nonhomologous end joining (NHEJ) that can involve microhomologies close to the broken ends. However,
unlike repair of endonuclease-induced DSBs, repair of Ac excisions in the presence of homologous template
occurs by gene conversion only about half the time, the remainder being NHEJ events. Analysis of transposition
in mutant yeast suggests roles for the Mre11/Rad50 complex, SAE2, NEJ1, and the Ku complex in repair of
excision sites. Separation-of-function alleles of MRE11 suggest that its endonuclease function is more impor-
tant in this repair than either its exonuclease or Rad50-binding properties. In addition, the interstrand
cross-link repair gene PSO2 plays a role in end joining hairpin ends that is not seen in repair of linearized
plasmids and may be involved in positioning transposase cleavage at the transposon ends.

The homologous recombination pathway is the primary
means to repair double-strand breaks (DSBs) in Saccharomy-
ces cerevisiae (reviewed in reference 74). Gene conversion, a
conservative mechanism, and single-strand annealing (SSA), a
nonconservative mechanism, each require extensive homology
between the broken ends and the repair template (19, 34, 54).
However, when homologous recombination is blocked (e.g., in
a rad52 mutant), nonhomologous end joining (NHEJ) is also
shown to be involved in yeast DSB repair (36, 42, 51). The
details of NHEJ are clearest in yeast, and at least eight yeast
genes are required directly for efficient and relatively accurate
repair by NHEJ: YKU70, YKU80, DNL4, LIF1, NEJ1, RAD50,
MRE11, and XRS2. Extensive searches have shown that there
are unlikely to be any other major NHEJ genes in yeast (53,
80). A better understanding of NHEJ is of general interest, as
NHEJ is the dominant DSB repair mechanism in animals and,
based on the difficulties in achieving homologous gene replace-
ment, NHEJ is thought to be the overwhelmingly predominant
DSB repair mechanism in plants (6, 26, 33).

Plant transposable elements provide a valuable resource for
studying DNA breakage and rejoining events in plants. These
elements have to break both strands of the DNA in order to
excise from one site and move to another, although the nature

of those breaks and any host factor involvement remain some-
what unclear (for reviews, see references 6, 25, 37, 76, and 78).
For example, it is likely that at least some plant transposases
(TPases), such as those of hAT superfamily elements like
Ac/Ds and Tam3, initiate sequential single-stranded cuts sim-
ilar to those described in immunoglobulin gene rearrange-
ment, rather than cutting both strands simultaneously (re-
viewed in references 23 and 37). While TPase is thought to
bend and align the two transposon ends prior to excision (61)
and possibly recruit a transposition target site (15, 32), it is not
yet clear what role, if any, plant TPases might play in repair of
excision sites. In addition, few host factors that are involved in
the transposition process per se are known (65, 69).

The repair of plant transposon excision sites is primarily
through NHEJ, which usually creates sequence alterations, or
transposon footprints, at the excision sites (7, 14, 64, 67). As
NHEJ is also the predominant means for repair of DSBs in
plants, it is useful to compare directly the roles of these genes
in repairing DSBs and repairing transposon excision sites.

Manipulating these genes in a meaningful way in plants is
difficult. However, yeast cells provide an excellent system for
making this comparison. The maize Ac/Ds transposons have
been modified to transpose in yeast cells (79), allowing us to
assay the repair of excision sites in a variety of yeast mutant
backgrounds. DNA hairpins appear to form in the host DNA
during transposition, and NHEJ is involved in the repair of
these excision sites in haploid cells, often creating long palin-
dromic sequences when the hairpins reopen. Both autonomous
Ac elements and nonautonomous Ds elements (provided with
TPase in trans) can excise from yeast plasmids and yeast chro-
mosomes. Similar repair products arise in all these cases as
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long as the sequence flanking the transposon is held constant
(J. Yu and C. F. Weil, unpublished data).

The mechanism used to repair DNA breaks in yeast is con-
trolled by a variety of factors. These include the availability of
homologous repair templates, phase of the cell cycle, whether
the cells are haploid or diploid, the presence of other breaks in
the genome, complementarity of the broken ends, and overall
growth conditions (10a, 41, 48, 51, 56). A common occurrence
in a yeast cell with a broken DNA molecule and an available,
homologous repair template is that either recombination or
gene conversion is used to repair the broken DNA, a feature
that has made gene replacement in yeast a widespread tech-
nique. However, if there is no homologous template available,
then nonhomologous ends can be rejoined by three other
mechanisms (42, 56). One is SSA, a deletion-prone, micro-
homology-dependent mechanism rejoining the two DNA ends
via short (�10-bp) direct repeats, deleting one of the two
direct repeats and the sequences between them (18, 34a, 44).
SSA is dependent on the function of RAD52 and RAD59 and
appears to be suppressed by HPR5/SRS2, increasing in hpr5/
srs2 mutants (12, 60, 70, 80). Alternatively, NHEJ can occur
precisely by simple religation, in which two DNA ends are
ligated together without the loss of nucleotide sequences (41,
50, 71). Finally, NHEJ can occur imprecisely, resolving
through very short (�10 bp) microhomologies and creating
deletions; however, imprecise NHEJ shows different gene re-
quirements from those of SSA (36, 47, 51, 81, 82).

A more thorough understanding of the repair events in yeast
cells following Ac/Ds transposon excision is necessary before
gene function in that repair can be analyzed. In our previous
studies, repair of the excision sites occurred by NHEJ; how-
ever, these experiments were carried out in the absence of any
homologous repair templates. Here we describe repair of those
sites in the presence of available, homologous repair templates
and find that �50% of the repair events still occur by end
joining resolved using microhomologies. We then show that
mutants lacking genes involved in NHEJ show a reduced abil-
ity to repair Ac/Ds excisions, suggesting that these genes are
important for the repair. In particular, MRE11 separation-of-
function alleles suggest a specific role for this gene in process-
ing Ac excision sites.

MATERIALS AND METHODS

Ac/Ds constructs. Plasmids pWL117 (containing a mini-Ds), pWL80 (contain-
ing a GALIS-driven Ac TPase cDNA fused to the Gal4p nuclear localization
signal), pWL67A (with a mini-Ds in the HpaI site of ADE2), pWL88 (pRS402 [4]
with a unique XhoI site introduced into the 5� untranslated region [UTR] of
ADE2), pWL89A (a BglII fragment of pWL88 containing the entire ADE2 gene
plus an XhoI site cloned into YCpLac33 [24]), and pWL90A (with a mini-Ds in
the 5� UTR of ADE2) have all been described previously (79).

Plasmid pWL205 was constructed by removing a 2-kb BstXI-KpnI CEN4/ARS
fragment from pWL89A, blunting the BstXI end with T4 DNA polymerase, and
ligating the fragment into Ecl136II/KpnI-cut pWL67A. We synthesized an au-
tonomous Ac element by inserting a PvuII fragment of pWL80 containing TPase
into the blunted XhoI site of the mini-Ds on pWL117, creating pWL137A. HpaI
and BglII restriction sites were then introduced on both sides of the transposon
by site-directed mutagenesis to make pWL155. We constructed a second, auton-
omous Ac element on plasmid pWL211 by insertion of the PvuII TPase fragment
of pWL80 into the blunted XhoI site of mini-Ds on plasmid pWL205. The TPase
on pWL211 parallels the orientation of the Ds. The PvuII fragment of pWL80
containing the TPase was also inserted into the blunted XhoI site of pWL67A to
create pWL204. Plasmid pWL200 was made by insertion of a HpaI fragment
from pWL155 into the HpaI site of the ADE2 open reading frame on plasmid

pWL89A. pWL174 was constructed by insertion of a PvuII fragment of a hyper-
active TPase mutant, D459A (unpublished data) (a generous gift from R.
Kunze), into the blunted XhoI site of pWL90A. The TPase on pWL174 parallels
the orientation of ADE2. pWL216 was made by ligating the PvuII TPase frag-
ment of pWL80 into EcoRV/Ecl136II-cut pGEV-HIS (22), which contains a
HIS3 marker.

Site-directed mutagenesis of the flanking sequences of Ds. PCR primers were
as follows: P1, 5�-GGAAATGATTCCGGAAGCTTTGGAAGTACTGAAGG-
3�; P2, 5�-AGTCCGGAACTCTAGCAGGCGCATAACATAAGTCACAAAT
ATTGTCCTTGTGGATAGTCTCTACAATTGGGTAAGAAAACACTAAC
GTCAACAGACCGTTCACGATAGGGATGAAAACGGTCGG-3�; P3, 5�-A
TTCCGGAAGCTTTGGAAGTACTGAAGGATCGTCCTTTGTACGCCGA
AAAATGGGCACCATTTACTAAAGAATTAGCAGTCATGATTGTGAGA
TCTGTTGGTCACGCCAGGGATGAAAGTAGGATGG-3�; and P4, 5�-AGT
CCGGAACTCTAGCAGGCGCATAACATAAGTCACAAATATTGTCCTT
GTGGATAGTCTCTACAATTGGGTAAGAAAACACTAAACCGTTTGCG
TGACCTAGGGATGAAAACGGTCGGT-3�. Primers P1 and P2 were used to
site-direct a 1-bp change into the DNA flanking Ds in pWL205, and the amplified
fragment was digested with BspEI and used to replace the original BspEI frag-
ment of pWL205 to create pWL252, carrying the ade2::Ds-3 allele (Fig. 1).
Similarly, for construction of pWL264, the BspEI fragment of a PCR fragment
amplified from pWL205 by using primers P3 and P4 was used to replace the
original BspEI fragment of pWL205. By doing so, the 8-bp direct repeat of the
maize wx-m7 allele (64) was placed adjacent to Ds, creating ade2::Ds-4 (Fig. 1).

Yeast strains. Yeast strains used in these experiments are shown in Table 1.
pWL204 was transformed into BY4723, selecting Ura� transformants on syn-
thetic complete glucose (SC) medium lacking uracil. The transformants were
streaked on 5-fluoroorotic acid (5-FOA) to select red, Ura� derivatives, indicat-
ing disruption of ADE2 and loss of URA3. A red 5-FOAr colony that had been
verified to contain ade2::Ac by PCR amplification was designated JYY24.

A partial deletion of ADE2 was made in BY4723 to get JYY1. To this end, the
BglII-BclI fragment containing CEN/ARS was removed from pWL89A to get
pWL198. Then the HpaI-PflM1 fragment of ADE2 was deleted from pWL198 to
create pWL201. pWL201 was transformed into BY4723 to select Ura� transfor-
mants. Selection on 5-FOA was carried out to identify Ura� Ade� derivatives
carrying ade2-�HpaI/PflM1 on chromosome XV. The deletion was then con-
firmed by PCR.

The strain MY031 was constructed by knocking out the TRP1 gene of JYY1 by
the hisG cassette replacement technique (1). Strains MY032, MY033, MY034,
and MY037 were then constructed from MY031 by replacing the MRE11, SAE2,
NEJ1, and PSO2 open reading frames, respectively, with the kanMX4 cassette
(77).

In vivo plasmid rejoining assay. Plasmid pWL89A was cut with HpaI, and the
linearized fragment was gel purified, recut with HpaI, and gel purified again to
remove any uncut plasmid. This fragment was transformed into JYY1 cells and
selected on both SC-Ura and SC-Ura-Ade plates. White colonies recovered from
the transformation were restreaked onto SC-Ura-Ade, and total DNA was ex-
tracted from them by using a Y-DER yeast DNA extraction kit (Pierce). The
extracted DNA was used to amplify end-joining repair products with primers
5�-TCGTCTTGAAGTCGAGGACTTTGGCA-3� and 5�-AACGGAGTCCGG
AACTCTAGCAGGCGCA-3�. Those PCR fragments of correct size that could
still be cut by HpaI were scored as simple-ligation end joining.

Characterization of independent Ac/Ds footprints. A single colony was
streaked on SC medium containing galactose as the sole carbon source (SCGal)-
Ura-Ade for Ade� revertants. To ensure that the recovered footprints were
independent, only one revertant was picked among all the revertants derived
from each original Ade� colony. The revertants were purified to homogeneity,
and a single colony was grown in SC-Ade liquid culture. DNA was extracted and
used to amplify Ac/Ds excision sites by PCR as described previously (79). The
gel-purified PCR products were then sequenced directly.

RESULTS

Experimental system. Ac/Ds transposons can excise and re-
insert in yeast cells given a TPase source under the transcrip-
tional control of the yeast GAL1S promoter and CYC1 termi-
nator sequences (79). Transposons inserted into the yeast
ADE2 open reading frame can be used to monitor excision
events in much the same way that excision markers are utilized
in plants. Ade� revertants on galactose medium are then pu-
rified, and their DNA is analyzed for excision and reinsertion
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events (Fig. 1). While this system depends on the restoration of
the open reading frame to recover ADE2 function, revertants
are typically observed with a frequency of 5 � 10�4 (thus, an
overall predicted excision rate of �1.5 � 10�3), allowing re-
covery of a wide variety of excision events. Insertions in the 5�
UTR of ADE2 were also used to analyze Ac excisions in the
presence of a homologous repair template. However, while
these insertions do not require reading frame restoration to
become Ade�, they result in a leaky Ade� phenotype due to an
outward reading promoter in the transposon ends (Yu and
Weil, unpublished). Revertants can be selected against the
background growth after 3 to 7 days.

End-joining repair of Ac/Ds excision sites in yeast is primar-
ily microhomology dependent. Analysis of 62 independent
footprints from ade2::Ac-1 or ade2::Ds-1 in the strains JYY13
(with Ac on a plasmid), JYY24 (Ac in chromosome XV), and
JYY41 (Ds on a plasmid) suggest that 95.2% of them are
resolved through microhomology, resulting in deletions (Fig.
2). Sequences of 1, 2, and 3 bp serve as the microhomology
with frequencies of 40.3, 25.8, and 29.0%, respectively. In these
strains, homologous repair is prevented by lack of a homolo-

gous repair template. The short length of the apparent micro-
homologies argues that imprecise NHEJ is the mechanism
rejoining these ends, as opposed to SSA (34a). Similarly, anal-
ysis of 110 additional footprints derived from the ade2::Ds-3,
ade2::Ds-4, ade2::Ac-2, and ade2::Ac-3 alleles showed that
these could also be resolved through short direct repeats
(91.9% of the total 172) (Fig. 2, 3, and 4). Overall, the direct
repeats that serve as microhomologies range from 1 to 6 bp.
These results are consistent with previous studies, in which
�88% of end-joining events following either HO-induced or
dicentric chromosome breaks had homology of the terminal
bases in the deletion (36).

In plants, one predominant Ac/Ds footprint arises, deter-
mined by flanking sequence and likely the most frequent repair
product (64, 67). Similar predominant products have been
reported for Ascot excision in the fungus Ascobolus immersus
(10). A predominant Ac/Ds footprint also arises in yeast, ap-
parently through a combination of the length and the distance
from the broken DNA ends of the microhomology (see Dis-
cussion). Of the 62 independent footprints from ade2::Ac-1 or
ade2::Ds-1, one footprint is found 22 times (33.5%) and rep-

FIG. 1. Ac/Ds constructs with their flanking sequences used in this study. The ADE2 open reading frame is indicated by a stippled box.
ade2::Ds-3, ade2::Ds-4, and ade2::Ac-1 are derived from ade2::Ds-1 (see Materials and Methods). Transposon insertions are represented as
triangles. The site-directed single-base change in ade2::Ds-3 is denoted by an asterisk. The 8-bp direct repeat of wx-m7 in ade2::Ds-4 is indicated
by heavy black arrows. In ade2::Ac-2, Ac is inserted in the 5� UTR of ADE2 instead of in the middle of the gene; the ATG start codon is boxed.
Ac/Ds transposons are indicated as boxes; the orientation of Ds (5� and 3� ends) is based on the transcription direction of wild-type Ac in maize.
Italicized bases are those that do not belong to the original open reading frame of ADE2 and have been added by cloning.
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resents the predominant footprint for this particular sequence
context (Fig. 2). The probability of recovering independently
derived, identical footprints in which both ends are processed
identically, or even processed coincidentally to produce iden-
tical sequences, is extremely small. The predominant Ade�

footprint from the ade2::Ac-1 and ade2::Ds-1 alleles, which are
flanked by the same host DNA sequences, is determined by a
3-bp, TGA microhomology. One copy of TGA is present up-
stream of and close to the Ac/Ds excision site. The other is
downstream of the excision site and is part of a palindrome
that forms when the DNA hairpin is opened. In contrast,
among minor footprints shown in Fig. 2 only one (shown as
footprint 3) uses a 3-bp microhomology and the rest form
through microhomologies of either 1 or 2 bp. Although the
microhomology is also TGA for this footprint, the two copies
of TGA are further apart.

In yeast, the predominant footprints are the same and occur
with similar frequencies for Ac as for Ds for any given flanking
sequence, whether transposition is from a plasmid or from a
chromosome (Table 2). The ade2::Ac-1, ade2::Ac-2, and
ade2::Ac-3 alleles, each with different flanking sequences (Fig.
1), all have different predominant footprints (data not shown).
Different flanking sequences would likely lead to availability of
different microhomologies and, therefore, determine the for-
mation of different predominant footprints and minor foot-
prints.

To test this hypothesis further, we altered the downstream
TCA of ade2::Ds-1 to TGA by site-directed mutagenesis to
produce the ade2::Ds-3 allele (Fig. 3). This 1-bp change de-
stroyed the microhomology that forms the predominant Ade�

footprint for ade2::Ds-1 and created a new direct repeat of 4 bp
(GTGA) flanking the excision site at a different position in
ade2::Ds-3. As expected, the ade2::Ds-3 allele showed a new
predominant Ade� footprint (31.8%, n 	 44), formed through
this 4-bp microhomology. The predominant footprint observed
in the progenitor construct was no longer observed. In addi-
tion, no other Ade� footprints formed from this allele utilize
microhomologies as long as 4 bp.

Microhomology and “�0” excisions. In plants, insertions,
deletions, or substitutions associated with Ac/Ds excisions usu-
ally occur in the 1 or 2 bp closest to the element (64, 67). The

majority of footprints typically do not restore reading frame,
and precise, or “�0,” excisions, which restore the DNA to the
same sequence that was present before transposon insertion,
are rare.

None of the footprints shown in Fig. 2 and 3 are recovered
from alleles flanked by the characteristic 8-bp target site du-
plication that typically accompanies insertion of hAT family
transposons like Ac/Ds (reviewed in reference 37). Each was
created by Ac/Ds cloning rather than transposition. We there-
fore mutagenized the DNA flanking Ds in ade2::Ds-1 to add
the 8-bp target duplication found flanking Ac in the maize
wx-m7 allele (64), creating the ade2::Ds-4 allele (Fig. 1).
Among independent, Ade� revertants of ade2::Ds-4 (admit-
tedly, a biased sample selected for restoration of ADE2 reading
frame), �0 footprints were the largest single group (7 of 23)
(Fig. 4). In both Arabidopsis thaliana and maize, using this
same wx-m7 sequence context in PCR assays that are not
biased by phenotype, we observe similar proportions of �0
events among those footprints that restore reading frame,
though they do not predominate overall (64). These �0 foot-
prints could form through a 6-bp microhomology (the middle
part of the 8-bp target site duplication), although this micro-
homology would be available only in the subset of excisions
where both DNA hairpins open �8 bp away from the tip of the
hairpin. Further characterization is required, but it is intriguing
that �0 footprints do not occur with similar frequency in those
alleles examined to date that lack an 8-bp target site duplica-
tion.

Choice of repair pathway. Microhomology searching during
repair of Ac excision sites would require that additional pro-
cessing of the host DNA hairpins into nonhomologous, single-
stranded tails occur before the ends are ligated. Boulton and
Jackson (2, 3) reported that blunt-ended, SmaI-cut pBTM116
was repaired using microhomology-driven end joining, result-
ing in deletions. Oettinger and coworkers have recently ob-
served similar results (M. Oettinger, personal communication).
The interpretation of their results was that the blunt ends were
resected to produce single-stranded overhangs. This process-
ing is also consistent with the recombinogenic nature of blunt-
ended DNAs transformed into yeast, which further suggests
that the blunt ends are processed to have single-stranded 3�

TABLE 1. S. cerevisiae strains

Strain Parent strain/plasmid(s) Genotype Source or
reference

BY4723 MATa ura3�0 his3�0 4
BY4725 MAT
 ade2::hisG ura3�0 4
CWY1 BY4723 MATa ura3�0 his3�0 ade2::Ds-1 79
JYY1 CWY1 MATa ura3�0 his3�0 ade2�HpaI-PflM1 This study
JYY2 JYY1/pWL200 MATa ura3�0 his3�0 ade2�HpaI-PflM1/CEN6/ARS4 URA3 ade2::Ac-3 This study
JYY13 JYY1/pWL211 MATa ura3�0 his3�0 ade2�HpaI-PflM1/CEN6/ARS4 URA3 ade2::Ac-1 This study
JYY16 JYY1/pWL174 MATa ura3�0 his3�0 ade2�HpaI-PflM1/CEN6/ARS4 URA3 ade2::Ac-2 This study
JYY24 MATa ura3�0 his3�0 ade2::Ac-1 This study
JYY26 BY4725/pWL174 MAT
 ade2::HisG ura3�0/CEN6 ARS4 URA3 ade2::Ac-2 This study
JYY37 CWY1/pWL216 MATa ura3�0 his3�0 ade2::Ds-1/CEN6 ARS4 HIS3 TPase This study
JYY41 JYY1/pWL205/pWL216 MATa ura3�0 his3�0 ade2�HpaI-PflM1/CEN6 ARS4 URA3 ade2::Ds-1/CEN6 ARS4 HIS3 TPase This study
JYY54 JYY1/pWL252/pWL216 MATa ura3�0 his3�0 ade2�HpaI-PflM1/CEN6 ARS4 URA3 ade2::Ds-3/CEN6 ARS4 HIS3 TPase This study
JYY60 JYY1/pWL264/pWL216 MATa ura3�0 his3�0 ade2�HpaI-PflM1/CEN6 ARS4 URA3 ade2::Ds-4/CEN6 ARS4 HIS3 TPase This study
MY031 JYY1 MATa ura3�0 his3 �0 ade2�HpaI-PflM1 trp1::hisG This study
MY032 MY031 MATa ura3�0 his3�0 ade2�HpaI-PflM1 trp1::hisG mre11::hisG This study
MY033 MY031 MATa ura3�0 his3�0 ade2�HpaI-PflM1 trp1::hisG sae2::kanMX4 This study
MY034 MY031 MATa ura3�0 his3�0 ade2�HpaI-PflM1 trp1::hisG nej1::kanMX4 This study
MY037 MY031 MATa ura3�0 his3�0 ade2�HpaI-PflM1 trp1::hisG pso2::kanMX4 This study
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FIG. 2. DNA sequences of independent footprints recovered from ade2::Ac-1 and ade2::Ds-1. (A) All of these sequences are collected from the
strains JYY13 (Ac on plasmid), JYY24 (Ac on chromosome), and JYY41 (Ds on plasmid). The 62 independent transposon footprints correspond
to 25 distinct types. Palindromes of sequences are underlined, with the added “P” nucleotides in italics and the altered base at the axis of each
palindrome in boldface (see reference 37). Bases representing putative microhomologies are shown in dashed boxes; these bases would also be
present in the sequence of the opposite end and then removed when the footprint is resolved. (B) An example of how microhomology between
the P nucleotides present on one side of the footprint could serve as microhomology for resolution of the footprint. The arrow represents the
opening of the hairpin on the right (the one on the left has already been opened), the boldface letter represents the base around which the
palindrome has its axis, the microhomology is indicated in the dashed boxes, and the heavy, dashed lines represent DNA synthesis.
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ends. If 3� overhangs are also created during Ac excision site
repair, homologous sequences might be subject to strand in-
vasion by those 3� ends, and Ac excision might stimulate re-
combination.

In our previous experiments, yeast cells were forced to use
NHEJ to repair Ac excisions because no homologous repair
template was available. We therefore wanted to assay repair of
excision sites in cells that could carry out both homologous
repair and NHEJ to ask which pathway was used (Fig. 5). As a
control, we first tested repair of a blunt-ended, linear DNA
using the same constructs that we proposed to test in our
transposition assay. The plasmid pWL89A cut with XhoI and
treated with T4 DNA polymerase leaves blunt ends at the same
site as does the transposon insertion in ade2::Ac-2; this XhoI
site is not present in the chromosomal copy of ADE2 (79). We
transformed purified XhoI-linearized and blunted pWL89A,
carrying an ADE2 gene with no Ac, into JYY1 cells carrying
the ade2::�HpaI-PflM1 allele, as described in Materials and
Methods. Of transformants selected initially for Ura� and then
screened for ADE2 function, 15 of 16 (93.7%) were Ade�, and
all these contained gene conversions of the ade2::�HpaI-PflM1
allele from the chromosome to the plasmid (see Discussion).
The same pWL89A plasmid cut with HpaI leaves blunt DSB
ends in the middle of the ADE2 gene at the same site as does
the Ac insertion in ade2::Ac-1. With the use of HpaI-linearized

pWL89A in JYY1, one side of the DNA break is homologous
to the repair template while the other is not, due to the
ade2::�HpaI-PflM1 allele in the chromosome. These too were
predominantly Ade� (�98%, n 	 600), and 60 of 60 Ade�

plasmids analyzed contained gene conversions of the
ade2::�HpaI-PflM1 allele from the chromosome to the plas-
mid. We had a 95% chance of seeing at least one of any other
type of event, had it occurred with a frequency of 5% or
greater [n 	 �ln(1 � P)/�] but did not. Among Ade� plasmids
recovered, the ADE2 gene could be recut with HpaI in 15 of 16
independent events, suggesting that this subclass was rejoined
by simple, blunt-end ligation without resection.

The Ac-containing plasmid pWL174 was then transformed
into strains carrying a chromosomal ADE2 locus with a dele-
tion of the internal HpaI-PflM1 fragment in its 3� end (Fig. 1).
This arrangement provided �360 bp 5� and �600 bp 3� to the
Ac insertion site (34) and allowed us to distinguish end joining
from homologous repair events because of sequence polymor-
phisms immediately flanking the Ac added while cloning the
transposon into ADE2 (see reference 79). Restoration of com-
pletely wild-type sequence to any functional ADE2 gene recov-
ered could come only from either gene conversion between the
plasmid and the chromosomal ADE2 gene or double-crossover
events that would also transfer Ac reciprocally to the chromo-
somal ADE2, creating an allele with both the HpaI-PflM1 de-
letion and the transposon insertion.

Unexpectedly, 20 of 39 Ade� repair products that we recov-
ered following transposition were formed by end joining, even
though a repair template with extensive homology on either
side of the excision site was available (Fig. 5). Overall, we
recovered Ade� colonies with a similar frequency in this set of
experiments (�10�4) as in experiments where homologous
repair templates were not available. Fully wild-type ADE2
genes were recovered in 19 of the 39 independent events,
presumably the result of gene conversion events. While we

FIG. 3. DNA sequences of independent footprints recovered from the ade2::Ds-3 allele in strain JYY54. ade2::Ds-3 was derived from
ade2::Ds-1 by site-directed mutagenesis, with a single base change, C3G (asterisk). Representation is as in Fig. 2. The 44 footprints correspond
to 16 distinct types.

TABLE 2. Frequency of predominant footprints of ade2::Ac-1 and
ade2::Ds-1 on chromosomes or plasmids

Strain Element and
location

No. of
total

footprints
sequenced

No. of
predominant

footprints

Frequency of
predominant

footprints
(%)

JYY13 Ac on plasmid 21 7 33.3
JYY24 Ac on chromosome 22 7 31.8
JYY41 Ds on plasmid 19 8 42.1
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cannot conclusively associate these gene conversions with
transposition and our sample size was relatively small, we did
not observe them among a similar number of cells plated on
glucose medium where transposition was not induced.

Roles for host factors in transposition and repair of Ac
excision sites. We assayed the repair of excision sites in cells
deficient in various NHEJ-associated genes. Deletion of the
yku70, yku80, rad50, mre11, xrs2, sae2, or pso2 loci resulted in
a striking decrease in Ade� revertants of the ade2::Ac-1 allele
compared with isogenic, repair-proficient cells (Fig. 6A). In
each case, complementation of all these mutations by trans-
formation with plasmids carrying the appropriate wild-type
genes restored Ade� reversion to nonmutant levels (data not
shown). Most of these deletion alleles completely abolish re-

version of the ade2::Ac-1 allele. However, deletion of the PSO2
gene still allows �10% of the wild-type reversion frequency,
and the transposon footprints from these revertants are in-
triguing.

Half of the footprint sequences recovered from three inde-
pendent experiments with the pso2� mutant are similar to
those seen in nonmutant controls (Fig. 6B). Of particular in-
terest, however, 8 of the 32 types of footprints recovered from
the pso2� mutant retain part of one or both ends of the trans-
poson. This class of footprint has been quite rare in all our
previous experiments (Fig. 2 to 4) (79), arising only one time
each in 2 of over 150 separate experiments with repair-profi-
cient strains (�200 different footprint types overall [C. F. Weil,
unpublished data]). Microhomology appears to be involved in
resolving only two of these eight footprints. In one of these
(sequence 25, Fig. 6B), both ends of the transposon remain at
the site and resolution appears to be through a TACCGACC
repeat present near both transposon ends, similar to a mech-
anism that forms deleted elements in plants and other eu-
karyotes (31, 83). In the other case (sequence 31, Fig. 6B), one
side of the footprint appears to have formed and resolved a
hairpin structure in host DNA; however, it is not yet clear
whether DNA hairpins form within transposon sequences. In
four cases, cleavage at one end appears to be precise in its
removal of only the base adjacent to the transposon while the
other end retains transposon sequence. In one instance, a
hairpin appears to have formed in host DNA and resolved to
create a short palindrome on one side while leaving Ac se-
quence on the other. We note that microhomology appears to
be involved in the resolution of this particular footprint but not
in the others, where host DNA on one side is joined to residual
transposon sequence on the other. The mechanism forming
footprints that include part of the transposon remains unclear
but is likely to involve TPase miscutting, as they do not arise
when the TPase is not induced (data not shown). The pso2�
mutation does not significantly affect NHEJ of HO endonu-
clease-cleaved chromosomal DNA or of restriction endonucle-
ase-linearized plasmids transformed into yeast (data not
shown).

FIG. 4. DNA sequences of independent footprints recovered from ade2::Ds-4 in strain JYY60. Other representations are as in Fig. 2. The 23
footprints correspond to 10 distinct types.

FIG. 5. Repair choice experiment. Small arrows indicate PCR
primers. The region of homology between the plasmid and the chro-
mosome is indicated by dashed lines.
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FIG. 6. (A) Ac excision in strains carrying DNA repair mutations. Bars indicate reversion of the ade2::Ac-1 allele on plasmid pWL210 to Ade�.
Values were averaged over four independent experiments, error bars indicate standard deviations. (B) Ac footprints obtained in pso2� mutant
yeast. Footprints 1 to 24 are as in Fig. 2. Footprints 25 to 32 contain sequences from the Ac transposon, indicated in white letters on a black
background.
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Ac excision and Mre11. The apparent involvement of NHEJ
genes further prompted us to investigate the involvement of
the MRE11 gene in more detail. Mre11p is involved in a wide
variety of cellular functions (reviewed in references 11, 59, and
84) and has been shown to have 5�-to-3� exonuclease, 3�-to-5�
exonuclease, endonuclease, DNA-binding, and Rad50p-bind-
ing activities. Its exonuclease function has been implicated in
the microhomology-dependent repair of nonhomologous ends
(58), and its endonuclease function has been implicated in the
opening of DNA hairpins in vitro (45, 57). We were interested
in the possibility that it might be involved in opening the DNA
hairpins created in host DNA during Ac transposition. This
function is typically carried out by the Artemis gene product in
V(D)J rearrangement (66), and although PSO2 bears some
protein sequence similarity to Artemis, functional homologs of
Artemis have not yet been identified either in yeast or in plants
(see Discussion).

JYY1 cells with a completely deleted mre11 locus (MY032)
were transformed with the plasmid pWL210, containing an Ac
element inserted into the 5� UTR of the ADE2 gene. No
revertants were recovered from plates on which the TPase was
induced or from the same strain transformed with a second,
empty vector (Fig. 7). Transformation was restored by trans-
forming in a second plasmid containing the wild-type MRE11
gene. Similar experiments were then carried out to add each
of several separation-of-function mutant alleles, mre11-3,
mre11-4, mre11-11, mre11-58S, and mre11-N113S, on plasmids
(40; Bressan et al., 1998) (Fig. 7). These alleles have alterations
in phosphodiesterase motifs located in the N-terminal nuclease
domain of the protein. The mutations differentially eliminate
the exonuclease and/or Rad50p-binding capabilities of Mre11p
and cause differences in the ability of the cell to prevent mitotic
chromosome loss, maintain telomere length, and respond to
radiation-induced breaks (40). Most of the mutations behaved

identically to the mre11� allele, and no Ade� colonies were
recovered. Only mre11-N113S restored any ability to repair the
Ac excision site and then only to �35% of wild-type levels.
Interestingly, when the mre11-58S and mre11-N113S alleles
were added together, the reversion rate increased to nearly
70% of the wild-type rate. A similar complementation was seen
in the suppression of methyl methanesulfonate sensitivity and
in end joining of restriction endonuclease-cleaved plasmids by
these two mutants in the N terminus of the Mre11 protein (40)
(see Discussion).

DISCUSSION

In this paper, we present evidence to show that yeast cells
primarily use a microhomology-dependent end-joining repair
pathway to repair Ac/Ds transposon excision sites. Based on
palindromes observed at rejoined footprints, these excision
sites are thought to involve DNA hairpin intermediates in the
rejoining DNA, similar to those seen in V(D)J rearrangement
of vertebrate immunoglobulin genes (37, 79). Also similar is
the apparent involvement of gene products that carry out
NHEJ. Data suggest that yeast can use NHEJ to repair Ac
excision sites even in the presence of homologous repair tem-
plates, although it is not yet clear whether this is a result of bias
towards NHEJ or a reflection of when in the cell cycle excision
occurs or of the fact that TPase remains associated with one or
both DSB ends. One source of bias towards NHEJ may be that
nonhomologies must be removed from DSB ends in yeast
before strand invasion can prime DNA synthesis needed for
gene conversion (9, 55), and Ac excision events may leave
heterologous sequences that are long enough to inhibit homol-
ogous repair relative to NHEJ. A plasmid carrying a 5-bp
homology at the broken ends and lacking Ac is repaired pri-
marily through gene conversion, suggesting either that the
heterologies created during Ac excision events are longer or
that additional factors may be involved.

As in plants, a predominant repair product of Ac/Ds excision
is formed in yeast, and the microhomology used for the pre-
dominant footprint is longer and closer to the excision site than
those used for minor footprints. Manipulation of these micro-
homologies results in predictable changes in the predominant
footprint. While our data are more consistent with imprecise
NHEJ than they are with SSA, our results parallel those of
Sugawara et al. (70), who found similar relationships among
homology length, proximity to the DNA break, and frequency
with which sequences were used to resolve SSA events.
RAD52, RAD59, RAD1, RAD10, and MSH2 are important
genes for SSA, and studies to determine whether deleting any
of these genes similarly affects repair of Ac excision sites are in
progress. For example, Rad1/10 and Msh2/3 would also be
needed to remove heterologies of �20 nucleotides from DSB
ends for homologous recombination, and we would predict
that mutations in these genes could further bias repair of Ac
excisions towards end joining.

Most Ac/Ds footprints in yeast involve deletions of 5 to 20 bp
or additions of palindromic sequences of 1 to �20 bases. In
contrast, footprints recovered from plants typically show much
smaller additions or deletions, particularly in maize (64, 67,
79). The reasons for these differences in NHEJ remain un-
known. Now that we have compared the same Ac TPase

FIG. 7. Ac excision in strains carrying separation-of-function mu-
tations of mre11. An mre11�0 mutant strain was transformed with
either empty pRS416 vector or pRS416 with the indicated insertion.
Bars indicate reversion of the ade2::Ac-1 allele on plasmid pWL210 to
Ade�. Values were averaged over four independent experiments; error
bars indicate standard deviations.
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source, cis-acting transposon sequences, and even the same
flanking sequence context (that of maize wx-m7) in yeast and
plants, the explanation probably lies in the host factors in-
volved.

Candidates for these host factors are genes involved in
NHEJ repair of broken DNA. YKU70, YKU80, RAD50,
MRE11, and XRS2, genes known to be involved in end joining,
are all required for reversion of ade2 mutations caused by
Ac/Ds insertions. We have not yet tested deletions of other
important NHEJ genes, such as DNL4 or LIF1 (28), but pre-
dict that these deletions should also show defects in repairing
Ac excision sites. Our results further predict that a genome-
wide screen for mutations affecting Ac transposition and repair
of Ac excision sites, similar to that of Wilson (80), would be
highly informative, particularly in finding additional candidate
genes for further study in plants.

As an example, the PSO2 gene is not typically associated
with NHEJ in yeast, being involved instead in DNA damage
recognition of interstrand cross-links such as those induced by
psoralen under UV light (5, 38). Pso2p is also similar in se-
quence to a family of interstrand cross-link repair proteins (1A
[NP_055696], 1B [NP_073747.1], and 1C [CAC37570.1]) iden-
tified in human, mouse, and rat, which also include the Artemis
protein, which opens the DNA hairpins formed during verte-
brate immunoglobulin gene [V(D)J] rearrangement (46).
While the similarity between Pso2p and cross-link repair pro-
tein 1A is much stronger than the similarity with Artemis
(BLASTP scores of 2e-40 versus 8e-07, respectively), Pso2p
and all three mammalian proteins share a beta-lactamase fold
(52). If PSO2 is, in fact, a yeast homolog for Artemis, then our
data suggest that Pso2p cannot be the only factor opening
DNA hairpins in yeast cells, because genetic evidence for hair-
pin formation and opening persists even in pso2� mutants.
Alternatively, Pso2 may recognize a DNA hairpin structure as
similar to covalent, interstrand cross-linking between bases and
bind it. The increase in TPase miscutting in the absence of
PSO2, leaving transposon sequences behind, could indicate
that this binding might help position the TPase to cut the
second transposon end correctly. Two genes highly similar to
PSO2 (At2g45700 and At3g26680) are found in Arabidopsis,
and it will be interesting to determine their functions and
whether they play any role in Ac transposition.

Transposon excision and recombination. Ac/Ds transposon
excisions have been proposed as a source of DSBs to stimulate
somatic recombination events in plants to frequencies as high
as 10�4 (82a). However, only intrachromosomal recombina-
tion has been demonstrated in these systems, and the observed
stimulation could simply be a consequence of TPase bringing
homologous sequences near one another as the transposon
ends synapse. In addition, the stimulation does not extend to
meiotic recombination (13), although meiosis is a somewhat
specialized context. We suggest that in yeast and, quite possi-
bly, in plants the host DNA ends are either sequestered in
hairpin structures, protected by proteins, or both throughout
the transposition process and that, as a result, only abortive
transposition events would provide DSBs that might become
recombination substrates.

Single-stranded 3� ends at excision sites are an important
part of the idea that transposition can stimulate recombina-
tion. The use of microhomology in repairing excision sites

supports the idea that single-stranded DNA ends are a regular
part of repairing transposon excisions, and this idea is consis-
tent with the rearrangements long known to accompany trans-
position. How often those single-stranded DNA tails can ini-
tiate strand invasion remains an open question. This question
becomes still more intriguing considering that transposon ex-
cision sites are still preferentially repaired by end joining even
in the presence of homologous repair templates. Recent data
suggest that the availability of substrates dictates which repair
pathway is most likely to be used (21). The relative lack of
strand invasion, crossover formation, or synthesis-dependent
strand annealing further supports the idea that any 3� over-
hangs that form during transposition are sequestered away
from homologous recombination. This idea would also predict
that DNA DSB signaling mechanisms might not be triggered
during typical transposition events.

Transposition and host factors. Although there are some
differences, V(D)J recombination in vertebrates is a strong
model mechanistically for Ac/Ds transposition, at least in yeast
(49, 75). Our data suggest that cellular proteins may play sim-
ilar roles in both situations, particularly those binding early in
the process of forming V(D)J coding joints (analogous to re-
pair of Ac excision sites).

For example, one striking similarity between these systems is
the direct involvement of Ku proteins (62). After Rag1/Rag2
cuts are introduced at recombination signal sequences in ver-
tebrate lymphoid cells, Ku proteins bind the broken ends (29).
Ku proteins also appear to be involved in repair of Ac/Ds
excisions (Fig. 6A), and we suggest that they may act early in
the process, before any microhomology searching begins. It
seems unlikely that microhomology searching would initiate
before the DNA hairpins are opened and processed, and Ku
mutations are epistatic to hpr5/srs2 helicase mutations in cells
repairing DSBs on linearized plasmids (27). The involvement
of yku70 and yku80 in repair of Ac excisions is consistent with
the results of Boulton and Jackson (3), who found that end-
joining repair in a yku70 mutant was accompanied by forma-
tion of deletions. Similar results are observed in mammalian
cells (reviewed in references 16, 43, and 72). Presumably, the
broken DNA ends are more vulnerable to degradation in Ku-
deficient mutants (17, 21, 39). Preliminary data also suggest
that, for Ac excision sites in an AtKu80 mutant of Arabidopsis,
deletions often extend up to 200 bp from the initial DNA
break, �10-fold farther than typical results in nonmutant
plants. (A. Saballos, K. Marshall, J. Friesner, A. Britt, and C. F.
Weil, unpublished data). Our ADE2 screen would not detect
such deletions because they would remove part of the ADE2
coding sequence and fail to restore ADE2 function (see Dis-
cussion). PCR screens for Ac excision events in cultures of
yku80 mutant yeast, looking for a decrease in the size of the
amplified excision product instead of for Ade� revertants, have
been inconclusive thus far.

Involvement of the Mre11/Rad50/Xrs2 complex is less
straightforward. Mutations in any one of these proteins sharply
inhibit successful end-joining repair of Ac excisions in yeast
(Fig. 6 and 7). Similarly, mutations of Mre11, Rad50, or Nbs1
in mammalian cells disrupt V(D)J coding joint formation (23).
The Mre11 complex may help bridge broken ends and align
them and could serve a similar function in repair of Ac exci-
sions (30). Strikingly, deletion of SAE2 has no effect on NHEJ
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although it does affect repair of Ac excisions; this suggests that
the MRX(S) complex has both a role in NHEJ and another
role in the Ac excision and repair process. A potential role in
transposition could be in opening the DNA hairpin ends or in
processing the ends into single-strand tails. Our data suggest
that some functions of Mre11p can be ruled out as important.
For example, neither the mre11-3 nor the mre11-4 mutant
supports repair of Ac excisions, even though one binds Rad50p
and the other does not, indicating that the Rad50-binding
property of Mre11p is not sufficient for repairing Ac excisions
and that the MRX complex likely serves more than just a
structural role. Similarly, both mre11-3 and mre11-N113S sup-
port the exonucleolytic resection of HO endonuclease-induced
DSBs, yet only mre11-N113S supports the repair of Ac exci-
sions, suggesting that the exonuclease function(s) of Mre11p
may not be important in repairing Ac excision sites. However,
the endonuclease activity of the mre11-N113S and mre11-58S
alleles remains untested, and this may be the activity of
Mre11p that is important for opening hairpins (45). Hairpin
opening in V(D)J recombination appears to be carried out in
vivo by the Artemis protein together with a DNA-dependent
protein kinase (DNA-PK) (46); however, no functional ho-
mologs of either Artemis or the catalytic subunit of DNA-PK
known have been demonstrated yet in yeast or in plants. Fur-
thermore, human Mre11p has been shown to have hairpin-
opening activity in vitro (57). It remains formally possible that
the Ac TPase will also be involved in the reopening of these
hairpins.

The requirement for Nej1p (Fig. 6) is likely to come from its
role in localizing Lif1/XRCC4p to the nucleus to interact with
ligase IV, the major ligase in NHEJ (20, 35, 73). NEJ1 is
sharply downregulated in a/
 diploid cells, with a parallel de-
crease in NHEJ, and it will be interesting to see what effect this
may have on repair of Ac excisions in diploid cells.

Lobachev et al. (45) describe a role for the SAE2 gene in
repair of hairpins induced by palindromic copies of an Alu
sequence in yeast. Consistent with their observations, we also
observe a role for SAE2 in repairing Ac excisions (Fig. 6). How
SAE2 is involved at either sort of hairpin remains unclear, but
one suggestion has been that it may regulate the nuclease
activity of the MRX complex (63). An intriguing possibility is
that Sae2p might stimulate MRX exonuclease activity but only
after MRX endonucleolytic cleavage.

Implications for transposition. Most Ac/Ds footprints from
yeast and from maize, Arabidopsis, and other plants (e.g., ref-
erences 26, 64, and67) are explained by a variation of the
“hairpin model” first proposed by Coen et al. (8) for the An-
tirrhinum majus transposon Tam3. Recent observations of
V(D)J-related transposition, and even reverse transposition
(68), as well as in vitro studies of the TPase encoded by the
related hAT family transposon Hermes (N. Craig, personal
communication), have further supported the formation of
DNA hairpins and parallels between V(D)J and transposition
of hAT transposons.

As it might apply to Ac, the present model proposes a single-
stranded cut made by the TPase 1 base from the transposon on
each end (reviewed in reference 37). Whether these cuts occur
before or after the transposon ends synapse (83a) or whether
they occur simultaneously remains an interesting question,
particularly with regard to the timing of transposon movement,

target site acquisition, and the potential role of Pso2p in align-
ing the transposon ends correctly. For example, TPase cleav-
age and hairpin formation in the DNA flanking one end of the
transposon might occur and be recognized by Pso2p, which
would then help position the TPase cleavage at the other end
of the transposon. Once both transposon ends are free, the
transposon could attack its next insertion target with these
nucleophiles. At the excision site, hairpin opening, processing,
and rejoining follow. We suggest that this hairpin processing
may take place with the transposition complex still present,
possibly preventing the use of the broken ends in homologous
repair. Cellular repair proteins such as Ku and the Mre11
complex are likely to be parts of that complex.

Our results suggest two possible models for how hairpins
might be opening. In the first model, whatever endonuclease
opens the hairpin would preferentially cut the strand that the
TPase did not cut initially (Fig. 8A). Strand preference in
hairpin opening could create 3� single-stranded tails that could
then undergo microhomology searching or homologous repair,
if it is available. This model explains why the base adjacent to
the element is always either changed to its complement or
deleted. Such a strand preference would be most easily ex-
plained if TPase itself were either opening the hairpin ends or
helping to position the factor that does.

However, we cannot tell whether hairpin opening forms 5�
overhangs or 3� overhangs in those half-footprints where the
base closest to the transposon has been deleted (�50% of
the different half-footprints that we observed, both overall
and for each allele individually). Thus, we cannot rule out a
second model in which the DNA hairpin can be opened on
either strand, and hairpin opening occurs in the presence of
5�-to-3� exonuclease activity (Fig. 8B). Hairpins opened to
create 3� overhangs would undergo microhomology search-
ing, while 5� overhangs would be subject to further process-
ing before ligation, perhaps enough to remove the base
adjacent to the transposon before rejoining occurs, probably
through microhomology. The lack of Ade� revertants in
mre11�, rad50�, or xrs2� mutant cells suggests that one
candidate for this 5�-to-3� exonuclease could be the Mre11/
Rad50/Xrs2 complex. Interestingly, microhomology appears
to be less of a factor in the repair of Ac excision sites in
plants. Only about half of the footprints are even consistent
with the use of possible microhomologies, and these are
typically only 1 or 2 bp. Ironically, some of the clearest
examples of deletions occurring through microhomologies
that have been reported in plants come from examining
formation of defective transposons (31, 83). Interestingly,
plants do not appear to contain either a Rad52p or a
Rad59p homolog, two gene products thought to mediate
SSA in yeast (12, 70). While plant-specific factors are not
required for Ac transposition (79), differences between the
repair of Ac excision sites in yeast and that in plants should
still prove informative with regard to specific repair factors
that may be involved. In addition, the apparent formation of
DNA hairpin intermediates in a system that lacks a DNA-
PKcs and may lack an Artemis protein should provide an
interesting perspective on alternative ways in which cells
handle these structures.
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FIG. 8. Models for end-joining repair of Ac/Ds excision sites (see text for details). At the top of the figure, the ends of the transposon (dashed
lines) have synapsed, TPase cleavage has occurred, and DNA hairpins have formed in the host DNA flanking the transposon. (A) Model showing
preferential hairpin opening on the strand that has been attacked to form the DNA hairpin. (B) An alternative model in which hairpins are opened
randomly on either strand but subjected to processing by a 5�-to-3� exonuclease activity. 3� ends are left as such, and 5� overhangs are processed
into 3� overhangs that are then resolved through either microhomology-dependent end joining or homologous repair.
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