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Inverted-repeated or palindromic sequences have been found to occur in both prokaryotic and eukaryotic
genomes. Such repeated sequences are usually short and present at several functionally important regions in
the genome. However, long palindromic sequences are rare and are a major source of genomic instability. The
palindrome-mediated genomic instability is believed to be due to cruciform or hairpin formation and subse-
quent cleavage of this structure by structure-specific nucleases. Here we present both genetic and physical
evidence that long palindromic sequences (>50 bp) generate double-strand breaks (DSBs) at a high frequency
during meiosis in the yeast Saccharomyces cerevisiae. The palindrome-mediated DSB formation depends on the
primary sequence of the inverted repeat and the location and length of the repeated units. The DSB formation
at the palindrome requires all of the gene products that are known to be responsible for DSB formation at the
normal meiosis-specific sites. Since DSBs are initiators of nearly all meiotic recombination events, most of the
palindrome-induced breaks appear to be repaired by homologous recombination. Our results suggest that
short palindromic sequences are highly stable in vivo. In contrast, long palindromic sequences make the
genome unstable by inducing DSBs and such sequences are usually removed from the genome by homologous

recombination events.

Unusual DNA sequence arrangements and DNA structures
are a major source of genomic instability. Inverted repeated
sequences are an example of such sequence arrangements and
are also known to cause different types of genomic rearrange-
ments in a wide variety of organisms (2, 17, 27, 40). The
presence of the inverted repeats is known to stimulate deletion
formation and also increases both inter- and intrachromo-
somal recombination between homologous sequences (9, 16,
17, 27, 31, 40, 50, 57). These palindrome-mediated genomic
rearrangements depend on the length of the repeated units, as
palindromic sequences shorter than 30 bp are highly stable
while long palindromic sequences are difficult to maintain in
vivo (2, 9, 27, 31, 40-42).

Inverted repeated sequences have the potential to form
stem-loop (hairpin or cruciform) structures by intrastrand base
pairing in the single-stranded DNA. Such a stem-loop struc-
ture may form during the course of normal DNA metabolism.
For example, during replication, the single-stranded regions
which are likely to be present on the lagging strand may facil-
itate hairpin formation (47, 54). In addition, environmental
factors or changes in chromatin structure may cause alterations
in the local superhelical density, leading to extrusion into cru-
ciform conformation. The hairpin structures are potential sub-
strates for several structure-specific nucleases and/or mismatch
repair enzymes, and the action of such an enzyme may result in
a double-stranded lesion in the DNA. Supporting this idea is
the observation that the stability of long palindromic sequences
is increased significantly in nuclease-deficient (sbcCD) strains
of Escherichia coli (27). A double-strand break (DSB) in DNA
may lead to complete or partial loss of the genomic material or
can initiate homologous recombination events (2, 27, 28, 29,
31, 40, 44).
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Cruciform formation by palindromic sequences has been
demonstrated in vitro in negatively supercoiled DNA (27, 30,
35). However, palindromes below the size limit that causes
inviability in the wild-type host are hard to detect in the cru-
ciform conformation. Specifically designed palindromes or
specialized hosts and/or conditions are required to detect a
significant amount of cruciform DNA (6, 27, 33, 52, 60). Nag et
al. developed a genetic method to detect hairpin structures in
vivo in the yeast Saccharomyces cerevisiae (42). This method is
based on trapping of the hairpin structures in the form of
heteroduplex DNA, an intermediate of genetic recombination.

The heteroduplex intermediate is formed during genetic re-
combination by transfer of a DNA strand from a donor chro-
mosome to a recipient chromosome, and the formation of
heteroduplex DNA (hDNA) is usually monitored by following
the segregation of heterozygous markers during meiosis (44,
46). In yeast, a heterozygous marker (alleles A and a) during
meiosis normally follows the 4A:4a Mendelian segregation pat-
tern (following the nomenclature of eight-spore-producing
fungi). However, 6A:2a or 2A:6a gene conversion events, and
postmeiotic segregation (PMS) events in which one or more
spore colonies generated from a single tetrad show sectored
colonies (e.g., SA:3a, 3A:5a, and aberrant 4A:4a) for the het-
erozygous marker are also observed (46). If the hDNA is
formed between a wild-type gene and a mutant allele, a mis-
match is generated. Gene conversion events occur by the re-
pair of mismatches in the hDNA, whereas a failure to repair
the mismatch results in a PMS event (46). Consequently, a
defect in any of the mismatch repair genes increases the rate of
PMS events for alleles which otherwise would produce only
gene conversion events. For most heterozygous alleles, PMS
rates are low (3 to 19% per aberrant segregation), indicating
that mismatches in the hDNA are efficiently repaired by the
mismatch repair system in yeast (4, 11, 14). The base substitu-
tion mutations that led to a C-C mismatch in the hDNA and
palindromic-insertion mutations show high rates of PMS
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events (35 to 54 and 60 to 80% per aberrant segregation,
respectively) (4, 11, 14, 40, 42).

A heteroduplex formed involving a wild-type strand and a
palindromic-insertion mutant strand would contain a hairpin
structure because of the presence of the complementary se-
quence in the inserted sequence on the mutant strand. These
hairpin structures are poorly repaired by the mismatch repair
system in yeast (40-42). As a result, palindromic-insertion mu-
tant alleles exhibit a high rate of PMS events. The palindromic
insertions in these studies were short (14 to 36 bp) (40-42).
Recently, a 140-bp long palindromic-insertion mutant allele
has been shown to decrease the rate of PMS events with a
simultaneous increase in the rate of gene conversion events. In
addition, among the conversion events, there is a strong dis-
parity between the 6:2 and 2:6 events (40). These results indi-
cate that the 140-bp palindromic-insertion mutant allele is
likely to act as a meiotic recombination hotspot, i.e., a recom-
bination initiation site.

Most meiotic recombination is initiated by a DSB (29, 44),
and physical analysis has confirmed that the presence of the
140-bp palindrome induces DSBs during meiosis (40). It has
been proposed that long palindromic sequences undergo cru-
ciform formation at a higher frequency than short palindromes
and the resulting cruciform structure is resolved by structure-
specific nucleases, leading to DSB formation. Since only one
long palindrome has been tested, there remains a possibility
that the primary sequence rather than the structure of the
inserted inverted repeat is responsible for inducing DSBs. In
this report, we show that it is the length of the palindromic
insertion rather than the primary sequence that is responsible
for inducing DSBs during meiosis. However, the primary se-
quence of the inverted repeat also plays a significant role in
determining the strength of the recombination initiation site.
Palindrome-mediated DSB formation requires all of the gene
products that are known to be necessary for normal meiosis-
specific DSB formation.

MATERIALS AND METHODS

Yeast strains. The genotypes of all of the relevant yeast strains used in this
study are shown in Table 1. All of the yeast strains used in this study were derived
from AS4 and AS13. The HIS4 locus in the AS13 X AS4 background shows a
high rate of meiotic recombination (42). The his4 mutant alleles containing
different palindromic insertions were introduced into the chromosome by replac-
ing the wild-type gene in a two-step gene replacement procedure (49). The
resulting His ™~ haploids were confirmed by Southern hybridization. The rad50S
mutation was introduced by a one-step gene replacement method as described
before (40). All genetic manipulations were carried out by standard procedures
(48). The tester strains for the allelism test were constructed as follows. DBY939
(o suc2-215 ade2-101) was mated with FNY7 (AS13 his4-140a), and the diploids
were sporulated. From the dissected spores, DNY285 (« ade2 his4-140a) and
DNY286 (a ade2 his4-140a) were selected. Similarly, DBY939 was mated with
DNY63 (AS13 his4-140) to generate the DNY287 (a ade2 his4-140) and
DNY288 (a ade2 his4-140) haploid tester strains.

Media. The presporulation medium contained 0.5% yeast extract, 1% pep-
tone, 0.67% yeast nitrogen base without amino acids, 1% potassium acetate, and
0.05 M potassium biphthalate, and the pH was adjusted to 5.5. The sporulation
medium contained 1% potassium acetate with one-fifth of the nutritional re-
quirements. All of the other media used were as described by Rose et al. (48).

Plasmids. Standard molecular biology procedures were used for all plasmid
constructions (32). All oligonucleotides were inserted into the Sall site of the
plasmid pDN9 (42). The sequences of the inserted oligonucleotides are shown in
Table 2. The plasmid pDN9 was constructed by inserting an Xhol-Bg/II fragment
of the HIS4 coding sequence into BamHI-Sall-treated YIp5. This construction
leaves a unique Sall site within the HIS4 sequence. The his4 mutant alleles
containing inverted repeats of different lengths were constructed by sequential
addition of palindromic oligonucleotides into the Sall site of pDN9. The first
plasmid, pDN19, has a 32-bp palindromic insertion (his4-IR16) (41) at the Sall
site of pDN9. The inserted inverted repeat has a BamHI site at its center of
symmetry. The plasmid pDN19 was digested with BamHI, and a 38-bp palin-
drome with a Sall site at its center of symmetry was ligated into the BamHI site.
The resulting plasmid, pDN73, has a 70-bp palindromic sequence inserted at the
Sall site of the HIS4 sequence.
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TABLE 1. Yeast strains used in this study
Genotype

Strain

AS4 s MATo trpl-1 arg4-17 tyr7-1 ade6 ura3-52
..MATa leu2-Bst ade6 ura3

AS4 X AS13 with his4-140

DNY64 but homozygous for rad50s
..AS13 with his4-140 spol13-D4

..AS4 with his4-713 leu2-RI spol3-D4
.DNY237 x DNY238

CJY1 but homozygous for mei4

CJY1 but homozygous for rad50
..CJY1 but homozygous for rec102
CJY1 but homozygous for rec104
CJY1 but homozygous for mrell
..CJY1 but homozygous for xrs2

..CJY1 but homozygous for spoll
..CJY1 but homozygous for recl14
CJY1 but homozygous for mer2
CJY29 but homozygous for rad50S
..CJY1 but homozygous for rad50S
..AS4 X AS13 with his4-105

..AS4 X AS13 with his4-140a

AS4 X AS13 with his4-108

AS4 X AS13 with his4-120

..AS4 X AS13 with his4-70

..AS4 X AS13 with his4-116

..AS4 X AS13 with his4-100

AS4 X AS13 but homozygous for rad50S
FNY4 but homozygous for rad50S
..FNY6 but homozygous for rad50S
FNY10 but homozygous for rad50S
DNY225 but homozygous for rad50S
..FNY16 but homozygous for rad50S
..FNY4 but homozygous for msh2
.FNY10 but homozygous for msh2
FNY4 but homozygous for radl

AS4 with rad50s X AS13 with his4-IR16 rad50s
..DNY64 but homozygous for his4- A 52
..FNY4 but homozygous for his4- A 52
..FNY37 but homozygous for rad50s
FNY34 but homozygous for rad50s

The his4-100 and his4-108 alleles were constructed by ligating 30- and 38-bp
palindromic oligonucleotides at the Sall site of pDN73, respectively. The his4-
100 allele has a Pst1 site, and the his4-108 allele has a Xbal site, at the center of
symmetry. The his4-105 mutant allele was constructed by inserting a 35-bp-long
palindromic oligonucleotide at the Sall site of pDN73. The resulting plasmid,
pFN1, had a 105-bp palindromic insertion with a BstEII site at its center of
symmetry. The his4-116 and his4-120 alleles were constructed by adding 11- and
15-bp-long palindromic oligonucleotides at the BstEIl site of pFNI1, respectively.
Both of these oligonucleotides have a BglII site at the center of symmetry. To
generate the his4-140a allele, the plasmid pFN1 was digested with BstEIl and
ligated with another 35-bp palindromic oligonucleotide that had a Bs¢EII linker
at its end. The resulting plasmid, pFN2, had a 140-bp palindromic insertion. The
his4-116, his4-120, and his4-140a alleles generate a single-base mismatch within
the stem of the stem-loop structure at the site (Bs¢EII) of the last insertion when
present in hDNA. Since a mismatched base pair in the stem of the hairpin
structure does not alter the repair ability of the yeast mismatch repair system
(40), we used these mutant alleles for subsequent experiments. All constructions
were confirmed by DNA sequencing. The unique SnaBI site within the HIS4
sequence, present in all of the constructs, was used for targeting.

The radl deletion plasmid pDG18 was kindly provided by Robert Schiestl
(Harvard University, Cambridge, Mass.). The plasmid pDG18 had a 7-kb BamHI
fragment containing a RADI sequence in which an internal HindIII fragment
(=212 to 3853) deleting most of the RADI sequences was replaced with a 1-kb
HindIII fragment containing the URA3 gene (51).

Construction of Rec™ mutants. The mei4 deletion-disruption mutant allele
was introduced into the chromosome by a one-step gene replacement (OSR)
procedure (49) using the Notl-Xhol-digested plasmid pTM6 (a gift from S.
Roeder, Yale University, New Haven, Conn.; 34); the rad50 deletion mutant
allele was introduced with EcoRI-digested pNKY83 (5). The spoll deletion
mutant was constructed using plasmid pGB518 (kindly provided by C. Giroux,
Wayne State University, Detroit, Mich.), where the entire coding region was
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TABLE 2. Sequences of palindromic oligonucleotides used in this study”

Mutant allele

(insertion length [bp]) Sequence
his4-70 (70)....cccoceeeueecucnnne 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGACTCCCAACCTTACCTGATCCACATACAGTAC 3’
his4-100 (100)........cccvucuucee 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGAGCGTGTCTATCTGCAGATAGACACGCTCGACT
CCCAACCTTACCTGATCCACATACAGTAC 3’
his4-105 (105)....c.ccvvuvrucnnnce. 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGAGCGTGTAATATCGGTCACCGATATTACACGCT

CGACTCCCAACCTTACCTGATCCACATACAGTAC 3’

his4-108 (108).......ccvevvvvncee 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGAGTCGGATGAATGTCTCTAGAGACATTCATCCG
ACTCGACTCCCAACCTTACCTGATCCACATACAGTAC 3’

his4-116 (116)......ccccurucuucne 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGAGCGTGTAATATCGGTCACAGATCTGTCACCGA
TATTACACGCTCGACTCCCAACCTTACCTGATCCACATACAGTAC 3’

his4-120 (120)....c.ccevuvrunnnee. 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGAGCGTGTAATATCGGTCACTGAGATCTCAGTCA
CCGATATTACACGCTCGACTCCCAACCTTACCTGATCCACATACAGTAC 3’

his4-140a (140) ................... 5" TCGAGTACTGTATGTGGATCAGGTAAGGTTGGGAGTCGAGCGTGTAATATCGGTCACTGCTAAAAGCGGA
GATCTCCGCTTTTAGCAGTCACCGATATTACACGCTCGACTCCCAACCTTACCTGATCCACATACAGTAC 3’

¢ Each oligonucleotide contains a Sall-compatible 5’ TCGA 3’ sequence at the 5’ end. The restriction endonuclease site present at the center of symmetry of each
oligonucleotide is in bold letters. The oligonucleotides were inserted at the Sall site within the HIS4 coding sequence as described in Materials and Methods.

replaced with the hisG-URA3-hisG cassette. The plasmid was digested with Xbal
and Bgl/II before transformation (OSR). The rec114-2R, rec102-A1::URA3, and
rec104-Al deletion mutants were obtained with plasmids pDP3.1, pCM211, and
PAMG404-A1 (kindly provided by R. Malone, University of Towa, Ames), re-
spectively. The rec/02 mutation was introduced by OSR with KpnlI-digested
pCM211, and the rec114 and rec104 mutations were introduced by a two-step
gene replacement procedure with SnaBl-digested pDP3.1 and Clal-digested
PAMGA404-Al, respectively. The xrs2 and mrell mutant alleles were introduced
into the chromosome by OSR using plasmids pEI40 and pKJ112-5 (kindly pro-
vided by J. Haber, Brandeis University, Waltham, Mass.). The plasmid pEI40
(19) was digested with BamHI and HindIIl, and pKJ112-5 (1) was digested with
BamHI before transformation. The mer2::URA3 disruption mutant allele was
constructed as follows. An EcoRI-to-BamHI fragment containing the MER2
gene was cloned into EcoRI- and BamHI-digested pBluescript SK* (Stratagene,
La Jolla, Calif.). This plasmid was kindly provided by S. Roeder. A 1-kb BamHI
fragment containing the URA3 gene was inserted into the Bg/II site within the
MER?2 coding sequence. The resulting plasmid, pCJ2, was digested with EcoRI
and BamHI before transformation.

Genetic techniques. Tetrad dissection and analysis were carried out as de-
scribed before (40). All diploid strains were sporulated on plates at 25°C, and
tetrads were dissected on YPD plates. After 3 days of growth at 30°C, the spore
colonies were replica plated onto minimal medium to follow the segregation of
heterozygous markers. The segregation patterns were scored after 24 h of growth
at 30°C. To follow the segregation of his4 alleles derived from FNY34 and
FNY37, standard allelism tests were carried out as described in reference 13. In
brief, the replicas of spore colonies were mated with tester strains that had either
the his4-140 or the his4-140a mutant allele. The mated colonies were then replica
plated onto complete synthetic medium-adenine plates to select diploids. After
overnight growth at 30°C, the diploid cells were replica plated again onto com-
plete synthetic medium-histidine plates and treated with UV light to increase
mitotic recombination. His* papillations indicating the presence of the heteroal-
leles were scored after 2 days of growth at 30°C.

Physical analysis of DSB formation. Diploid strains were sporulated in 1%
potassium acetate as described by Nag and Kurst (40), and samples were col-
lected at different times after induction of sporulation. For physical analysis,
meiotic DNA was digested with Pvull and the resulting fragments were sepa-
rated on a 0.8% agarose gel. The DNA was transferred to a nylon membrane that
was then hybridized with an XholI-Bg/II fragment of HIS4 as a probe. The probe
was obtained from pDN42 (40) as an Xhol-Xbal fragment. For monitoring of
DSB formation at the ARG4 locus, a PstI fragment containing a portion of the
ARG4 coding region and its upstream sequences was used as a probe. Amounts
of DSBs were quantified from the 24-h time point using a Molecular Dynamics
PhosphorImager.

Estimation of recombination frequencies in different Rec™ mutants. Homozy-
gous spol3 Rec™ diploid cells containing his4 and leu2 heteroalleles were
streaked onto YPD plates, and after 2 days of growth at 30°C, a single colony was
inoculated into 3 ml of YPD broth. After overnight growth at 30°C, the culture
was diluted 1,000-fold with presporulation medium and allowed to grow at 30°C
until the cell concentration reached 2 X 107 to 4 X 107/ml. Cells were washed
with 1% potassium acetate and suspended in 1% potassium acetate containing
one-fifth of the nutritional requirements at a final concentration of 1.5 X 107 to

2 X 107/ml in a total volume of 50 ml. Aliquots were taken out at different time
intervals and plated on complete synthetic medium, on medium lacking histidine,
and in medium lacking leucine after desired dilutions. After 3 to 4 days of growth
at 30°C, colonies were counted.

RESULTS

Palindrome-induced DSB formation requires genes involved
in the formation of normal meiosis-specific DSBs. Nag and
Kurst previously reported that the his4-140 mutant allele, gen-
erated by inserting a 140-bp inverted repeat within the HIS4
coding sequence, induces DSBs during meiosis (40). In the
HIS4/his4-140 heterozygous strain, DSBs formed on the mu-
tant chromosome at the palindromic-insertion site are repaired
by homologous recombination using the wild-type chromo-
some as a template. It has been suggested that the DSBs at the
palindromic-insertion site are due to extrusion of the palin-
dromic sequences into cruciform conformation and subse-
quent cleavage by structure-specific nucleases. According to
this hypothesis, DSBs at the palindromic-insertion site should
be independent of the enzymes that make DSBs at the normal
meiosis-specific DSB sites. Meiotic DSB formation requires
the products of at least nine genes (22). Six of the nine genes
are meiosis specific, i.e., SPO11, MEI4, MER2, RECI102,
REC104, and REC114. Spol1, a putative topoisomerase II-like
transesterase that remains attached at the 5’ end of the DSB
site, is believed to catalyze DSB formation (8, 22). However, it
is yet to be proven that Spoll actually makes the DSBs. The
remaining three genes (RAD50, MREI11, and XRS2) are also
necessary for repair of DSBs in mitotic cells. A null mutation
in any of these genes inhibits meiosis-specific DSB formation
and thus decreases the meiotic level of recombination.

To investigate whether the DSB formation at the palindro-
mic-insertion site occurs by a different mechanism, long-invert-
ed-repeat-mediated meiotic recombination was followed in a
strain that fails to form normal meiosis-specific DSBs. Since
the biochemical role of each of these early recombination
genes is not known, we constructed strains that are defective in
each of these early recombination genes (Table 1). The diploid
strain used in our studies is heteroallelic for his4-140 and
his4-713 (a single-base-pair insertion) mutations present at the
5" and 3’ end of the HIS4 gene, respectively. Since recombi-
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TABLE 3. Frequencies of meiotic recombination between his4 and leu2 heteroalleles in different early Rec™ mutants®

Recombination frequency at:

Strain (allele) his4 leu2
0h 24 h Fold increase 0h 24 h Fold increase

CJY1 (wild type) 9.3 x107* 9.6 X 1072 103.2 2.0 X107 5.7x1073 285
CIY2 (meid) 7.9 x10°* 9.0 x107* 1.1 1.6 X 1072 2.0x107° 13
CIY11 (rad50) 59x107* 85x107* 1.4 3.7 x107* 3.1x107* 0.8
CIY15 (rec102) 12x107° 1.1x1073 0.9 14 x10°° 1.0 X 107° 0.7
CIY19 (rec104) 7.7 x107* 8.4 x107* 1.1 1.7 X 1073 1.7x107° 1
CIY30 (rec114) 22x1073 33x107° 1.5 1.7 x107° 22%107° 13
CIY25 (xrs2) 53x107* 58x107* 1.1 ND” ND
CIY24 (mrell) 1.4 X 1073 3.7x10°3 2.6 40x107* 88 x10°* 2.2
CIY57 (mer2) 1.0x 1073 9.0 x 107* 0.9 2.1x107° 1.3x107° 0.6
CIY29 (spoll) 6.4 x10°* 9.6 X 107* 1.5 3.6 X107 4.0 %1073 1.1

“ Sporulation was carried out as described in Materials and Methods. The data presented are averages of three independent experiments for each mutant strain.

» ND, not determined.

nation is necessary for proper segregation of chromosomes
during the first division of meiosis, all early recombination-
defective (Rec™ ) mutants produce inviable spores (46). Spore
viability can be rescued by introducing the spol3 mutation,
which bypasses the first meiotic division (46). We introduced
the spol3 mutation into our strain background to monitor
recombination in a return-to-growth experiment.

As an internal control, we also used leu2 heteroalleles (leu2-
Bst and leu2-RI). These two leu2 mutations are due to nonpal-
indromic insertions and are present near the 5" and 3’ ends of
the gene, respectively. Diploid cells with a mutation in any of
the nine early recombination genes are incapable of forming
normal meiosis-specific DSBs and thus fail to induce meiotic
levels of recombination. Most of the meiotic recombination at
the HIS4 locus occurs due to the DSB formation within the
HIS4 promoter region. In our system, meiotic recombination
at the HIS4 locus can occur only if the DSBs at the palindro-
mic-insertion site occur by a mechanism that is different from
that responsible for making DSBs at the HIS4 promoter. In
such a case, meiotic recombination at the HIS4 locus is ex-
pected to be induced in Rec™ mutants whereas the recombi-
nation frequency at the LEU2 locus will remain at the mitotic
level. Results of meiotic recombination with his4 and leu2
heteroalleles are shown in Table 3.

In the recombination-proficient strain, meiotic recombina-
tion was induced over 100-fold at both the HIS4 and LEU2

loci, whereas in the Rec™ background, the recombination fre-
quency at both the HIS4 and LEU2 loci remained at the mi-
totic level (Table 3). These results suggest that DSBs at the
palindromic-insertion site are formed by a mechanism that
requires genes involved in normal meiosis-specific DSB forma-
tion. The DSB formation at the HIS4 locus was also monitored
physically in the spol1 background, and the results are shown
in Fig. 1B. DSBs both at the promoter region and at the
palindrome were not observed in the spolI background, sug-
gesting that the normal recombination machinery is necessary
for DSB formation at the palindrome.

The high rate of gene conversion events by long inverted
repeats is independent of the primary sequence of the palindro-
mic insertions. Since in previous studies by Nag and Kurst
(40), only one long palindromic insertion was tested, there
remains a possibility that the primary sequence of the inserted
oligonucleotide has a role in DSB formation, rather than the
palindromic nature of the inserted sequence. To demonstrate
that it is the repeated sequence rather than the primary se-
quence of the inverted repeat that leads to DSB formation, we
inserted a different 140-bp-long inverted repeat (Table 2) at
the same Sall site that was used to construct the his4-140
mutant allele to generate the his4-140a mutant allele. A HIS4/
his4-140a heterozygous-diploid strain was sporulated, and the
tetrads were analyzed. About 25% of the total number of
unselected tetrads had aberrant events, and none of these were

A Site | Site Il B SPO 11 spo 11
0 10 24 0 10 24
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S P P
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1.1 kb 13 kb
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Site Il]:
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FIG. 1. DSB formation in the wild type and in cells homozygous for the spoll mutation. (A) Partial restriction map of the HIS4-BIKI region. Only relevant
restriction sites are shown. The boxes indicate the coding regions of genes, and the arrows indicate the direction of transcription. The expanded region over the linear
map represents palindromic insertions. Abbreviations: Bg, Bg/II; P, Pvull; S, Sall; X, Xhol. Site I represents the DSB site at the HIS4 promoter, and Site II represents
the DSB site at the palindromic-insertion site. (B) Analysis of DSB formation. DNA was isolated from cells collected at various times (hours) after induction of meiosis
and digested with PvuIl before being run on a gel. The XhoI-Bg/II fragment containing most of the HIS4 coding region was used as a probe. The number above each
lane indicates the time (in hours) of sample collection. A Pvull digestion of the meiotic DNA generates a 2,428-bp fragment for the HIS4/HIS4 diploid.
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TABLE 4. Segregation patterns of different Ais4 mutant alleles”
Aberrant .
Strain Mutant locus 6:2 26 80 08 53 35 Aberrant Other b Total no. segregation Gene conversion  PMS (% of
4:4 aberrants' of tetrads o (% of aberrants) aberrants)
(% of total)
DNY64¢  HIS4/his4-140 68 4 35 0 0 0 0 0 390 27.4 100 0
FNY4 HIS4/his4-140a 76 3 9 0 0 0 0 0 354 24.9 100 0
FNY10 HIS4/his4-120 42 5 1 0 2 2 0 0 297 17.5 92.3 7.7
FNY18 HIS4/his4-116 46 5 1 0 5 5 1 0 312 20.2 82.5 17.5
FNY6 HIS4/his4-108 48 11 3 1 3 7 0 0 346 21.1 86.3 13.7
FNY2 HIS4/his4-105 33 14 0 0 16 9 1 0 335 21.8 64.4 35.6
DNY225  HIS4/his4-100 20 4 1 0 19 12 3 2 304 20.1 41.0 59.0
FNY16 HIS4/his4-70 9 7 0 0 27 31 3 2 251 31.5 20.3 79.7

“ Diploids were sporulated at 25°C for 2 to 4 days, and the tetrads were dissected and analyzed as described in Materials and Methods. The frequencies of gene
conversion for other markers (2,199 tetrads were analyzed) were 7.1% (arg4-17), 0.8% (trpI-1), 3.4% (leu2-Bst), and 3.2% (tyr7-1).
b Other classes include DN'Y225 (one aberrant 6:2 and one 1:7) and FNY16 (one aberrant 6:2 and one 1:7).

¢ Data for DNY64 are from reference 40.

PMS events (Table 4). In addition, there is a strong disparity
between 6:2 and 2:6 events (76 versus 3) and the 6:2 and 8:0
events constituted 96% of the aberrants. This segregation pat-
tern is characteristic of a meiotic recombination initiation site
on the mutant chromosome. These results suggest that the
his4-140a allele, like his4-140, acts as a meiotic recombination
hot spot, or the gene conversion events associated with his4-
140a are generated by a mechanism that is independent of
DSB formation at the palindromic-insertion site.

The above observation also raises the possibility that the
length of the palindromic insertion is responsible for the high
rate of gene conversion events since short palindromes (36 bp
or less) produced mostly PMS events (40-42). This possibility
is also consistent with the observation that short inverted re-
peats are highly stable in both prokaryotes and eukaryotes, and
long inverted repeats are difficult to maintain in vivo, as they
undergo severe rearrangements.

To understand the role of the length of the repeated units in
palindrome-induced meiotic recombination, we constructed
several his4 mutant alleles by inserting inverted repeats of
different lengths (Table 2) and the results of the tetrad analysis
are shown in Table 4. A 70-bp palindromic-insertion mutant
allele (his4-70), like short palindromic-insertion mutant alleles,
exhibited a high rate of PMS events. About 80% of the total
aberrants were PMS events with no significant disparity be-
tween 5:3 and 3:5 or between 6:2 and 2:6 events. However, as
the length of the palindromic insertion was increased to 100 bp
or more, the rate of PMS events was decreased with a simul-
taneous increase in the rate of gene conversion events (Table
4 and Fig. 2). The his4 mutant alleles containing 108- and
120-bp inverted repeats had about 14 and 8% PMS events,
respectively, among the aberrants. In addition, the disparity
between 6:2 and 2:6 events was higher with increased length of
the repeated units. These results indicate that the length of the
palindromic insertions is responsible for generating a high rate
of conversion events and the disparity between 6:2 and 2:6
events.

Long-palindromic-insertion mutant alleles induce DSBs
during meiosis. Since long-palindromic-insertion mutant al-
leles exhibit a segregation pattern that is similar to that of the
his4-140 allele (Table 4), it is likely that all long inverted
repeats induce DSBs during meiosis. To see whether the his4-
140a mutant allele generates DSBs during meiosis, meiotic
DNA was prepared from HIS4/his4-140a diploid cells (FNY8),
digested with Pvull, and compared with that of the HIS4/HIS4
diploid strain (Fig. 3A). Both of these strains were homozygous
for the rad50S mutation that prevents processing of DSBs (3).

Pyull digestion of DNY115 (HIS4/HIS4 rad50S/rad50S)

DNA generates a 2.4-kb fragment that contains most of the
HIS4 gene and a portion of the BIKI gene (Fig. 1A). Similar
digestion of FNY8 (HIS4/his4-140a rad50S/rad50S) DNA
would produce a 2.4-kb fragment (resulting from the wild-
type chromosome) and an ~2.6-kb fragment (resulting from
the mutant chromosome). The results are shown in Fig. 3A.
In addition to the parental DNA fragments, meiotic DNAs
derived from both DNY115 and FNYS exhibited bands char-
acteristic of DSBs at the HIS4 promoter (site I). Most of the
meiotic recombination at the HIS4 locus occurs due to DSBs at
the HIS4 promoter region (12, 41). DNY115 DNA had one
band, while FNY8 DNA had two bands separated by about 150
bp at site I representing promoter breaks on both the wild-type
and mutant chromosomes.

In addition to the promoter breaks, the meiotic DNA from
FNY8 showed the presence of a DNA fragment of about 1.4 kb
that resulted from the DSB formation at the palindromic-
insertion site (site IT). The other expected 1.2-kb fragment was
not visible due to the short homology with the probe. Quanti-
tative analyses have indicated that both DNY115 and FNYS8
produced nearly equal percentages of breaks at the HIS4 pro-
moter (3.3 to 4.6 and 3.4 to 4.3%, respectively; Table 5). In a
wild-type diploid strain, the percentage of DSBs at the pro-
moter varies from 2 to 5% of the total meiotic DNA (12). The
percentage of DSBs at the palindromic-insertion site (site II)
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FIG. 2. Rates of gene conversion and PMS events with his4 mutant alleles
containing palindromic insertions of different lengths. PMS and gene conversion
events are shown as percentages of the total number of aberrant events. This
graph is based on information provided in Table 4. The PMS and gene conver-
sion rates for the 36-bp palindromic-insertion mutant allele (his4-9) are from
reference 40.
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FIG. 3. DSB formation in the wild type and strains containing palindromic
insertions of different lengths. (A) Analysis of DSB formation at the HIS4 locus.
DNA was isolated at different times (hours) from cells undergoing meiosis. DSB
analysis was carried out as described in the legend to Fig. 1. Site I represents
DSBs at the HIS4 promoter, and site II represents DSBs at the palindromic-
insertion site. The number above each lane indicates the time (hours) of sample
collection. (B) DSB analysis at the ARG4 locus. DNA samples were the same
ones that were used to analyze DSBs at the HIS4 locus. The numbers above the
lanes indicate the times of sample collection. The arrows indicate fragments
generated due to DSBs.

in FNYS8 was 0.4 to 0.8% of the total meiotic DNA. This
percentage is nearly 10-fold lower than that produced by the
his4-140 mutant allele (Fig. 3A and Table 5). This result sug-
gests that although long palindromic sequences induce DSBs
during meiosis, the percentage of breakage is determined by
the primary sequence of the inserted palindromic sequence.
The his4 mutant alleles containing palindromic insertions of
different lengths were also studied physically to monitor their
ability to induce DSBs. Each palindromic insertion, from 70 to
140 bp in length, resulted in DSB formation at the palindro-
mic-insertion site, ranging from 0.2 to 0.8% of the total meiotic
DNA. The percentages of DSBs at the HIS4 promoter re-
mained similar with and without palindromic insertions (2 to
6%; Table 5). Surprisingly, the 70-bp palindromic insertion
also had about 0.1 to 0.2% of its DNA as DSBs at site II even
though the his4-70 mutant allele exhibited a high rate of PMS
events. These results prompted us to investigate DSB forma-
tion with the 32-bp palindromic-insertion mutant allele (his4-
IR16). The inverted repeat that was used to generate the his4-
IRI16 allele (41) is present in all of the palindromic sequences
used in these experiments and in his4-140 (see Materials and
Methods). As shown in Fig. 3A, the 32-bp insertion did not
generate DSBs at a detectable level (<0.1%). Our physical
analysis also showed that a 36-bp palindromic-insertion mutant
allele failed to induce DSBs at a detectable level (data not
shown). The physical analyses with palindromic-insertion mu-
tant alleles of different lengths suggest that inverted repeats
longer than 50 bp are likely to induce DSBs during meiosis,
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and the DSB amount depends on both the length of the re-
peated units and the primary sequences of the inverted re-
peats.

It should be noted that the small percentage of DSBs gen-
erated by his4-140a and other smaller-palindromic-insertion
mutant alleles was not due to alterations in the strain back-
ground, since the recombination rates at the ARG4 locus re-
mained similar in DNY64 (7.4%) and FNY4 (7.1%). The DSB
formation at the ARG4 locus was also analyzed physically in
DNY115 (HIS4/HIS4), DNY214 (HIS4/his4-140), and FNYS8
(HIS4/his4-140a). These diploids are homozygous for the
rad50S mutation. We used the same DNA preparations that
were used to monitor DSBs at the HIS4 locus. The results are
shown in Fig. 3B. The percentages of DSBs (data not shown)
in these three strains remained similar, suggesting that the low
level of DSB formation by different palindromic-insertion mu-
tant alleles was not due to a global reduction of meiotic levels
of DSB formation.

Gene conversion events by long-palindromic-insertion mu-
tant alleles are generated by an MSH2- and RADI-indepen-
dent pathway. The physical analysis of different palindromic-
insertion mutant alleles indicated that about 90% of the breaks
were at the HIS4 promoter and nearly 10% of the total breaks
were at the palindromic-insertion site. This suggests that most
of the gene conversion events were due to a recombination
initiation event at the HIS4 promoter. However, DSBs at the
HIS4 promoter would lead to hDNAs containing long hairpin
structures. The results of tetrad analysis of diploid cells con-
taining different palindromic-insertion mutant alleles suggest
that hDNA containing long hairpin structures are preferen-
tially repaired in favor of the wild-type strand, resulting in a
disparity between 6:2 and 2:6 events. To investigate whether
the repair of the hairpin structure occurs by an MSH2-depen-
dent pathway or by the RADI-dependent nucleotide excision
repair pathway, we made msh2 derivatives of his4-140a and
his4-120 heterozygous diploid strains and a radl derivative of
the his4-140a diploid strain. The Msh2-dependent mismatch
repair system repairs mismatched base pairs and small loops
(25, 26, 36), and the Radl-dependent nucleotide excision re-
pair pathway repairs pyrimidine dimers and other helix dis-
tortion lesions (15). Recently, Radl has been shown to be
involved in the repair of large loops in the hDNA that are
formed during meiotic recombination in yeast (23). We were
particularly interested in seeing the effect of the radl mutation
in hairpin repair, since the hairpin structure might appear as a
helix distortion to the mismatch repair system in yeast. The
results of the tetrad analysis are shown in Table 6.

The presence of the msh2 or radl mutation did not change
the spectrum of events that were observed in the wild-type

TABLE 5. Percentages of DSBs produced by different
his4-mutant alleles”

DSBs as % of total meiotic DNA at:

HIS4 locus
HIS4 promoter Palindrome

HIS4/HIS4 3.3-4.6 0

HIS4/his4-140 2.8-3.8 5.1-7.2
HIS4/his4-140a 3.4-43 0.4-0.8
HIS4/his4-120 49-64 0.4-0.9
HIS4/his4-108 4.1-5.2 0.2-0.6
HIS4/his4-100 3.2-43 0.2-0.5
HIS4/his4-70 2.2-4.4 0.1-0.2

“ DSB formation was analyzed by Southern analysis of Pvull-digested meiotic
DNA, and percentages of DSBs were quantified from the 24-h time point.
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FIG. 4. Analysis of DSB formation in the HIS4 promoter deletion back-
ground. DNA was isolated from cells collected at different times after induction
of meiosis, and physical analysis was carried out as described in the legend to Fig.
1. The numbers above the lanes indicate the times of sample collection.

background. In FNY31 (HIS4/his4-140a radl/radl), about 24%
of the unselected tetrads had aberrant events and none of the
events were PMS events (Table 6). Similarly, the spectrum of
events with his4-140a and his4-120 remained unaltered in the
msh2 background. These results suggest that the gene conver-
sion events by long-palindromic-insertion mutant alleles were
generated by repair of hDNA containing long hairpin struc-
tures by a pathway that is independent of the Msh2 and Radl
enzymes. It is also possible that the gene conversion events
were produced by a pathway not involving mismatch repair
enzymes.

Deletion of the HIS4 promoter exhibits different effects on
the recombination rate of different palindromic-insertion mu-
tant alleles. The results presented above suggest that most of
the gene conversion events associated with the his4-140a allele
are due to DSBs at the HIS4 promoter hot spot. The above
results also suggest that the disparity between 6:2 and 2:6
events at the his4-140a mutant allele was due to the preferen-
tial repair of the hairpin structure in the hDNA, whereas the
same for his4-140 was due to repair of DSBs formed on the
mutant chromosome at the palindromic-insertion site. Accord-
ing to this hypothesis, the deletion of the HIS4 promoter would
reduce the recombination rate at the his4-140a allele while that
at his4-140 would remain nearly the same. To test this pos-
sibility, we constructed homozygous promoter deletion (his4-
A52) derivatives of HIS4/his4-140a (FNY37) and HIS4/his4-
140 (FNY34) diploid cells. These two diploid strains were

PALINDROME-INDUCED MEIOTIC RECOMBINATION 3455

sporulated, and the results of the tetrad analysis are shown in
Table 7.

At the HIS4 locus, about 60% of the meiotic recombination
events are due to DSBs at the promoter region and the re-
maining events are due to recombination initiation outside the
HIS4 promoter (24). The aberrant-segregation rate of the his4-
140a mutant allele in the promoter deletion background was
reduced from 25 to 19%, whereas that for his4-140 was in-
creased from 27 to 33% (Table 7). The 8:0 events are likely to
be due to double meiotic events. However, it is also possible
that some of these events are due to DSBs that occurred before
the premeiotic DNA replication. Considering that 8:0 events
are due to double meiotic events, the aberrant-segregation
rates are as follows: DNY64, 36.4%; FNY34, 44.1%; FNY4,
27.4%; FNY37, 20.6%. Using these values, the differences in
the aberrant-segregation rates for his4-140a and his4-140 with
and without the HIS4 promoter are significantly different (P =
0.026 for his4-140 and P = 0.034 for his4-140a; Fisher exact
test). The disparity between 6:2 and 2:6 events (considering
his4-A52 the wild-type allele and his4-A52 his4-140 or his4-AS52
his4-140a the mutant allele) remained unaltered in both strains
(Table 7). These results suggest that most of the events in
HIS4/his4-140a diploid cells were due to recombination initia-
tion at the HIS4 promoter and the HIS4 promoter hot spot
slightly suppresses the other recombination initiation sites
nearby.

We have also monitored the percentages of DSBs formed
in the rad50S derivatives of FNY34 (FNY39) and FNY37
(FNY40) (Fig. 4). The percentages of DSBs at the palindrome
at the his4-140a allele was increased from ~0.6 to ~1.1% in
the absence of the promoter, whereas the percentage of DSBs
at his4-140 was increased from ~6 to ~10.5% (Table 7). A
similar difference in the amount of DSB formation was ob-
served when the his4-A52 mutation and his4-140 were present
in cis but not in trans (data not shown). These results suggest
that two recombination initiation sites always compete with
each other when present in cis.

DISCUSSION

Inverted repeats are a major source of genomic instability.
This palindrome-mediated genomic instability is known to de-
pend on the length of the inverted repeats; the longer the
inverted repeat, the greater the possibility of rearrangements.
Using both genetic and physical analyses, we have examined
the effect of the presence of palindromic insertions of different
lengths on meiotic recombination. Our results indicate that (i)
long palindromic sequences induce DSBs during meiosis; (ii)
palindrome-induced DSB formation requires the gene func-
tions that are necessary for normal meiosis-specific DSB for-
mation; (iii) the ability to induce DSBs depends on the lengths
of palindromic insertions, and the percentages of DSBs de-
pend on the primary sequence of the inverted repeats; and (iv)
hDNAs containing long palindromic sequences are repaired or
processed by a mechanism that does not involve Msh2 or Radl
proteins, and the mismatches containing long hairpin struc-

TABLE 6. Segregation patterns of different his4 mutant alleles in the radl and msh2 backgrounds

Aberrant .
Strain Mutant locus 62 26 80 08 53 35 Abefrant Other Total no. segregation Gene conversion  PMS (% of
4:4 aberrants  of tetrads (% of aberrants)  aberrants)
(% of total)
DNY270 HIS4/his4-120 msh2/msh2 32 10 0 1 3 2 0 0 224 21.4 90 10
FNY26 HIS4/his4-140a msh2/msh2 20 1 1 0 0 0 0 0 139 15.8 100 0
FNY31 HIS4/his4-140a radl/radl 49 8§ 5 0 0 0 0 0 261 23.8 100 0
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TABLE 7. Segregation patterns of different sis4 mutant alleles in the promoter deletion background”

Gene Amt of DSBs as %
) conversion Total no. Aberrant Gene of total DNA at:
Strain Mutant locus PMS of tetrads segregation conversion -
62 26 80 08 ’ (% of total) (% of aberrants) Promoter Insertion
(site T) (site IT)
DNY64° HIS4/his4-140 68 4 35 0 0 390 27.4 100 2.8-3.8 5.1-7.2
FNY34 his4-A52/his4-A52 his4-140 56 3 31 0 0 274 32.8 100 9.8-11
FNY4® HIS4/his4-140a 76 3 9 0 0 354 24.9 100 3.4-43 0.4-0.8
FNY37 his4-A52/his4-A52 his4-140a 40 4 5 0 0 261 18.8 100 1-1.3

“ Sporulation and DSB analyses were carried out as described in Materials and Methods. Percentages of DSBs were quantified from 24-h samples and are percentages
of the total meiotic DNA.
’ Data are from Tables 4 and 5.

tures are preferentially repaired in favor of deletion of the hairpin structures in vivo (37). These results suggest that mei-
hairpin structure. osis-specific DSB formation by the palindromic-insertion mu-
DSB formation by the long-palindromic-insertion mutant tant alleles is related to the palindromic nature of the inserted
allele (his4-140) at the HIS4 locus invoked the idea that long sequence and also favors the hypothesis that DSB formation is
inverted repeats may undergo cruciform extrusion at a high  due to cruciform extrusion by the inserted inverted repeats,
frequency and such a structure may be processed by a struc- followed by cleavage of the cruciform structure by structure-
ture-specific nuclease. One would then expect that the palin- specific nuclease.
drome-induced DSB formation should be independent of en- Palindrome-mediated genomic instability can be alleviated
zymes or proteins that are responsible for making DSBs at in E. coli by introducing sbcCD mutations (27), and this protein
normal meiosis-specific recombination initiation sites. As men- complex possesses a hairpin-nicking activity (10). Two yeast

tioned earlier, at least nine gene products are required to  proteins, Rad50 and Mrell, that are essential for meiotic re-
generate normal meiosis-specific DSBs (22). To determine combination and DSB repair during mitosis share limited but
whether these proteins are also necessary for DSB formation significant homology with the SbcC and SbeD proteins, respec-
at the palindromic-insertion site, we monitored meiotic recom- tively (52). Recently, the human Mrel1 protein, in addition to
bination between heteroalleles in all nine early Rec™ mutants. its 3’ to 5’ exonuclease activity, has been shown to cleave DNA
In the Rec™ background, meiotic levels of His™ prototroph hairpin loops (45). The yeast Mrel1 protein has been shown to
formation can occur if the DSBs at the palindrome occur by a jperact with Rad50 and Xrs2 (21). Yeast Mrell possesses
different mechanism. It was necessary to study recombination 3’-5" exonuclease and single-stranded endonuclease activities
initiation in all nine mutants. In the event that a particular (3¢ 55 56) All of these activities are collectively required for
mutant is not competent to make DSBs at the palindromic- the DSB-processing reaction and reside in the N-terminal half

1nsirt1?r;h51;[§, analymi Oi ?ther ke ar]lglsgut%?lgs mayl(ljdp n‘jt}fy ta of Mrell. The C-terminal region of the protein is responsible
gllu tatrkll tv? 15 co}rln peten P N IS;BQ f St.' 1shwou indicate for meiotic DSB formation and interacts with several meiosis-
ar the two mechanisms tor ormation share some com- specific proteins (38, 56). It is possible that Mrell, in associ-

mon proteins. However, our results have indicated otherwise. ation with other meiotic proteins, including Spoll, forms a

All nine genes are required for DSB formation at the palin- . . . L
S . . . . complex that is responsible for the cruciform cleavage activity.
dromic-insertion site. The heteroallelic recombination fre- o . . .
Such a hairpin-cleaving protein may require a long stem to

quency remained at the mitotic level in all nine mutants (Table make the DSB
3), suggesting that DSBs at the palindrome and at the normal We also analyzed whether the primary sequence of the in-

meiosis-specific sites occur by the same mechanism. . . ; .
As mentioned earlier, normal meiosis-specific DSBs are be- serted 1pverted repeat in the_ hfS4'14Q allel.e has any role in
; generating DSBs during meiosis by inserting a 140-bp-long

lieved to be Spoll mediated. These meiosis-specific breaks : d Fa diff . hisd-140
normally occur at the nuclease-hypersensitive open chromatin mverted repeat of a different primary sequence (his -1eYa mu-
tant allele). The meiotic segregation pattern of his4-140a is

structure. Although most loci exhibit similar hypersensitive __ i
sites during both meiosis and mitosis (13, 58, 59), the DSB sites similar to that of the his4-140 allele (Table 4). Only gene
associated with ARG4 and CYS3 are severalfold more hyper- ~ conversion events were observed with a strong disparity be-
sensitive during meiosis than during mitosis (43). It is possible ~ tween 6:2 and 2:6 events. These results suggest that the his4-

that the presence of the palindromic sequences creates an I40a mutant allele also acts as a hot spot for meiotic recom-
open chromatin structure, which makes the sites available for ~ bination and that the primary sequence of the inverted repeat
the normal recombination machinery to make DSBs. may not have any role in inducing DSBs during meiosis. This

Although normal meiosis-specific DSB formation and pal- conclusion was supported by the physical detection of DSBs in
indrome-induced DSB formation require the same machinery, the HIS4/his4-140a diploid strain. However, the amount of

we cannot rule out the possibility of cruciform formation by the ~ DSBs produced by the /is4-140a allele was 10-fold less than
inserted inverted repeats, followed by cleavage of these stem-  that produced by the his4-140 mutant allele (Table 5), suggest-

loop structures by structure-specific nucleases. Recently, ing that the sequence of the inserted oligonucleotide has some
Jankowski et al. have shown that long CAG repeat tracts in-  role in inducing meiosis-specific DSBs. The amount of DSB
duce DSBs during meiosis in yeast and insertion of a nonre-  formation is determined not only by the primary sequence of
peated DNA sequence at the same site fails to induce meiosis- the inverted repeat but also by the neighboring sequence. The

specific DSBs (20). Both inverted repeats and CAG repeat insertion of the 140-bp inverted repeat, which created the
tracts have the potential to form hairpin structures in vivo. It his4-140 allele, at the LEU2 locus produced much less than
has also been shown that CAG repeats, like inverted repeats, 1/10 of the DSBs made at the HIS4 locus (40). The insertion of
when present in the single-stranded DNA, are likely to form the his4-140a inverted repeat created a new sequence environ-
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ment that may either lead to a lower level of cruciform forma-
tion or create a less accessible open chromatin structure.

Physical analyses involving the his4-140 and his4-140a mu-
tant alleles indicate that the former acts as a stronger recom-
bination initiation site than the latter. It has been shown that
the presence of a strong recombination initiation site sup-
presses recombination initiation at a weak site nearby due to
depletion of limiting factors (13, 58, 59). In strains containing
long-palindromic-insertion mutant alleles, two bands repre-
senting DSBs on wild-type and mutant chromosomes were
observed at site I, and in DNY214 containing the his4-140
allele, one strong band (due to breaks on the wild-type chro-
mosome) and a weak band (due to breaks on the mutant
chromosome) were observed (Fig. 3A). The percentages of
DSBs at the promoter on both the wild-type and mutant chro-
mosomes were nearly the same when his4-140a was present,
whereas his4-140 generated 2.3% and 1.0% DSBs on the wild-
type and mutant chromosomes, respectively. These results in-
dicate that there is competition between the recombination
initiation sites when the his4-140 allele is present, whereas the
his4-140a does not exert this effect. The his4-140a allele acts as
a weak initiation site, and as a result, it does not have any effect
on the promoter site. Tetrad analysis of is4 promoter deletion
mutants also indicated that a significant fraction of aberrant
events originated due to promoter breaks when the his4-140a
allele was present (Table 7).

Our tetrad analysis using #is4 mutant alleles containing palin-
dromic insertions of different lengths showed that the rate of
PMS events decreases with a simultaneous increase in the rate
of gene conversion events as the length of the inverted repeats
increases (Table 4 and Fig. 2). These results and physical
analysis of DSB formation indicate that the ability to induce
DSBs depends on the length of the inverted repeat. However,
physical analysis showed that the amounts of DSBs produced
by his4 mutant alleles containing 100- to 140-bp insertions are
nearly the same. Surprisingly, his4-70, a 70-bp palindromic-
insertion mutant allele that exhibited a high rate of PMS
events, also had about 0.2% of its total DNA as DSBs. About
1/10 of the total number of breaks were at site II, and the rest
were at site I, suggesting that most of the non-Mendelian
events are due to recombination initiation at the HIS4 pro-
moter.

Although the amount of breakage at the HIS4 promoter on
the wild-type chromatid in the HIS4/his4-140a diploid strain
remains the same as in HIS4/HIS4 diploid cells, the number of
2:6 events remains significantly low (Table 4). In addition, a
significant level of DSBs is produced on the wild-type chromo-
some when the his4-140 allele is present (Fig. 3A). Again, the
number of 2:6 events remains low. It is possible that because of
large heterology, palindromic sequences are not included in
the hDNA when the breaks are formed on the wild-type chro-
matid. However, this seems unlikely since larger heterologies
are capable of being included in heteroduplexes (his4-A52, for
example). Alternatively, some of the breaks at the promoter
site may be repaired using the sister chromatid as a template.

The events initiated due to promoter breaks are expected to
generate hDNA containing the inverted repeat as a long hair-
pin structure. The strong disparity between 6:2 and 2:6 events
suggests that the hDNA containing the long hairpin structure
is preferentially repaired in favor of the wild-type strand. As a
result, when the wild type is the donor, the result is a 6:2 event
and when the mutant is the donor, a 4:4 restoration event
results. The Msh2-mediated repair pathway normally repairs
mismatched base pairs and small loops (25, 26, 36). The Rad1-
dependent nucleotide excision repair pathway is involved in
repair of large loops that are formed in the hDNA during

PALINDROME-INDUCED MEIOTIC RECOMBINATION 3457

meiotic recombination (23). Introduction of a msh2 or radl
mutation in our strain background did not change the spec-
trum of events that was observed in wild-type cells. The his4-
120 mutant allele produced 1.3 and 2.2% of total tetrads as
PMS events in the wild type and in the msh2 background,
respectively. Similarly, the his4-140a allele had no PMS events
in the wild type or in the msh2 and radl backgrounds. These
results suggest that there exists a repair pathway that is Msh2
and Radl independent and preferentially repairs the hairpin
structure in favor of the wild-type strand. It is also possible that
hDNAs containing long hairpin structures can be repaired by
one of the two pathways: one is Msh2 dependent, and the other
is Radl dependent. One of these two pathways is sufficient to
correct the mismatch in the absence of the other.

The preferential repair of long hairpin structures raises an-
other question: how do short hairpin structures escape repair?
As proposed previously, proteins may exist that specifically
bind at the hairpin structure. Such binding may occur at the
base of the hairpin structure. When the hairpin structure is
short, it may cover the entire stem-loop structure. In the case
of a long hairpin structure, the binding of the protein at the
base of the hairpin structure does not cover the entire stem-
loop structure, thereby exposing the loop region to the pro-
cessing endonuclease, which then makes nicks in the loop of
the hairpin structure. The nick then initiates the exonucleolytic
degradation process to generate a gap, which is then repaired
using the wild-type strand as a template. The same enzyme may
be responsible for generating DSBs at the cruciform structure.
Another possibility is that the formation of the nick depends
on the length of the stem-loop structure, as the endonuclease
may require a longer arm. Dependence on arm length has been
observed with bacteriophage T4 endonuclease VII, which acts
on Holliday junctions (39).

In summary, our results indicate that long inverted repeats
serve as a major source of genomic instability by inducing
DSBs during meiosis. Inverted-repeat-induced DSB formation
depends on the length of the repeated units, and the amount of
DSB formation is determined by the primary sequence of the
inverted repeat. In addition, hDNAs containing long hairpin
structures are repaired in favor of the deletion formation by a
mechanism that does not require the normal cellular repair
machinery.
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