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ABSTRACT

The instability of simple tandem repeats, such as human minisatellite loci, has been suggested to arise
by gene conversions. In Saccharomyces cerevisiae, a double-strand break (DSB) was created by the HO
endonuclease so that DNA polymerases associated with gap repair must traverse an artificial minisatellite
of perfect 36-bp repeats or a yeast Y' minisatellite containing diverged 36-bp repeats. Gene conversions
are frequently accompanied by changes in repeat number when the template contains perfect repeats.
When the ends of the DSB have nonhomologous tails of 47 and 70 nucleotides that must be removed
before repair DNA synthesis can begin, 16% of gene conversions had rearrangements, most of which were
contractions, almost always in the recipient locus. When efficient removal of nonhomologous tails was
prevented in radl and msh2 strains, repair was reduced 10-fold, but among survivors there was a 10-fold
reduction in contractions. Half the remaining events were expansions. A similar decrease in the contraction
rate was observed when the template was modified so that DSB ends were homologous to the template;
and here, too, half of the remaining rearrangements were expansions. In this case, efficient repair does
not require RADI and MSH2, consistent with our previous observations. In addition, without nonhomolo-
gous DSB ends, msh2and radl mutations did not affect the frequency or the distribution of rearrangements.
We conclude that the presence of nonhomologous ends alters the mechanism of DSB repair, likely through
early recruitment of repair proteins including Msh2p and Radlp, resulting in more frequent contractions

of repeated sequences.

INISATELLITES are tandem repeats of a few
dozen nucleotides that display an unusually high
rate of instability, manifested by changes in number of
tandem repeats. In humans, these changes arise during
germline formation (ARMOUR and JEFFREYS 1992; JEF-
FREYS ¢f al. 1994; RicHARDS and SUTHERLAND 1997) and
some alleles are found to change in as many as 13% of
the gametes (VERGNAUD ef al. 1991). As with expansions
of microsatellite sequences, expansions of minisatellites
have been associated with human disease (LALIOTI ef
al. 1997; VIRTANEVA et al. 1997) and with chromosome
fragility (Yu et al. 1997; HEWETT et al. 1998).

Human minisatellite instability apparently arises through
gene conversion events during or shortly after meiosis,
many of which involve interallele transfers of informa-
tion (BUARD and VERGNAUD 1994; JEFFREYS et al. 1994;
May et al. 1996; BUARD et al. 1998). Most likely these
events result from the gene conversion repair of double-
strand breaks (DSBs), as recent evidence suggests that
meiotic recombination in mammals as well as yeast is
initiated by the Spollp endonuclease (BERGERAT ef al.
1997; KEENEY et al 1997; BAUDAT et al 2000; Ro-
MANIENKO and CAMERINI-OTERO 2000). Similar intra-
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and interallelic recombination events are found in
MS32 and CEBI minisatellite sequences, when they are
placed close to a meiotic hotspot in Saccharomyces cerevis-
iae (APPELGREN el al. 1997, 1999; DEBRAUWERE ¢! al.
1999). Recently, a natural yeast minisatellite was also
shown to be unstable during meiosis (BisHop et al.
2000).

We previously studied frequent rearrangements of re-
peated sequences associated with mitotic gene conver-
sion in budding yeast, using both 375-bp repeats and
trinucleotide repeats (PAQUES el al. 1998; RICHARD et
al. 1999, 2000). The experimental system was similar to
the one shown in Figure 1. The HO-cleaved ends of the
DSB can invade homologous regions on a plasmid and
then DNA polymerases can traverse the intervening re-
gion on the template that may contain various repeated
or unique sequences. We consistently found a much
higher rate of both expansions and contractions of the
repeated sequences during gene conversion than dur-
ing replication. Moreover, the rearranged array was
nearly always found in the recipient (repaired) mole-
cule, suggesting that the gene conversion events occur
by a synthesis-dependent strand annealing (SDSA) path-
way, where nearly all newly synthesized DNA sequences
are predicted to be in the recipient (Figure 2, E-H and
I-M).

In this study, we provide direct evidence for DSB-
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DSB repair efficiency

WT msh2 radl msh6  pmsl
0.3% 0.4% 0.2% 0.3% 0.3%
28.0% 2.0% 1.6% 18.0% 18.0%
15.6% 1.9% 1.7% 11.0% 10.8%
16.6% 1.1% 8.7% 7.8%
15.8% 2.2% 1.6% 103% 10.6%
46.5% 19.0%  37.0%

Frcure 1.—DSB-induced gene conversions involving repeated sequences. (A) Using the HO endonuclease, one double-strand
break is delivered per cell, in the leu2 gene, which has been modified to contain an HO cut site. (B) Repair by nonhomologous
recombination was assessed with cells containing no sequence homologous to LEU2. (C) Repair by gene conversion when the
homologous donor template carries LEU2. (D-F) Three other homologous templates were designed, each one with a repeated
array inserted within the leu2 copy, at the exact site where the DSB is formed in the leu2 chromosomal copy. The repeated arrays
are as follows: eight identical 36-bp repeats in pFP59 (D); two copies of the same repeat in the same orientation, surrounding
a 34-bp-long piece of polylinker in pFP58 (E); and a natural yeast minisatellite locus corresponding to 12 diverged copies of a
36-bp repeat in pFP46 (F). In pFP225 (G), two half-HO cut sites (solid boxes) on each side of the repeated array restore perfect
homology to the template. The DSB repair efficiencies are listed next to each construction. Oligonucleotides used to characterize

the recombinants are shown.

induced rearrangements of minisatellite sequences in
yeast, using arrays of either perfect or imperfect 36-bp
repeats. Both expansions and contractions of minisatel-
lites were induced by recombination, but their ratio, as
well as the overall rearrangement frequencyj, is affected
by the presence of nonhomologous sequences sur-
rounding the DSB, and by mutations in the RADI and
MSH?2 genes affecting the removal of such sequences.
We suggest that the early recruitment of Radlp and
Msh2p and associated repair proteins needed to trim
off the nonhomologous DSB ends affects the subse-
quent steps of DNA repair, in a way that favors the
contraction pathway.

MATERIALS AND METHODS

Strains: The S. cerevisiaestrains studied in this work all derive
from YFP17 (PAQUES et al. 1998), which contains a GAL::HO
fusion inserted into the chromosomal ADE3 locus (SANDELL
and ZAkKIAN 1993), a deletion of the HO endonuclease cleav-
age site in the MAT locus, and a 117-bp HO cut site in the
Kpnl site of the LEU2 gene on chromosome III. We used a
one-step disruption method described by WacH et al. (1994)
to knock out the MSH2, MSH6, PMSI, and RADI genes in
YFP17 with a KAN gene. All transformations were performed
with the one-step method described by CHEN et al. (1992).

Plasmids: A series of five plasmids, described in Figure 1,

were derived from Ted, a centromeric plasmid marked by the
URA3 gene (provided by W. Kramer). In pFP14 (Figure 3C),
a genomic Xhol-Sall fragment including the LEU2 gene was
inserted into the polylinker of a URA3marked centromeric
plasmid, as described by PAQUES et al. (1998). Part of the
Bluescript (Stratagene, La Jolla, CA) polylinker, including
Xbal, BamHI, and Xhol, was inserted into the Kpnl site of LEU2,
resulting in plasmid pFP36, to allow the subsequent insertion
of the repeated arrays shown in Figure 1. Insertion of a Xbal-
Xhol fragment from plasmid pPS8.4 (ROBINETT et al. 1996),
containing eight copies of the Escherichia coli lac operator,
resulted in pFP59 (Figure 1D). Insertion of a dimer of the
former insert resulted in pFP58 (Figure 1E). To obtain pFP46
(Figure 1F), a 530-bp fragment containing the natural yeast
minisatellite arrays found in Y’ subtelomeric regions (Horo-
wiTZ and HABER 1984) was amplified by PCR and cloned into
pFP36. In pFP225 (Figure 1G), two halfFHO cut sites were
introduced on each side of the repeated array to restore per-
fect homology to the template.

DSB induction and characterization of recombinants: YEPD
and synthetic dropout media used for the growth of S. cerevisiae
were made according to SHERMAN et al. (1986). YEP-galactose
contains 2% galactose (wt/vol) instead of glucose as a carbon
source. YEP-glycerol contains 2% glycerol (wt/vol) instead of
glucose. Yeast were grown for 24 hr in YEPD, or in synthetic
medium lacking uracil or tryptophan if plasmid selection was
required. This culture was then used to inoculate 50 ml of
YEP-glycerol, at an initial concentration of 10% cells/ml. The
YEP-glycerol culture was grown overnight, to a final concentra-
tion of 1-5 X 107 cells/ml, to prepare the cells for galactose
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FIGURE 2.—Models for DSB-induced rearrangement of tandem repeats. A 3" end of a resected DSB invades its donor (A),
providing a 3’ end that can initiate leading-strand DNA synthesis (B). Alternatively, this 3" end can establish a complete replication
fork (I). In this case, slippage-like events can result from branch migration and/or dissociation of DNA polymerases (I and J),
resection, and reinvasion (K and L or K-M). Expansions and contractions could result from heteroduplex loops (C), out-of-
frame annealing (F-H), or out-of-frame reinvasion (L and M). Some of these intermediates would constitute a substrate for a
Msh2p/Radlp (shown as ovals), but with different consequences. In D, msh2 and radl mutants would be expected to produce
sectored colonies with two differentsized recipient loci. In F and L msh2 or radl mutants would fail to remove 3’-ended

nonhomologous tails and would be expected to eliminate many contraction events and possibly some expansions.

induction. Then, cells were plated on YEPD and YEP-galactose
plates, at a concentration of ~200 cells/plate. In the absence
of any DSB, colonies appear on YEPD and YEP-galactose with
the same efficiency (not shown). For strains with an HO cut
site in the chromosomal LEU2 gene, DSB repair efficiency
was scored as the ratio of the number of colonies on YEP-
galactose to that on YEPD. Independent colonies were
patched, and the patch was used to inoculate 2-ml cultures.
PCR was performed directly on cells: about one-tenth of a
3-day-old colony was boiled 5 min in the PCR mixture, and
then 5 units of Taq polymerase were added; PCR involved 35
cycles, including 1 min at 94°, 2 min at 42°, and 4 min at 65°
for elongation. For precise rearrangement mapping (Figure
3B), PCRs were done on DNA and not cells. The DNA se-
quences of the oligonucleotides shown in Figure 1 are: TCAT
TTAATTGGTGGTGCTGCTATC (oligo 1), GATAAGTCTA
AAAGAGAGTCGGATGC (oligo 2), TTGCAGATTCCCTTTT

ATGGATTCC (oligo 3), and GCTGCTTCCTAATGCAGG
ATCG (oligo 4).

For statistical analysis, we used Fisher’s exact test. With
pFP59 and pFP225 in the wild-type, radl, and msh2 back-
grounds, two independent experiments were performed. We
first tested the homogeneity of two sets of results, and then
pooled all the events in Tables 1 and 3, to compare them with
other substrates and/or genetic backgrounds.

RESULTS

A perfect 36-bp repeat undergoes frequent rearrange-
ments during DSB repair: Using the experimental sys-
tem described in Figure 1, we examined gene con-
version-associated rearrangements of 36-bp repeated
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sequences. A DSB was induced by the HO endonuclease
in the yeast LEU2 gene (see MATERIALS AND METHODS).
When there is no donor template (Figure 1B), the vast
majority of cells die, because homologous recombina-
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F1GURE 3.—Characterization of the recombinants in a strain
containing the template pFP59 (shown in Figure 1D). (A)
After DSB induction, survivors were first analyzed by PCR
using oligonucleotides 1 and 2. Without induction, two bands
are observed, one at 350 bp, corresponding to the chromo-
somal copy with the HO cut site, and one at 600 bp, corre-
sponding to the plasmid-borne leu2 copy with the repeated
insert (lane 1). After DSB induction, the 350-bp band disap-
pears, usually resulting in a 600-bp band indistinguishable
from the band corresponding to the template (lanes 2-3 and
5-20), because gene conversion has made the chromosomal
copy identical to the plasmid copy. We checked 40 such strains
by Southern blot to confirm that such a profile actually corre-
sponded to perfect gene conversion. Sometimes, two distinct
bands can be detected (lane 4), indicating that there was no
accurate gene conversion. This experiment does not indicate
whether the donor template or the recipient molecule carries
a modified tandem array, and such strains were characterized
further as illustrated below. (B) Characterization of the donor
and recipient molecules. Four colonies that gave different
outcomes when analyzed by PCR with oligonucleotides 1 and 2
are shown in lanes 1-4. Sample 1 corresponds to a noninduced
strain, sample 2 is a perfect gene conversion, sample 3 is a
gene conversion with deletion of 2 units, and sample 4 is a
gene conversion with a deletion of 1 unit. We then used
oligonucleotides 3 and 4 (see Figure 1) to amplify specifically
the donor template or the chromosomal recipient. The PCR
products were then digested by Xhol and Xbal to excise the
fragment containing the repeated array. Lanes D correspond
to the donor template, lanes R to the recipient. The template
is not rearranged in any of these four cases, yielding a 300-bp
band corresponding to the repeated array (1D, 2D, 3D, and
4D). Four different outcomes are observed for the chromo-
somal recipient. In the noninduced strain, the X#ol and Xbal

tion is impossible and most cells lose the broken chro-
mosome. Cells were transformed with plasmid pFP59
(Figure 1D) that contains an octamer of directly ori-
ented 36-bp repeats of the F. coli Lac operator (RoBI-
NETT et al. 1996) inserted into a leu2 gene at the Kpnl
site. The ends of the DSB at the chromosomal leu2locus
begin with 47 or 70 bp of the HO cleavage site that
are not homologous to the template, followed by leu2
sequences that can engage in recombination with the
donor template on either side of the minisatellite array.
The presence of these homologous leu2 sequences on
the plasmid allows 15-28% of cells to repair the DSB
by homologous recombination, depending on the inser-
tions into the template (Figure 1).

We studied the outcome of the gene conversion
events in the survivors by the PCR assay illustrated in
Figure 3, which allowed us to identify the structure of
both the plasmid donor template and the chromosomal
recipient molecule. The DSB was indeed repaired by a
gene conversion event wherein the repeated locus was
transferred into the broken molecule. Note that this
gene conversion is necessarily not associated with cross-
ing over, because such an event would integrate the
donor plasmid in the chromosome, resulting in an un-
stable dicentric chromosome III. As shown in Table 1,
11 rearrangements among 69 products were found only
in the recipient molecule (the chromosomal copy).
These rearrangements are considered to occur during
DSB repair and amount to an average of 15.9% of the
repair events. In another case, both the donor and recip-
ient had the same altered number of repeats, suggesting
that the donor had rearranged prior to gene conversion,
although we cannot exclude that both molecules were
concomitantly rearranged during DSB repair. One sur-
vivor colony carried on two different donor molecules,
and in the recipient, the tandem array had the same
size as in the rearranged donor. In this case, prior re-
arrangement of the donor may have appeared during
the S phase that preceded a gene conversion induced
in G2. In a control experiment, where HO was not
expressed, there was only one rearrangement of plasmid
sequences among 176 cells, an expansion of one repeat.

The same experiment was done with pFP58 as a tem-
plate donor. pFP58 contains an array of 16 repeats,

sites were not acquired by gene conversion, and the PCR
product is not cut by these enzymes (1R). With the perfect
gene conversion event, the same 300-bp band corresponding
to the repeated array is observed in donor and recipient (2D
and 2R). The rearranged array seen in sample 3 is clearly in
the recipient molecule (3R). The rearrangement seen faintly
in sample 4 is also found on the recipient molecule, but is
found together with a band at 300 bp, corresponding to a
nonrearranged array. Such events may arise if DSB repair
occurred in G2 or if heteroduplex DNA was not mismatch
repaired. Molecular weight markers are 50- and 100-bp lad-
ders.
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TABLE 1

Expansions and contractions with the pFP59 donor template

% rearranged in recipient only % rearranged

in donor

% rearranged

Total Expansions  Contractions in both Donor* Recipient”
WT 15.9 0 15.9 2.9 NR: 67 NR: 56
(11/69) (0/69) (11/69) (0/69) (2/69) BR:1(—=1/NR); R:3(—2);8 (1)
1(-1) BR: 2 (1)
WT NA NA NR: 175 NA
(non- (1/176) R: 1 (+1)
induced)
radl 0 1.4 NR: 71 NR: 71
(0/72) (0/72) (1/72) BR: 1 (+3) BR: 1 (+3)
msh2 2.4 2.4 0 0 NR: 126 NR: 123
(8/126) (8/126) (0/126) (0/126) (0/126) R: 1 (+1);
2 (+1/NR)
msh6 11.7 0 11.7 0 NR: 60 NR: 53
(7/60) (0/60) (7/60) (0/60) (0/60) R: 1 (—4);
6 (=1)
pmsl 10.0 3.3 6.7 0 NR: 59 NR: 54
(6/60) (2/60) (4/60) (1/60) (0/60) R: 1 (=1/NR) R: 1 (=2):
3 (=1);

1 (+1);1 (+4)

“NR, nonrearranged; R, rearranged only in donor (second column), or only in recipient (third column); BR, both donor
and recipient rearranged. The number of events of each kind is followed by the kind of event: for examples, 2 (—2) stands for
2 contractions removing two 36-bp units; 1 (+3/NR), in the same survivor colonies, we found two kinds of repeated arrays, one
with an expansion (+3) and one that has not been rearranged. NA, there is no recipient in this experiment.

interrupted in the middle by 32 bp of a polylinker.
Among 38 recombinants, 10 exhibited rearrangements
in the recipient molecules (26.3%), 9 of 10 being con-
tractions (Table 2). One expansion was also found in
the donor. Since the recipient molecules of the same
cells display a nonrearranged tandem array, this re-
arrangement in the donor is likely to be a consequence
of DSB. However, a spontaneous event occurring imme-
diately after DSB repair cannot be ruled out.

3’ nonhomologous ends affect the DSB-induced re-
arrangement distribution and frequency: With the
pFP58 and pFP59 templates, one of the early steps of
gene conversion is the efficient removal of the nonho-
mologous sequences at the ends of the DSB by a MSH2-
and RADI-dependent process (PAQUES and HABER
1997; SucawaRra et al. 1997). These sequences corre-
spond to the two halves of the 117-bp cleavage site. In
plasmid pFP225, full homology with the 3’ ends of the
DSB was restored, by inserting two half-HO cut sites
surrounding the repeated array (Figure 1G). With this
plasmid, repair was substantially more efficient (46.5 vs.
28.0%) than with pFP59, consistent with previous results
showing that perfect homology between the DSB ends
and the template improves significantly the efficiency
of the repair process (PAQUEs and HABER 1997).

However, the rearrangement rate using pFP225 was

four times lower than with pFP59, dropping from 15.9
to 3.8% (Table 3). Nevertheless, these rearrangements
still kept the signature of SDSA, for they were mostly
found in the recipient molecule. An intriguing feature
was that the ratio of expansions and contractions was
significantly shifted toward expansions, which now
represented one-half (three out of six) of the re-
arrangements. In contrast, 11 contractions but no
expansions were found among 69 DSB repair events
with pFP59. By Fisher’s exact test, the contractions are
clearly more frequent in pFP59 than pFP225 (P = 1.8 X
107", but the expansion rates are not distinguishable
(P = 0.55). Thus, the difference between pFP59 and
pFP225 lies essentially in the higher rate of contraction
among successful recombinants in pFP59.
Requirement for the Msh2 and Radl proteins in the
DSB-induced tandem repeat rearrangements: We have
previously shown that the excision endonuclease Rad1p-
Radl0p and the mismatch repair proteins Msh2p and
Msh3p (FisumMaN-LoBsELL and HABER 1992; IvaNov and
HAaBER 1995; PAQUES and HABER 1997; SUGAWARA el
al. 1997; CoLATAcOVO et al. 1999) are required for the
removal of nonhomologous 3’-ended tails from inter-
mediates of recombination. We proposed that such
branched intermediates, shown in Figure 2, F-H and
L-M, are responsible for DSB-induced tandem repeat
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TABLE 2
Expansions and contractions with the pFP58 donor template
% rearranged in recipient only % rearranged
in donor % rearranged
Total Expansions  Contractions only in both Donor* Recipient”
WT 26.3 2.6 23.7 2.6 0 NR: 37 NR: 28
(10/38) (1/38) (9/38) (1/38) (0/38) R: 1 (+2R) R: 1 (=10M); 1 (=7M);
1 (=5M); 1 (—2M);
2 (=3L); 1 (=2R); 1 (—1R)
1 (=3L and —1R); 1 (+1L)
msh2 2.9 0 2.9 0 0 NR: 35 NR: 34
(1/35) (0/35) (1/35) (0/35) (0/35) R: 1 (—=10M)
mshé 21.1 2.6 18.4 0 0 NR: 38 NR: 30
(8/38) (1/38) (7/38) (0/38) (0/38) R: 1 (—5L); 1 (—4L);
1 (—2R);
2 (—1L); 2 (=1R);
1 (+6L and —4R)
pmsl 13.5 0 13.5 0 0 NR: 37 NR: 32
(5/37) (0/37) (5/37) (0/37) (0/37) R: 1 (=10M); 1 (=7M);

1 (=4M); 1 (—=2R);
1 (—2R/NR)

“Notations are the same as in Table 1. In addition, a letter L, R, or M is appended to each rearrangement event to indicate
where the rearrangement took place: it can be confined to the left (L) or right (R) tandem array, or, in a big deletion event,
remove the piece of polylinker in the middle together with a number of repeated units on each side (M), leaving only one
tandem array. In two cases, rearrangements occurred on both arrays independently (example: +6L and —4R).

rearrangement (PAQUES and WEGNEZ 1993; PAQUES et
al. 1998). In addition, Rad1lp and Msh2p, and presum-
ably Rad10p and Msh3p, are required for the removal
of heteroduplex loops formed during gene conversions
(KIRkPATRICK and PETES 1997; CLIKEMAN et al. 2001).
Intermediates containing heterologous loops could
arise by replication slippage during gene conversion
where the polymerase must traverse a set of repeats
(Figure 2C).

We therefore tested the impact of msh2 and radl mu-
tants on the rearrangement process. With pFP58 and
pFP59, the HO-cleaved ends of the DSB have 47 and
70 bp of the HO recognition site that are not homolo-
gous to the donor templates, and that must be excised
by Radlp and Msh2p (Sucawara et al. 1997). Thus,
msh2 and radl mutants decreased repair 10- to 15-fold
(Figure 1). As expected, radl had little effect on the
repair of pFP225, where the HO-cut ends are homolo-

TABLE 3

Expansions and contractions with the pFP225 donor template

% rearranged in recipient only

% rearranged

in donor % rearranged
Total Expansions ~ Contractions only in both Donor* Recipient”
wT 3.8 1.9 1.9 0 0.6 NR: 156 NR: 150
(6/157) (3/157) (3/157) (0/157) (1/157) BR: 1 (+1/NR) R: 1 (—4); 1 (—3);
2 (+1); 1(—1/NR)
BR: 1(+1)
radl 0.6 0 0.6 0 1.1 NR: 179 NR: 178
(1/181) (0/181) (1/181) (0/181) (2/181) BR: 1 (=1/NR); R: 1 (-3)
1(-1/+2) BR: 2 (1)
msh2 38 0.5 3.3 0 0 NR: 182 NR: 175
(7/182) (1/182) (6/182) (0/182) (0.182) R: 1 (—4); 1 (—3);
L (=2);2 (=1);

1 (=3/NR); 1 (+4)

“Notations are as in Table 1.
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gous to the template; however, msh2 does reduce repair
by 2.5-fold. This small drop might depend on the repeat
structure, for it was not observed in previous assays
measuring gene conversion between nonrepetitive se-
quences (PAQuEs and HABER 1997).

We then analyzed the survivors. In the rad! strain, we
characterized 71 survivor cells from two independent
experiments with pFP59. Six proved to have repaired
the DSB by nonhomologous end-joining, a RADI-inde-
pendent process (MOORE and HABER 1996). Only one
of the remaining 72 colonies showed a rearrangement,
which was found in both donor and recipient and thus
is not necessarily a rearrangement associated with gene
conversion. Assuming that this one rearrangement
event is recombination associated, it corresponds to an
estimated rate of 1.4% instead of 15.9% in wild-type
cells. In the msh2 strain, three events were found out
of 126 survivors (2.4%). Similarly, with pFP58, msh2 cells
had 2.9% rearrangements instead of 28.9% in wild type.

The three events found in the msh2 strain with pFP59
are all +1 expansions. This contrasts with wild-type cells,
where only contractions were seen in 11 cases. The
higher rate of contractions in the wild-type strain is
clearly significant (P = 6 X 107°), but the expansion
rates are not distinguishable (P = 0.81), indicating
that—as with the comparison of events in templates that
did or did not contain homology to the DSB ends—only
the contraction rate is affected by msh2. It is also impor-
tant to note that in two of the three cases of expansion
in msh2, the expansion was found in a mixed colony in
which one-half of the cells had an unrearranged number
of repeats and one-half had an expansion. Sectored
colonies could be attributed to the lack of Radlp- and
Msh2p-dependent mismatch correction of a hetero-
duplex containing a 36-bp loop, analogous to postmei-
otic segregations that were shown to have a similar de-
pendence on Radlp and Msh2p (KIRKPATRICK and
PeTES 1997).

We also tested deletions of MSH6 and PMSI. These
two genes act with MSH2in the mismatch repair pathway
but do not participate in nonhomologous tail removal.
In addition, PMS]I is required together with MSH2 and
RAD1 for heteroduplex loop correction during HO-
induced mitotic gene conversion (KIRKPATRICK and
PETES 1997; CLIKEMAN el al. 2001). The rearrangement
rate among the gene conversion events also decreased,
but less than twofold (see Tables 1 and 2); this effect
is much weaker than the effect of the msh2 mutation.
As in wild-type cells, most of the rearrangements were
contractions, although two expansions were found in
pmsl. These results show that, although Msh6p and
Pmslp are required for full rearrangement efficiency
of pFP58 and pFP59, Msh2p and Radlp have a much
greater role in the process.

A completely different situation was observed with
plasmid pFP225 (see Tables 1 and 3). Rearrangements
were already relatively rare in a wild-type strain, but

neither msh2 nor radl mutations affected the contrac-
tion rate (P = 0.16). This is clearly different from the
effect in pFP59. There was also no significant change
in the expansion rate. A single expansion was observed
in msh2 and none in radl out of 363 total colonies, vs.
3/157 in wild type; however, the result is statistically not
significant (P = 0.08).

DSB-induced rearrangements appear with a low fre-
quency in a natural diverged yeast minisatellite: Natural
minisatellites generally contain diverged repeats. To de-
termine if base pair differences within the repeats have
an effect on minisatellite stability during mitotic recom-
bination, we replaced the artificial perfect repeat by
a natural yeast minisatellite locus, normally found in
subtelomeric Y’ sequences (Horowitz and HABER
1984). The repeats are 36 bp in length, as in the artificial
minisatellite we used, but are very polymorphic. Al-
though the Y’ 36-bp repeats fall into three main catego-
ries, there are only two pairs of perfectly identical units;
the other ones differ by up to eight substitutions scat-
tered among 16 sites of polymorphism. The repeat copy
number at different Y’ elements within a single strain
varies from 8 to 20 copies (HorowiTZ and HABER 1984).
The minisatellite locus we cloned in the pFP46 plasmid
contains 12 copies.

When we induced DSB repair with pFP46 as a donor
template, the repair efficiency did not change compared
to the result obtained with a perfect repeat (Figure 1);
however, the frequency of rearrangements was greatly
reduced. Among 194 gene conversion events, only two
rearrangements, one expansion and one contraction,
were found within the minisatellite, both in the recipi-
ent molecule (Table 4). This 1% rate of rearrangement
is 16 times lower than what was observed with a perfect
repeat. We conclude that the difference in the re-
arrangement rate is very likely to be due to the sequence
divergence, although we cannot rule out that the differ-
ence results from some sequence-specific features.

In yeast and bacteria, recombination between di-
verged sequences is inhibited by the mismatch repair
system (RAYSSIGUIER et al. 1989; BORTS et al. 1990; SELvA
et al. 1995; CHAMBERS et al. 1996; DATTA et al. 1996,
1997). In our system, repeat rearrangement is likely to
reflect repeat misalignment at some point of the DSB
repair process. In the context of a diverged tandem
array, such misalignment would include many mis-
matches. Therefore, we tested if mismatch repair mu-
tants would display a higher rate of expansions and
contractions in our assay. Since the divergence in the Y’
minisatellite is only from base substitutions (HorowITZ
and HABER 1984), recombination between two different
repeats might be inhibited by Msh2p-Msh6p, as the
Msh6p-Msh2p heterodimer has been implicated in cor-
recting single base mispairs, whereas heteroduplexes
involving frameshift mutations are primarily recognized
by the Msh2p-Msh3p heterodimer (for review, see
KOLODNER and MARSISCHKY 1999). Pmslp forms a di-
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TABLE 4

Expansions and contractions with the pFP46 donor template

% rearranged in recipient only

% rearranged % rearranged

Total Expansions Contractions in donor only in both Donor” Recipient”
WT 1.0 0.5 0.5 0 0 NR: 194 NR: 192
(2/194) (1/194) (1/194) (0/194) (0/194) R: 1 (=3);1 (+1)
msho6 1.4 0 1.4 0 0 NR: 72 NR: 71
(1/72) (0/72) (1/72) (0/72) (2/72) R: 1 (—1)
pmsl 2.7 1.4 1.4 0 0 NR: 74 NR: 72
(2/74) (1/74) (1/74) (0/74) (0/74) R: 1 (—=1);1(+1)
msh2 0 0 0 NR: 40 NR: 40 NR
(0/40) (0/40) (0/40)

“Notations are as in Table 1.

mer with Mlhlp, which interacts with both Msh6p-
Msh2p and Msh3p-Msh2p, and is thus involved in the
processing of all types of mismatches.

Neither msh6 nor pmsl mutations had much effect
on this system; the frequencies of rearrangements were
1.4% (1/72) and 2.7% (2/74), respectively, which are
not statistically significantly different from the 1% ob-
served in wild type and still far from the 18.5% contrac-
tions observed with a shorter but perfect repeat. We
also tested a msh2 mutant. As with the other templates,
a low rate of survivors was obtained because of the re-
quirement of Msh2p to remove nonhomologous tails.
We tested 40 survivors, and no rearrangement was ob-
served.

DISCUSSION

Gene conversion as a major source of tandem repeat
rearrangements: Expansions and contractions of tan-
demly repeated sequences, from micro- and minisatel-
lites to gene-sized repeats, occur during or around meio-
sis (WELCH et al. 1990, 1991; Fu et al. 1991; BuarD and
VERGNAUD 1994; JEFFREYS et al. 1994; MALTER el al.
1997). As reviewed in the Introduction, there is growing
evidence that, at least for human minisatellites, the re-
arrangements occurring during germline formation are
the consequence of DSB repair.

We developed a mitotic system in Saccharomyces,
where it is possible to examine repeat instability accom-
panying DSB repair in great detail and provide a para-
digm for the study of the mechanism and genetic re-
quirements of this instability. This approach was used
to examine rearrangements in 375-bp repeats (PAQUES
et al. 1998), artificial and natural 36-bp minisatellites
(this work), and CTG microsatellites (RICHARD et al.
1999, 2000). In all three cases, gene conversion is fre-
quently associated with rearrangements of tandem re-
peated sequences.

An examination of the rates and types of re-

arrangements with different templates provides some
further insight into the origins of expansions and con-
tractions of repeated sequences. First, the rearrange-
ment rate is not strongly a function of the total length
of the interval between the ends of the DSB. With 8
375-bp repeats (total length 2900 bp) ~36% of gene
conversions had either fewer or >8 repeats (PAQUES et
al. 1998). With 8 36-bp repeats (288 bp) 16% of gene
conversions produced contractions, whereas 43% con-
tractions and expansions were observed with a CAGgg
repeat of approximately the same length (RICHARD et
al. 2000). However, rearrangements appear to be more
frequent when the number of repeats increases, rising
from 16% with 8 36-bp repeats to 26% with 16 repeats
and from 16% with a CAGsg to 43% with a CAGyg.

On the other hand, either the size of the repeats or
some sequence-specific feature influences the nature of
the rearrangements. With 8 375-bp repeats, more than
one-third of the events were expansions, whereas virtu-
ally all the changes with 8 36-bp repeats were contrac-
tions. A few expansions were seen with pFP58, which has
16 repeats, whereas all events with a template carrying 8
repeats were contractions. Similarly, with a donor tem-
plate carrying (CAG)s, all rearrangements were con-
tractions (RICHARD et al. 1999), but with (CAG)qs, 30%
were expansions (RICHARD et al. 2000). In contrast, with
a template harboring (CAA)g;, all of the rearrangements
were contractions (RICHARD et al. 2000).

It appears that those sequences that have high fre-
quencies of recombination-associated expansions are
capable of forming stable single-stranded secondary
structures. CAG repeats are known to form hairpin
structures in vitro and show frequent rearrangements,
whereas CAA repeats, which do not form stable single-
strand hairpin structures, have low rates of rearrangement
(GAcy et al. 1995; Yu and Mitas 1995; RICHARD et al.
2000). There is growing evidence that large expansions
of human simple repeats also depend on the ability of
single-stranded tandem repeats, including micro- and
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minisatellites, to form secondary structures (McMURRAY
1999). Similarly 5S RNA encoded by the 375-bp repeats
has a complex secondary structure involving large hair-
pins (see CORRELL e/ al. 1997, and references therein);
and it is possible that single-stranded 5S rDNA also
adopts such a conformation, which could account for
the frequent expansions we observed.

Ratio of expansions vs. contractions: In many previ-
ous studies on tandem repeat instability in yeast, con-
tractions were generally found to be the major class of
events (RicHARD and PAQUES 2000). Yet we seek a model
in which expansions are as frequent as contractions, or
even more frequent, asis seen in the changes of unstable
human minisatellites (BuARD and VERGNAUD 1994; JEF-
FREYS el al. 1994; MAY et al. 1996). In this study, we
found two situations where expansions were as frequent
as contractions, or even in the majority.

The first case concerns plasmid pFP225. When an
HO-cleaved chromosomal site is repaired using plas-
mids pFP59, pFP58, and pFP46 as the template, there
is no homology with the HO cutsite, and the two nonho-
mologous sequences must be excised. In pFP225, two
half-HO cutssites restore perfect homology with the DSB
extremities. pFP59 and pFP225 are identical in all other
respects, and yet yield strikingly different results. The
overall rearrangement frequency is fourfold higher with
pFP59, but this difference is due entirely to a very high
rate of contractions. These contractions are suppressed
in pFP225, but expansions are now found and amount
to one-half of the events. Thus the presence of nonho-
mologous tails profoundly influences what kind of re-
pair events are seen.

A second case where expansions are also prevalent is
when there are nonhomologous tails, using pFP59 as
the template, but in msh2 and radl derivatives, where
efficient removal of such tails is prevented. In fact, only
expansions were found, whereas the frequent contrac-
tions observed in wild type were completely suppressed.
Why should nonhomologous ends result in a substan-
tially higher rate of contractions? One possibility is that
such 3’ overhangs, which have to be removed by a
Msh2p-Radlp complex, would channel DSB repair in a
specific, contraction prone, recombination process. But
curiously, in the few survivors we recover with pFP59
in the msh2 and radl mutant strains, contractions are
infrequent. We previously showed that there is a rela-
tively inefficient Radlp-, Msh2p-independent pathway
to remove nonhomologous DNA tails (CoLAIACOVO et
al. 1999; HoLMEs and HABER 1999). Although this
backup excision process seems especially effective when
one end has homology, it probably accounts for the
remaining gene conversions we observed here with two
nonhomologous ends. Thus it appears that a high con-
traction rate is observed only when 3’ overhangs are
cut by Msh2p and Radlp early in the recombination
process. We propose that the early recruitment of

Msh2p-Radlp influences the contraction pathway in a
subsequent step.

Mechanisms of expansions and contractions: Re-
cently, two groups tested the impact of msh2 on minisa-
tellite rearrangement in yeast meiosis (DEBRAUWERE e/
al. 1999; Bisnor et al. 2000). BisHor et al. (2000) did
not find any significant changes in the overall re-
arrangement rates, and DEBRAUWERE et al. (1999) found
a small increase (threefold) in one case and no effect
in two others. In meiosis, the DSB ends generally match
their homologous template; hence these results are
mostly in agreement with what we find with pFP225.

In a yeast strain defective for both msh2 and pmsl,
DEBRAUWERE ¢t al. (1999) observed a new class of mei-
otic rearrangements, likely resulting from unrepaired
heteroduplex loops. Heteroduplex loops appear in most
replicative models of simple repeat rearrangements, be-
cause they can result from polymerase slippage (see
Figure 2, C and D). However, they might also arise
during annealing, as pointed out by DEBRAUWERE el al.
(1999). With minisatellite repeats, these loops should
be at least 36 bp long and therefore are likely to be
processed by the Radlp/Msh2p complex (KIRKPATRICK
and PETES 1997), which, for HO-induced gene conver-
sion, also involves Pmslp (CLIKEMAN et al. 2001). In our
system, such loops would result in an increased number
of mixed colonies containing both a rearranged minisa-
tellite locus and an unrearranged one, in radl, msh2,
or pmsI strains. We found a few sectored colonies indica-
tive of such heteroduplex loops in the mutant strains:
three events with pFP59 in msh2 and pmsl, one event
with pFP58 in pmsl, and three events with pFP225 in
msh2 and radl (scoring donor as well as recipient mole-
cules). Hence, we think such events are not the majority.
In addition, they do not appear to be favored by muta-
tions in the MSH2, RAD1, or PMSI genes, for they were
found in the wild-type strain with a comparable, if not
higher, rate (one event out of 69 for pFP59, two events
out of 157 for pFP225).

Instead, we interpret most of the observed re-
arrangements in terms of out-of-frame annealing or out-
of-frame reinvasion during SDSA. SDSA models (re-
viewed in PAQUEs and HABER 1999) were proposed to
account for DSB-induced rearrangements of tandem
repeats (PAQuEs and WEGNEz 1993; BuArRD and JEr-
FREYS 1997; PAQUES et al. 1998). Several different ver-
sions of this class of model were proposed, differing in
whether DNA synthesis initiates at one or both ends of
the DSB (FErGuUsoN and HorLLoOMAN 1996; PAQUES et
al. 1998; HoLMESs and HABER 1999; PAQuUESs and HABER
1999). One class of SDSA models is shown in Figure 2,
E-H, in which the two ends of the DSB initiate new
DNA synthesis and then the two newly synthesized single
strands anneal to repair the recipient. Out-offrame an-
nealing would result in expansions (Figure 2H) and
contractions (Figure 2, F and G). An alternative repair
mechanism (Figure 2, I-M) suggests the invasion of only
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one end, leading to the establishment of a complete
replication fork involving leading and lagging strand
synthesis, as is seen in HO-induced gene conversion of
the MAT locus, where one end of the DSB has a long
nonhomologous tail (HoLMES and HABER 1999). In this
case, the second end may be a more passive partner,
needed to anneal to the migrating replication D-loop
to terminate the process. Here, the source of rearrange-
ments must be from replication slippage-like events
rather than from misaligned strand annealings. Such
events can result from branch migration events that
would dissociate the newly synthesized strands from
their template or from dissociation of the DNA polymer-
ases from the template (PAQUES et al. 1998; Figure 2, 1
and J), followed by out-of-frame reinvasion of the tem-
plate (Figure 2, L. or M). Although formally equivalent
to classical replication slippage (as featured in Figure
2C), this process does not involve any heteroduplex
loop.

A number of SDSA intermediates leading to repeat
rearrangement require the processing of 3'-overhangs
by Msh2p-Radlp (Figure 2, F and L). One possibility is
that the early recruitment of Msh2p and Radlp favors
the later processing of these intermediates, maybe be-
cause Radlp and Msh2p remain somewhat associated
with the replication proteins. Without this early interac-
tion, these proteins would have to be recruited de novo,
and the potentially unstable intermediates shown in
Figure 2, F and L, would dissociate most of the time
before Radlp and Msh2p have a chance to process
them. In this case, only contractions would depend on
Radlp and Msh2p, because most of the intermediates
leading to expansions (Figures 2, H and M) can right
away initiate new DNA synthesis.

Another possibility is that the recruitment of Msh2p
and Radlp to the end of the DSB, when nonhomologous
tails must be removed, facilitates the loading or reten-
tion of proteins that decrease the processivity of repair
DNA synthesis. When there are no nonhomologous
tails, repair synthesis proceeds with only occasional dis-
sociation. Then most gene conversions should be accu-
rate, provided one-ended strand invasion (Figure 2, I-L)
is the major pathway. When Rad1p-Rad10p and Msh2p-
Msh3p are recruited (along with the participation of
both Rad59p and Srs2p; Sucawara et al. 1997, 2000;
Evans et al. 2000) to enable the excision of the nonho-
mologous tail, the polymerase falls off the template
more often, leading to an increased rate of rearrange-
ment. The preference for contractions over expansions
might be explained if strand invasion occurs preferen-
tially at one of the two ends of the DSB, thereby establish-
ing a biased direction of the repair synthesis in travers-
ing the repeat sequences. Such a bias was observed in the
formation of contractions in CTG/CAG microsatellites,
depending on the orientation of the array relative to
the direction of replication (MAURER et al. 1996; FREU-
DENREICH ¢f al. 1997; BALAKUMARAN et al. 2000; IRELAND

et al. 2000). Indeed we found such a bias when the HO-
cleaved LEUZ2 locus used in our experiments copied a
template containing CAG vs. CTG repeats (RICHARD et
al. 2000).

DSB-induced repeat rearrangements are less frequent
in a heterogeneous repeat than in a perfect one: We
also examined the effect of sequence divergence on
repeat rearrangement. Although we observed nearly
16% of DSB-induced rearrangements in a perfect 36-
bp repeat, the rearrangement frequency was only 1%
with a heterogeneous 36-bp repeat, encompassing even
more repeat units (12 instead of 8). This result is not
surprising, for homeologous recombination is usually
impaired by the mismatch repair machinery. In the hu-
man CEBI locus, the very heterogeneous alleles are
more stable than the rather (but never fully) homoge-
neous ones (BUARD et al. 1998).

Mismatch repair proteins discourage recombination
between mismatched substrates. However, msh2, msho,
and pmsl mutations did not restore a level of recombina-
tion-induced rearrangements similar to that observed
with perfect repeats. Previous studies suggested that se-
quences diverged by 10% would be outside the range
that could be suppressed by mismatch repair mutants
during mitosis (DATTA et al. 1996, 1997). Indeed,
Bisnop et al. (2000), who studied the stability of the
same Y’ minisatellite during meiosis, did not see any
increased instability in msh2, msh3, mihl, and pmsl mu-
tants. A human CEB1 minisatellite does not display any
increased meiotic instability in a yeast msh2 pmsI mutant
either, when the minisatellite locus is homozygous (DEB-
RAUWERE el al. 1999). However, the same mutations
induced a threefold increase in the rearrangement rate
when the two homologous chromosomes carry two dif-
ferent CEB1 alleles. Nevertheless, mismatch repair pro-
teins seem to contribute only weakly in the inhibition of
rearrangement between short diverged tandem repeats.

Nevertheless, we do see an ~1% rate of change in the
size of the Y’ sequences during recombination, which is
an evolutionarily significant rate. In meiosis, the same
minisatellite array is rearranged in 0.5% of the tetrads
(BrsHop et al. 2000). It is difficult to compare directly
the results we obtained in mitotic cells with these meiotic
results, because we would have to know the frequency
of DSBs that occur in the vicinity of the Y’ sequences
in meiosis. We note also that our mitotic system is a gap
repair system in which repair DNA polymerases must
traverse the entire Y’ array, whereas the events in meiosis
are likely to be initiated by DSBs outside the array itself.
BuarD et al. (1998) observed 0.1-4.4% of rearrange-
ments per gamete for human CEBI minisatellite alleles
ranging from 10 to 14 repeats in length, which would
thus correspond to a minimum rate of 1% to a maxi-
mum of 44% rearrangements per DSB, assuming a uni-
form 10% DSB rate. Thus, during DSB repair, our Y’
yeast minisatellite would be relatively stable, but compa-
rable to its human analogs during meiosis.
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The results we presented provide evidence that, de-
pending on the exact nature of the DNA ends and of the
template sequences, both expansions and contractions
can be obtained. Several different mechanisms appear
to be important, depending on these different variables.
The development of a mitotic recombination system
in which virtually all cells can be induced to undergo
recombination at the same time, from a defined DSB,
now provides us with a way of exploring in greater detail
the process of minisatellite repeat rearrangements.
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