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ABSTRACT

Double-strand breaks (DSBs) initiate meiotic recombination. The DSB repair model predicts that both
genetic markers spanning the DSB should be included in heteroduplex DNA and be detectable as non-
Mendelian segregations (NMS). In experiments testing this, a significant fraction of events do not conform
to this prediction, as only one of the markers displays NMS (one-sided events). Two explanations have
been proposed to account for the discrepancies between the predictions and experimental observations.
One suggests that two-sided events are the norm but are “hidden” as heteroduplex repair frequently
restores the parental configuration of one of the markers. Another explanation posits that one-sided
events reflect events in which heteroduplex is formed predominantly on only one side of the DSB. In the
absence of heteroduplex repair, the first model predicts that two-sided events would be revealed at the
expense of onesided events, while the second predicts no effect on the distribution of events when
heteroduplex repair is lost. We tested these predictions by deleting the DNA mismatch repair genes MSH2
or MLH1I and analyzing the proportion of two-sided events. Unexpectedly, the results do not match the
predictions of either model. In both mlhIA and msh2A, the proportion of two-sided events is significantly
decreased relative to wild type. These observations can be explained in one of two ways. Either Msh2p/
Mlhlp-independent mispair removal leads to restoration of one of the markers flanking the DSB site or

Msh2p/Mlhlp actively promote two-sided events.

HE double-strand break (DSB) repair model pro-

posed by SzosTaK et al. (1983) predicts that hetero-
duplex DNA is formed on both sides of the DSB (Figure
1). Thus, when resection, strand invasion, and strand
capture include markers placed on opposite sides of the
DSB, both markers should show non-Mendelian segrega-
tion (NMS; ScHULTES and Szostak 1990; Figure 1).
Such events have been termed “two-sided” events. How-
ever, other genetic evidence suggests that “one-sided”
events are common and that the proportion thereof
may be hotspot specific (SCHULTES and SzosTAK 1990;
PORTER et al. 1993; GILBERTSON and STAHL 1996;
MERKER et al. 2003; Jessop et al. 2005). Although there
is general agreement that DSB repair (DSBR) events
are inherently two sided, the extent of resection and/
or heteroduplex formed on each side of the DSB is not
clear. Petes and colleagues (PORTER ¢t al. 1993; MERKER
et al. 2003) have suggested two physical models whereby
heteroduplex DNA is formed on only one side of the
break. PORTER et al. (1993) suggest that one-sided events
might derive from substantial resection of one side of the
DSB but not the other, while MERKER et al. (2003) suggest
that the extent of heteroduplex formed upon invasion is
short, while that of strand capture is long (Figure 2). Either
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of these mechanisms leads to extensive heteroduplex
formation on only one side of the DSB. The model of
MERKER et al. (2003) is illustrated in Figure 2, A-D. As
an alternative mechanism, Foss et al. (1999) propose
that two-sided events are processed to one-sided events
by heteroduplex repair of one of the markers to the
parental configuration (also known as restoration; Fig-
ure 2, ] and K). All of the above experiments require that
the interacting DNA strands are identifiable. Therefore,
heteroduplex DNA must remain unrepaired (Figure 1).
To accomplish this, palindromes have been the pre-
ferred genetic markers for these studies. Heteroduplex
that contains palindromes is poorly repaired (i.e., fewer
6:2 or 2:6 full conversions), due to the fact that palin-
dromes are partially refractory to mismatch repair by
the Msh2p/Mlhlp mismatch repair system (NAG et al.
1989). This is presumably due to the failure of mismatch
repair proteins to process the palindrome when found in
heteroduplex DNA (Arant 1996). The failure to remove
the palindrome allows the monitoring of heteroduplex
DNA in the end products of the meiotic recombination
event (i.e.,as 5:3 or 3:5 half conversions/postmeiotic segre-
gation in the tetrads).

The mismatch repair proteins of Saccharomyces cerevis-
iae are orthologs of the Escherichia coli long-patch repair
proteins MutS and MutL. Heterodimers of Msh2p and
either Msh3p or Msh6p recognize insertion/deletion loops
as well as base mispairs. Msh2p/Msh3p and Msh2p/Msh6p



1292 E. R. Hoffmann et al.

Al 234 5 DSB formation and resection to generate
=" ef
3’-single-stranded overhangs
B 3
77 Single-ended invasion and D-loop formation
AOAOLLIALA 0007 /
W,W/f////////W//W/,W/«
C

Synthesis and D-loop extension

\j:lwinding

e,
///// Yolocccs, /////////

frr s o A

Strand captuy

F1GURE 1.—A modified double-strand break re-
pair model and a synthesis-dependent single-
strand annealing (SDSA) for recombination. Five
markers, labeled 1-5 and spanning the DSB, are
shown as solid circles. These correspond to HPH,
BIK1-939, his4-ATC, HIS4-1605, and NAT, as illus-
trated in Figure 3. Markers 2, 3, and 4 are included
in heteroduplex DNA and are left unrepaired so
that the origin of the DNA strands is clear. Mark-
ers 1 and 5 are flanking markers used to assess
crossovers. For simplicity, only the two interacting
chromatids are shown. (A) DSB formation and
subsequent resection initiates meiotic recombina-
tion and generates 3'single-stranded overhangs.
(B) Invasion of the intact homologous chromosome
by only one of the 3'-single-stranded overhang gen-
erates a D-loop. This is the first stage during which
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heteroduplex DNA may be formed. Synthesis (C)
and subsequent capture of the D-loop by the sec-
ond end lead to formation of the joint molecule
(double Holliday junction; D). Double Holliday
junctions may give rise to crossovers (E and F).
The resulting tetrads are shown to the right. The

spores arising from the interacting DNA molecules are indicated by arrows. The parental chromatids are shown above (all
markers solid) and below (all markers open). Markers are as given in A. (G) The D-loop, shown in C, may also be disassembled,
leading to SDSA. In the absence of heteroduplex repair, SDSA will generate a one-sided event (marker 2) that will not be

associated with a crossover.

heterodimers subsequently form a tetramer with a heter-
odimer consisting of Mlhlp with Pmslp, MIh2p, or
Mlh3p that is presumed to recruit repair enzymes (re-
viewed in SURTEES et al. 2004). We hypothesized that
if the model of Foss et al. (1999) was correct, and if
restorational repair is dependent on Msh2p and/or
Milhlp, then deleting MSH2 or MLH1I should allow all
two-sided events to be detected (Figures 1 and 2). On
the other hand, if, as is implicit in the Foss et al. (1999)
model, restorational repair is at least partially indepen-
dent of conventional mismatch repair, then abolishing
mismatch repair should mimic the results obtained with
palindromic markers. Furthermore, neither of the mod-
els put forth by Petes and colleagues predict an effect
of abolishing Msh2p/MIh1p-dependent mismatch repair.
We tested these predictions by deleting MLHI or MSH2
in appropriately marked strains. When selecting tetrads
in which one marker had undergone a NMS, we found
a decrease in the proportion of two-sided events in the
msh2A and mihIA strains compared to wild type. In other
words, DSB repair events are initially two sided but are
processed to one-sided events in the absence of Msh2p/
Mlhlp. We suggest that in the absence of Msh2p and
Mlhlp restorational repair can occur and/or that Msh2p
and Mlhlp actively promote two-sided events.

MATERIALS AND METHODS

Genetic analysis: Standard genetic procedures and omission
media were used as described previously (ABDULLAH and BORTs
2001). The alleles used to study meiotic segregation at the
HIS4 hotspot (his4-ATC, BIKI-939, and HIS4-1605) are de-
scribed below. The adel-1, metl3-2, trp5-1, leu2-r, and CYH2

alleles have all been described previously (ABDULLAH and
BorTs 2001; ABDULLAH el al. 2004) as have the Hph*/HYG
and Nou”/NAT genes (GOLDSTEIN and McCUSKER 1999).

Double-strand break analysis: Diploid strains were induced
to undergo sporulation in liquid as described previously
(GoyoN and LicHTEN 1993) and samples were collected for
DSB analysis at 0 and 24 hr. Genomic DNA was isolated using
standard procedures (Borts et al. 1986). Genomic DNA con-
centrations were determined using the KODAK 2000 Image
Station with the KODAK 1D v3.5 software to determine the
integrity and concentration of DNA. Plasmid DNA (pEH12)
and ABstEIl ladder (New England Biolabs, Beverly, MA) were
labeled using the genes images random labeling module
(Amersham Pharmacia) following the instructions of the sup-
plier. To visualize the HIS4 double-strand break hotspot, 1 pg
of genomic DNA was digested with Xbal (New England Bio-
labs) and the DNA fragments were separated on a 1.1% aga-
rose gel. DNA was transferred to a solid membrane (SOUTHERN
1975; SAMBROOK et al. 1989) and hybridized with labeled
probes detected following the manufacturer’s instructions
(Amersham Pharmacia).

Quantification of DSBs: Chemiluminescence was quantified
using a CCD camera (Kodak Image Station 2000; see above).
Similar to quantification using radioactivity, chemilumines-
cence is proportional to the amount of probe hybridized and
therefore the amount of homologous DNA on the filter when
probe is in excess. The emitted signal was linear with time
and with amount of DNA over the experimental ranges utilized
(data not shown). Chemiluminescence was also detected by
exposure to film. For bands too faint for the camera to detect,
film was digitized and quantified. The amount of signal de-
tected on film was also linear with concentration of DNA and
time of exposure. The intensity of DSBs was quantified using
the KODAK 1D v3.5 software.

Strains: All of the strains were derivatives of S. cerevisiae strain
Y55 and have been described previously (HOFFMANN et al.
2003). All of the mutant strains were isogenic derivatives of
EY97 and EY128 (Table 1). The spore viability of the wild-
type strains was 95%. ERY102 had a spore viability of 86% and
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F1GURE 2.—Models for the origin of sidedness. Markers 1
and 2, corresponding to BIKI1-939 and his4-ATC, flank the
double-strand break. The tetrads resulting from the DNA in-
teractions are illustrated below, as in Figure 1. Only the two
interacting DNA strands are illustrated, but the top and bot-
tom line of the tetrad show the parental configuration of the
two uninvolved strands. (A) Limited strand invasion. Invasion
of the 3'-single-strand overhang does not include marker 2,
shown as a solid circle. D-loop capture by the left-hand side
of the DSB (B) and DSB repair synthesis will generate a double
Holliday junction (C; redrawn from MERKER et al. 2003).
Marker 2 is not included into heteroduplex DNA at any stage
and therefore shows Mendelian segregation (D). When marker
1 remains unrepaired or is converted, a one-sided event results.
Conversional repair: The single-end invasion generates hetero-
duplex DNA containing marker 2 (E). Early mismatch repair
of marker 2 (F) leads to a full gene conversion. For marker
1, placed on the left-hand side of the DSB, heteroduplex is
formed upon capture of the second end (G). Mismatch repair
directed by this end (H) results in this genetic marker under-
going a full conversion as well, thereby generating a two-
sided event (I). Nick-directed restorational repair. If early
heteroduplex repair is inefficient, as has been suggested for
palindromic markers (see text), the heteroduplex DNA per-
sists while the double Holliday junction is formed (J). Cutting
of the double Holliday junction to yield a crossover (configu-
ration in Figure 1E), indicated by shaded arrowheads, gener-
ates nicks that can be used to direct the mispair removal. If
the nicks from only one Holliday junction are used, indicated
by an asterisk in K, to direct mispair removal, marker 1 would
be restored and marker 2 would be converted (L). Conse-
quently, a one-sided event would result (M). Use of both nicks
can lead to both one- and two-sided events (not illustrated).

ERY112 of 83%. The spore viabilities of all of these strains agree
with those observed previously (HOFFMANN et al. 2003).
Plasmids: The HIS4 (pEH24) and BIKI (pEH13) ORFs and
the surrounding sequences were PCR amplified from S. cerevis-
iae YB5 using Pfu polymerase (Stratagene, La Jolla, CA) and
cloned into pMOSBlue (Amersham Pharmacia; Table 2).
KIURA3 was PCR amplified from pW]716 (ERDENIZ et al. 1997)
and cloned into the Smal site of pEH24 to yield pEH26. Muta-
tions were introduced into HIS4 and BIKI using the quick
change site-directed mutagenesis kit (Stratagene, Cambridge,
UK) following the manufacturer’s instructions. pEH27, con-
taining the his#-ATC allele, and pEH28, containing the HIS#
1605 mutation, were constructed from pEH26 using primer sets
HIS4.g3c.F plus HIS4.g3c.R and HIS4.c1605g.F plus HIS4.

c1605g.R, respectively (Table 3). HIS41605 has a silent guano-
sine-to-cytosine change that deletes a Hhal site. Similarly, BIK1-
939 was created in pEH13 using the BIK1.g939a.F and BIKI.
g939a.R primers, resulting in pEHI19. This change results in
a silent guanisine-to-adenosine change that deletes a Poull
site in the BIKI-939 allele.

Construction of alleles: The /is4-ATC and BIKI-939 mutant
alleles were verified by sequencing around the mutations and
introduced into the genome using a cloning-free method de-
scribed previously (ERDENIZ et al. 1997). The primers labeled
“.adaptermer” in Table 3 were used for this purpose. HIS#
1605 was introduced by replacing 250 bp to each side of the
Hhal site with KANMX4 (primers HIS4-1605MX4.F and .R;
Table 3). The KANMX4 cassette was then replaced by transfor-
mation with the mutated pEH28 fragment, selecting for histi-
dine prototrophy. All of the introduced alleles were verified
by sequencing.

The HIS4locus was flanked by the hygromycin B resistance
gene (HPHMX4, or HPH) upstream of FUSI (inserted 5130
bp upstream of the start of the HIS4 ORF, deleting 7 bp), and
the nourseothricin resistance gene (NATMX4, or NAT) was
inserted 3804 bp downstream of HIS4 (the oligonucleotides
are listed in Table 3 under “Insertion”). PCR, Southern blot-
ting, and genetic linkage to HIS4 were used to check both
msertions.

Colony PCR: The silent alleles at BIKI-939 and HIS#1605
were analyzed by colony PCR. The entire colony (~107 cells)
was resuspended in 20 pl 0.02 M NaOH. These resuspended
colonies can be used for PCR for at least 6 months if stored
at 4°. From this, 2 pl was added to a standard PCR reaction
(JEFFREYS et al. 1990) containing either the primer set for
BIK1 or HIS4 amplification in a total volume of 10 pl. The
allele present in the PCR product was determined by restric-
tion digestion with either Pvull or Hhal (New England Bio-
labs), according to the manufacturer’s instructions, followed
by electrophoresis. Wild-type information at HIS4-1605 yields
two bands of 100 and 400 bp, whereas the mutation at Hhal
results in a single 500-bp band. Similarly, by destroying the
Poull site in BIK1-939, the two wild-type bands of 200 and 600
bp now result in a single 800-bp band. The PCRs yielded
results with a range of cells (from <10 to 107) and were able
to detect the minority band when cells containing the majority
information were in 10*fold excess (data not shown).

Reconstruction experiment: To determine the probability
of detecting a half conversion of either HIS#1605 or BIKI-
939, we performed a reconstruction experiment as follows:
Spore colonies mimicking a half-conversion at BIK1-939, his4-
ATC, and HIS4-1605 were “constructed” by placing a single
cell from each parent adjacent to each other on a YEPD plate.
For this purpose, it was necessary to change the mating type
of one of the parents to prevent the two haploid cells from
mating (EY255 was derived from EY97, but expressed the
MATa allele rather than MATa; Table 1). In total, 83 recon-
structed colonies were analyzed, all of which contained half
conversions at his4-ATC as detected genetically by sectoring
for His*. Segregations of HIS4-1605 and BIKI-939 were ana-
lyzed by colony PCR as described above. At HIS41605, all of
the 83 reconstructed colonies contained both parental bands
in approximately equal proportions. This indicates that the
HIS4-1605 allele does not influence the growth rate compared
to the wild-type HIS4. Similarly for BIK1-939, 82 of the colonies
contained all three bands in approximately equal proportions,
again suggesting that the single-base change does not influ-
ence the growth rate. However, one of the colonies showed
only mutant information; hence the failure rate of detecting
a half conversion at BIKI-939was 1.2% (1/83). On the basis of
this experiment we are 95% certain of detecting heteroduplex
DNA in =95% of the cases encompassing his4-ATC, HIS4-1605,
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TABLE 1

Strains used in this study

Strain Genotype
Haploids
EY97 MATa, LEU2, FUSI-HPH; his4-ATC;

RRP7-NAT; adel-1; trp5-1; cyh2-R;
lys2-c; ura3-1

EY128 BIKI1-939; HIS4-1605; leu2-r; metl3-2;
lys2-d; wra3-1

EY111 As EY97 but msh2A::KANMX4
EY129 As EY128 but msh2A::KANMX4
EY130 As EY97 but mlhIA::KANMX4
EY131 As EY128 but mlhIA::KANMX4
EY201 As EY97 but comIA::KANMX4
EY203 As EY128 but comIA::KANMX4
EY255 As EY97 but MATa

Diploids
ERY102 EY111 X EY129 (msh2A/msh2A)
ERY103 EY97 X EY128
ERY112 EY130 X EY131 (mihIA/mihIA)
ERY188 EY201 X EY203 (comlA/comIA)

and BIK-939. These frequencies are similar to those observed
previously (PORTER et al. 1993; HILLERS and STAHL 1999).
Statistical analysis: Statistical tests were applied as indicated
throughout (SokaL and RonLr 1995; http:/faculty.vassar.
edu/lowry/VassarStats.html). P < 0.05 was considered signifi-
cant, except when multiple data sets were analyzed using pair-
wise comparisons. In such cases, the Dunn-Sidak adjustment
of the Pvalue was used (SOKAL and RoHLF 1995) to avoid a
type I error, as applied previously (HOorrMANN et al. 2003).

RESULTS

Rationale and terminology: To test predictions re-
garding the deposition of heteroduplex DNA and cross-
overs that can made from the models discussed above,
we flanked the HIS4 hotspot with genetic markers. The
proportion of events that flanked the DSB (two-sided
events) was then determined in wild-type and mismatch-
repair-defective strains. According to MERKER et al. (2003),

the absence of mismatch repair proteins should have no
effect on the proportion of two-sided events, whereas the
model by Foss et al. (1999) predicts a decrease in two-
sided events in the mismatch-repair-defective strains. Fur-
thermore, the Foss et al. (1999) model predicts that cross-
overs associated with one-sided events should map to a
specific interval.

The terminology used to describe tetrads in which more
than one genetic marker segregates is as follows: When
two markers segregate independently of each other be-
cause the heteroduplex DNA that contained them arose
from two different DSB repair events, we term this a “co-
event.” When the two alleles show non-Mendelian segre-
gation consistent with heteroduplex formation and/or
repair of a single DSB, the two markers are said to display
co-conversion. Conversions could be either full conver-
sions (6:2 or 2:6) or half conversions (5:3 or 3:5, also
known as postmeiotic segregations). When reporting
ratios of NMS (e.g., 6:2), the genotype of EY128 is given
first. This corresponds to wild type for his#-ATC, but not
for BIK1-939 and HIS4-1605, and to growth on nourse-
othricin and hygromycin-B-containing medium. DSBR
refers to any mechanism that involves strand invasion.
Restorational repair refers to removal of a mispair from
heteroduplex DNA such that a 4:4 segregation was ob-
tained. Similarly, conversional repair leads to 6:2 or 2:6
segregation. Heteroduplex repair can refer to either.
MMR is used only in the context of mismatch removal
by Msh2p/Mlhlp. Mispair removal is used when the
repair system has not been experimentally established.

S. cerevisiae Y55 contains a strong HIS4 double-strand
break hotspot: Two strains differing in intensity and in
the distribution of DSBs within the HIS4 promoter have
been characterized (FaAN et al. 1995; BAUDAT and Nico-
LAS 1997; GERTON el al. 2000). To demonstrate that the
S. cerevisiae Y5 strain also contains a HIS4 DSB hotspot,
we analyzed genomic DNA from a strain (ERY188; Table
1) that accumulates unprocessed DSBs (McKEE and
KLECKNER 1997; PRINZ et al. 1997; see MATERIALS AND
METHODS). Upon Xbal digestion of the genomic DNA

TABLE 2

Plasmids

Plasmid

Description

PMOSBlue (Stratagene)
pEHI12

pEH13

pEHI19

pEH24

pEH26

pEH27

pEH28

PAG25 and pAG32
PRS416

HIS4 ORF into pMOSBlue

BIK1 ORF including the upstream 500 and downstream 223 into pMOSBlue
pEH13 but change BIKI-939 g — a (APuvull site)

HIS4 ORF and upstream 1000 bp into pMOSBlue

pEH24, but KIURA3 PCR into Smal site

pEH26 but change HIS#-1605 ¢ — g (AHhal site)

pEH26 but change HIS4-3g— ¢

HPHMX4 and NATMX4 plasmids (GOLDSTEIN and McCUSKER 1999)
KANMX4 plasmid (WAcH et al. 1994)

All plasmids were verified by sequencing the relevant parts of the insertion.
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TABLE 3

Oligonucleotides used in this study

Primer

Sequence (5" — 3')

Mutagenesis

TGTCTTGTGTTCCAGATTCCCTCGTCCTATTGAAAAAGTTGGCGTACGCTGCAGGTCGAC
CCAAAACTTCACTTGGGCCAGCTGGCATATCAATGGAACATAGAGCATCGATGAATTCGAGCTCG

HIS4-g3c.F TTTTTTCTGAATAATCGTTTTGCCGATTCTACCG

HIS4-g3c.R CGGTAGAATCGGCAAAACGATTATTCAGAAAAAA
HIS4.g3c-adaptamerA.F  AATTCCAGCTGACCACCATGTATGACTATGAACAGTAG
HIS4.g3c-adaptamerB.R  GATCCCCGGGAATTGCCATGACCAACCCTAGACAACGCTC
HIS4.c1605g.F CCAGCTAGAACAATCTTGGAAGCCCCAACTTTTTCTGCGAC
HIS4.c1605g.R GTCGCAGAAAAAGTTGGGGCTTCCAAGATTGTTCTAGCTGG
HIS4-1605-MX4.F

HIS4-1605-MX4.R

BIK1.g939a.F CGAACTCCTGAAAAAACAGCTAGAACAATTACGCAAC
BIK1.g939a.R GTTGCGTAATTGTTCTAGCTGTTTTTTCAGGAGTTCG

BIK1.g939a-adaptamerA.F GAACTGACTCTAATAGTGACTCCGGTAAATTAGTTAATTAATTGCGATGATGTAGTTTCTGGTT
BIK1.g939a-adaptamerB.R ATGTATGTACAACACACATCGGAGGTGAATATAACGTTCCGTGATTCTGGGTAGAAGATCG

Cloning
HIS4-1000 upstream.F GAATTACGAGAAGCCCAATTGACCATCGAA
HIS4-OREF.F ATGGTTTTGCCGATTCTACCGTTAATTGAT
HIS4-ORF.R CTACTGGAAATCCTTTGGGAACAACCCAAGC

BIKI1-500 upstream.F
BIK1-223 downstream.R

AGTTGCGTTTGGGAAGAA

Insertion
FUSI-HPH.F
FUSI-HPH.R
FUSI-A1 CATTGCCGCTTACTCCAAAC
FUSI-A4 CATTGCCGCTTACTCCAAAC
RRP7-NAT.F
RRP7-NAT.R
RRP7-A1 GTGGATGAGGATGGATTCAC
RRP7-A4 CATAACCGACAATCACCGTC
Allele detection
HIS4.1200-1220.fwd TCTGTTTTTTTGGAGTACAC
HIS4.1700-1681.rev GGACCCAAGATCTTATCCAC

BIK1.751-771 fwd
BIK1.1323-1300.R

ACAGCGCAGTTGTGCTATGATAT

TTGTCATGCACATCATCATACTAAACTTACACGAATAGGAATCGATGAATTCGAGCTCG
TTGTCATGCACATCATCATACTAAACTTACACGAATAGGAATCGATGAATTCGAGCTCG

TTTAAAGGCATCAATAATTTTTTTCTTTCATATATATTCTGCGTACGCTGCAGGTCGAC
TTGTCATGCACATCATCATACTAAACTTACACGAATAGGAATCGATGAATTCGAGCTCG

AAGCAACAATTGGAGCTCGAACGC
CTAGAAGAACTGCTGGTTGTCAGG

Disruption oligonucleotide primers for MLHI1, MSH2, and COM]1 were designed using the immediate 40-45 bp upstream and
downstream and linking these to the KANMX4 primer sequence. Verification primers were designed upstream and downstream
as described previously (WACH et al. 1994). Sequences are available upon request.

and probing with the HIS4 ORF, a DSB within the HIS4
promoter was expected to give rise to an ~2.4- to 2.6-
kb fragment (Figure 3B). The fragment size suggested
that the IS4 DSB hotspot is placed ~300 bp upstream
of the HIS4 start codon. This places BIKI1-939 and his4-
ATC 350 and ~300 bp, respectively, on opposite sides
of the HIS4 DSB. Quantification indicated that ~4-5%
of the total DNA was cut at the HIS4 hotspot. Other, less
strong DSBs were observed at HPH (Figure 2B; <0.5%)
and NAT (data not shown); however, no other DSBs were
detected within ~4 kb spanning the HIS4 DSB.
Deletion of MSH?2 or MLH]I leads to an increase in non-
Mendelian segregation and a decrease in heteroduplex
repair: As observed previously, the msh2A and mlhIA
strains showed an increase in non-Mendelian segrega-
tion (ALANI et al. 1994; PROLLA et al. 1994). The NMS

frequencies of the his4-ATC, HIS4-1605, BIK1-939, leu2-
RI, adel-1, trp5-1, cyh2, and met13-2 alleles were all in-
creased in the mihIA strain and at seven of the eight
loci in the msh2A strain (Table 4). The probabilities for
such directional increases in aberrant segregation fre-
quencies were 0.0039 and 0.03, respectively (exact bino-
mial probabilities). Such an effect has been observed pre-
viously in the absence of functional mismatch repair
(ALANT et al. 1994; PrROLLA ¢t al. 1994; HUNTER and BORTS
1997, HorrMANN el al. 2003). Moreover, heteroduplex
intermediates at all of the genetic markers were removed
less efficiently (increased half conversions/postmeiotic
segregations) in the mihIA and msh2A strains compared
to the wild-type strain (Table 5; data not shown).

The total NMS frequency of his#-ATC was increased
compared to the wild-type strain in both the mikIA and
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F1GURE 8.—The HIS4region on the left arm of chromosome
11T (Crick strand). The chromosome is drawn opposite to the
conventional orientation. (A) The two haploid parents EY97
(top chromatid; solid) and EY128 (bottom chromatid; open)
are shown. The direction of transcription is indicated by the
tapered end. The boxes labeled NATand HPH represent inser-
tions introduced in EY97 but notin EY128. EY97 is auxotrophic
for histidine synthesis as the start codon of HIS4 has been
changed from ATG to ATC (his4-ATC allele). HIS4 and BIK1
of parent EY128 contain silent single nucleotide changes at
HIS4-1605 and BIK1-939. The regions between HPH and BIKI-
939, BIKI-939 and his4-ATC, his4-ATC and HIS4-1605, and
HIS4-1605 and NAT to which crossovers could be mapped are
labeled interval I, II, III, and IV, respectively. (B) Mapping of
DSBs within the HIS4 region. Lanes 1 and 2 contain the size
standards AHindIII and NBstEIl, respectively. Meiotic time
course DNA from strain ERY188 was extracted after 0 hr in
sporulation medium (lane 3) or after 24 hr (lane 4). The
DNA was digested with Xbal indicated by an “X” in A and the
Southern blot was probed with the HIS4 ORF (shaded bar
in A). Arrows to the right indicate the position and relative
intensities of the two DSBs in the region.

msh2A strains (compare 14% to 20% and 18%, respec-
tively; Table 5). The frequencies of NMS of BIKI-939
were less than that of his4-ATC (9.3, 13, and 8.9% in
the wild-type, mihIA, and msh2A strains, respectively;
Table 5) in all of the three strains. This may be because
BIKI1-939is placed ~50 bp farther from the HIS4 DSB
and is less likely to be included in heteroduplex DNA
or because BIKI-939 mispairs are more readily restored
compared to his4-ATC mispairs in all three strains. Fi-
nally, the repair of heteroduplex DNA containing either
allele was decreased in the mismatch repair mutants. The
repair rate containing BIKI-939 was decreased from
100% to 0% in the mikIA strain and to 21% in the msh2A
strain (Table 5; mihIA subset and msh2A subset). The
repair rate of his4-ATC was decreased from 87% in the
wild-type strain to 12% and 37% in the mihIA and msh2A

strains, respectively. The repair rate of his4-ATC in the
msh2A strain was higher than that in the mlhIA strain
(P < 0.05; ztest for proportions). The NMS frequencies
and heteroduplex repair of the NAT and HPH markers
were not affected in the mlhIA and msh2A strains. Since
itis known that the removal of large insertion/deletions
such as NAT and HPH present in meiotic heteroduplex
DNA is independent of the mismatch repair system
(KEARNEY et al. 2001), NAT and HPH were excluded
from the analysis above.

The proportions of co-events and co-conversions were
decreased in mlh1A and msh2A strains: Tetrads in which
his4-ATC showed a NMS were identified (“selected” in
Table 5) and analyzed for NMS at BIKI-939 and HIS#
1605 (the marker configurations of all these tetrads are
illustrated in the supplementary appendix at http:/www.
genetics.org/supplemental/). In the wild-type strain, 144
of the 243 tetrads showing NMS at his4-ATC were ana-
lyzed. In the wild-type strain, 69% of events were co-
events of his4-ATC and BIKI-939, whereas in the mlhIA
and msh2A strains there were significantly fewer (44%
and 45%, respectively; P< 0.025; ztest for proportions).

Identification and analysis of complex events: Co-events may
not be an accurate measure of two sidedness as “complex
events,” consisting of more than one DSB repair event,
may obscure the actual proportion of two-sided events.
Tetrads that contained more than two recombinant
chromatids in the HIS4 interval (Figure 4; supplemen-
tary material section 1A at http:/www.genetics.org/
supplemental/) most likely arose from multiple initia-
tions. Finally, tetrads that contained two recombinant
spores in which the NMS of BIK-939 and his4-ATC had
arisen from repair of more than a single DSB were also
considered complex (supplementary material section
1B at http:/www.genetics.org/supplemental/; Figure
4D). All three strains contained a similar proportion of
such complex events. This resulted in 38%, 30%, and
36% of the tetrads that showed non-Mendelian segrega-
tion for his4-ATC being excluded from further analysis
in the wild-type, mlhIA, and msh2A strains, respectively
(Table 6; supplementary material section 1A at http:/
www.genetics.org/supplemental/). These values are simi-
lar to those observed previously at HIS4 (HILLERs and
STAHL 1999; MERKER et al. 2003). The majority of these
complex events (>70%) can be explained in terms of
two independent DSB repair events initiated from the
HIS4 promoter. This is consistent with no other DSBs
having been detected within the HIS4 region.

It was possible that the wild-type strain only appeared
to contain more two-sided events compared to the mu-
tant strains. This would be the case if a greater propor-
tion of two-sided events in the mutants were complex
events and therefore excluded from the analysis. In the
wild type, approximately two-thirds of the complex events
were two sided. Since the proportions of two-sided com-
plex events in the mikIA and msh2A strains were similar
(Table 6), we conclude that eliminating complex events
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TABLE 4

Non-Mendelian segregation of several loci

Allele

Strain his4-ATC HIS4-1605°  BIKI1-939°

leu2-R1

adel-1 met13-2 cyh2 trp5-1

Wild-type 14 (243/1731) 2.8 (8/289) 9.3 (10/107) 1.7 (29/1731) 2.0 (36/1731) 4.5 (78/1731) 0.6 (11/1731) 0.9 (16/1731)

mlhIA 20" (116/585) 5.6 (6/106)

msh2A 18 (96/545) 4.0 (4/101) 8.9 (9/101)

13 (14/106) 2.7 (16/585) 3.6 (21/585) 5.5 (32/585)

2.2 (12/545)

1.4 (8/585) 1.4 (8/585)

2.8 (15/545) 2.6 (14/545) 0.9 (5/545) 2.9 (16/545)

NMS is given as the percentage of total half-conversion and full-conversion events divided by the total number of tetrads
analyzed. The actual number of tetrads with an NMS event and the total number of tetrads are given in parentheses.
“Randomly selected tetrads were analyzed for the wild-type, mihIA, and msh2A strains to estimate the overall frequency of

NMS at HIS4-1605 and BIKI-939.

" Values significantly different from the wild-type strain using a G-test. Pvalues <0.05 were considered significant. None of the
values from the subsets were different from the corresponding main data set (G-test). Therefore, the subsets are representative

of the main data sets.

could not account for the decreased proportion of two-
sided events in the mlhIA and msh2A strains.
Identification of true co-conversion events: To identify true
co-conversions, and thus two-sided events arising from
asingle DSB repair event, only tetrads in which no more
than two spores were recombinant were analyzed. These
tetrads were placed into the classes given in Table 6.
Tetrads in which his4-ATC, but not BIKI1-939, showed
NMS were considered to be one-sided events. When
his4-ATCand BIKI-939segregated in a fashion predicted
by the DSBR model (Figures 1 and 4), the DSBR event
was considered two sided. If other markers showed a
co-event, the DSBR event was considered potentially two
sided. Similarly, when his4-ATC and BIKI-939 showed a
co-event not predicted by the DSBR models, the co-
event was considered two sided but not due to a single
DSBR event. Using only the co-conversions to estimate
the proportion of two-sided events, 63% of the events
in the wild-type strain were two sided. In contrast, only
31% of events were two sided in the mlhIA and 28%
were two sided in the msh2A strains (P < 0.025; ztest
for proportions; Table 6). Thus, the decrease in the
proportion of co-events in the two mutant strains was
also reflected in the decrease in two-sided co-conversion
events arising from a single DSB repair event.
Potential sources of error: One reason for the apparent
decrease in the proportion of co-conversions in the mu-
tant strains may be the erroneous classification of events
as two sided in the wild-type strain, since the wild type
contained very few informative tetrads (half conversions
at BIKI-939 as well as at his4-ATC). For example, the
apparent two-sided events might have been the result
of two independent DSB repair events that by chance
looked like a co-conversion. However, from the number
of events that unambiguously arose from multiple initia-
tions (two-strand complex, Figure 4D and Table 6), we
estimated the number of co-conversions of BIKI-939
and his4-ATCthatwere the consequence of two different

meiotic DSBs and arose by chance. If two non-Mende-
lian segregation events arose from two independent
DSB repair events, then a 6:2 (6 white strands:2 black
strands) non-Mendelian segregation of his4-ATCshould
be equally likely to be associated with a 6:2 or a 2:6 non-
Mendelian segregation of BIKI-939 (Figure 4, C or D).
For example, tetrads in which Ais4-ATCshows a 6:2 NMS
while BIK1-939 shows a 2:6 NMS (Figure 4D) can have
come only from two initiations. Therefore, a number
of his4-ATC and BIKI1-939 co-conversions, where both
markers converted in the same direction, for example,
6:2/6:2’s (Figure 4C), could have arisen from two inde-
pendentinitiations. This number of apparent co-conver-
sions is equivalent to the number of obvious co-events
(Figure 4D). Since the wild-type strain had four such
events, the 57 co-conversion events (Table 6) contained
an equivalent number of co-events that were in the
correct pattern by chance (and thus would mimic co-
conversion events). Therefore, we estimated that only
53 of the 57 co-conversions were real co-conversions.
This is still a significantly greater proportion than that
predicted by chance (P < 0.05, x* goodness-of-fit test).
In addition, the wild-type adjusted co-conversion fre-
quency was significantly greater than that of the Mlhlp-
and Msh2p-deficient mutant strains (compare 53/90 to
25/81 and to 17/61; P < 0.025, ztest for proportions;
pairwise comparisons). The values for the mutant strains
were not adjusted since their adjustment would only
exacerbate the differences between wild type and mu-
tants.

G-G mismatches are restored in the mlhIA and msh2A
strains: Since DSBs occur with equal frequency on both
parental strands (data not shown), the frequency of
5:3/6:2 non-Mendelian segregations should equal the
frequency of 3:5/2:6 non-Mendelian segregations, as
was observed in the wild-type strain. However, in the
mihIA and msh2A strains there was a deficit of 5:3 half
conversions compared to 3:5 half conversions at Aus4-
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Ficure 4.—Co-conversion and co-event tetrads. A tetrad
with the parental configuration of the genetic markers is given
in A. Each tetrad is shown by four rows and five columns.
Each row represents one chromatid and each column repre-
sents one marker [HPH, BIKI-939 (BIKI), his4-ATC (ATC),
HIS41605 (1605), and NAT)]. The position of the HIS4 DSB
is indicated by an arrowhead. Open circles signify the EY128
parental information (Figure 3), and solid circles show EY97
parental information (Figure 3). A NMS event is represented
as the number of white to the number of black strands. (B)
The tetrad illustrated represents a co-half conversion of BIKI-
939 and his4-ATC. Such tetrads may arise from unrepaired
heteroduplex DNA from a single DSB repair event. The half
conversions are placed on two different recombinant chroma-
tids as predicted by the DSB repair model (Figure 1, E and
F). The half-conversions occur in the 5:3 and 5:3 orientation
for BIK1-939and his4-ATC as expected for a co-half conversion
of markers on opposite sides of the same DSB. (C) Represents
bona fide full co-conversion events arising from the removal of
both mispairs within the heteroduplex DNA from a single
DSB repair event as illustrated in Figure 2 (E-I). Other bona
fide co-conversions arising from the heteroduplex repair of B
could have a half conversion at BIKI-939 accompanied by a full
conversion at his#-ATC or vice versa (for example, see class 5a
and class 677a in the supplementary appendix at http:/www.
genetics.org/supplemental/). (D) A co-event where the non-
Mendelian segregation of the two markers (2:6 and 6:2) is
most likely caused by two independent DSB repair events.
Mispair removal of the heteroduplex in B cannot account for
this type of tetrad. An example of a tetrad that contained
three recombinant chromatids is shown in E. Such tetrads, as
well as those that contained four recombinant chromatids,
were deemed to have arisen from multiple DSB repair events
and were excluded from further analysis. Classifications of all
tetrads analyzed (supplementary appendix) are given in the
supplementary tables at http:/www.genetics.org/supplemen
tal/.

ATC that were not compensated for by an increase in
6:2 full conversions (compare 35 to 65 and 17 to 36 in
the mihIA and msh2A strain, respectively, Table 5; P <

0.05, x* goodness-of-fit test, for both strains). This deficit
of 5:3 half conversions suggested that G-G mismatches
were restored in the mlhIA and msh2A strains. Assuming
that we recovered all C-C mispairs as either 2:6 or 3:5’s,
then the total number of G-G mismatches formed (num-
ber of 5:3 + number of 6:2) should equal the total
number of C-C mismatches formed (number of 3:5 +
number of 2:6). From this we can estimate the rate
of restoration of G-G pairs by dividing the number of
“missing” G-G mismatches by the total number of G-G
mismatches, estimated from the rate of C-C mismatches.
In the mlhIA strain there were 40 observed G-G mis-
matches (35 tetrads in which his4-ATC segregated 5:3
and 5 in which they segregated 6:2; Table 5). Similarly,
there were 72 C-C mismatches formed (65 and 7 tetrads,
respectively, in which his4-ATC segregated 3:5 and 2:6).
Thus, 32 G-G mismatches were missing, resulting in a
restoration rate of 44% (32/72). Similarly, 41% of the
G-G mismatches were potentially restored in the msh2A
strain. Alternatively, if there is some restoration of C-C
mispairs in the mutants, then the restoration rates of
G-G are underestimated. It is impossible to determine
whether C-C mispairs were restored from the genetic
data. However, the apparent restoration of G-G mispairs
raises the possibility that some of the two-sided events
may have been processed to one-sided events in an
Msh2p/Mlhlp-independent fashion (see DISCUSSION).
A similar disparity has also been observed when other
poorly repaired markers, such as palindromes, are used
(PORTER et al. 1993; GILBERTSON and STAHL 1996;
MERKER et al. 2003; Jessor et al. 2005).

Deletion of MLH]I affects crossing over: Tetrads con-
taining two-sided or one-sided events were analyzed for
crossing over (Table 7; see supplementary material at
http: /www.genetics.org/supplemental/, section 3, for
classes included). If the crossover was not immediately
adjacent to the genetic marker that showed an aberrant
segregation, it was deemed incidental and excluded
from the analysis (MERKER et al. 2003). The map distance
in the mihIA strain was decreased compared to the wild
type. This is in agreement with previous observations that
mihIA shows decreased crossing over (HUNTER and BORTs
1997). To ask whether mlhIA affects the frequency of
crossing over associated with one- and/or two-sided
events, we divided the events into four classes: one-
sided events associated with crossovers, one-sided events
associated with noncrossovers, two-sided events associ-
ated with crossovers, and two-sided associated with non-
crossovers (Table 7). Both MMR mutant strains showed
a difference in the distribution of events into those four
classes compared to the wild-type strain (P < 0.05; G-test
of homogeneity), reflecting that the mlhIA and msh2A
strains contain more one-sided events. When we com-
pared the distribution of mlhIA to that of the msh2A
strain, we did not observe a significant difference. How-
ever, given the size of the data sets presented here, we
may not have been able to detect any differences.
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TABLE 6

One- and two-sided events at the HIS4 recombination hotspot

Complex’ Single events/
Total
Strain ATC One sided* Two sided? Two DSBR* One sided Two sided¢ Potential
Wild-type 144 28 (15/54) 65 (35/54) 7.0 (4/54) 32 (29/90) 63 (57/90) 4.4 (4/90)
mih1A/ mlhIA 116 26 (9/35) 46 (16/35) 28 (10/35) 641 (52/81) 317 (25/81) 4.9 (4/81)
msh2A/ msh2A 96 34 (12/35) 60 (21/35) 5.7 (2/35) 67 (41/61) 281 (17/61) 4.9 (3/61)

“The total number of NMS events at his4-ATC (abbreviated ATC) that were analyzed for NMS of BIK1-939.

" Tetrads in which more than two spores were recombinant for the five genetic markers (e.g., Figure 4E).

“The proportion of complex events in which his4-ATC but not BIK1-939 showed NMS.

“The proportion of complex events in which both his#-ATC and BIKI-939 showed NMS.

* Tetrads in which only two spores were recombinant and in which both his#-ATC and BIK1-939 showed NMS but not explicable

as coming from a single DSB repair event (Figure 4D).

/Tetrads in which no more than two spores were recombinant for the five genetic markers.
¢The proportion of single events in which both his#-ATC and BIK1-939 showed co-conversion (two-sided events).
"Two-sided events in which both his4-ATC and BIKI-939 showed NMS according to the DSBR model, although, one additional

marker also showed NMS.

‘ Statistically significantly different from the wild-type strain (P < 0.025, ztest for proportions).

Crossovers map to either side of the non-Mendelian
segregation: Foss et al. (1999) suggest that two-sided
events are processed to a one-sided event (for example,
an apparently simple NMS of %is4-ATC) due to restora-
tion using the nicks generated from Holliday junction
cleavage (Figure 2, J-L). If this is correct, then cross-
overs associated with the apparent one-sided event
should map between his4-ATC and BIKI1-939 (interval
II). As a test of the model, we analyzed the position of
the crossovers associated with one-sided events. Of the
19 informative one-sided events in the two mutant
strains, seven crossovers appeared to be incidental, map-
ping in either interval I or IV (supplementary Table 2 at
http:/www.genetics.org/supplemental /). Of the remain-
ing crossovers, three mapped to interval II whereas nine

mapped to interval III (between his4-ATCand HIS4-1605).
Thus, the crossovers associated with one-sided events
did not show a significant bias toward mapping in inter-
val II. We conclude that the one-sided events associated
with crossovers do not arise from Holliday junction reso-
lution that was associated with restoration of BIKI-939.

Gene conversion tracts are short: Previous studies at
HIS4 have found evidence for long gene conversion
tracts and break-induced replication (MERKER et al. 2003
and references therein). To investigate whether this was
also the case in this system, we analyzed co-events between
HPH and BIKI1-939 as well as NAT and HIS4-1605. In
both cases, co-events were rare. Of all of the unselected
tetrads analyzed in the three strains, only 2 tetrads of
314 showed co-events of BIK1-939 with HPH. In these

TABLE 7

Distribution of crossovers and noncrossovers associated with NMS of his4-ATC

% two sided % one sided
Total
CcO NCO CcO NCO events CcO“
Wild type 49 (35) 27 (19) 13 (9) 11 (8) 71 0.68
mlhIA/ mihIA® 24 (15) 14 (9) 16 (10) 46 (29) 63 0.40°¢
msh2A/ msh2A" 19 (9) 13 (6) 36 (17) 32 (15) 47 0.55

Events were classified as two sided with a crossover, two sided with a noncrossover, one sided with a crossover,
or one sided with a noncrossover (for classification see supplementary section 3 at http:/www.genetics.org/
supplemental/). Incidental crossovers (supplementary Table 2 at http:/www.genetics.org/supplemental/)
were not included in this analysis. Events in which HPH or NAT co-converted were excluded as the crossover
could not be mapped. CO, crossovers; NCO, noncrossovers.

 Calculated as the number of two- and one-sided events associated with a crossover divided by the number

of total events.

" Distribution of events significantly different from the distribution of the wild-type strain (P < 0.025; Gtest

for homogeneity).

‘Frequency significantly decreased compared to the wild-type strain (P < 0.025; ztest for proportions).
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2 tetrads, NAT and HIS4- 1605 also were co-events. More-
over, all of these segregations were 8:0 and thus clearly
identifiable as multiple events. Therefore, we did not
observe any co-conversions involving HPH-BIK1-939and
NAT-HIS4-1605. Hence, we did not observe any evidence
of break-induced replication or very long gene conver-
sion tracts. We also assessed the frequency of co-events
between his4-ATC and HIS4-1605. Fewer than 10% of
tracts extended as far as HIS41605 (1.6 kb from his4-
ATC and ~1.9 kb from the DSB). Thus, most gene
conversion tracts at HIS4 were short.

DISCUSSION

MSH?2 and MLH1 mutants have fewer two-sided events:
The loss of Msh2p/Mlhlp-mediated mismatch repair
could have one of three possible outcomes, depending
on its role(s) in recombinational DNA transactions.
First, the proportion of two-sided events could be in-
creased, as all heteroduplex DNA would be recovered
(Figures 1 and 2) due to the absence of any mispair
removal. Second, if the extent of 3'-tail invasion/assimi-
lation were the sole determinant of sidedness, then dele-
tion of Msh2p/Mlhlp should have no effect (Figure 2,
A-D). Third, the proportion of two-sided events would
be decreased if Msh2p/Mlhlp-directed mispair removal
from the invading/captured strand’s end “fixed” heter-
oduplex DNA as full conversions and in its absence they
became subject to restorational repair (Figure 2, E-H).
Finally, a similar decrease in two-sided events is expected
if mismatch repair proteins actively promote two-sided
events. In the absence of Msh2p/MIh2p, we found that
the proportion of two-sided events was significantly de-
creased, indicating that the latter possibilities are more
likely.

Models for Msh2p/Mlhlp functions: We can envision
anumber of mechanisms by which Msh2p/MIlh1p might
promote two-sided events. In the first, Mlh1p and Msh2p
modulate strand invasion such that a greater proportion
of the 3’-tail invades the homolog and/or a greater
proportion of heteroduplex DNA is formed upon strand
capture. The Mer3p helicase has recently been demon-
strated to carry out strand assimilation (MAzINA ef al.
2004) and has been proposed to promote crossovers. If
Msh2p/Mlhlp were to facilitate this function, one-
sided events might be extended into two-sided events.
However, this mechanism is inconsistent with previous
proposals for the influence of mismatch repair proteins
on heteroduplex formation (reviewed in BORTS et al.
2000) as well as the lack of a crossover defect in msh2A
strains. It is also inconsistent with the in vitro experi-
ments demonstrating that the MutL/S complex disrupts
RecA-mediated filament formation in the presence of
mismatches (WORTH et al. 1994, 1998).

A mechanism more consistent with the known activi-
ties of mismatch repair proteins is one in which Msh2p/
Mlhlp promote two-sided events via mismatch removal

from the invading strand by excision. This could lead
to destabilization of the strand invasion structure. Such
an event might necessitate that the other side of the
DSB invades and more extensive heteroduplex DNA
than normal is formed. In a wild-type strain, this will
always lead to full conversion of any markers involved.
In addition, when multiple mismatches are contained
in the same heteroduplex, as might occur during SDSA,
asecond round of recombination extending the conver-
sion tract might occur (BorTs and HABER 1987). As
these processes are dependent on mismatch repair pro-
teins (BORTS et al. 1990, 2000), the absence of Msh2p/
Mlhlp would cause the proportion of two-sided events
to be decreased. No physical evidence addresses these
issues.

Foss et al. (1999) proposed that markers remaining in
heteroduplex until resolution are subject to restoration.
This implies a hierarchical removal of mispairs within
heteroduplex DNA. During 3'-tail invasion and/or an-
nealing, mispairs are removed using the invading end
to direct the removal of the mispair, thus fixing the event
as a conversion. When MMR is efficient, a two-sided
event can occur (Figure 2, E-I). In contrast, should
early removal of the mispair fail—for example, if MMR
is absent or inactive—the ends generated from double
Holliday junction resolution (Figure 2, J-L) or SDSA
(Figure 1G) can be used to direct removal of the mispair.
This “late” mispair removal, however, is likely to cause
both restorations and conversions due to the positions
of the ends. This model, based on data generated using
poorly removed palindromes as genetic markers, re-
quires that early and late mispair removal have different
properties. Most importantly, the “early” mispair re-
moval must be less able to recognize/remove a palin-
drome-containing mispair such that it is not converted.
The late mispair removal must then be able to remove
the palindrome such that restoration or conversion oc-
curs. Both restorational and conversional mispair re-
moval in the absence of Msh2p have been observed
(Cor1c et al. 2000), and the data presented here provide
additional, albeit indirect, evidence for restorational
mispair removal.

The model of Foss et al. (1999) also predicts that for
one-sided events associated with crossovers, the cross-
over should be positioned between his4-ATC and BIKI-
939 for the nicks generated by Holliday junction resolu-
tion to have promoted a restoration of the BIKI-939
marker. This was clearly not the case. Thus, while the
model by Foss et al. (1999) is formally possible, we
suggest a model that involves restorational repair with-
out assuming that nicks generated from Holliday junc-
tion resolution direct mispair removal. In addition, we
suggest that Msh2p/MIlh1p-dependent repair is nick di-
rected and is active both during strand invasion/assimi-
lation (early) and after Holliday junction resolution (late:
Figure 1, E and F, and Figure 2, ] and K) and D-loop
disassembly during SDSA (Figure 1G). This would lead
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predominantly to full conversions but also some restora-
tions, depending on which late nicks are used to direct
mispair removal (e.g., Figure 2, J-L). If SDSA prevails,
some of the one-sided events may also be restored, thus
leaving no sign of a DSB repair event. In the absence
of the Msh2p/Mlhlp nick-directed repair pathway, a
less efficient repair pathway may be able to remove
some, but not all, of the mispairs in the heteroduplex
DNA. However, rather than using nicks, this repair com-
plex may create short, discontinuous heteroduplex re-
pair tracts with no strand bias, as have been observed
previously in msh2A (Coic et al. 2000). Without strand
bias, there would be a 50% chance of a restoration.
This is in good agreement with the observation that the
mlhIA and msh2A strains contained approximately half
the number of two-sided events compared to the wild-
type strain (Table 6). This also agrees with the estimate
that ~40% of the G-G mispairs are restored.
Palindromes and mismatch repair mutants: The pro-
portion of two-sided events differs markedly between
wild-type strains utilizing poorly repaired palindromes
(PORTER et al. 1993; GILBERTSON and STAHL 1996; JEs-
SOP et al. 2005) and those using single-base mismatches
as markers for heteroduplex formation (this study and
SCGHULTES and SzosTAK 1990). However, the proportion
of two-sided events obtained in the mlhIA and msh2A
strains with single-base-pair markers was similar to that
obtained in wild-type strains using palindromes. There
may be several explanations for this. First, palindromes
and single nucleotide polymorphisms may have differ-
ent effects on heteroduplex DNA formation. For exam-
ple, palindromes may be less likely to be included in
heteroduplex DNA. Thus, palindromes may cause events
to be one-sided by limiting strand invasion. However,
no experimental data have addressed this question. On
the other hand, assuming that palindromes are indeed
incorporated into heteroduplex DNA as frequently as
single nucleotide mispairs, the heteroduplex repair of
single nucleotide mispairs in MLHI and MSH2 mutants
may be analogous to the failure to remove palindromes
in wild-type cells. If this were true, one would predict
that for base-pair mismatches, the absence of Mlhlp/
Msh2p should mimic the effect of palindromes and
therefore have a greater proportion of one-sided events.
This is indeed the case (Table 6). Whether palindromes
are less frequently incorporated into heteroduplex DNA
or subject to alternative repair remains to be determined.
In conclusion, we suggest that in wild-type cells the
initial DSB repair event is two sided. The absence of MMR,
by either mutation or use of poorly repaired palindromes,
allows a second, unbiased mispair removal pathway to
restore a proportion of heteroduplex, leading to apparent
one-sided events. This is consistent with the observed
disparity in the recovery of conversions of palindromes.
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