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ABSTRACT

The post-replicative mismatch repair (MMR) system
has anti-recombination activity that limits interac-
tions between diverged sequences by recognizing
mismatches in strand-exchange intermediates. In
contrast to their equivalent roles during replication-
error repair, mismatch recognition is more impor-
tant for anti-recombination than subsequent mis-
match processing. To obtain insight into this differ-
ence, ectopic substrates with 2% sequence diver-
gence were used to examine mitotic recombination
outcome (crossover or noncrossover; CO and NCO,
respectively) and to infer molecular intermediates
formed during double-strand break repair in Saccha-
romyces cerevisiae. Experiments were performed in
an MMR-proficient strain, a strain with compromised
mismatch-recognition activity (msh6�) and a strain
that retained mismatch-recognition activity but was
unable to process mismatches (mlh1�). While the
loss of either mismatch binding or processing el-
evated the NCO frequency to a similar extent, CO
events increased only when mismatch binding was
compromised. The molecular features of NCOs, how-
ever, were altered in fundamentally different ways de-
pending on whether mismatch binding or processing
was eliminated. These data suggest a model in which
mismatch recognition reverses strand-exchange in-
termediates prior to the initiation of end extension,
while subsequent mismatch processing that is linked
to end extension specifically destroys NCO interme-
diates that contain conflicting strand-discrimination
signals for mismatch removal.

INTRODUCTION

Double-strand breaks (DSBs) are among the most lethal
types of mitotic DNA damage in eukaryotes and are re-
paired either by homologous recombination (HR) or non-
homologous end joining (NHEJ). Because NHEJ can cause
sequence loss at DSB sites or join ends created by differ-
ent DSBs, it is generally considered to be a relatively error-
prone repair pathway. By contrast, HR copies information
from a homologous duplex DNA and is often of no genetic
consequence. Although a sister chromatid is the preferred
repair template when available (1,2), HR also can involve a
homologous chromosome and lead to loss of heterozygos-
ity. Finally, because recombination is a homology-driven
process, non-allelic or ectopic interactions can occur be-
tween dispersed repeats. Such interactions can either create
new hybrid genes or lead to various types of clinically rele-
vant genome rearrangements that include inversions, dupli-
cations, deletions and translocations (3). It thus is of critical
importance that an appropriate template is used and ectopic
interactions are limited when HR occurs.

Current recombination models are based primarily on
studies done in Saccharomyces cerevisiae (4), and yeast is
used here to examine the regulation of ectopic interactions.
Commitment to HR begins with resection of the DSB ends
to generate long 3′ tails (5). A key step during HR is the
invasion of duplex DNA by a 3′ end, which pairs with
the complementary strand and displaces the homologous
strand as a displacement (D)-loop. In the canonical DSB re-
pair (DSBR; left side of Figure 1) model, the invading end is
extended by a DNA polymerase, which enlarges the D-loop
until annealing to the complementary 3′ tail on the other
side of the initiating break occurs. Alternatively, both ends
can independently invade the donor. Regions of pairing be-
tween single strands derived from different duplexes are re-
ferred to as heteroduplex DNA (hetDNA) and are indicated
by gray boxes in Figure 1. Following the filling of gaps and
ligation of ends, two Holliday junctions are formed that
can be resolved by cleavage into either crossover or non-
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Figure 1. Mechanisms of DSB repair. Shown on the left are models that require invasion of a donor repair template (black lines) by a resection-generated
3′ tail of the broken molecule (red lines; arrowheads represent 3′ ends). This creates a D-loop that is extended by DNA synthesis (dotted lines that are
the same color as the template strand). The canonical DSB (DSBR) repair model requires that both broken ends engage the donor (gray boxes indicate
hetDNA created by pairing between black and red strands) and a double Holliday junction (HJ) is generated. Following HJ cleavage, each product contains
a single, break-adjacent hetDNA tract. Although HJ cleavage is assumed to create equal numbers of CO and NCO products, cleavage-generated NCOs
are rare in the current system. HJ dissolution gives rise to only NCOs and hetDNA is confined to the recipient; a similar pattern is produced by a double
SDSA event. If the D-loop collapses prior to interaction with the second end of the DSB, the extended end pairs with the 3′ tail on the other side of break.
The resulting synthesis-dependent strand annealing (SDSA) product contains a single hetDNA tract on the annealing side of break, which corresponds
to DNA synthesized prior to D-loop collapse. Single-strand annealing (SSA) is illustrated on the right side and occurs between direct repeats. Resection
of the broken ends uncovers complementary strands of the repeats that then anneal to each other. Clipping of the 3′ tails removes the region between the
repeats, resulting in its deletion and retention of a single copy of the repeat unit.

crossover products (COs and NCOs, respectively). In the
DSBR model, there is a region of hetDNA on each side of
the initiating break, one of which is present in each cleavage
product. As an alternative to Holliday junction cleavage, the
junctions can be dissolved by migrating towards each other.
In this case, hetDNA is expected on each side of the break
in the repaired duplex and the donor remains unaltered.

In addition to annealing to the second end of the break,
a D-loop can be dismantled by helicases (6–8) or dissolved
by Sgs1-Top3-Rmi1 (9), which releases the extended end.
This end can then pair with the 3′ tail on the other side
of the DSB in a process referred to as synthesis-dependent
strand annealing (SDSA). SDSA results only in NCOs that
are characterized by a single hetDNA tract on the anneal-
ing side of the break; the donor molecule is not altered. A
third pathway that initiates with a strand invasion is break-
induced replication (not shown). In this pathway, only a sin-
gle end engages the donor and DNA synthesis continues to
the end of the repair template via a migrating D-loop, re-
sulting in a half-CO or non-reciprocal translocation prod-
uct (10). In addition to the HR pathways that initiate with
invasion of duplex DNA, there is an invasion-independent
pathway that deletes the region between direct repeats and

is referred to as single-strand annealing (SSA; right side of
Figure 1). During SSA, the resection of broken ends uncov-
ers complementary strands of the repeats, which then an-
neal to each other. The annealed region is flanked by 3′ tails
that must be removed before gap filling and ligation com-
plete the process (11).

There are two features of repeated sequences that limit
mitotic interactions in yeast: the total length of homology
(12–14) and the degree of sequence identity (14,15). Semi-
nal studies in bacteria demonstrated that the identity bar-
rier derives from anti-recombination activity of the post-
replicative mismatch repair (MMR) system (16), which rec-
ognizes the mismatches created when strands from non-
identical duplexes pair. Similar anti-recombination activity
of MMR has been documented in yeast (17–20), flies (21),
plants (22–24) and mammals (25,26). Although the current
study focuses on mitotic recombination, the MMR system
is also a potent barrier to meiotic recombination between
the diverged chromosomes of different yeast species (27).

There are two core components of the MMR system in
all organisms: a MutS complex that recognizes and binds to
mismatches and a MutL complex that is required for subse-
quent mismatch processing (28). In yeast, the major MutS
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complex (MutS�) is a heterodimer of Msh2 and Msh6 while
the major MutL complex (MutL�) is a heterodimer of Pms1
and Mlh1. Whereas the effect of MutS� and MutL� loss is
generally indistinguishable in mutation assays that measure
base substitutions (29), the effect of MutL� loss on anti-
recombination is variable and system specific. MutL�, for
example, has anti-recombination activity equivalent to that
of MutS� in a plasmid-chromosome assay (30) but exhibits
less activity than MutS� in an inverted-repeat assay (19).
In the specific case of SSA, MutL� has little, if any, effect
on recombination fidelity (20). Although it has no known
role during the repair of replication errors, the Sgs1 helicase
forms a complex with MutS� (31) and is important dur-
ing anti-recombination in yeast (20,32,33). While there is
general agreement that mismatch-containing hetDNA can
be dismantled by Sgs1 helicase activity (hetDNA rejection),
the role of MutL� is less clear. In those events that escape
anti-recombination, MMR can subsequently correct mis-
matches within hetDNA to generate gene conversion events.
The choice between anti-recombination and mismatch cor-
rection, however, is not well understood (31). For mutation
avoidance during replication, it is critical that the nascent
DNA strand that contains the mistake is targeted for re-
moval and re-synthesis. Strand discrimination is largely pro-
vided by PCNA, which tethers DNA polymerase to a grow-
ing 3′ end and has an inherent asymmetry that directs strand
cleavage by MutL� (34,35). During recombination, analo-
gous strand discrimination removes information from the
broken strand rather than from the repair template, result-
ing in gene conversion (31,36).

In the current study, ectopic recombination substrates
with 2% sequence divergence were used to examine the
anti-recombination effects of MutS� and MutL� (msh6�
and mlh1� mutants, respectively) during the repair of a
defined chromosomal DSB. An analysis of NCO and CO
frequencies coupled with characterization of donor se-
quence transferred to NCO products suggests distinct anti-
recombination activities of MutS� and MutL�. While the
anti-recombination activity of MutS� primarily affected re-
pair events that require donor engagement by both ends
of the DSB, that of MutL� affected only SDSA events.
We suggest a two-stage model in which mismatch binding
by MutS� leads to the dismantling of hetDNA intermedi-
ates prior to 3′-end extension, with subsequent processing
by MutL� specifically destroying SDSA intermediates af-
ter DNA synthesis initiates.

MATERIALS AND METHODS

Yeast strain constructions

A complete list of yeast strains is provided in Supple-
mentary Table S1. All haploid strains were derived from
SJR3659 and SJR3782 [strains MC42-2d and HKL1-42-
1c, respectively, in (37)], both of which are RAD5 CAN1
derivatives of W303 [rad5-535 leu2-3,112 his3-11,15 ura3-
1 ade2-1 trp1-1 can1-100; (38)]. The recombination system
in experimental strains contained three components: an I-
SceI-cleavable lys2 recipient allele (hisG-lys2-6Amut::ISceI
allele) at the endogenous LYS2 locus on chromosome II;
a galactose-inducible I-SceI gene (his3Δ::hph-pGAL-ISceI)
at the HIS3 locus on chromosome XV; and a diverged or

identical lys2Δ3′-donor allele at the CAN1 locus on chro-
mosome V. The diverged donor allele contained a mutated
(non-cleavable) I-SceI site and shared 98% sequence iden-
tity with the recipient allele (can1::lys2Δ3′-98%,ISceInc-
URA3-hisG). Strains with the 98%-identical donor were
used to determine recombination frequencies, CO/NCO
proportions, and hetDNA profiles. Strains containing a
100%-identical donor allele (can1::lys2Δ3′-100%,ISceInc-
URA3-hisG) were used to determine recombination fre-
quencies and CO/NCO proportions.

The hisG-lys2-6Amut::I-SceI recipient allele (abbreviated
hisG/recipient) was a derivative of the recipient allele used
in an earlier study [strain SJR 3714; (39)]. First, a 6A run
near the I-SceI cleavage site was mutated (Supplementary
Figure S1) to reduce the occurrence of polymerase slippage
events in mismatch repair (MMR)-defective backgrounds.
To introduce this modification, a CORE-UK cassette (40)
was inserted close to the I-SceI cut site of SJR3714, yield-
ing SJR4015. Replacement of the CORE-UK cassette con-
verted the 6A run to AATCAA (SJR4194). Next, a copy
of the bacterial hisG gene was inserted immediately up-
stream of the recipient allele to allow phenotypic distinc-
tion between CO and NCO products. To insert the hisG al-
lele, SJR4194 was transformed with a PCR-amplified hisG-
URA3-hisG fragment from pNKY51 (41). Following selec-
tion of Ura+ transformants, segregants that lost the URA3
marker during subsequent non-selective growth were iden-
tified on 5-FOA medium (SJR4195).

The sequence of the donor component of can1::lys2Δ3′-
98%,I-SceInc-URA3-hisG donor allele (hereafter referred
to as 98% donor/hisG) was the same as that used in a pre-
vious study (39). The allele was modified, however, by in-
serting a URA3-hisG cassette amplified from pNKY51 (41)
immediately downstream of the donor allele. The resulting
strain (SJR4031) was crossed with SJR4195 and a haploid
segregant with both the recipient and 98% donor alleles
was obtained (SJR4196). Finally, a his3Δ::hph-pGAL-ISceI
(abbreviated as I-SceI) fragment amplified from pGSHU
(40) was transformed into SJR4196, thereby creating a
strain with all three components of the 98% recombination
system (SJR4258). To preserve the hetDNA footprint in
Lys+ colonies MLH1 (SJR4535), MSH6 (SJR4691) or both
MLH1 and MSH6 (SJR4982) were deleted from SJR4258.
MLH1 was replaced with an mlh1Δ:loxP-TRP1-loxP frag-
ment amplified from pSR954, a loxP-TRP1-loxP plasmid
constructed by replacing the kanamycin-resistance marker
of pUG6 (42) with a TRP1 marker from pFA6-TRP1
(43). The MSH6 gene was replaced with an msh6Δ::loxP-
kanMX-loxP fragment amplified from pUG6.

The first step in construction of the can1::lys2Δ3′-
100%,I-SceInc-URA3-hisG (100% donor/hisG) allele was
the PCR-mediated assembly of a fragment containing a
mutated 6A run and a noncleavable I-SceI cut site using
high-fidelity Phusion polymerase (New England BioLabs)
and the recipient allele in SJR3714 as a template. The mu-
tated 6A run and noncleavable I-SceI site were introduced
using primers 5′-GGGCGCTCCCATTCGCCATTCAGG
CTGCGCTTTGGAAAAGGCAAAACTATCGAAGG
and 5′ ACAACTGAGGGGTCCTTTCCAGATCTAG
GGATAAATAACAGGGTAATTGATCTTGGCAAC
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TTTGAATTGATTCAGCTAGC, generating an 2.3 kb
fragment containing the first half of the eventual donor al-
lele. A 2.0 kb amplicon containing the downstream portion
of the incipient donor allele was generated using primers
5′-CCCTAGATCTGGAAAGGACCCCTCAGTTGT
and 5′-CTGGAAAGCGGGCAGTGAAAGGAAGGCC
CATGAGGCCCAGATCTTTTCTTTAAGAAAGTC.
The amplicons shared 30 bp of sequence overlap and were
assembled into a single fragment by PCR. The resultant
amplicon contained a 100% lys2Δ3′ donor allele that was
then inserted into the MscI-digested pSR797 (39), which
contains nucleotides 20-1141 of the CAN1 sequence. The re-
sulting plasmid (pSR1154) was digested with PshAI-XcmI
and used to transform SJR4195. Selection for canavanine
resistance yielded SJR5000, which contained both the
recipient and 100%-identical donor alleles. A URA3-hisG
cassette amplified from pNKY51 was then inserted down-
stream of the donor allele, generating SJR5003. SJR5003
was crossed with SJR4535 to obtain SJR5007, which
contained the hisG/recipient and 100% donor/hisG alleles
in an mlh1� background. SJR5007 was then crossed with
SJR4691 to produce haploid segregants that contained
the three recombination components (hisG/recipient,
100% donor/hisG, and galactose regulated I-SceI) in an
MMR-proficient (SJR5036), mlh1� (SJR5037), msh6�
(SJR5038), or mlh1� msh6� (SJR5039) background.

Media and growth conditions

Strains stored at −80◦C were streaked onto YEPD (1%
Bacto-yeast extract, 2% peptone, 2% dextrose; 1.5% agar for
plates) supplemented with 500 �g/ml adenine hemisulfate.
All growth was at 30◦C. Cells were pre-grown in YEPR liq-
uid medium (2% dextrose replaced with 2% raffinose) prior
to addition of galactose. Following galactose induction,
cells were plated nonselectively on YEPD medium to de-
termine the total number of viable cells. Lys+ recombinants
were selected on synthetic complete (SC) medium lacking
lysine and containing 2% dextrose as a carbon source (SC-
lys). 5-FOA medium (SC-uracil supplemented with 2% dex-
trose, 0.5 g uracil and 1 g 5-fluoroorotic acid per liter) was
used to select Ura− segregants.

I-SceI induction and determination of recombination frequen-
cies

Individual YEPR liquid cultures were inoculated with yeast
colonies grown for two days on YEPD plates. Following
overnight expansion, cells were diluted to an optical den-
sity (OD) of 0.2 in fresh YEPR medium. To ensure experi-
ments were performed using exponentially growing cells, di-
luted cultures were re-grown to an OD of 0.8–1 before galac-
tose addition (final concentration of 0.1%). As previously
determined, induction with 0.1% galactose for 45 minutes
generally resulted in cleavage of only one sister chromatid
(39). Following I-SceI induction, appropriate dilutions were
plated on YEPD and SC-lys plates. After 2 days of growth,
recombination frequencies were calculated by dividing the
total number of Lys+ colonies by the total number of vi-
able cells. For each genetic background, recombination fre-
quency was determined using data obtained using multi-
ple biological replicates from each of at least three separate

days. The average Lys+ frequency and 95% confidence in-
terval were calculated for each strain and then normalized
to the Lys+ frequency obtained with the 98% substrates in
the WT background.

Determination of CO-NCO proportions and frequencies

The CO-NCO distribution among Lys+ colonies was deter-
mined using two procedures: stability of the URA3 marker
downstream of the donor allele and PCR using primer pairs
diagnostic of CO and NCO products. Lys+ colonies were
directly inoculated (without colony purification) into SC-
lys medium in 96-well plates. After overnight expansion, 3
�l were spotted onto YEPD medium and plates were incu-
bated overnight. Cells were then replica plated onto SC-lys,
SC-ura and 5-FOA media. COs were scored based on fre-
quent loss (more than five colonies on 5-FOA medium) of
the URA3 marker flanked by hisG direct repeats in the V:II
translocation product. Genomic DNA was extracted from
the remaining cells and aliquots were used for CO-NCO
partitioning by PCR; the remainder was used for hetDNA
analysis (see below). NCO-specific primers (5′-ATGGTT
GGGAAGTCATGGAA and 5′-TTGGGAGTTGGGAA
TTGAAG) detected the full-length LYS2 allele on chromo-
some II; CO-specific primers (5′-ATGGTTGGGAAGTC
ATGGAA and 5′-TCACTTTTGCCCTGGAACTT) am-
plified the truncated allele of the V:II translocation product.

As expected, most replica-plated patches of cells were
Lys+ Ura+ and produced either no or many colonies on
5-FOA plates. A small number of patches, however, had
confluent growth on 5-FOA and were Ura− on SD-ura
plates (Supplementary Figure S2A). This suggested com-
plete loss of the lys2Δ3′ allele and URA3 marker on the V:II
translocation product by a second recombination event be-
tween the flanking hisG repeats, which leaves behind a sin-
gle copy of hisG. In addition to this anomaly, PCR analysis
revealed in a small number of colonies the presence of the
V:II translocation product, which carries the lys2Δ3′ allele,
as well as a copy of chromosome II. Subsequent Southern
analysis (Supplementary Figure S2B) revealed that these
colonies were of two types: (1) those containing two normal
plus two translocation chromosomes and (2) those contain-
ing only a normal chromosome II and the V:II transloca-
tion. These can be explained by cleavage of both chromo-
some II sister chromatids by I-SceI, with one break repaired
as an NCO and the other as a CO (Supplementary Figure
S3). The breakage of both sisters could reflect either repli-
cation of a chromosome cleaved by I-SceI in G1 (44), or the
cleavage of both chromatids following replication. Random
segregation of the resulting chromatids has two predicted
outcomes. If the reciprocal translocation products segregate
into the same daughter cell, then half of the Lys+ colony is
expected to contain CO chromosomes and the other half to
contain NCO chromosomes. If the translocation products
segregate into different cells, however, one cell will contain
chromosomes V and II:V and the other will contain chro-
mosomes II and V:II. The former will be inviable due to the
loss of essential information from chromosome II, but the
latter will survive because the CAN1-distal end of chromo-
some V is not required for viability (45). Because the CO-
specific V:II translocation contains the lys2 truncation al-
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lele, a NCO-generated LYS2 allele residing on chromosome
II is required to confer the Lys+ phenotype.

There were four types of Lys+ colonies based on phe-
notypic and physical criteria: (i) colonies that reflected an
NCO event, (ii) colonies containing only CO chromosomes,
(iii) colonies containing both CO and NCO chromosomes
and (iv) a CO event followed by additional recombination
between the CO-generated hisG direct repeats. When cross-
ing over occurs between nonhomologous chromosomes in a
haploid background, random chromosome segregation pre-
dicts that only half of the events will be recoverable as Lys+

colonies (46). We thus doubled the sum of the CO-only and
Ura− colonies to obtain a partially corrected number of CO
events. Those colonies that contained both CO and NCO
products and hence had two independent events, were then
added to both the NCO and CO-only classes (all COs were
recovered in this case) to obtain the final numbers of NCO
and CO events. The raw and corrected numbers as well as
the corrected proportions of NCO and CO events are in
Supplementary Table S2. In the main text, the corrected
proportions are given. NCO and CO frequencies were cal-
culated by multiplying the corrected proportions and the
corresponding total Lys+ frequency.

Southern analysis

Representative colonies corresponding to CO and/or NCO
outcomes based on phenotype and PCR analysis were an-
alyzed by Southern blots. Cells was grown in 5 ml YEPD
medium overnight prior to genomic DNA extraction. Ap-
proximately 2 �g of genomic DNA were digested with XhoI
and fragments were separated on a 1% agarose gel run
at 40 volts at 4◦C for 15–17 h. Following electrophoresis,
fragments were denatured and transferred to a positively
charged nylon membrane (Roche) via capillary action. The
membrane was then hybridized to ∼600 bp LYS2 probes la-
beled with digoxigenin (DIG)-dUTP using primers 5′-TG
AAGCCTTCCCAGAGAGAA and 5′-GCCAAGGAAA
AATGTCTACCA (Roche DIG DNA Labeling and Detec-
tion Kit). Due to the presence of SNPs between the donor
and recipient alleles, two probes were synthesized using
pSR1045 and pSR1072 [lys2::ISceI recipient and lys2::I-
SceInc,98% donor alleles, respectively; (39)] as templates
and were mixed in equal proportions for the hybridization.
Hybridization of the DIG probe to the membrane was de-
tected by chemiluminescence using an anti-DIG antibody
conjugated to alkaline phosphatase. XhoI-digested chromo-
somes II, V, II:V and V:II generate 10 kb, 14 kb, 9 kb, and
15 kb fragments, respectively.

hetDNA analysis

The ∼4 kb hetDNA profiles for NCOs recovered from
MMR-deficient strains as well as the gene conversion
profile for the MMR-proficient strain were obtained
using single-molecule real-time (SMRT) sequencing
as previously described (39,47). NCO recipient alle-
les were amplified from genomic DNA using Phu-
sion polymerase (New England Biolabs). Forward
(5′-ATGGTTGGGAAGTCATGGAAGTCG) and re-
verse (5′-GCTTGGGAGTTGGGAATTGAAGTT)

primers were conjugated to 16-nt barcodes so that each
NCO was amplified using a unique primer pair. The
full list of unique barcodes used is available at https:
//github.com/PacificBiosciences/Bioinformatics-Training/
blob/master/barcoding/pacbio 384 barcodes.fasta. ImageJ
(https://imagej.nih.gov/ij/) was utilized to determine ampli-
con concentrations and equivalent amounts of individual
amplicons were pooled and purified using the GeneJet
PCR Purification Kit (Thermo Scientific). SMRT library
construction and sequencing (PacBio RSII system) was
done at the Duke Center for Genomic and Computational
Biology.

PacBio-generated circular consensus sequence (CCS)
reads in FASTA format were sorted by unique barcode
pairs using a previously described pipeline (48). The donor
and recipient reference sequences used for sequence align-
ment and hetDNA calling are in Supplementary Figure S1.
hetDNA was defined as regions that contained both the re-
cipient and donor SNPs, with the minor species constitut-
ing at least 10% of the total informative reads; only barcode
pairs for which there were at least 20 CCS reads were fur-
ther considered. In addition, those colonies that contained
3–4 distinct species of CCS reads were not included in the
analyses, as these presumably represented two independent
NCO events. For the MMR-defective strains, Lys+ colonies
that lacked hetDNA were excluded. For the WT strain, Lys+

colonies with a gene conversion tract (39/268 colonies) that
did not extend beyond the most break-proximal SNP [which
most often reflects activity of the Pol � exonuclease activity;
(39)] were not considered when assigning tract direction-
ality. Tract lengths were calculated as previously described
(47).

Statistical analyses

Three types of statistical tests were used during data analy-
sis. First, the frequency data in Figure 3A were analyzed
using one-way ANOVA (P < 0.001) prior to performing
post-hoc unpaired Student’s t-tests between pairs of strains.
Second, hetDNA length distributions were tested using
the Kruskal–Wallis test (P < 0.01) prior to performing
post-hoc Mann–Whitney U tests. Obtaining a significant
value in an omnibus test (ANOVA or the Kruskal–Wallis
test) before proceeding to pairwise comparisons eliminated
the need to correct for multiple comparisons. Finally, the
distributions of CO-NCO and unidirectional-bidirectional
hetDNA tracts in NCOs were compared using contingency
Chi-square tests and the significance level for p values was
adjusted using the Bonferroni correction. In the case of
CO-NCO distribution, five comparisons were done and this
shifted the significance level from P = 0.05 to P = 0.01.
For the unidirectional-bidirectional hetDNA distributions
in NCOs, three comparisons were done and the P-value for
significance was reduced from 0.05 to 0.017.

When combining Lys+ frequencies and CO/NCO distri-
butions to calculate CO/NCO frequencies, the 95% confi-
dence interval (CI) of each derived frequency was calcu-
lated by taking into account the 95% CI of the compo-
nent Lys+ frequency and of the CO/NCO proportion (vas-
sarstats.net). The errors of both measurements were com-
bined to obtain the upper and lower bounds for the derived

https://github.com/PacificBiosciences/Bioinformatics-Training/blob/master/barcoding/pacbio_384_barcodes.fasta
https://imagej.nih.gov/ij/
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Figure 2. Ectopic recombination assay. The sequence inserted into the
LYS2 locus contains an I-SceI cleavage site, with the vertical yellow arrows
indicating positions of nicks made by the enzyme. The insertion creates a
–1 frameshift allele (lys2::I-SceI). The truncated donor allele (lys2Δ3′) on
chromosome V is refractory to I-SceI cleavage because the region flanked
by I-SceI nicks is duplicated (boxed); the break proximal SNPs on each side
are in red. The addition of 4 bp during DSB repair reverts the frameshift
allele and results in a Lys+ phenotype. Filled gray areas in recombination
products indicate hetDNA. The blue arrows correspond to hisG and the
red box to URA3, which were used to distinguish CO and NCO outcomes.
Following a CO, the lys2Δ3′ allele is flanked by hisG direct repeats, which
destabilizes the intervening URA3 marker and results in frequent Ura−
segregants. By contrast, the URA3 marker remains stable following a NCO
event.

95% CI through the right triangle rule (49). The CIs thus
calculated were used in the relevant figures.

RESULTS

The role of the MMR machinery in regulating mitotic in-
teractions between diverged sequences was examined us-
ing a LYS2-based ectopic system described previously (Fig-
ure 2; (39). In this system, an I-SceI cleavage site was in-
serted into the endogenous LYS2 locus on chromosome II,
which coincidentally created a –1 frameshift mutation. As a
donor template for repair, a 4.2 kb fragment containing a 3′-
truncated lys2 allele (lys2Δ3′) was inserted into the CAN1
locus on chromosome V. The donor allele contained an I-
SceI site inactivated by duplicating the 4 bp flanked by I-
SceI-generated nicks. Copying the additional 4 bp of the
donor allele into the broken, recipient allele during repair
reverts the frameshift mutation and generates a selectable
Lys+ phenotype. Finally, silent single-nucleotide polymor-
phisms (SNPs) were engineered into the donor allele at ∼50
bp intervals (2% sequence divergence; Supplementary Fig-
ure S1) in order to track the transfer of strands between

the donor and recipient alleles. Although unrepaired mis-
matches within heteroduplex DNA segregate at the next cell
division to form sectored colonies, the component SNPs can
be detected by sequencing PCR products amplified from en-
tire Lys+ colonies.

An individual repair event can be resolved as either an
NCO or a CO and one goal was to examine if/how sequence
divergence affects recombination outcome. COs generally
comprise only 10–15% of recombinants in ectopic assays
(50) and their identification usually is through product anal-
ysis by either CO-specific PCR or Southern blots. For the
current study, we modified the system to also allow COs and
NCOs to be distinguished phenotypically. This was accom-
plished by inserting one copy of the bacterial hisG gene up-
stream of the recipient allele and a second copy downstream
of the donor allele (blue arrows in Figure 2). The region
between the donor allele and the hisG sequence addition-
ally contained a URA3 marker. Following a CO event, the
3′-truncated product and the URA3 marker are flanked by
hisG direct repeats, which provide the homology for subse-
quent single-strand annealing and deletion of the interven-
ing segment (41). As a result, CO events frequently give rise
to Ura− segregants that form colonies on medium contain-
ing 5-fluoroorotic acid (5-FOA), while NCOs have a stable
Ura+ phenotype (Figure 2 and Supplementary Figure S2A).
Because a CO generates a reciprocal translocation between
chromosomes II and V, the presence of both products is ex-
pected to be required for subsequent cell viability.

Because the current study was designed to exam-
ine how sequence divergence affects DSB repair in the
presence/absence of MMR components, we constructed an
analogous system in which the donor sequence was devoid
of SNPs and thus identical to the recipient allele except for
the 4-bp difference at the position of the DSB (100% sub-
strates). The effect of sequence divergence on DSB repair
efficiency (Lys+ frequency) and CO-NCO outcome was de-
termined using the 98%- and 100%-identical substrates in
wild-type (WT) cells, in msh6� cells compromised for mis-
match detection, and in mlh1� cells that retain mismatch
recognition but are unable to initiate subsequent mismatch
removal. In addition, the 98% substrates were used to de-
termine how MMR activities affect the extent of strand ex-
change during NCO formation.

Effects of sequence divergence on DSB repair efficiency

In the MMR-proficient WT background containing the
98%-identical substrates, the Lys+ frequency following DSB
induction (0.1% galactose for 45 minutes) was 1.3 × 10−2.
In Figure 3A, Lys+ frequencies in the other strains exam-
ined were normalized to this frequency. In the msh6� back-
ground compromised for mismatch binding activity, the
Lys+ frequency was elevated 3.3-fold (P < 0.001 relative to
WT by Student’s t-test). In the mlh1� background that re-
tains mismatch binding, however, the Lys+ frequency was
elevated only 2.2-fold (P < 0.001 when compared to WT or
msh6�). These results are consistent with earlier analyses
demonstrating that mismatch binding alone (mlh1� back-
ground) is sufficient for some anti-recombination activity
(19). Recombination between the diverged substrates was
elevated upon deletion of MSH6, but the Lys+ frequency
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Figure 3. DSB repair frequencies and outcomes. (A) Mean Lys+ frequen-
cies between diverged and identical substrates (blue and yellow bars, re-
spectively). All frequencies were normalized to that obtained with diverged
substrates in the WT background. For the 98% substrates, the number of
independent inductions (N) for the WT was 100, N = 68 for mlh1�, N =
100 for msh6� and N = 39 for msh6� mlh1�. For the 100% substrates, N
= 25 for WT, N = 22 for mlh1�, N = 22 for msh6� and N = 22 in msh6�

mlh1�. (B) Mean NCO and CO frequencies (solid and cross-hatched bars)
between the diverged substrates, which were calculated by multiplying the
corrected proportion of the event type by the normalized Lys+ frequency.
Error bars correspond to 95% confidence intervals. NCO and CO data are
in Supplementary Table S2. Unusual CO events are described in Materials
and Methods and Supplementary Figures S2 and S3. A complete strain
list is provided in Supplementary Table S1.

was less than that observed between the 100%-identical
substrates. Although it is generally assumed that MutS�
initiates the repair of all base-base mismatches, the yeast
MutS� (Msh2-Msh3) complex has activity against some of
the base-base mismatches that are expected to be present
in the 98%-identical substrates (51). Disruption of MSH6
rather than MSH2 was used in the current analyses in or-
der to preserve the additional role of MutS� in processing
recombination intermediates (11). As expected, MSH6 was
epistatic to MLH1, with the repair frequency in the msh6�
mlh1� double mutant being the same as in the msh6� single
mutant (P = 0.25). In contrast to the 98% substrates, recom-

bination between the identical substrates in the WT, msh6�
(P = 0.77 relative to WT by Student t-test), mlh1� (P =
0.21), and msh6� mlh1� (P = 0.06) backgrounds showed
no significant difference, indicating that the MMR system
does not generally affect the recombination process and that
anti-recombination effects with the 98% substrates are due
to mismatch-containing heteroduplex intermediates.

Effect of sequence divergence and MMR status on CO-NCO
frequencies

At least 200 Lys+ colonies from each of the 100% and 98%
strains were analyzed (Supplementary Table S2) and each
colony was assigned to one of four recombinant classes
based on phenotype and PCR analysis: (i) an NCO event,
(ii) a CO event, (iii) occurrence of a CO and NCO event in
the same cell or (iv) a CO with additional deletion of the
region between the hisG direct repeats (Ura− colony). CO
and NCO proportions were determined using corrections
to the raw data that considered (a) the failure to detect CO
events in which the translocation chromosomes segregated
into different daughter cells and (b) the co-occurrence of
CO and NCO products in the same Lys+ colony (Supple-
mentary Table S2; see Materials and Methods for details).
For the 100% substrates, the corrected proportion of CO-
type Lys+ colonies in the WT background was 0.24. The
CO-NCO product distribution between the identical sub-
strates was not affected by deletion of MLH1 or MSH6 (P
= 0.35 and P = 0.25, respectively, by contingency chi-square
test). Relative to the 100% substrates, the proportion of COs
obtained with the 98% substrates in a WT background was
reduced to 0.18 (P = 0.06). Whereas deletion of MLH1 or
MSH6 had no effect on the CO-NCO distribution with the
100% substrates, the loss of either had a significant effect
on the distribution obtained with the diverged substrates.
In the mlh1� strain containing the 98% substrates, the CO
proportion decreased to 0.10 (P < 0.001 relative to WT);
in the msh6� background the CO proportion increased to
0.24 (P = 0.02 relative to WT; not significant with the Bon-
ferroni correction).

Because sequence divergence affected recombination fre-
quencies as well as repair outcomes, the data were com-
bined to obtain NCO and CO frequencies (Figure 3B).
Relative to WT, loss of mismatch recognition (msh6� mu-
tant) elevated the NCO and CO frequencies 3.0- and 4.3-
fold, respectively. Although the increases were similar, the
slightly greater increase in CO frequency is suggestive of
more MMR-associated anti-recombination activity with re-
spect to COs. In the mlh1� background where mismatch
recognition was retained, however, only the frequency of
NCO events was elevated (2.4-fold relative to WT). Alto-
gether, these data indicate that mismatch recognition alone
is sufficient to suppress CO events and that mismatch pro-
cessing primarily affects NCOs.

The presence of CO and NCO products in a single Lys+

colony, which represents cleavage of both sister chromatids,
was relatively rare. This, along with the predicted loss of
50% of CO-only events, was considered when calculating
the ‘corrected’ proportions of CO and NCO events in the
above analyses. Because making these corrections could po-
tentially skew the results and alter interpretations, we also
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calculated CO and NCO frequencies without incorporating
these corrections (Supplementary Figure S4). The trends
were the same as those in Figure 3B and the conclusions
were unaltered.

Mismatches in repair products are associated with an addi-
tional round of recombination

As described above, a CO event generates hisG direct re-
peats that flank the truncated product and a URA3 marker
(Figure 2). Recombination between the flanking hisG re-
peats is expected to occur at a frequency of ∼10−4 (52),
which results in rare Ura− papillae when Lys+ CO recombi-
nants are plated on 5-FOA medium. Using URA3 instabil-
ity for phenotypic scoring of CO versus NCO outcomes re-
vealed an unanticipated class: Lys+ colonies that grew con-
fluently on 5-FOA medium and failed to grow in the absence
of uracil (Supplementary Figure S2A). Physical analysis of
fully Ura− colonies by PCR and Southern blots confirmed
loss of the URA3 marker together with the lys2Δ3′ allele on
the V:II translocation chromosome and retention of a single
copy of hisG (Supplementary Figure S2B). Repair of the I-
SceI induced DSB as a CO was thus associated with a very
early recombination event that removed the region between
the hisG direct repeats in all progeny cells. The fully Ura− re-
combinants were observed at a low frequency following re-
combination between the diverged substrates (18/1742 Lys+

colonies screened from all backgrounds), but none were de-
tected when identical substrates were used (0/1145 Lys+

colonies screened; P = 0.001 by contingency chi-square).
This indicates a specific association of a secondary recombi-
nation event with mismatch-containing hetDNA. Further-
more, the Ura− colonies detected with the 98% substrates
were more frequent in the WT than in the MMR-defective
backgrounds (13/578 and 5/1234 Ura− among the Lys+

colonies screened, respectively; P < 0.001). We suggest that
the recognition/processing of mismatches creates a second
DSB that initiates deletional recombination between the
hisG direct repeats that flank the V:II CO product.

hetDNA position in NCOs is regulated by the MMR machin-
ery

To obtain insight into the mechanism(s) of MMR-
associated anti-recombination, we sequenced the recipient
allele of NCO recombinants isolated in the WT, mlh1� and
msh6� backgrounds. The sequence profiles of individual
events are presented in Figure 4; black bars correspond to
regions of gene conversion (GC) that had only donor SNPs
and gray bars to hetDNA comprised of a mix of donor and
recipient SNPs. hetDNA/GC tracts were divided into three
groups based on their position relative to the initiating DSB.
In the first group, there was a tract on each side of the break
(bidirectional), a pattern consistent either with dissolution
of a double Holliday junction or with a double SDSA event.
The second and third groups had a hetDNA/GC tract on
only one side of the DSB (unidirectional), the pattern ex-
pected of an SDSA event. It should be noted that frequent
conversion of the DSB-proximal SNP was observed in all
three genetic backgrounds but was not considered when
assigning tract directionality. We previously reported that

Figure 4. hetDNA/GC tracts in NCO products. Each horizontal line rep-
resents an independent NCO event and the vertical white line marks the
position of the DSB. Black bars correspond to donor sequence and gray
bars to hetDNA. Tracts are grouped by whether they are present on both
sides of the initiating DSB, are only upstream of the break, or are only
present downstream of the break; the percentage of each type is given. For
each NCO, conversion of the break proximal SNP on each side of the DSB
is due to proofreading activity of Pol � and was not considered when assign-
ing tract directionality. In MMR-defective backgrounds, an uninterrupted
GC tract extending from the DSB was assumed to reflect gap expansion.
N, total number of NCOs.

such single-SNP conversions in this system reflect the proof-
reading activity of DNA polymerase � rather than MMR
activity (39). In the MMR-defective backgrounds, we also
made the assumption that uninterrupted GC tracts extend-
ing from the break site reflected gap expansion; these also
were not considered when assigning tract directionality.

In a WT background, GC events reflect NCO intermedi-
ates that escaped anti-recombination activity of the MMR
system and were subsequently subjected to mismatch cor-
rection. Of NCOs sequenced, 230 (88%) contained regions
of GC and/or hetDNA (Figure 4); the remainder contained
neither and were considered uninformative. With regard to
the distribution of tracts relative to the DSB, 39% (90/230)
were bidirectional and 61% (140/230) were unidirectional.
The positions of the unidirectional tracts were random: 63
were confined to the upstream (promoter proximal) side of
the break and 77 to the downstream side (P = 0.27 by Chi-
square goodness of fit). Among the 153 tracts that were up-
stream of the DSB (90 from bidirectional and 63 from uni-
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directional events, respectively), 110 had a continuous GC
tract and 14 had a continuous hetDNA tract; the remaining
29 tracts were a discontinuous mix of GC, hetDNA and/or
restoration (restoration is defined as recipient-only SNPs
within a GC or hetDNA tract). Similar proportions were
seen among the 167 downstream tracts: 130 continuous GC
tracts, 16 continuous hetDNA tracts and 21 mixed tracts
(P = 0.29 by contingency Chi-square). These data demon-
strate that (1) 80–90% of hetDNA tracts that escaped anti-
recombination were nevertheless repaired and (2) ∼20%
of repaired tracts were discontinuous. That hetDNA tracts
were converted to GC tracts is consistent with the prior con-
clusion that anti-recombination and mismatch correction
are separable activities of the MMR machinery (20,53,54).
Discontinuities within tracts could reflect patchy repair,
template switching during 3′-end extension (47,55) or inva-
sion of multiple donors by a single 3′ end (56).

In the absence of MSH6, the proportions of bidirectional
(52/135) versus unidirectional (83/135) tracts were similar
to those observed in WT (P = 0.92 by contingency Chi-
square). The unidirectional tracts, however, were biased to
the downstream side of the initiating break; there were 59
tracts downstream of the break but only 24 upstream (P
< 0.001 relative to WT). The significance of this altered
distribution is unclear. A feature of hetDNA tracts in the
msh6� background was their frequent punctuation by a GC
or restoration event involving only a single SNP. We suggest
that binding of a mismatch by MutS� may shield it from
recognition and processing by an alternative, short-patch
repair pathway. The existence of such a pathway in budding
yeast was previously suggested (57) and in both Schizosac-
charomyces pombe and Drosophila, the nucleotide excision
repair pathway mediates mismatch removal (58,59). At least
in the assay used here, however, the repair of single mis-
matches persisted in a msh6� rad14� background in which
nucleotide excision repair was additionally eliminated (data
not shown).

In the mlh1� background, the distribution of unidirec-
tional versus bidirectional hetDNA tracts was dramatically
different from that observed in the WT and msh6� back-
grounds (Figure 4). Only 18% (27/149) of tracts were bidi-
rectional in the mlh1� background, whereas ∼40% were
bidirectional in WT and msh6� strains (P < 0.001 when
compared to either). As observed in the msh6� back-
ground, the positions of unidirectional tracts were not ran-
dom in the mlh1� background and were strongly biased
to the downstream side of the break (22 upstream and 100
downstream tracts, respectively; P < 0.001 relative to WT).
Although the bias appeared stronger than in the msh6�
strain, it was not significantly different (P = 0.057 by con-
tingency Chi-square).

Because the overall DSB repair frequency and hetDNA
positions among NCOs varied as a function of MMR sta-
tus, we calculated the frequencies of unidirectional and bidi-
rectional tracts. In Figure 5, these tract frequencies are pre-
sented together with the corresponding CO frequencies in
order to highlight the similarity between the CO and bidi-
rectional NCO-tract frequencies in each background. Rel-
ative to the WT background, loss of mismatch recognition
(msh6� strain) was associated with an ∼3-fold increase in
both unidirectional and bidirectional NCO frequencies. In

Figure 5. Frequencies of repair types. Frequencies of NCO events with uni-
directional tracts (dark blue bars), NCO events with bidirectional tracts
(light blue bars) and CO events (cross-hatched bars) are shown. Frequen-
cies were calculated using only those NCO events with informative tracts;
error bars are 95% confidence intervals for CO and NCO frequencies.

the mlh1� background, however, only the frequency of the
unidirectional NCOs was elevated and their frequency was
similar to that observed in the msh6� background. The
same correlations were seen when the frequencies of unidi-
rectional and bidirectional NCOs were calculated using an
uncorrected data set (Supplementary Figure S4). The lack
of an increase in bidirectional hetDNA in the mlh1� back-
ground mirrors the lack of an increase in CO-type events
in this background. Altogether, these data suggest that mis-
match binding alone is sufficient to reduce COs as well as
NCOs with bidirectional hetDNA, while mismatch process-
ing specifically reduces NCOs with unidirectional hetDNA.

hetDNA/GC tracts are shortened by MMR

The length of hetDNA/GC on each side of the initiating
break was determined for each NCO event in Figure 4. For
patchy/mixed tracts, the most break distal position where
donor sequence was acquired was used for the length de-
termination. There were a total of 153 upstream and 167
downstream tracts for the WT strain and the cumulative
distribution of tract lengths on each side of the break is
shown in Figure 6A (black lines). Upstream of the DSB, the
median tract length was 450 bp; downstream of the break,
the median length was 410 bp. Among the 135 NCOs se-
quenced from the msh6� background, there were a total
of 76 upstream and 111 downstream tracts that were used
to construct the tract-length distributions (Figure 6A, red
lines). Upstream of the DSB, the median hetDNA length
was 1160 bp compared to only 450 bp in WT (P < 0.0001
Mann–Whitney U test); downstream of the break, the me-
dian hetDNA length was 1300 bp in the msh6� background
compared to 410 bp in WT (P < 0.0001). Finally, the me-
dian hetDNA tract lengths in the mlh1� background were
760 bp upstream and 830 bp downstream of the DSB (Fig-
ure 6A, blue lines), which were intermediate between those
observed in the WT and msh6� backgrounds. In contrast to
mismatch binding, which is expected to affect all hetDNA
tracts, frequency measurements indicated that mismatch
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Figure 6. Cumulative GC/hetDNA tracts lengths. (A) The cumulative dis-
tributions of tract lengths on each side the initiating DSB (vertical line).
The median tract lengths on each side of the break in the WT and msh6�

strains are indicated. The black, blue and red lines are WT, mlh1� and
msh6� distributions, respectively. (B) Cumulative distributions of unidi-
rectional versus bidirectional (uni and bi, respectively) tracts relative to the
initiating DSB (0 kb). The black and blue lines are WT and mlh1� distri-
butions, respectively.

processing only affected the unidirectional tracts diagnostic
of SDSA (Figure 5). We thus examined the unidirectional
and bidirectional tracts separately in the WT and mlh1�
backgrounds. As shown in Figure 6B, the medians of the
unidirectional and bidirectional tracts were similar in the
absence of MLH1 (799 bp for unidirectional and 909 bp
for bidirectional tracts; P = 0.44 by Mann–Whitney). By
contrast, the unidirectional tracts in the WT background
were significantly shorter than the bidirectional tracts (367
bp for unidirectional and 561 bp for bidirectional tracts; P
= 0.012 by Mann–Whitney). These data are consistent with
the selective destruction of SDSA intermediates by Mlh1-
mediated mismatch processing.

DISCUSSION

In the current study, we used 4.2 kb ectopic lys2 chromo-
somal substrates to examine the effects of 2% sequence
divergence and MMR status on the repair of an I-SceI-
induced DSB. Repair was assessed by measuring the fre-
quency of Lys+ colonies, the proportions of Lys+ colonies
that were COs versus NCOs, and the length/position of

hetDNA/GC tracts in NCO products relative to the initi-
ating DSB. The major findings were that (i) gene conver-
sion tracts in WT are much shorter than hetDNA tracts
in MMR-defective strains, (ii) mismatch binding reduces
the frequency of COs as well as NCO events with unidi-
rectional or bidirectional hetDNA and (iii) mismatch pro-
cessing reduces the frequency only of NCOs with unidi-
rectional hetDNA, with little effect on NCOs with bidirec-
tional hetDNA or COs. These results provide novel insight
into how sequence divergence affects mitotic DSB repair
and distinguish the anti-recombination effects of mismatch
binding from those of mismatch processing.

In an MMR-proficient WT background, 2% sequence di-
vergence was associated with an ∼5-fold reduction in the
Lys+ frequency (Figure 3). In terms of MMR-directed anti-
recombination, early in vitro studies demonstrated that bac-
terial MutS blocks strand transfer between diverged DNA
sequences (60) and more recent work has shown that MutS
and MutL together can promote helicase (UvrD)-catalyzed
unwinding of a D-loop intermediate formed between di-
verged sequences (61). Additionally, human MutS� effi-
ciently recognizes mismatches in the context of a model D-
loop structure (62). Beyond its anti-recombination role, the
repair activity of the MMR system is required to convert
mismatch-containing hetDNA to gene conversion (GC)
tracts. The latter activity is similar to the strand-directed
repair that occurs in the context of replication, which bi-
ases hetDNA repair to GC rather than restoration during
recombination. The anti-recombination and replication-
editing activities of MMR can be separated based on their
genetic requirements. The 3′>5′ Sgs1 helicase, for exam-
ple, is important for anti-recombination but has no known
role in mismatch removal during recombination or repli-
cation (20,32,33). By contrast, PCNA is critical for cou-
pling MMR to the replication fork and facilitates strand
discrimination during replication-error repair (34,35), but
a role during heteroduplex rejection has not been detected
(31,36). The identification of pms1 alleles with defects only
in anti-recombination further supports a mechanistic dis-
tinction between anti-recombination and mismatch correc-
tion (63). In the E. coli system, a mutS mutant with a similar
separation-of function phenotype has been described (64).

In considering the results reported here, it is important to
note that heteroduplex rejection can, in principle, be of two
types that are predicted to be temporally distinct. The first
occurs early during recombination and presumably involves
the mismatch-triggered unwinding of hetDNA by Sgs1. The
second occurs after the initiation of 3′-end extension when
MMR switches into a repair mode that requires PCNA
(65). Although repair usually converts rather than restores
the information contributed by the broken molecule, it
has the potential to be destructive if excision tracts are
introduced into complementary strands. Genetic studies
in bacterial cells are consistent with two distinct types of
MMR-mediated anti-recombination that work early and
late (66), as well a more prominent anti-recombination role
for mismatch binding than for mismatch processing (16).
Whereas mismatch repair in yeast depends on MutL�, anti-
recombination has exhibited variable dependence.

As reported previously in other systems (17,19,20), we
observed that overall recombination was elevated more in a
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msh6� background where mismatch recognition was com-
promised than in an mlh1� background where mismatch
binding persisted (Figure 3). A key observation emerged
from subsequent partitioning of events into NCOs and
COs and from defining hetDNA tracts in NCOs as either
unidirectional or bidirectional. Relative to WT, deletion
of MSH6 had a similar stimulatory effect on each class,
demonstrating that mismatch binding is required for all of
the observed anti-recombination activity (compare WT and
msh6� in Figure 5). By contrast, loss of mismatch process-
ing elevated only the frequency of NCO products that con-
tained unidirectional hetDNA (compare WT and mlh1�
in Figure 5). Stated another way, mismatch binding alone
was sufficient for the reduction in CO events and specifically
those NCO events containing bidirectional hetDNA (com-
pare msh6� and mlh1� in Figure 5). What these two classes
have in common is that both ends of the broken molecule in-
teract with a donor repair template. The lack of a process-
ing requirement is consistent with the reversal/unwinding
of an early hetDNA intermediate. By contrast, mismatch
processing only affects the NCO events with unidirectional
hetDNA, which presumably occur via SDSA and require
that only one end of the broken molecule engage the donor.

The above data suggest a model in which the anti-
recombination effect observed in msh6� versus mlh1�
background is related to whether one or both ends of the
broken molecule engage the donor (Figure 7A). This model
assumes that each end engages the donor independently and
that each engagement has the same probability of escaping
mismatch detection (X) by MutS� or of being detected (1 –
X). If both ends are engaged, the probability that neither
will be rejected/unwound is X2, and this results in a CO or a
bidirectional NCO. In the current system the proportion of
bidirectional events that escaped the initial hetDNA rejec-
tion (X2) is 0.327 (the ratio of the WT to msh6� frequency
for COs plus bidirectional NCOs) and X = 0.57. The prob-
ability that both ends are rejected is (1 – X)2 or 0.18; the
probability that only one end is rejected is 2X(1 – X) or 0.49.
If only one end is rejected, the outcome is the equivalent of
an one-ended SDSA intermediate that escapes hetDNA re-
jection. Although ∼50% of single-end invasion events are
also expected to be eliminated by hetDNA rejection, they
will be replenished by the two-end engagement events that
had only a single end rejected. Whether the rejected events
attempt one or more additional rounds of DSB repair is not
known.

A second key observation concerns the processing-
specific anti-recombination activity associated with
MutL�. Deletion of MLH1 alone elevated only the
frequency of unidirectional NCOs, with no discernible
effect either on COs or on bidirectional-tract NCOs. This
suggests a unique feature of an SDSA intermediate that
triggers its destruction when MMR switches to a repair
mode. As noted previously, repair likely occurs after DNA
synthesis is initiated and there is assumed to be strand
discrimination, which biases exonucleolytic removal of the
nascent strand. During SDSA (Figure 7B; left side), the
pairing of the extended end with the other side of the break
creates a hetDNA tract that is flanked by gaps. Extension of
the top strand during gap filling will bias mismatch removal
from the top strand, while extension of the bottom strand

will trigger a similar process on the bottom strand. We
suggest that the net effect is destruction of the intermediate
via overlapping excision tracts. In the case of a CO or NCO
intermediate formed by two-end engagement (Figure 7B;
right side), there will be only a single gap (rather than flank-
ing gaps) adjacent to each hetDNA tract. An alternative
explanation for the Mlh1-dependent loss of SDSA events
is that the unwinding of annealed strands requires Mlh1 in
addition to Msh6, while the unwinding of strand-invasion
intermediates only requires Msh6. This explanation,
however, is not consistent with the Mlh1 independence of
anti-recombination during SSA, which involves only strand
annealing. Further support of a repair-based destructive
mechanism of anti-recombination is provided by the rare
Lys+ COs that were completely Ura−. That these were
observed only with the 98% substrates is consistent with the
initiation of a second, mismatch-dependent recombination
(SSA) event. We suggest that such secondary events are
due to rare failures in normal strand discrimination that
result in overlapping excision tracts. Similar secondary
recombination events triggered by sequence divergence
were previously observed in meiotic studies (67), and these
similarly required MutL� (68). In addition, early studies in
E. coli indicated that loss of strand discrimination during
MMR results in recombination-initiating DSBs (69,70).
Finally, the nuclease activity of MutL� is partially required
for its mitotic anti-recombination activity in an inverted
repeat assay (71).

A destruction-based model provides an explanation for
why SDSA events in the current system are uniquely sen-
sitive to Mlh1-dependent anti-recombination activity. Al-
though one might expect SSA intermediates to be similarly
affected, Mlh1 plays little, if any, anti-recombination role
during SSA (20). We suggest that this reflects the fundamen-
tally different structures of the annealed intermediates that
arise during SDSA versus SSA. During SSA, each strand
of the annealed segment contains a long 3′ tail/flap (Figure
1). These tails are critical for the anti-recombination activ-
ity of Msh6 and it has been suggested that they provide an
entry point for Sgs1-mediated unwinding (31). Following
the escape of an intermediate from anti-recombination ac-
tivity, the 3′ tails must be removed by Rad1–Rad10 before
filling of the adjacent gaps (11). If there is no coordination
between the removal of these tails, then the filling of the gaps
may be temporally separated. This, in turn, would reduce or
preclude the simultaneous repair of mismatches directed by
the two different extending ends. The presence of a nonho-
mologous 3′ tail at an invading end during break-induced
replication also promotes hetDNA rejection between mis-
matched substrates (72). The system used here, however,
was designed to preclude such tails and their potential ef-
fects on HR.

NCO events in a WT background had GC tracts that
were 2–3 fold shorter than hetDNA tracts in the msh6�
background (Figure 6). This suggests that shorter hetDNA
tracts are more likely to escape anti-recombination and is
consistent with the cumulative negative effect of mismatches
on recombination rates in both yeast (15) and E. coli (73).
In SDSA events, GC/hetDNA tracts reflect DNA synthe-
sis from the invading end, and we have previously suggested
that this, in turn, is proportional to the size of the D-loop
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Figure 7. Models for anti-recombination activity of the MMR machinery. (A) Mismatch detection by MutS� before DNA synthesis initiates from an
invading end triggers unwinding of the D-loop by Sgs1. This primarily eliminates those events in which both of the broken ends engage the donor, which
corresponds to CO and NCO intermediates with hetDNA on both sides of the DSB. (B) The conflicting strand discrimination signals conferred by PCNA
during extension of both ends of an annealed SDSA intermediate results in destruction by MutL� endonuclease activity. See main text for details.
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formed during invasion of the donor (39). The size of the
D-loop cannot exceed the length of homology between the
3′ tail and the repair template, and this may limit new DNA
synthesis in an ectopic system. In this model, D-loops are
unwound from their back end as they are extended by DNA
synthesis at the front end to create a migrating D-loop. The
reverse direction of hetDNA unwinding may be highly fa-
vored when there is a nonhomologous 3′ tail (as in SSA).
It will be interesting to examine if and how the presence of
a 3′ tail affects anti-recombination in the current system. It
should be noted that for spontaneous events involving ec-
topic substrates, a tail would be present if the initiating DSB
occurs outside the region of homology.

With ectopic substrates the length of homology be-
tween the recombining substrates is limited and an
anti-recombination effect of the MMR system is ev-
ident. By contrast, there is little, if any, effect of
MMR-associated anti-recombination on mitotic loss-of-
heterozygosity (LOH) involving diverged, homologous
chromosomes in diploid strains (74). This difference could
reflect less sequence divergence in the LOH system and/or
the presence of unlimited homology. Nevertheless, the re-
sults reported here have broad relevance to interactions
between diverged, repetitive elements that are abundant
in more complex eukaryotic genomes. Genome rearrange-
ments with endpoints in such elements are associated with
human genetic diseases and also may contribute to clinically
relevant tumor evolution in cancers with underlying MMR
defects.
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