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ABSTRACT

Mismatch-repair (MMR) systems promote eukaryotic genome stability by removing errors introduced
during DNA replication and by inhibiting recombination between nonidentical sequences (spellchecker
and antirecombination activities, respectively). Following a common mismatch-recognition step effected
by MutS-homologous Msh proteins, homologs of the bacterial Mutl. ATPase (predominantly the Mlhlp-
Pmslp heterodimer in yeast) couple mismatch recognition to the appropriate downstream processing
steps. To examine whether the processing steps in the spellchecker and antirecombination pathways might
differ, we mutagenized the yeast PMSI gene and screened for mitotic separation-of-function alleles. Two
alleles affecting only the antirecombination function of Pmslp were identified, one of which changed an
amino acid within the highly conserved ATPase domain. To more specifically address the role of ATP
binding/hydrolysis in MMR-related processes, we examined mutations known to compromise the ATPase
activity of Pmslp or Mlhlp with respect to the mitotic spellchecker and antirecombination activities and
with respect to the repair of mismatches present in meiotic recombination intermediates. The results of
these analyses confirm a differential requirement for the Pms1p ATPase activity in replication vs. recombina-
tion processes, while demonstrating that the Mlhlp ATPase activity is important for all examined MMR-

related functions.

ISMATCH-repair (MMR) systems promote ge-
nome stability by detecting and dealing with dis-
tortions in the DNA double helix (reviewed in HARFE
and JINKS-ROBERTSON 2000a). These systems are best
known for their role in removing mispaired or extraheli-
cal nucleotides generated during DNA replication (“spell-
checker” function), with defects resulting in a strong
mutator phenotype. In addition to their replication-
editing function, MMR systems also detect mismatches
in the heteroduplex recombination intermediates that
involve the pairing of single strands derived from differ-
ent duplex DNA molecules. Detection of recombina-
tion-associated mismatches triggers either a repair pro-
cess that restores perfect base complementarity or an
antirecombination activity that prevents the recombina-
tion event from going to completion. Finally, MMR sys-
tems in some organisms are important for detecting
DNA damage and for triggering appropriate cell-cycle
arrest or apoptotic responses.

The MMR system of Escherichia coli contains three dedi-
cated “Mut” proteins and has served as a paradigm for
the more complicated MMR systems of eukaryotic or-
ganisms (reviewed in MoDRICH and LAHUE 1996). MMR
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in E. coli is initiated when a homodimer of the MutS
protein binds mismatches. A MutL. homodimer then
couples the MutS-dependent mismatch recognition to
downstream processing steps by activating the latent
endonuclease activity of the MutH protein. MutH spe-
cifically nicks the nascent strand to initiate its removal
by a helicase and one or more exonucleases, and the
resulting gap is filled in by DNA polymerase and sealed
by ligase to complete the repair process. In eukaryotes
there are multiple MutS and MutL. homologs (Msh and
MIh proteins, respectively) that are involved in MMR
processes, but no known MutH homologs (reviewed in
HARFE and JINKS-ROBERTSON 2000a). The active forms
of the eukaryotic Msh and Mlh proteins are heterodim-
ers instead of homodimers, with the heterodimers gen-
erally having distinct but overlapping functions in MMR.
The recently solved crystal structures of bacterial MutS
homodimers have revealed that they are, in fact, struc-
tural heterodimers (LAMERS et al. 2000; OBMOLOVA et
al. 2000), which can account for the existence of hetero-
dimers rather than homodimers in eukaryotes. In the
yeast Saccharomyces cerevisiae, mismatches in nuclear DNA
are recognized by either an Msh2p-Msh3p or an Msh2p-
Msh6p heterodimer (JOHNSON et al. 1996b; MARSISCHKY
et al. 1996), which then interacts with a MutlL-like hetero-
dimer composed of Mlhlp complexed with Pmslp,
Mlh2p, or Mlh3p (WANG et al. 1999). As the Mlhlp-
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MIh2p and Mlh1p-Mlh3p heterodimers play only minor
roles in the repair of replication errors (FLORES-ROzAS
and KoLODNER 1998; HARFE ef al. 2000) and have no
reported antirecombination activity, only the Mlhlp-
Pmslp heterodimer will be considered here.

Functionally important regions of the yeast Mlh1l and
Pmsl proteins have been deduced by aligning MutL
homologs from diverse organisms (BAN and YANG 1998;
CROUSE 1998) and by mutational analyses (PANG et al.
1997; TraN and Liskay 2000). Protein alignments have
revealed a highly conserved region at the amino termi-
nus that contains the four domains characteristic of the
GHL (gyrase b, Hsp90, and MutL) family of ATPases
(DutTa and INouyE 2000). Functionally important con-
formational changes in the N-terminal regions of GHL
family proteins are associated with ATP binding and
hydrolysis, with the N-terminal ends of MutL, and with
gyrase b homodimerizing upon ATP binding (WIGLEY
et al. 1991; ALl et al. 1993; PRODROMOU ¢t al. 1997a,b;
BAN and YANG 1998; GRENERT et al. 1999). Studies with
mutant Mlhl and Pmsl proteins support a comparable
amino-terminal heterodimerization cycle associated with
ATP binding and hydrolysis (TRAN and Liskay 2000). In
addition, genetic studies have revealed an ATP-related
asymmetry between the yeast Mlh1p and Pmslp subunits
in terms of their contributions to the spellchecker func-
tion of the complex (TrRAN and Liskay 2000). Although
Mlh1p and Pmslp share little amino acid similarity out-
side of the highly conserved N terminus, the C-terminal
200-300 amino acids of each protein are necessary and
sufficient for ATP-independent heterodimer formation
and are required for the spellchecker function of the
complex (PANG et al. 1997). Finally, the C-terminal 13
amino acids of yeast Mlhlp are identical to the C-termi-
nal 13 amino acids of human MLHI, but this highly
conserved motif is not present in Pmslp. This carboxy-
terminal homology (CTH) motif of Mlhlp is not re-
quired for interaction with Pmslp in two-hybrid assays,
but is required for spellchecker function (PANG et al.
1997).

The repair of mismatches in heteroduplex recombina-
tion intermediates can result in the replacement of one
allele with the sequence of another allele (“gene conver-
sion”), which is manifested in meiosis as the non-Mende-
lian segregation of allelic sequences. If mismatches in
meiotic recombination intermediates are not repaired,
segregation of the corresponding alleles at the next
round of DNA replication will result in genetically differ-
ent daughter cells (postmeiotic segregation, or PMS).
In yeast, gene conversion is much more common than
PMS, indicating that most mismatches are efficiently
recognized and repaired by the MMR machinery (PETES
et al. 1991). Although it is not known what triggers the
repair vs. antirecombination activity of MMR systems,
the antirecombination activity effectively limits recombi-
nation between nonidentical (“homeologous”) sequences,
thereby reducing genome rearrangements and enforc-

ing species barriers (reviewed in HARFE and JINKS-RoOB-
ERTSON 2000a,b). In S. cerevisiae, mitotic recombination
is exquisitely sensitive to potential mismatches, with a
single nonidentity between 350-bp recombination sub-
strates being sufficient to reduce the rate of recombina-
tion in a MMR-dependent manner (DATTA et al. 1997).
Although elimination of yeast Msh2p, Mlh1p, or Pmslp
results in identical mutator phenotypes, the antirecom-
bination activity of Msh2p is consistently greater than
that of Pmslp or Mlhlp (CHEN and JINKS-ROBERTSON
1999; NicnoLsoN et al. 2000). In addition, the Sgslp
helicase appears to be redundant with MMR-associated
antirecombination (MYUNG et al. 2001), but has no known
role in the repair of DNA mismatches.

The genetic differences between the MMR-associated
spellchecker and antirecombination activities in yeast
suggest that the Mlhlp-Pmslp-dependent steps down-
stream of mismatch recognition may be different during
DNA replication wvs. recombination. In addition, the
ATPase-related functional asymmetry observed in the
spellchecker functions of Mlh1p and Pmslp may extend
to the recombination-related activities of the proteins
as well. These issues are addressed in the current study
by (1) identifying “separation-of-function” alleles of
PMS1 that partially uncouple the mitotic spellchecker
and antirecombination functions, (2) examining the
mitotic antirecombination effects of known mutations
in MLHI or PMSI that compromise ATP binding or
hydrolysis, and (3) examining the effects of eliminating
Mlhlp or Pmslp ATP hydrolysis activity on the repair
of mismatches in meiotic recombination intermediates.

MATERIALS AND METHODS

Media and growth conditions: Strains were grown vegeta-
tively at 30° and sporulated at 18% a complete list of yeast
strains is given in Table 1. Standard media and genetic tech-
niques were used for mitotic growth, sporulation, and tetrad
dissection (SHERMAN 1991), except as noted below. Strains
were grown nonselectively in YEP medium containing either
2% glycerol and 2% ethanol (YEPGE) or 2% dextrose (YEPD).
Each liter of YEPGE and YEPD was supplemented with 500
mg adenine hemi-sulfate (Sigma, St. Louis) to avoid adenine
limitation during nonselective growth. For selection of yeast
transformants that had incorporated the kan marker, each
liter of YEPD was supplemented with 200 mg of Geneticin
(Sigma).

Synthetic dextrose (SD) medium was supplemented with
all but the one amino acid or base needed for selective growth
(e.g., SD-His is deficient in histidine). Additional tryptophan
(30 pg/ml) was added to the SD media as well as to the YEP
media for growth of strains containing the #p5A allele (i.e.,
SJR1392 and its derivatives). Canavanine-resistant (Can-R) mu-
tants were selected on SD-Arg medium supplemented with
L-canavanine sulfate to a concentration of 60 pug/ml (SD-Arg +
Can). Ura™ segregants were selected on SD plates supple-
mented with required amino acids and containing 0.1%
5-fluoroorotic acid (5-FOA; BOEKE et al. 1984). For the selec-
tion of His™ mitotic recombinants, dextrose in the SD medium
was replaced with 2% glycerol, 2% ethanol, and 2% galactose
(SGGE-His).
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TABLE 1

Yeast strains

Strain® Description Source of construction
SJR1294 Used to screen for separation-of-function pmsI alleles This study
SJR1392 Contains homologous (LYS2) and homeologous (HIS3) recombination This study
substrates
SJR1470 SJR1392 mlhIA::URA3 This study
SJR1471 SJR1392 pmsIA This study
SJR1528 SJR1392 mih1-E31A This study
SJR1529 SJR1392 mih1-G9SA This study
SJR1530 SJR1392 pmsI-E61A This study
SJR1531 SJR1392 pmsI-G128A This study
SJR1532 SJR1392 pms1-L124S This study
SJR1533 SJR1392 pmsI-I854M This study
SJR1561 SJR1392 mlh1-G9SA pmsI-G128A This study
SJR1578 SJR1392 mlh1-757stop This study
SJR1789 SJR1392 pmsI-E61A,I854M This study
SJR1790 SJR1392 pms1-G128A,1854M This study
PD73 his4-AAG haploid used to construct diploids for meiotic analyses DETLOFF et al. (1991)
HMY91 PD73 mihIA::kanMX4 This study
HM94 PD73 mihIA::URA3 This study
HM92 PD73 pmsIA::kanMX4 This study
DB10 PD73 pms1A This study
JSY88 PD73 mihI-E31A This study
Jsy116 PD73 pmsl-E61A This study
AS4 HIS4 haploid used to construct diploids for meiotic analyses STAPLETON and PETEs (1991)
DTK318 AS4 mihIA::URA3 This study
DNY95 AS4 pmsIA This study
JSY89 AS4 mih1-E31A This study
JSY117 AS4 pmsl-E61A This study
PD83 his4-AAG/HIS4 PD73 X AS4 (DETLOFF et al. 1991)
HMY95 his4-AAG/HIS4 mihIA::kanMX4/mlhIA::URA3 HMY91 X DTK318
DB101 his4-AAG/HIS4 mihIA::URA3/mih1A::URA3 HMY94 X DTK318
HMY96 his4-AAG/HIS4 pmsIA::kanMX4/pmsIA HMY92 X DNY95
DB100 his4-AAG/HIS4 pmsIA /pmsIA DB10 X DNY95
JSY76 his4-AAG/HIS4 mih1-E31A/mih1-E31A JSY88 X JSY89
JSY80 his4-AAG/HIS4 pmsI-E61A/pmsI-E61A JSY116 X JSY117
JSY106 ARGH4 derivative of AS4 for measuring Can-R rate This study
Jsy108 AS4 ARG4 mihIA::URA3 This study
JSY104 AS4 ARG4 mlhI-E31A This study
JSY107 AS4 ARG4 pmsIA This study
JSY105 AS4 ARG4 pmsI-E61A This study

“SJR1294, MATo ade2-101,, his3A200 wra3(Nhe)-[HIS3: :intron::cB2(94 %) ]-ura3(Nhe) lys2ARV::hisG leu2-R pGAL-PMSI; SJR1392,
MATo ade2-101, his3A200 lys2ARV::hisG trp5A::kan wra3(Nhe)-[HIS3::intron::cB2/cB 7(91 %) J-ura3(Nhe) leu2(K)-[lys2A3'-lys2A5' |-
LEU2; AS4, MATo trpl arg4 tyr7 ade6 ura3; PD73, MATa leu2 ade6 ura3 his4-AAG.

Sporulation of diploid cells and tetrad dissection were per-
formed as described by FaN et al. (1995). For meiotic analyses,
purified diploids were not used, since diploids homozygous
for pmsI or mlhI rapidly accumulate recessive lethal mutations.
Instead, haploid parents were mated overnight on YEPD plates
and then were immediately transferred to sporulation plates.
Tetrads were dissected on YEPD medium and the resulting
spore clones were directly replica plated to appropriate selec-
tive media. Sectored His' /His™ colonies were scored by light
microscopy.

Yeast strains used for mitotic studies: Strain SJR1294 was
used as a host to identify plasmid-encoded pms1 alleles confer-
ring mutator and/or hyperrecombination phenotypes. The
mutator phenotype was assessed by forward mutation to cana-
vanine resistance, while the recombination phenotype was

assessed using 94%-identical HIS3::intron::cf 2 inverted-repeat
(IR) substrates (see DATTA et al. 1997). In preliminary experi-
ments, we found that the high chromosomal mutation rate
of a pmsIA host strain interfered with the efficient detection
of plasmid-encoded pmsI alleles. To circumvent this problem,
the endogenous PMSI promoter was replaced with the GALI
promoter by transforming cells with a PCR fragment gener-
ated using plasmid pFA6a-kanMX6-PGAL1 (LONGTIME el al.
1998) as a template. The presence of the resulting galactose-
regulated PMSI allele (pGAL-PMSI) resulted in strong muta-
tor and hyper-recombination phenotypes only when cells were
grown in the absence of galactose.

Strain SJR1392 contains both homeologous (92% identical)
and homologous (100% identical) IR recombination substrates.
This strain was constructed by targeting plasmids containing
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homeologous HIS3::intron::c 2/3 7 substrates (pSR303) and ho-
mologous LYS2substrates (pRS304) to the URA3 and LEU2]oci,
respectively. Transformants containing a single copy of each
plasmid were identified by Southern analysis. Ura™ segregants
were selected on 5-FOA medium, and retention of the homeo-
logous recombination substrates was confirmed by the ability
to produce His" recombinants.

An mihIA::URA3 allele was introduced into SJR1392 by trans-
formation with Sac/BamHI-digested ymlh1::URA3 (PROLLA et
al. 1994). BsiXI-digested pJH523 (KRAMER el al. 1989) was
used in a two-step allele replacement procedure to introduce
a pmsIA allele. All mihIA and pmsIA strains were verified
by PCR or Southern analysis. Derivatives containing point
mutations in PMSI or MLH1 were constructed by two-step
allele replacement, and the presence of the mutation of inter-
est was confirmed by genomic DNA sequencing. Plasmids pYI-
mlhl-31, pYI-mlh1-98, pYI-pms1-61 TV II, and pYl-pmsl-128
TV II were used to introduce the mihI-E31A, mih1-G9SA, pmsI-
E6IA, and pmsI-GI128A alleles, respectively (for details see
TRAN and Liskay 2000). The pmsI-L124S, pmsI-I854M, and
mih1-757stop alleles were introduced using plasmids pSR759,
pSR760, and pSR746, respectively (see below).

Strains used for meiotic recombination studies: Diploid
strains used for meiotic recombination experiments were con-
structed by mating isogenic derivatives of the HIS4 strain AS4
(StaPLETON and PeTES 1991) and the his4-AAG strain PD73
(DETLOFF et al. 1991). All diploids thus are heterozygous for
the his4-AAGmutantallele, which has a single-base-pair change
at the second position of the HIS4start codon. Haploid deriva-
tives containing an mlhIA::URA, pmsIA, mihil-E31A, or pmsl-
E61A allele were constructed by transformation as described
above for SJR1392. The mihIA::kanMX4 and pmsIA::kanMX4
alleles were introduced by transformation with PCR deletion
cassettes generated using pFA6-kanMX4 (WACH et al. 1994) as
a template. To determine forward mutation rates at the CANI
locus, ARG4 derivatives of haploid strains with the AS4 genetic
background were constructed by transformation with Agel-
digested pMW52 (WHITE et al. 1993).

Plasmids: Plasmid pSR303 contains the HIS3::intron::c32/
¢B7 homeologous recombination substrates and was con-
structed by combining 5’ ¢f2 and 3" ¢f7 recombination cas-
settes as inverted repeats (Figure 1A). Plasmid pSR266 con-
tains a full-length HIS3::intron gene, with a unique BamHI site
within the intron, and was used to generate both the 5" and
3" cassettes (see DATTA et al. 1996). Plasmids pSR273 and
pSR301 were constructed by inserting an 800-bp BamHI/ Bglll
cB2 and a 783-bp BamHI/Bglll c¢B7 fragment, respectively,
into the BamHI site of plasmid pSR266. The cf7 3’ cassette
plasmid pSR302 was derived from pSR301 by deleting the Sall
fragment upstream of the cB7 sequences (i.e., the 5" portion
of HIS3 and the 5’ part of the intron). A Smal fragment
containing the 5’ c¢f2 cassette (from pSR273) was then in-
serted into the filled-in Spel site of pSR302 in reverse orienta-
tion relative to the 3' cf7 cassette.

Plasmid pSR304 contains the lys2A5" and lys2A3" homolo-
gous recombination substrates oriented as IRs (Figure 1B)
and was constructed using LYS2sequences derived from pDP6
(FLEIG et al. 1986). First, a 2.7-kb Hincll/HindIIl fragment
containing the 3’ end of LYS2 (lys2A5’ allele) was directionally
cloned into Smal/HindlIll-digested pRS305 (Sikorskr and
HieTer 1989), yielding plasmid pSR300. A 3-kb Xbal/ Stul
fragment containing the 5’ end of LYS2 (lys2A3’ allele) was
then inserted into Xbal/ Ssd (blunt)-digested pSR300, with the
resulting plasmid (pSR304) containing the Ilys2A5" allele
downstream of and in inverted orientation relative to the
lys2A 3’ allele. The region of overlap between the lys2A5" and
lys2A 3" alleles is ~900 bp.

Plasmid pSR758 contains the 2715-bp PMSI open reading

frame and was constructed by cloning a 4-kb chromosomal
Bglll/Sall fragment (from YIp5-PMSI; obtained from D.
MALONEY) into BamHI/ Sall-digested pRS315 (LEU2-CEN vec-
tor; SIKORSKI and HIETER 1989). pSR758 was the source for
the PMSI fragments that comprise the three deletion plasmids
used in gap-repair experiments. pRS315-PMS1A1 (pSR764)
has a deletion of the first 590 bp of the PMSI coding sequence
between the Mlul and HinP1I sites at —33 and +591, respec-
tively, relative to the start codon; pRS315-PMS1A2 (pSR765)
has a centrally located 1090-bp deletion extending from the
Eco01091 site at +387 to the Fokl site at +1477; and pRS315-
PMSIA3 (pSR766) has a 927-bp deletion encompassing the
C-terminal region of PMSI, extending from the BspHI site at
+1713 to the Ncol site at +2640. Each of the three deletion
plasmids contains a unique BamHI site between the PMSI
fragments that flank the deleted segment.

pSR761 contains the MLHI locus and was derived by in-
serting a 7-kb chromosomal Sad fragment (from YEp24-
MLH1; ProvLLA et al. 1994) into pRS306 (S1korRskI and HIETER
1989). The mlhl1-757stop allele (pSR746) was constructed by
replacing codon 757 of the MLHI coding sequence with a
TAG stop codon using the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). The resulting mutation was
confirmed by DNA sequencing.

Random mutagenesis of the PMSI coding sequence and
incorporation of mutations by gap repair: Appropriate PMSI
fragments were generated by mutagenic PCR and were then
recombined in vivo into plasmids pRS315-PMS1A1, pRS315-
PMS1A2, or pRS315-PMS1A3 using a standard yeast gap-repair
procedure (MUHLRAD et al. 1992). Tag DNA polymerase was
used for the PCR mutagenesis; the error frequency of the
enzyme was increased by doubling the concentration of dATP
or dGTP relative to the other dNTP’s and by increasing the
MgCl, concentration to 3 mM. Plasmids for the in vivo gap
repair were prepared by digestion with BamHI, followed by
treatment with shrimp alkaline phosphatase. Gap repair of
pRS315-PMS1A1 was accomplished using a 687-bp PCR frag-
ment extending from —61 to +626 of the PMSI sequence;
gap repair of plasmid pRS315-PMS1A2 was effected using an
1167-bp PCR fragment extending from +349 to +1516 of the
PMS]I sequence; and gap repair of pRS315-PMS1A3 was done
using a 1029-bp PCR fragment extending from +1668 to
+2697 of the PMSI sequence.

Strain SJR1294 was cotransformed with 1 wg of purified
PCR fragment and 0.1 pg of gapped vector, and transformants
were selected on SD-Leu medium. Control experiments with
gapped vector only indicated a gap-repair efficiency of >95%.
Approximately 1000 transformants derived from each of the
three gap-repair reactions were selectively purified. Trans-
formants were patched onto SD-Arg + Can or SGGE-His me-
dium to score mutation or homeologous recombination fre-
quency, respectively. Approximately 30% of the transformants
exhibited phenotypes characteristic of a pmsIA strain and were
assumed to contain plasmid-encoded null alleles. Plasmid
DNA was isolated from those transformants that consistently
exhibited a separation-of-function phenotype (either a muta-
tor or a hyper-rec phenotype, but not both phenotypes) and
was used to retransform SJR1294. Following the confirmation
of a separation-offunction phenotype, the relevant portion of
the mutagenized pmsI allele was sequenced. The separation-of-
function alleles pmsI-L124S and pmsI-I854M were identified
in this manner. For integration into the yeast genome, the
pms1-L124S and pmsI-I854M alleles were transferred to the
integrating vector pRS306 (Sikorskr and HIETER 1989) as
Sacl/ Kpnl fragments, yielding plasmids pSR759 and pSR760,
respectively.

Two-hybrid assays: Plasmids used in two-hybrid assays were
constructed by inserting the coding sequences of wild-type
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Pmslp and Mlhlp into vectors pGAD424 (BARTEL et al. 1993)
and pBTM116 (VOJTEK et al. 1993), respectively. pGAD424
and pBTM116 contain the Gal4p activation and the LexA
DNA-binding domains, respectively. The pGAD-PMSI con-
struct was mutagenized to yield pGAD-pms1-I854M using the
QuikChange site-directed mutagenesis kit (Stratagene). Inter-
actions of proteins were assessed by cotransforming pGAD
and pBT derivatives into yeast strain 1.40, which contains both
lacZand HIS3reporter constructs (VOJTEK et al. 1993). B-Galacto-
sidase activity was measured in liquid assays as described pre-
viously (PANG et al. 1997).

Rate measurements and statistical analyses: The method of
the median (Lea and CouLson 1949) was used to calculate
mutation and recombination rates. Data from at least 16 inde-
pendent cultures (typically 8 cultures from each of two inde-
pendent isolates) were used for each rate determination. For
the experimentally derived medians, 95% confidence intervals
(CIs) were determined (DrxoN and MAssey 1969) and these
were then used to calculate 95% ClIs for the corresponding
rates. For rate determinations using SJR1392 and its deriva-
tives, individual colonies were inoculated into 5 ml YEPGE
medium and grown for 3 days on a roller drum. Cells were
harvested by centrifugation, washed with HyO, and resus-
pended in 1 ml HyO. Aliquots of appropriate dilutions were
plated on SD-Arg + Can to select Can-R mutants, on SD-His
to select His™ (homeologous) recombinants, on SD-Lys to
select Lys™ (homologous) recombinants, and on YEPD to de-
termine the number of viable cells. Plates were incubated for
2 days (YEPD, SD-Arg + Can, SD-Lys) or 4 days (SGGE-His)
before counting colonies. Mutation rates to Can-R in AS4
and PD73 and in their derivatives were similarly determined,
except that cultures were grown overnight in YEPD before
selective plating, total viable cells were determined by plating
on SD-Arg, and colonies arising on SD-Arg + Can were
counted after 3 days. Comparisons of the distributions of mei-
otic spore classes derived from different diploids were made
by Fisher’s exact test with two-tailed P values. Results were
considered significant if P < 0.05.

RESULTS

Mutagenesis of PMSI and identification of mitotic
separation-of-function mutations: A PMSI gene contained
on a CEN vector was randomly mutagenized and the re-
sulting alleles were screened for a mitotic separation-
of-function phenotype in a strain devoid of the wild-type
Pmsl protein (see MATERIALS AND METHODS for details
of the mutagenesis). Specifically, transformants contain-
ing the mutagenized plasmids were screened for an associ-
ated increase in either the spontaneous mutation or the
homeologous recombination frequency, but not both.
The mutator phenotype was assessed by replica plating
transformants to canavanine medium, which selectively
identifies forward mutations at the CANI locus (Can-R
mutants). The level of homeologous recombination was
assessed by replica plating transformants to histidine-
deficient medium, which selects for inversion events
that reconstitute a full-length HIS3::intron gene (Figure
1A). All candidate separation-of-function plasmids iden-
tified in the screen conferred little or no mutator pheno-
type, but resulted in a clearly elevated level of homeolo-
gous recombination. No candidates with the opposite
phenotype were identified.
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Ficure 1.—Homeologous and homologous inverted-repeat
recombination substrates. (A) Homeologous substrates. The
5’ ¢B2 cassette consists of the 5" portion of the HIS3 coding se-
quence, the 5" portion of the intron, and the c¢f2 cDNA se-
quences, whereas the 3’ cassette is composed of cf7 cDNA
sequences, the 3’ portion of the intron, and the 3’ portion
of the HIS3 coding sequence. Open boxes correspond to HIS3
coding sequences, solid boxes to intron sequences, and the
cross-hatched boxes to the ¢B2 and ¢f7 recombination sub-
strates (~800 bp of homology with 92% sequence identity).
(B) Homologous substrates. The hatched box within the LYS2
gene corresponds to the ~900 bp of perfect identity between
the lys2A5" and lys2A3’ recombination substrates. In both A
and B, selection of prototrophic colonies identifies recombina-
tion events that reorient the region between the inverted-
repeat recombination substrates. Reorientation can occur by
a crossover event, by unequal sister chromatid gene conversion
(CHEN and JiNKs-ROBERTSON 1998), or by a combination of
break-induced replication and single-strand annealing (BARTSCH
et al. 2000).

To confirm that the elevated recombination con-
ferred by the putative pmsI separation-of-function alleles
was specific for homeologous substrates, the plasmid-
encoded alleles were introduced into the PMSI locus
of strain SJR1392, which contains identical (“homolo-
gous”) LYS2 recombination substrates as well as the
homeologous HIS3::intron substrates. The LYS2-based
homologous system (Figure 1B) is composed of inverted
repeats and thus is comparable in structure to the ho-
meologous HIS3::intron system. As with the HIS3::intron
system, replication between the lys2 inverted repeats
reorients the region between them, resulting in a full-
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TABLE 2

Mutation and recombination rates in wild-type and pmsl strains

Recombination rate (X107%)°"

Mutation His*/Lys*
Mutation rate rate relative Homologous Homeologous His*/Lys™ rate relative
Genotype* (X1077)? to WT (Lys™) (His™) rate to WT
Wild type 1.19 (1.12-1.56) 1.0 3.32 (2.66—4.33)  0.0576 (0.0542-0.0742) 0.017 1.0
pmsIA 71.1% (52.6-87.2) 60 3.85 (3.07-5.25)  0.725* (0.549-0.885) 0.19 11
pmsI-L124S 1.55 (1.25-2.25) 1.3 2.33 (1.75-2.83)  0.171% (0.142-0.228) 0.073 4.2
pms1-I854M 1.48 (1.24-1.68) 1.2 2.96 (2.29-3.49)  0.132% (0.103-0.164) 0.046 2.7
pmsI-E6IA 1.65 (1.43-2.25) 1.4 3.54 (3.09-4.58)  0.172* (0.129-0.244) 0.049 2.8
pmsI-G128A 1.29 (1.18-1.63) 1.1 2.62 (2.29-3.57)  0.174* (0.146-0.227) 0.066 3.8
pmsI-E61A,I854M 5.47% (4.87-7.15) 4.6 2.53 (1.87-2.94)  0.337* (0.298-0.429) 0.16 9.4
pmsI-G128A,1854M  7.18% (5.82-8.28) 6.0 2.03* (1.72-2.37) 0.318% (0.260-0.403) 0.19 11

WT, wild type. *Significantly different from the rate in the wild-type control strain.

¢ All strains are isogenic derivatives of SJR1392.

" Ninety-five percent confidence intervals are indicated in parentheses.

“The His*/Lys™ rate corresponds to the average rate ratio for the independent cultures examined. The His*/Lys" rate ratio
for each independent culture was obtained by dividing the His™ rate by the Lys™ rate for that particular culture. The His* or
Lys* rate calculation for an individual culture was determined by using the number of prototrophic colonies as the median (Lea

and CouLsoN 1949).

length LYS2 gene whose presence can be identified on
lysine-deficient medium.

As shown in Table 2, elimination of Pmslp in the
SJR1392 strain background resulted in a 60-fold increase
in the rate of Can-R mutants. When normalized to the
homologous recombination rate, the increase in the ho-
meologous recombination rate was 11-fold in the pmsIA
mutant relative to the PMS1 strain; similarly, normalized
rates are used when describing homeologous recombi-
nation in pmsI (or mlhl) missense mutants. Quantitation
of recombination and mutation rates in the pmsl mu-
tants identified in the screen confirmed only two separa-
tion-of-function pmsl alleles. Each allele resulted in a
significant (3- to 4-fold) increase in the homeologous
recombination rate, but no significant increase in the
forward mutation rate at the CANI locus (Table 2). DNA
sequence analysis of the separation-of-function alleles
revealed a mutation resulting in a leucine-to-serine
change at amino acid 124 in one mutant (pmsI-L124S
allele) and a mutation causing an isoleucine-to-methio-
nine change at amino acid 854 in the other mutant
(pms1-I1854M allele).

Pms1p-I854M interacts normally with Mlhlp in two-
hybrid assays: The pmsI-I854M allele alters a single
amino acid in the C-terminal region of Pmslp, a region
that is essential for interaction with Mlhlp in two-hybrid
assays (Figure 2; PANG et al. 1997). One possible explana-
tion for the separation-of-function phenotype conferred
by the pmsI-I854M allele is that more of the Mlhlp-
Pmslp complex is needed to regulate mitotic recombi-
nation than is needed to correct DNA replication errors.
A decrease in the amount/stability of the complex would
thus be expected to elevate homeologous recombina-
tion rates to a greater extent than mutation rates. To
determine whether the I854M change significantly af-

fects the level of the Pmslp-Mlhlp complex in vivo, we
used two-hybrid assays to compare the interaction of
Milhlp with the wild-type vs. the 1854M mutant Pms]
protein. As shown in Figure 3, the interactions were
indistinguishable in a qualitative phenotypic assay as
well as in a quantitative B-galactosidase assay, suggesting
that the I854M change affects neither the stability of
Pmslp nor its interaction with Mlhlp.

Role of Pmslp ATP binding/hydrolysis in mitotic
MMR functions: The L.124S change is immediately adja-
cent to conserved motif III of the GHL family of ATPases,
which is important in ATP binding and/or associated
conformational changes (BAN et al. 1999; see Figure
2). The identification of the pmsI-L124S allele in the
separation-of-function screen suggested that ATP bind-
ing/hydrolysis by Pmslp might be more important for
its antirecombination activity than for its spellchecker
function. To pursue this further, we introduced the
pmsl-G128A and pmsI-E61A alleles, which are predicted
to compromise ATP binding (and/or associated confor-
mational changes) and hydrolysis, respectively, into the
SJR1392 strain background. These alleles were pre-
viously reported to have little, if any, effect on the spell-
checker functions of the corresponding proteins in the
CANI mutation assay (TRAN and Liskay 2000). The
results obtained with the pmsI-E6IA and pmsI-GI128A
alleles were indistinguishable from those obtained with
the psmlI-L124S allele. As shown in Table 2, there was
no significant increase in the rate of Can-R colonies,
but there was a significant (three- to fourfold) increase
in the rate of homeologous recombination in the pmsI-
E6IA and pmsI-G128A strains.

The separation-of-function phenotype conferred by
mutations in the N-terminal ATP binding/hydrolysis
domains of Pmslp was very similar to that associated
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with the C-terminal pmsI-I§54M allele. To determine
whether the C- and N-terminal mutations affect Pmslp
in fundamentally different ways, we constructed strains
containing the double-mutant pmsI-E61A,I854M or pmsi-
G128A,1854M allele. Both double-mutant strains exhib-
ited significantly higher mutation and homeologous
recombination rates than those observed with the corre-
sponding single-mutant strains (Table 2), suggesting that
the individual mutations have functionally distinct con-
sequences. The mutator phenotype of the double mu-
tants was very weak, however, with the mutation rates
being 10-fold lower than that of an isogenic pmsIA
strain. In contrast, the ratio of homeologous to homolo-
gous recombination in the double mutants was similar
to that in a pmsIA strain. The double-mutant proteins
thus retain most of their spellchecker activity, but ap-

pear to be completely defective for the mitotic antire-
combination activity.

Role of Mlhlp ATP binding/hydrolysis in mitotic
MMR functions: A functional asymmetry in the ATPase
activities of Pmslp and Mlhlp has been demonstrated
previously, with disruption of Mlhlp ATP binding/hy-
drolysis resulting in stronger mutator phenotypes than
those resulting from comparable changes in Pmslp
(TrAN and Liskay 2000). We therefore examined the
effects of the mlhI-E31A and mlh1-G98A alleles (direct
counterparts of the pmsI-E61A and pmsI-G128A alleles,
respectively; see Figure 2) on the mitotic spellchecker
and antirecombination functions of the encoded mu-
tant proteins (Table 3). In the SJR1392 strain back-
ground, deletion of MLHIresulted in a 53-fold elevation
in the rate of forward mutation at CANI and in a 9.7-
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FIGURE 3.—Pms1-1854Mp interacts normally with Mlhlp in
two-hybrid assays. Semiquantitative HIS3 reporter assays were
performed by serially diluting overnight cultures 1:5 and spot-
ting cells using a 48-prong replicator onto minimal medium
containing or lacking histidine. 3-Glactosidase assays were per-
formed two times with each strain; mean activity units and
standard deviations are given. Row 1, pBT (vector) and pGAD-
PMSI; row 2, pBT-MLHI and pGAD (vector); row 3, pBT-
MLH]I and pGAD-PMSI; rows 4-8, pBT-MLHI and pGAD-
pms1-I854M clones 1-5. The pGAD-pmsI-I854M clone in row 6
was found to have a nonsense mutation that truncated the
protein after amino acid 865. On the basis of previous two-
hybrid analyses (PANG el al. 1997), such a truncated protein
would not be expected to interact with Mlhlp.

fold increase in the rate of homeologous (relative to
homologous) recombination. These effects are statisti-
cally the same as those observed in the pmsIA mutant.
Both the mlhI-E31A and mlh1-G98A alleles were indistin-
guishable from the mlhIA allele in terms of the rate of
His* recombinants, indicating that both ATP binding
and hydrolysis are essential for the antirecombination
activity of Mlh1p. In terms of the spellchecker function,
the mlh1-G98A allele resulted in a 48-fold increase in
the rate of Can-R colonies while the mihiI-E31A allele re-
sulted in a lesser, 20-fold increase. In agreement with
an earlier study (TRAN and Liskay 2000), it thus appears
that Mlhlp retains residual spellchecker activity when

ATP hydrolysis, but not binding, is compromised. Fi-
nally, we constructed an mlh1-G98A pmsI-G128A double-
mutant strain. The spellchecker and antirecombination
phenotypes of the double mutant were indistinguish-
able from those of an mlhIA or pmsIA mutant.

Role of the Mlhlp CTH domain in mitotic MMR func-
tions: The final 13 amino acids of yeast Mlh1p and hu-
man MLHI are identical and constitute the CTH domain.
This domain is not required for interaction between
yeast Mlhlp and Pmslp in two-hybrid assays, but is re-
quired for the spellchecker function of the complex
(PANG et al. 1997). To examine the role of the CTH
domain in mitotic antirecombination, we replaced the
codon specifying the first amino acid of the CTH do-
main with a stop codon (mlhi1-757stop allele; see Figure
2).Asshown in Table 3, the mlh1-757stopallele produced
mutator and recombination phenotypes that were indis-
tinguishable from those of a null (mlhIA) mutant.

Roles of Pmslp and Mlhlp ATP hydrolysis in the repair
of mismatched meiotic recombination intermediates: In
addition to the mitotic spellchecker and antirecombina-
tion activities, the yeast MMR system also detects and re-
pairs the mismatch formed when a heterozygous marker
(e.g., alleles A and «a) is included in a heteroduplex recom-
bination intermediate. Efficient MMR is associated with
high levels of gene conversion and low levels of PMS
for heterozygous markers, and inefficient MMR results
in low levels of conversion and high levels of PMS. PMS
tetrads with two A spore colonies, one a spore colony,
and one sectored A/a spore colony are called “6A:3a”
tetrads whereas those with one A spore colony, two a
spore colonies, and one sectored A/ a colony are called
“3A:5a” tetrads. Using this nomenclature (derived from
eight-spored fungi), we define Mendelian segregation
as 4A:4a and gene conversion events as 6A:2a or 2A:6a.

Diploid strains heterozygous for the his4-AAG muta-

TABLE 3

Mutation and recombination rates in wild-type and mlhl strains

Recombination rate (X107)?

Mutation His*/Lys*

Mutation rate rate relative  Homologous Homeologous His*/Lys" rate relative
Genotype* (X1077y? to WT (Lys™) (His™) rate’ to WT
Wild type 1.19 (1.12-1.56) 1.0 3.32 (2.66-4.33)  0.0576 (0.0542-0.0742) 0.017 1.0
mihIA 63.0% (52.6-98.1) 53 3.17 (2.71-5.61)  0.532* (0.348-0.775) 0.17 9.7
mih1-E31A 23.5% (14.0-26.7) 20 3.35 (2.42-6.09) 0.528%* (0.363-0.621) 0.16 9.1
mlh1-G9SA 56.8% (41.2-79.6) 48 3.65 (2.85—4.86) 0.673* (0.498-0.815) 0.18 11
mlh1-G98A pms1-G128A 71.5% (53.9-87.5) 60 4.14 (2.98-5.35)  0.815* (0.247-1.07) 0.20 11
mih1-757stop 69.2% (49.9-82.0) 58 4.43 (2.72-6.63)  0.815* (0.565-0.905) 0.18 11

*Significantly different from the rate in the wild-type control strain.

¢ All strains are isogenic derivatives of SJR1392.

" Ninety-five percent confidence intervals are indicated in parentheses.

“The His*/Lys™ rate corresponds to the average rate ratio for the independent cultures examined. The His*/Lys™ rate ratio
for each independent culture was obtained by dividing the His™ rate by the Lys™ rate for that particular culture. The His* or
Lys™ rate calculation for an individual culture was determined by using the number of prototrophic colonies as the median (Lra

and CouLson 1949).
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TABLE 4

Rates of aberrant segregation at the HIS4 locus in wild-type, pmsl, and milhl strains

No. of tetrads/class

Relative
Relevant Total Other % % PMS/ab. % PMS/ab. increase
Strain genotype tetrads 4:4 6:2 2:6 5:3 3:5 ab.” ab. tetrad’ spore’ in PMS?
PD83° Wild type 482 202 73 108 22 21 56 58 18 18 1
HMY95/DB101/ mihiA 465 199 18 16 83 70 79 57 85 89 4.9
JSY76 mihl-E31A 388 154 24 42 52 45 71 60 62 69 3.8
HMY96/DB100/ pmsIA 641 266 32 38 99 103 103 59 73 78 4.3
JSY80 pmsl-E6IA 358 150 45 42 33 29 59 58 35 40 2.2

ab., designates aberrant tetrads or spores.

“This class includes tetrads with two or more PMS and conversion events. The number of events (shown in

parentheses for each class for each genotype):

wild type: ab. 4:4 (1), ab. 2:6 (1), deviant (dev.) 5:3 (1), 7:1 (3), 8:0 (11), 0:8 (16)

mlhIA: ab. 4:4 (13), ab. 6:2 (5), ab. 2:6 (4), dev. 5:3 (7), dev. 3:5 (5), dev. 4:4 (1), 7:1 (3), 8:0 (1)
mlhI-E31A: ab. 4:4 (12), ab. 6:2 (3), ab. 2:6 (1), dev. 5:3 (2), dev. 3:5 (2), 7:1 (4), 1:7 (4), 8:0 (1), 0:8 (3)
pmsIA: ab. 4:4 (24), ab. 6:2 (5), ab. 2:6 (8), dev. 5:3 (5), dev. 3:5 (1), 7:1 (7), 1:7 (7), 8:0 (3), 0:8 (2)
pmsI-E6IA: ab. 4:4 (2), ab. 6:2 (2), ab. 2:6 (1), 7:1 (13), 1:7 (7), 8:0 (8), 0:8 (10).

"These percentages were calculated by dividing the total number of aberrant tetrads by the number of
tetrads with one or more PMS event, excluding those that had both a PMS and a gene conversion event.

‘These percentages were calculated (as described in the text) by dividing the number of sectored (PMS)
spore colonies by the total number of PMS plus gene-conversion spore colonies.

¢ The percentage of PMS/aberrant spore colony values for each mutant strain were divided by the percentage
of PMS/aberrant spore colony values observed in wild type.

¢ Although this strain was examined previously with purified diploids (DETLOFF et al. 1991), the data shown
here include only diploids sporulated soon after mating.

/Data from these pairs of strains were not significantly different and were pooled.

tion in the HIS4 start codon were used to analyze the
effects of defects in Pmslp- or Mlhlp-associated ATP
hydrolysis (pmsI-E61A and mlhI-E31A alleles, respec-
tively) on the repair of mismatches in heteroduplex
recombination intermediates. The PD83 strain back-
ground was used in these experiments because of the
very high level of meiotic recombination at HIS4 (NAG
et al. 1989), which occurs as a consequence of a high
frequency of meiosis-specific double-strand breaks near
the 5" end of the gene (FAN e al. 1995). Depending on
which DNA strand is transferred during heteroduplex
formation, a heteroduplex composed of a wild-type
strand and a strand with the his4-AAG substitution will
contain either an A-A or a T-T mismatch (DETLOFF el
al. 1991). As shown in Table 4, a strain with normal MMR
(PD83) repaired both mismatches efficiently (DETLOFF et
al. 1991), resulting in high levels of gene conversion
and low levels of PMS.

In our previous studies, the efficiency of mismatch
repair was determined by dividing the number of tetrads
in which one or more spores exhibit PMS by the total
number of tetrads with non-Mendelian (aberrant) seg-
regation. This approach has two inherent problems.
First, tetrads with multiple PMS or multiple conversion
events are counted as equivalent to tetrads with a single
PMS or conversion event. Second, it is not clear how to
count a tetrad that contains both a conversion event
anda PMS event. Consequently, here we used a different

method to measure the efficiency of meiotic hetero-
duplex repair, which is based on counting the number
of individual PMS and gene conversion spore colonies
rather than tetrads. Using the definitions of tetrad classes
given in DETLOFF ¢t al. (1991), the number of PMS spore
colonies (indicated in parentheses) counted in each
class is the following: normal 4:4 (0), 6:2 (0), 2:6 (0),
5:3 (1), 3:5 (1), aberrant 4:4 (2), aberrant 6:2 (2), aber-
rant 2:6 (2), deviant 5:3 (3), deviant 3:5 (3), deviant 4:4
(4), 7:1 (1), 1:7 (1), 8:0 (0), and 0:8 (0). The number
of gene conversion spore colonies counted for each
class of tetrad is the following: normal 4:4 (0), 6:2 (1),
2:6 (1), 5:3 (0), 3:5 (0), aberrant 4:4 (0), aberrant 6:2
(0), aberrant 2:6 (0), deviant 5:3 (0), deviant 3:5 (0),
deviant 4:4 (0), 7:1 (1), 1:7 (1), 8:0 (2), and 0:8 (2).
The tetrad/spore data for PD83 and mutant deriva-
tives are presented in Table 4. The levels of aberrant
segregation tetrads in all strains were similar, varying
between 57 and 60%. As expected from previous studies
(WILLIAMSON et al. 1985; PROLLA et al. 1994), diploids
homozygous for mihIA or pmsIA exhibited an increase
in the relative frequencies of PMS spore colonies from
18% in wild type to 89 or 78%, respectively, indicating
inefficient meiotic mismatch repair. Statistical compari-
son of the relative number of PMS vs. gene conversion
spore colonies indicates that mlhIA strains had signifi-
cantly less mismatch repair than the pmsIA strains (P <
0.0001). Although the mlhI-E31A strain had significantly
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TABLE 5

Genetic distances for intervals on chromosome III in wild-type and mutant strains

HIS4-LEU2 LEU2-CEN3 HIS4-CEN3 MAT-CEN3 HIS4-MAT
Strain Genotype P N T cM P N T cM P N T cM P N T cM P N T M
PD83  Wild type 118 1 73 21 204 182 82 9 53 50 91 23 97 85 166 24 47 14 78 58
HMY95 mihIA 140 3 43 16% 191 187 79 9 58 67 72 18% 87 82 68 14% 56 4 42 32%
JSY76  mihl-E31IA 104 4 43 22 165 163 62 8 49 52 51 17* 87 73 112 21 45 6 56 43
HMY96 pmsIA 161 1 89 19 264 270 93 7 70 69 100 21 93 75 124 21 47 8 80 47
JSY80  pmsI-E6IA 95 1 50 20 139 144 64 9 42 41 63 22 71 61 110 23 39 5 52 43

The numbers of tetrads in each class is shown, with P, N, and T indicating parental ditype, nonparental
ditype, and tetratype tetrads, respectively. Only tetrads in which the flanking markers underwent Mendelian
(4:4) segregation are included. Map distances for the HIS4-LEU2 and HIS4-MAT intervals were calculated using
the Perkins equation (PerkiINs 1949). Gene-centromere distances were calculated using the heterozygous
centromere-linked 7RPI marker as described by SHERMAN and WAKEM (1991). For the gene-centromere
intervals, the number of first-division segregation tetrads (P and N) and second-division segregation tetrads
(T) were compared by Fisher’s exact test. For the gene-gene intervals, the number of P, N, and T tetrads was
compared using a 3 X 2 contingency chi-square test. *Significantly reduced (P < 0.05) map distance relative

to the wild-type strain.

less MMR than the wild-type strain (P < 0.0001), it had
significantly more repair than the mlhIA strain (P <
0.0001). Similarly, the pmsI-E6IA strain has less mis-
match repair than the wild-type strain (P < 0.002), but
more repair than the pmsIA strain (P < 0.0001). Finally,
relative to the corresponding null allele, the pmsI-E61A
allele did not appear to confer as severe a defect in
meiotic MMR as the mihI-E31A allele.

The frequency of PMS events at HIS4 in the wild-
type strain PD83 was higher than that observed in most
studies involving different mutant alleles in other ge-
netic backgrounds. Although one interpretation of this
finding is that PD83 has a less efficient MMR system
than that of other wild-type strains, we prefer a different
explanation: that the efficiency of MMR is context de-
pendent. One argument in support of this conclusion
is based on an analysis of aberrant segregation of the
heterozygous arg4-17 allele in PD83. In 482 tetrads, we
found 37 conversion events and no PMS events, a sig-
nificant difference (P < 0.002) in the relative number
of conversion and PMS tetrads compared to that ob-
served for the his4-AAG marker. Since a heteroduplex
formed between arg4-17and ARG4would contain either
an A/A or a T/T mismatch (the same type of mismatch
as expected for the his?-AAG marker), these results ar-
gue that the efficiency of meiotic MMR is affected by
the context of the mismatch. In a previous study, FOGEL
et al. (1979) found that A/G or C/T mismatches failed
to get repaired in a wild-type strain at frequencies (ex-
pressed as the percentage of PMS tetrads divided by
total aberrant tetrads) of 12, 4, and 0% for mismatches
located at the HIS4, ARG4, and TRPI loci, respectively.

Meiotic crossovers and spore viability in pmsI and
mlh] mutants: It has been observed previously that dele-
tion of MLHI, but not PMSI, reduces crossovers in a
variety of intervals (HUNTER and BorTs 1997; WANG el

al. 1999). We calculated map distances for several ge-
netic intervals on chromosome /7 in wild-type and mu-
tant strains using only tetrads in which both markers
for each interval underwent Mendelian segregation (Ta-
ble 5). This analysis confirmed the previous observation
that the mlhIA mutation significantly reduces crossovers
in most genetic intervals examined (HUNTER and BorTs
1997; WANG et al. 1999). In contrast, the mihl-E31A
mutation significantly reduced crossovers only in the
HIS4-CEN3 interval. The difference in tetrad classes for
the mihIA compared to the mihI-E31A strain was signifi-
cant only for the MAT-CEN3 interval. Neither the pmsIA
nor the pmsI-E61A mutation significantly affected cross-
overs in any of the intervals examined.

Diploid strains with mutations in MLH or PMSI have
reduced spore viability compared to wild-type strains,
with mihl alleles having a stronger effect than pmsl
alleles (ProLLA ef al. 1994; HUNTER and Borts 1997;
WANG et al. 1999). Compared to the wild-type strain
(84% spore viability),, we found significant (P < 0.0001)
decreases in total spore viability with the mlhIA, pmsIA,
and mlh1-E31A strains (69, 77, and 79% spore viabilities,
respectively), but not with the pmsI-E61A strain (84%
spore viability; P = 0.2). There also were significant
(P < 0.01) elevations in the proportion of tetrads with
two viable and two inviable spores for the mikIA, pmsIA,
and mlhI-E31A strains but not for the pmsI-E61A strain;
none of the MMR-deficient strains had a significant
elevation in the proportion of tetrads with three viable
spores (Figure 4). The mihIA and mlhi-E31A strains
were significantly different from each other in all spore
viability classes except the class with three viable spores.

The specific increase in the proportion of tetrads with
two live:two dead spores is consistent with either meiosis
I nondisjunction resulting from reduced crossing over
or segregation of a heterozygous recessive lethal muta-
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FIGURE 4.—Spore viability patterns in wild-type and mutant
strains. The proportions of tetrad classes are based on the
analysis of 1074 (wild type), 1005 (mihIA), 931 (mlhI-E31A),
975 (pmsIA), and 696 (pmsI-E61A) tetrads. All diploids were
sporulated without prior purification (see MATERIALS AND
METHODS).

tion. Meiosis I nondisjunction involving chromosome
111 can be readily assessed, with the two surviving spores
predicted to be nonmaters because of heterozygosity at
MAT. WANG et al. (1999) reported that 20 of 1632 tetrads
in an mikIA deletion strain had this segregation pattern,
whereas no such tetrads were observed in wild-type or
pmsIA strains. Among the 1936 tetrads derived from
the mihIA and mih1-E31A homozygous strains examined
here, we found only 3 with the pattern of two nonmating
spores and two dead spores. PCR analysis with MATa-
and MATo-specific primers indicated that only 1 of the
tetrads contained spores disomic for chromosome 17 (data
not shown). In samples of 1074, 975, and 696 tetrads from
wild-type, pmsIA, and pmsI-E6IA strains, respectively,
none had the segregation pattern characteristic of meio-
sis I nondisjunction of chromosome III. These results
suggest that, although the mlhIA mutation clearly re-
duces the frequency of crossing over on chromosome
111, this reduction is not sufficient to result in elevated
meiosis I nondisjunction. The difference between our
results and those of WANG et al. (1999) may reflect the
different genetic backgrounds used in the two studies;
in our genetic background, the HI$4locus (on chromo-
some /) is an extraordinarily strong recombination
hotspot (WHITE et al. 1993). In addition, in our experi-
ments, the strains were sporulated at 18° rather than at
room temperature.

Different efficiencies of mismatch repair in different
strain backgrounds: As described above, the pmsI-E61A
allele had no significant effect on mutation rates at the
CANI locus in the haploid strain SJR1392 (Table 2),
while the mihI-E31A allele resulted in a mutator pheno-
type intermediate between those of wild-type and mihIA
strains (Table 3). Because these mutator assays were
done in a strain background unrelated to the strains

TABLE 6

Forward mutation rate at the CANI locus in
AS4- and PD73-related haploids

Fold
Relevant CANI mutation increase
Strain genotype rate (X1077)*  in rate’
PD73 derivatives
PD73 Wild type 1.2 (1.1-1.7) 1
HMY91 mlhIA::kanMX4 17 (15-24) 14
JSY88 mlhl-E31A 11 (8-17) 9
HMY92 pmsIA::kanMX4 16 (13-23) 13
JSY116 pmsI-E61A 2.3 (2.1-2.7) 2
AS4 derivatives
JSY106 Wild type 0.9 (0.6-1.1) 1
JSY108 mihIA::URA3 20 (17-25) 23
JSY104 mlhl-E31A 21 (19-28) 25
JSY107 pmsIA 35 (28-48) 41
JSY105 pmsI-E6IA 2 (1.1-5.8) 2

“ Rates were calculated by fluctuation analysis as described
in MATERIALS AND METHODS. Numbers in parentheses indicate
95% confidence intervals.

" The rates observed for the mutant strains were divided by
the wild-type rate.

used in the meiotic experiments, we repeated the CANI
mutator assay in derivatives of the haploid parental
strains used to construct the diploids (Table 6). In agree-
ment with earlier studies (TRAN and Liskay 2000) and
the results reported here with the SJR1392 derivatives,
the effect of the mlhi-E31A allele is about one-half that
observed in the mlhIA mutant, whereas the effect of
pmsI-E61A on mutation rate is very subtle. Although
the mutator phenotypes reported here are qualitatively
similar in different strain backgrounds, the absolute
effects of null mutations in MLHI and PMSI on the
forward mutation rate at the CANI locus vary consider-
ably between strains. Relative to the isogenic wild-type
strain, deletion of MLHI or PMSI elevates the CANI
mutation rate ~60-fold in the SJR1392 background (Ta-
bles 2 and 3), 30-fold in the AS4 background, and only
15-fold in the PD73 background (Table 6). Although
rate differences of this sort generally are attributed to
minor variations in the mutator assay as performed in
different labs at different times, the mutator phenotypes
for AS4 and PD73 were determined simultaneously. In
addition, we performed side-by-side CANI mutation rate
measurements for SJR1392 and PD73 and confirmed
that the mutation rates are elevated to different extents
in mlhIA mutants (data not shown). The strain-to-strain
differences in mutation rates documented here likely re-
flect strain-dependent differences in the fidelity of DNA
polymerase and/or differences in the efficiency of MMR.

DISCUSSION

Although the precise roles of MutL. homologs are not
known, it is generally assumed that heterodimers of
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these proteins serve as “matchmakers” to couple MutS-
dependent mismatch recognition to the appropriate
processing steps (see HARFE and JINKS-ROBERTSON
2000a). The nature of the downstream processing steps
is not clear, however, nor is it known whether these
steps are identical in all MMR-related processes. For
example, the repair of mismatch-containing replication
intermediates must incorporate a strand discrimination
step, which may not be relevant to the recognition/
repair of mismatches in recombination intermediates.
To address possible dissimilarities between MMR mech-
anisms in replication vs. recombination, we randomly
mutagenized the PMSI gene and screened for alleles
that differentially affected the mitotic spellchecker and
antirecombination activities of the corresponding pro-
teins. Two such separation-offunction alleles were iden-
tified in the screen (pmsI-L124S and pmsI-I854M), each
of which resulted in a reduction in the antirecombina-
tion activity of Pmslp, but had no significant effect on
the spellchecker function. When the pmsI-I854M muta-
tion was combined in the same gene with mutations
similar to the pmsI-L124S mutation (pmsI-E61A,I854M
and pms1-G128A,1854M double-mutant alleles; Table 2),
the mutations were not epistatic and, therefore, likely
affect the function of the Mlh1p-Pmslp complex in fun-
damentally different ways.

The alteration conferred by the pmsI-I854M allele is
within the C-terminal 200 amino acids of Pmslp, a re-
gion that is highly conserved with the human PMS2
protein, but is not represented in the yeast and human
MIh1 proteins or in the bacterial MutL protein (CROUSE
1998). Because the conserved C-terminal region of
Pmslp is required for ATP-independent heterodimer
formation with Mlh1p (PANG et al. 1997), the separation-
of-function phenotype associated with the pmsI-I854M
allele might simply reflect a reduction in the amount of
the Mlh1p-Pmslp complex, with full antirecombination
activity requiring more of the complex than the spell-
checker function. Our two-hybrid analysis (Figure 3)
indicates, however, that the 1854M amino acid change
does not significantly affect the level of the Mlhlp-
Pmslp interaction. An alternative to a stability-related
explanation for the pmsI-I854M separation-of-function
phenotype derives from studies of the C-terminal region
of the bacterial MutL protein, which not only is impor-
tant for analogous homodimer formation (DrROTSCH-
MANN et al. 1998), but also is required for interaction
of MutL with the MutH endonuclease and with the UvrD
helicase in two-hybrid assays (HALL et al. 1998; HaLL
and MaTsoN 1999). It thus is intriguing to speculate
that the pmsI-I854M mutation alters an interaction with
a protein that is important in mitotic antirecombina-
tion, but that plays little, if any, role in mutation avoid-
ance. Candidates for such a protein might include mem-
bers of the RAD52 epistasis group of recombination
proteins (SUNG et al. 2000) if mismatches are sensed

during the strand invasion process or might include
proteins involved in disrupting or destroying a recombi-
nation intermediate (e.g., helicases or nucleases) if mis-
matches are detected after formation of stable hetero-
duplex DNA.

Although it is unclear how the pmsI-I§54M mutation
impacts protein function, the pmsI-L124Sallele changes
an amino acid that is immediately adjacent to conserved
motif III of the GLH superfamily of ATPases (Figure
2). Motif III is part of the “ATP lid,” which undergoes
dramatic conformational change when the N-terminal
fragment of MutL. (LN40) binds ATP (BAN et al. 1999).
This ATP-dependent conformational change is accom-
panied by dimerization of LN40, which is required for
subsequent ATP hydrolysis and is speculated to be criti-
cal for the interaction of MutL with proteins that partici-
pate in the downstream steps of MMR. The weak ATPase
activity of MutL. presumably returns the protein to its
starting conformation so that it can participate in an-
other round of MMR. The situation is more complex
in eukaryotes than in bacteria, with the active forms of
the comparable Mutl-like complexes being heterodi-
mers. A functional asymmetry in the yeast Mlh1p-Pmslp
heterodimer has been observed in genetic studies in
which targeted mutations were introduced into the ATP
binding/hydrolysis domains of the individual subunits
(TraN and Liskay 2000). In these studies, mutations
that impacted ATP binding or the associated conforma-
tional changes (mlhI-G98A and pmsI-GI128) resulted in
a stronger mutator phenotype than that of the ATP
hydrolysis mutations (mlhi-E31A and pmsl-E61A), and
the mutations in Mlhlp resulted in a stronger mutator
phenotype than that of the comparable mutations in
Pmslp (TrRAN and Liskay 2000). On the basis of these
results, it was suggested that ATP binding by the individ-
ual subunits in the Mlhlp-Pmslp complex may be se-
quential, with ATP binding by Mlhlp preceding and
perhaps facilitating ATP binding/hydrolysis by Pmslp.
In support of this model, recent biochemical studies
have shown that an N-terminal fragment of yeast Mlh1p
binds ATP with 10-fold higher affinity than does a com-
parable N-terminal fragment of Pmslp (HALL et al. 2002;
see also TOMER et al. 2002). The asymmetry between
Mlhlp and Pmslp may not be limited only to ATP bind-
ing, but may also extend to ATP hydrolysis, as each N-ter-
minal fragment has inherent ATPase activity (GUARNE
et al. 2001; HALL et al. 2002). This is in contrast to
an N-terminal fragment of the bacterial MutL protein,
where only the homodimer exhibits ATPase activity
(BAN et al. 1999).

According to the model described above, the Mlh1p-
Pmslp complex would be expected to retain some func-
tion if the ATPase activity of Pmslp is compromised,
but would be expected to retain little, if any, function
if the ATPase activity of Mlhlp is eliminated. This pre-
diction not only is consistent with spellchecker pheno-
types reported previously (TRAN and Liskay 2000), but
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also is supported by the recombination analyses re-
ported here, with mutations in the ATPase domain of
Milh1p resulting in a more severe in vivo phenotype than
those in the ATPase domain of Pmslp. The functional
asymmetry observed for the ATPase domains of Mlhlp
and Pmslp in correcting DNA replication errors (TRAN
and Liskay 2000) thus extends to the mitotic antirecom-
bination function of the MMR system as well as to the
repair of mismatches in meiotic recombination interme-
diates.

In addition to the asymmetry between Mlhlp and
Pmslp observed in both the spellchecker and recombi-
nation assays, the results reported here indicate that
disruption of the ATPase activity of Pmslp impacts the
recombination-related functions of the Mlhlp-Pmslp
complex more than the replication-related spellchecker
function. The differential effect was evident when exam-
ining mitotic recombination between homeologous sub-
strates (Table 2) and when assessing the repair of mis-
matches in meiotic recombination intermediates (Table
4). These results suggest that the cycles of conforma-
tional changes induced by ATP binding/hydrolysis by
Pmslp are more important in the recognition or pro-
cessing of DNA mismatches in recombination interme-
diates than in the recognition or processing of DNA
mismatches resulting from DNA replication errors. Al-
though the purpose of these conformational changes
is not clear, it is likely that they are important in interac-
tions of the Mlhlp-Pmslp heterodimer with other pro-
teins involved in MMR-related functions. The proteins
required for processing mismatch-containing recombi-
nation vs. replication intermediates may be different or
the proteins simply could be present at different levels
in recombination vs. replication intermediates. For ex-
ample, proliferating cell nuclear antigen (PCNA), which
is known to interact with MMR proteins (JOHNSON et
al. 1996a; UMAR et al. 1996; FLORES-RozAs et al. 2000),
would be expected to be found at high concentrations
at DNA replication forks, but may not necessarily be
present at high levels in a heteroduplex recombination
intermediate. Thus, the Pmslp ATPase motifs might be
necessary for formation and/or stability of a functional
mismatch-repair complex in the absence of PCNA. Al-
ternatively, the ATPase activity of Pmslp may be re-
quired to direct the activity of downstream factors in
the absence of a replication-associated signal that deter-
mines which strand is to be repaired.

Although we favor the explanation that the pmsi-
E6IA, pmsI-L124S, and pmsI-G128A mutations partially
separate the functions of the yeast Mlhlp-Pmslp com-
plexin replication and recombination, there are several
caveats to this conclusion. First, since the assays used to
monitor recombination-related functions of the MMR
system were quite different from those used to assess
the spellchecker function, we cannot rule out the possi-
bility of DNA sequence-specific or chromosome context-

specific effects on MMR activity. In addition, there may
be competing systems of repair that operate differently
on recombination vs. replication intermediates. Finally,
recombination-related processes may be more sensitive
to the concentration of the Mlh1p-Pmslp complex than
are replication-related processes. It is formally possible
that the separation-of-function mutations in PMSI de-
crease the overall stability of the protein and thereby
reduce the concentration of the Mlh1p-Pmslp complex.
Such a stability explanation has been invoked to explain
MLH1 separation-of-function alleles that affect the re-
pair of mismatches in meiotic recombination intermedi-
ates more than meiotic crossing over (ARGUESO et al.
2002). Although we have not directly examined the
stabilities of the mutant Pmslp proteins, as reported
here for the pmsi-1854Mallele, introduction of the PMS1
or MLHI1 ATP binding/hydrolysis mutations does not
affect the stability of two-hybrid fusion proteins (TRAN
and Liskay 2000).

In summary, the results presented here demonstrate
thatitis possible to mutationally separate the replication
vs. recombination roles of the yeast Pmslp protein. The
identification of pmsl separation-offunction alleles is
consistent with the notion that the Mlhlp-Pmslp com-
plex couples mismatch recognition to the appropriate
downstream processing steps and suggests that the
downstream steps may differ, depending on the context
of the mismatch. A major goal of future MMR studies
in yeast will be to define the relevant downstream steps
in replication vs. recombination processes.
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