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Redundancy of Saccharomyces cerevisiae
MSH3 and MSH6 in MSH2-dependent

mismatch repair
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Saccharomyces cerevisiae encodes six genes, MSH1-6, which encode proteins related to the bacterial MutS
protein. In this study the role of MSH2, MSH3, and MSH6 in mismatch repair has been examined by
measuring the rate of accumulating mutations and mutation spectrum in strains containing different
combinations of msh2, msh3, and msh6 mutations and by studying the physical interaction between the
MSH2 protein and the MSH3 and MSH6 proteins. The results indicate that S. cerevisiae has two pathways of
MSH2-dependent mismatch repair: one that recognizes single-base mispairs and requires MSH2 and MSH6,
and a second that recognizes insertion/deletion mispairs and requires a combination of either MSH2 and
MSHG6 or MSH2 and MSH3. The redundancy of MSH3 and MSH6 explains the greater prevalence of hmsh2
mutations in HNPCC families and suggests how the role of hmsh3 and hmshé mutations in cancer

susceptibility could be analyzed.
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DNA mismatch repair plays a number of roles in the cell
including the repair of mispaired bases produced as a
result of DNA replication errors, chemical damage to
DNA and DNA precursors, processing of recombination
intermediates, and suppression or regulation of recombi-
nation between divergent DNA sequences (for review,
see Modrich 1991, 1994; Kolodner 1995). DNA mis-
match repair is best understood in bacterial systems;
however a series of genetic and biochemical studies has
shown that eukaryotes contain a mismatch repair sys-
tem that is similar to the bacterial MutHLS system in-
dicating evolutionary conservation of at least some of
the components of mismatch repair (Bishop et al. 1987,
1989; W. Kramer et al. 1989; Reenan and Kolodner
1992a,b; Fishel ct al. 1993; Leach et al. 1993; Bronner ct
al. 1994; Nicolaides et al. 1994; Papadopoulos et al.
1994; Li and Modrich 1995). The recent observations
that inherited mutations in mismatch repair genes cause
a common human cancer susceptibility syndrome
{Fishel et al. 1993; Leach et al. 1993; Bronner et al. 1994,
Kolodner et al. 1994, 1995; Liu et al. 1994; Nicolaides et
al. 1994; Papadopoulos et al. 1994), that acquired mis-
match repair defective mutations occur in sporadic colon
tumors (Borresen et al. 1995), and that many human tu-
mor cell lines are mismatch repair defective (Parsons et
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al. 1993; Umar et al. 1994; Boyer et al. 1995; Liu et al.
1995) have underscored the importance of understanding
mismatch repair in detail.

The yeast Saccharomyces cerevisiae provides an ideal
system for use in understanding mismatch repair be-
cause of the availability of both genetic and biochemical
methods for analyzing mismatch repair and the com-
plete S. cerevisiae genome sequence, soon to be avail-
able. Analysis of S. cerevisiae has led to the understand-
ing of at least three components of a bacterial MutHLS-
like mismatch repair system. MSH2 is highly related to
the bacterial MutS family of proteins, and as predicted by
this homology, MSH2 protein can bind to mispaired
bases, albeit with a higher affinity for insertion/deletion
mispair than for single-base mispairs (Reenan and Kolod-
ner 1992a,b; Alani et al. 1995). PMS1 and MLH1 are each
homologs of MutL, and these two proteins form a com-
plex that can bind to MSH2 when MSH2 is bound to a
mispaired base, similar to the interaction between Esch-
erichia coli MutL and MutS (Grilley et al. 1989; Kramer
et al. 1989; Prolla et al. 1994a,b). Human cells contain
homologs of the §. cerevisiae MSH2 (hMSH2), PMS1
(hPMS2), and MLH1 (hMLH1} proteins, and these pro-
teins appear to play roles that are similar to those of their
S. cerevisiae counterparts (Fishel et al. 1993, Leach et al.
1993; Bronner et al. 1994; Fishel et al. 1994; Nicolaides
et al. 1994; Papadopoulos et al. 1994; Li and Modrich
1995). There is also evidence that the human mispair
recognition complex contains a second subunit in addi-
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tion to MSH2, GTBP/pl60, which is also a MutS ho-
molog {Drummond et al. 1995; Palombo et al. 1995).

S. cerevisiae also contains a number of other MSH
genes whose function is generally less understood.
MSH1 encodes a mispair binding protein that is im-
ported into mitochondria and appears to function in mi-
tochondrial mismatch repair {Reenan and Kolodner
1992a,b; Chi and Kolodner 1994). Mutations in MSH3
confer a weak nuclear mutator phenotype in some mu-
tator assays {New et al. 1993; Alani et al. 1994, Strand et
al. 1995]. However, the magnitude of these effects is sub-
stantially less than those caused by mutations in MSH2,
PMS1, or MLH1, suggesting that MSH3 may play a rel-
atively minor role in mismatch repair (Williamson et al.
1985; Reenan and Kolodner 1992a; New et al. 1993;
Alani et al. 1994; Prolla et al. 1994a; Strand et al. 1995).
MSH4 and MSH5 do not appear to function in mismatch
repair but rather have a role in meiotic recombination
(Ross-Macdonald and Roeder 1994; Hollingsworth et al.
1995). In this study we describe a sixth MSH gene,
MSHS6, and present results that demonstrate that MSH2,
MSH3, and MSH& all play important roles in mismatch
repair.

Results

Identification of MSH

To identify additional MSH genes, the S. cerevisiae Ge-
nome Database was searched for protein sequences

showing homology to the most conserved region of
MSH2 (Reenan and Kolodner 1992b; Fishel et al. 1993).
One new gene encoding such a protein was identified
and called MSH6. This gene was predicted to encode a
139,992 molecular weight protein, showed homology
along its entire length with E. coli MutS$ and S. cerevisiae
MSH?2 (Fig. 1A}, and had an amino acid identity of 18.5%
and 18.1% with these two proteins, respectively.

After the studies described here had been partially
completed, we became aware of the identification of the
human GTBP gene by }]. Jiricny {Instituto Di Richerche
Di Biologia Moleculare P. Angeletti, Rome, Italy) and
collaborators. Regions of protein sequence identity be-
tween S. cerevisiae and mouse MSH6 (G. Crouse and R.
Kolodner, unpubl.) were provided to J. Jiricny, who found
that they exactly matched regions of the human GTBP
amino acid sequence. When larger amounts of the hu-
man GTBP amino acid sequence became available (Pa-
lombo et al. 1995), sequence alignments (Fig. 1B) dem-
onstrated that §. cerevisiage MSH6 and human GTBP
were related more closely to each other than to any other
MutS homolog (26.6% amino acid identity).

MSHG6 is involved in DNA repair

To determine whether MSHG6 is involved in DNA repair,
MSHG6 was disrupted in a diploid strain, which was then
sporulated and analyzed by tetrad analysis. In all cases
(27 spore clones analyzed) mshé mutations cosegregated
with a mutator phenotype as assessed in patch tests that
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detected the production of canavanine-resistant mutants
(Can"). To further analyze this mutator phenotype, a se-
ries of isogenic strains was constructed containing the
hom3-10 and Iys2-Bgl alleles {(+1 and +4 basc frame-
shift mutations, respectively) and either mshé, msh2 or
mshé6, and msh2 mutations. Patch tests (Fig. 2; data not
shown) demonstrated that in all cases analyzed, the
mshé mutation caused an increase in the rate of accu-
mulation of Can® mutations, but only a very small in-
crease in reversion of hom3-10 or Iys2—-Bgl (7 isolates
analyzed) compared to that seen in a msh2 mutant. This
was in contrast to the msh2 {13 isolates analyzed) and
msh2, mshé (5 isolates analyzed) strains that had a sim-
ilar increase in both the rate of accumulation of Can®
mutations and reversion of hom3-10 and lys2-Bgl.
Fluctuation analysis (described in Materials and meth-
ods) demonstrated that the rate of accumulation of Can®
mutations was 18-fold higher in a mshé mutant com-
pared with wild type; however, there was a very small
increase in the rate of reversion of hom3-10 and lys2-Bgl
in a msh6 mutant compared with wild-type strains (Ta-
ble 1). This was in contrast to msh2 mutations, which

mshé msh3 msh2

wild type

Can'

msh2 msh3 msh6 msh3 mshé msh2 msh3  mshZ mshé

mshé msh3 msh2

Hom

msh2 msh3 msh6 msh3 mshé msh2 mshé

msh2 msh3

Figure 2. Qualitative analysis of the mutator phenotype of S.
cerevisiae strains containing different combinations of muta-
tions in MSH2, MSH3 and MSH6. Patches of the indicated
strains were made on a YPD plate that was incubated at 30°C for
2 days. This master plate was then replica-plated to one canava-
nine plate, one threonine dropout plate, and one lysine dropout
plate (not shown) to detect the increased presence of Can® mu-
tants, Hom ™ revertants and Lys " revertants, which appeared as
papillae after incubation of the plates at 30°C for 2 days.

DNA mispair recognition

caused increases in the rate of accumulation of Can® mu-
tations and reversion of hom3-10 and lys2—Bgl by 40-,
662- and 55-fold, respectively; compared with the wild-
type control strain. Note that whereas the rate of rever-
sion of hom3-10 and Iys2-Bgl observed in the msh6 mu-
tant was significantly higher than the wild-type rate, it
was at best 1% of the rate of reversion of hom3-10 and
lys2—Bgl obscrved in msh2 mutants. The rate of accu-
mulation of mutations in the msh2, mshé strain was
similar to that of the msh?2 strain, consistent with MSH2
being epistatic to MSHG6.

Analysis of the spectrum of mutations that
accumulate in msh2 and msh6é mutants

To gain insight into the repair events in which MSH2
and MSH6 participate, the sequence of the Can™ muta-
tions arising in msh2 and msh6 mutants and the se-
quence of the Hom™ and Lys™ mutations arising in
msh? mutants were determined. The sequences of only a
small number of the Hom ™ and Lys ™ mutations arising
in mshé6 mutants were determined because hom3-10 and
Iys2-Bgl only revert at a low rate above background,
making it difficult to isolate such mutations or perform
a definitive analysis in this case.

To determine the sequence of the Hom* revertants, it
was first necessary to determine the sequence of the
hom3-10 allele. The hom3-10 allele present in several
different S. cerevisiae strains {(RKY2575 constructed in
this laboratory by gene replacement using pKS§;
MW3069-15A and MW3070-6C constructed in the labo-
ratory of S. Fogel and supplied by A. Jeyaprakash, Uni-
versity of Florida, Gainesville] and the hom3-10 allele
that had been rescued onto a plasmid were sequenced.
Analysis of these sequence data demonstrated that
hom3-10 was a +1 frameshift mutation caused by the
inscrtion of a single T in a run of 6 T’s constituting
nucleotides 646-651 of the wild-type gene (Fig. 3).

The most probablc mechanism by which frameshift
mutations such as hom3-10 and lys2—Bgl revert is either
through direct reversion to the wild-type allele or by mu-
tation events resulting in the insertion/deletion of nu-
cleotides between the relevant upstream or downstream
stop codons and the original mutation such that the cor-
rect reading frame is restored. Analysis of 20 or more
each Hom™ and Lys™ revertants arising in a msh2 mu-
tant showed that all reversion events involved the dele-
tion of onc nucleotide to restore the correct open reading
frame. All of the deletion events were the deletion of a
single nucleotide in short mononucleotide repeat se-
quences, similar to the prevalence of deletions seen dur-
ing instability of dinucleotide repeat sequences in mis-
match repair mutants (Strand et al. 1993). The observa-
tion that all of the Hom™* revertants were caused by the
deletion of a single T in a run of 7 T’s suggests that the
hom3-10 reversion assay is the equivalent of the mono-
nucleotide repeat instability assays used to study repeat
instability in human tumor cells in some cases {Shibata
et al. 1994, Papadopoulos et al. 1995). These data {Table
2; Fig. 3) support the idea that insertion/deletion mis-
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Table 1. Mutation rate analysis

Rate test

Genotype Can” Hom™* Lys*
Wild type 80x10°8 1.5x10°% 29 x 1078

1.2 x 1077 (1) 1.0 x 1078 (1) 1.4 x 10 ® 1)
msh2 43 x 107¢ 52 x107° 1.7 x 1078

3.7 x 107¢ {40) 1.2 x 1075 (662) 7.3 x 1077 (55)
msh3 9.9 x107¢ 74 x10°% 7.4 x 1078

1.1 x 1077 (1) 3.4 x 107" (4) 1.7 x 1078 {2)
mshé 1.8 x 10~¢ 1.0x 1077 52x 108

1.8 x 107¢ (18) 12 %1077 (8) 1.0 x 1077 {3)
msh2 mshé6 g81x10"° 52x107% 1.7 x10°%

2.9 x 107¢ (55) 2.6 x 10°¢ (300} 2.2 x 107% {91)
msh2 msh3 3.7 x10°° 6.7 x 10°° 6.8 x 1077

2.1 x 107¢ (29) 4.7 x 107 (438) 6.8 x 1077 {31)
msh3 mshé 33 x10°¢ 6.6 x 107° 33 x10°°

4.0 x 107¢ (37) 8.6 x 107¢ (585) 2.0 % 107% {123)
msh2 msh3 msh6 3.1x10°° 6.0 x 10°° 6.1 x10°7

2.5 % 107° (28) 5.1 x 10~% {431) 6.4 x 1077 {29)

The data from two independent experiments are presented. The number in parenthesis is the fold induction relative to the wild-type
valuc based on the average of the data from both experiments. The strains tested were RKY 2575 [wild type), RKY 2558 (msh2), RKY
2582 (msh3), RKY 2580 (mshé), RKY 2581 (msh2 msh6), RKY 2561 (msh2 msh3), RKY 2567 (msh3 msh6), and RKY 2571 {msh2 msh3

mshé).

pairs produced by DNA polymerase errors are not cor-
rected in msh2 mutants. The small number of Hom™
and Lys™ revertants we were able to obtain from mshé
mutants were all —1 frameshift mutations of the type
seen in msh2 mutants (Table 2). The limited reversion of
hom3-10 and lys2-Bgl seen in mshé mutants (~1% of
the rate seen in 2 msh2 mutant) and the type of muta-
tions obtained suggest that mshé mutants have at best a
small defect in recognition of inscrtion/deletion mi-
spairs, including 1-base insertion/deletion mispairs.

To gain further insight into MSH2- and MSH6-depen-

Figure 3. DNA scquence analysis of Hom '
and Lys* revertants. Nucleotides 565788 of
the HOM3 gene and nucleotides 270-583 of
the LYS2 gene were determined as described
in Materials and methods; however, only the
sequencing chromatogram of the coding
strand of the region containing either the
hom3-10 or lys2-Bgl allele is shown. {A) Se-
quence chromatogram from a wild-type
strain showing the 6T wild-type HOM3 al- B
lele; (B} sequence chromatogram from a

hom3-10 mutant strain showing the 7T mu-

dent repair, the Can' mutations [any mutation inactivat-
ing the arginine permease gene) arising in msh2 and
msh6 mutants were sequenced. This assay is particularly
useful because unlike the hom3-10 and lys2-Bgl rever-
sion assays, the Can® mutation assay is unbiased and can
detect any type of inactivating mutation that can occur
in the ~1.8-kb arginine permease gene. The data (Table
3) demonstrate that 86% of the Can® mutations in the
msh6é mutant were single-base substitutions, whereas
the Can® mutations arising in the msh2 mutant were
primarily (853%) single-base insertion/deletion muta-

tant allele; (C) sequence chromatogram from

a Hom™* revertant showing reversion to the By Ty {[i|
|

6T wild-type allele; (D) sequence chromato-

gram from a wild-type strain showing the cC
wild-type LYS2 allele; (E) sequence chro- N
matogram from a lys2-Bgl mutant strain |
showing the GATC duplication caused by
the lys2-Bgl allele; (F) sequence chromato-
gram from a Lys™ revertant showing the 4

L E LAY \l 'IH

G AAG G AC L'_I[Ii. L
. (Al il \ 'ql‘ S
| | It il | (V i I. |: |
L'y _I'h ,f"-\ll LMI L U AR

C’s to 3 C’s — 1 frameshift, which restores the correct reading frame in the revertant. The site of the Bglll site in the LYS2 gene and
the run of 4 C’s in the LYS2 gene where the —1 C deletion occurred in the Lys* revertant are indicated by overlining in D.
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Table 2. Mutation spectrum of Hom" and Lys* revertants

DNA mispair recognition

Hom* Lys*
Genotype mutation occurrence mutation occurrence
msh2 AT T,— T. 22/22 AA As— Ag 9/21
AC Ci— G, 11/21
C,— C, 1/21
msh6 AT Te— Ts AA Ag— Ag 1/4
AT T,— T, 3/4

The strains tested were RKY 2558 (msh2) and RKY 2580 (msh6). All of the Hom™* revertants involved the direct reversion of the 7T
hom3-10 allele to the 6T HHOMS3 allele, whereas a variety of mutations at LYS2 were observed. Only a summary of the mutations
obscrved is presented. A detailed mutation spectrum is available on request.

tions {primarily deletions) in short mononucleotide re-
peat sequences. The accumulation of single-base substi-
tution mutations in the mshé mutant (86% of an 18-fold
increase in mutation rate) is, within the error of such
measurements, equivalent to the rate of accumulation of
such mutations in the msh2 mutant (15% of a 40-fold
increase in mutation rate). In contrast, the accumulation
of insertion/deletion mutations in the mshé mutant ac-
counts for at most a 2.5-fold increase in the rate of ac-
cumulation of mutations over background (14% of an
18-fold increase in mutation rate), which is consistent
with the results obtained with the frameshift reversion
assays. The sum of the mutational spectra data suggests
that MSH?2 is required for a mismatch repair pathway
that recognizes single-base mispairs and insertion/dele-
tion mispairs, whereas MSH6 is primarily required for
recognition of single-base mispairs and at best plays only
a small role in the repair of insertion/deletion mispairs
including single-base insertion/deletion mispairs.

Table 3. Mutation spectrum of Can® mutants

The pms3-1 mutation is an allele of MSH6

One of the original pms mutations, pms3-1, causes phe-
notypes that are similar to those caused by mshé muta-
tions. pms3-1 mutations cause an increased rate of ac-
cumulation of Can" mutations but do not cause an in-
crease in the rate of reversion of hom3-10 (Williamson et
al. 1985; Jeyaprakash et al. 1994). In addition, it has been
shown that pms3-1 mutations cause a complete defect in
the repair of heteroduplex plasmid DNAs containing
each of the eight possible single-base substitution mi-
spairs, similar to that caused by mutations in PMSI and
PMS2 (MLHI). However, in contrast to mutations in
PMS1 and PMS2 (the original PMS2 gene is identical to
MLH1; Jeyaprakash et al. 1996), pms3-1 mutations do
not cause a defect in repair of heteroduplex plasmid
DNAs containing either a + A or a +T single-base in-
sertion mispair (B. Kramer et al. 1989). To determine
whether pms3-1 is a allele of MSHG, we transformed a

Inscrtion/delction Base change
Genotype mutation occurrence mutation occurrence
msh2 AA Ay, — A; 7/20 C—A 1/20
AT Te— T 2/20 G—T 1/20
T,— T, 2/20 T—-G 1/20
T, T, 4/20
Ty T, 1/20
+T T, T, 1/20
17/20 (85%) (3720 (15%)
mshé AT Te— Ty 1/21 C—A 1/21
T,—- T, 1/21 G—=A 10/21
AC C,—> G, 1/21 G—->T 4/21
T—C 2/21
T—G 1/21
3/21 (14%) 18/21 (86%)
msh3 mshé AA A,— A 4/22 A—-G 1/22
AT Ts— Ts 7/22 C—A 2/22
T,— T, 2/22 G—T 2/22
AG G, =Gy 1/22 G—A 1/22
+T Ts— T, 1/22 T-C 1/22
15/22 {68%) 7/22 {32%)

The strains tested were RKY 2558 (msh2), RKY 2580 (mshé), and RKY 2567 |msh3 mshé6). Only a summary of the mutations observed

is presented. A detailed mutation spectrum is available on request.
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pms3-1 mutant strain with either a plasmid containing
the wild-type MSH6 gene or the cloning vector as a con-
trol and tested eight independent transformants each for
complementaion of the pms3-1 mutator phenotype us-
ing patch tests on canavaninc plates as described in Fig.
2. In all cases, complete complementation was observed
with the MSH6 plasmid but not with the vector control,
consistent with the idca that pms3-1 is an allele of MSH6.

To confirm that pms3-1 mutant strains contain a mu-
tation in MSH6, the MSH6 gene was amplified from both
a pms3-1 mutant and a wild-type parental strain and se-
quenced, One difference from the wild-type MSH6 se-
quence was observed (Fig. 4). This change was a G — A
change at nucleotide 1262 (codon 421), which results in

A
INT6G ACRATCG 66T CG1 Af
I"I
wild f |' \ \
| \ | ."‘
type |' f\ 'I
f\/\,\l '|' / II
J\/)( n/ J\/X m NN
T TGACAT CGG AC 6T T AR
|'n“.
I| |II I{\
pms3-1 /\\ f |' ‘. =]
I | \j’\ \ I|| X\'\‘ .
\ /\\mw‘;\ ALAL A
B
D
GAT
ATA TTG ACA TCG GGT ACG TTA ACT GAT
I L T S G T L T D
nuc. 1262
codon 421
Cc
pms3-1 S.cerevisiae QCILTSDTLTDGM
MSH6 S.cerevisiae  QCILTSGTLTDGM
Figure 4. DNA scquence analysis of the pms3-7 allele. The ﬂgﬁg ggﬁ:ﬁ g;;igﬁg@ggg\\;
en(tilre Mgl;f() genc wasdsequ%n((:ieq f;)lm cg)nlgcmfl w1ld-ty§)e MUTS E.coli VRIVTPGTISDEA
and pms3-1 strains as described in :‘atena’s and methods. MUTS S.typhimurium VRIVTPGTISDEA
{A) Sequence chromatogram of nucleotides 12521270 of the MUTS H.influenzae VRIVTPGTISDEA
MSH6 gene and the pms3-1 allcle. The G— A change at MUTS A.vinlandii VRIITPGTISDEA
nucleotide 1262 is overlined. (B) DNA sequence of nucle- HEXA S.pneumoniae  VRVITPETVVDSS
otides 1249-1275 of the MSH6 gene with the translated MUTS B.subti:!.ig VQLITPGTVMDGK
amino acid sequence listed below and the effect of the MSH1 S.cerevisiae  TRIVTPGTFIDEA
pms3-1 mutation on the DNA and amino acid sequence in- MSH2 Human AYRASPGNLSQFE
dicated above. (C} Alignment of the relevant region of amino MSH% ﬁouse g&gPGNLSQgE
acid sequence from different MutS homologs and the pms3-1 MSH Snopus TQ
lele of S siae MS s isize M d - SPEL1 Drosophila EYRGSPGNLLQOFE
allele of 5. cerevisiae MSH. 0. cerevisiae SH4 an MSH:’ MSH2 S.cerevisiae IKSASPGNIEQVN
are not shown as they are highly divergent in this region. DUG Human TALYTKSTLIGED
Most amino acids in this region are not even present in REP1 Mouse TALYTKSTLIGED
MSH4 and MSH5. The conserved Gly-421 and equivalent SWI4 S.pombe ARVLTKGTTLDDS
residues in other MutS homologs arc indicated in bold. MSH3 S.cerevisiae  SNVFTKATFGVNS
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a substitution of Asp for Gly, a significant amino acid
change. This Gly is a highly conserved amino acid lo-
cated in a conserved region of the known MutS ho-
mologs, except S. cerevisiae MSH4 and MSH5, which are
highly divergent in this region {(most amino acids in this
region are not even present in MSH4 and MSHS5). Gly-
421 is perfectly conserved in a subset of MutS homologs:
the Mut$ subfamily, the MSH2 subfamily, the MSH6
subfamily, and MSH1. In the MSH3 subfamily, this res-
idue is either Gly, Ser, or Ala, the latter two amino acids
being conservative substitutions. These data, combined
with the observation that MSH6 complements pms3-1,
indicate that pms3-1 is a missense mutation in MSHé6.
We propose that the MSH6 gene continue be called
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MSHG because this designation provides information
about the function of the gene; in keeping with this,
pms3-1 should be renamed mshé-1.

Analysis of the role of MSH3 in mismatch repair

The low rate of accumulation of insertion/deletion mu-
tations in msh6 mutants is reminiscent of msh3 mu-
tants, which show low but increased rates of reversion of
hom3-10 and lys2-Bgl but essentially no increased rate
of accumulation of Can" mutants (New ct al. 1993, Alani
et al. 1994). One explanation for the low rate of accumu-
lation of insertion/deletion mutations in mshé and
msh3 single mutants is that there are two mismatch
repair pathways: a MSH2, MSH6 pathway, which recog-
nizes single-base mispairs and inscrtion/deletion mi-
spairs, and a MSH2, MSH3 pathway, which only recog-
nizes insertion/deletion mispairs. To test this possibil-
ity, a msh3, mshé double mutant was constructed and
analyzed to determine the effect of this double mutation
combination on the accumulation of mutations.

The results (Table 1; Fig. 2} demonstrated that the rate
of accumulation of Can® mutations and the rate of rever-
sion of hom3-10 and lys2-Bgl in the msh3, mshé double
mutant (8 isolates analyzed) was increased synergisti-
cally in comparison with either the msh3 or msh6 single
mutants (5 and 7 isolates analyzed, respectively) and was
essentially indistinguishable from that observed in a
msh2 single mutant (13 isolates analyzed). Both the
msh2, msh3 double mutant strain (two isolates ana-
lyzed) and the msh2, msh3, mshé triple mutant strain
{two isolates analyzed) had the same phenotype as the
msh2 single mutant, as assesscd in both patch tests (Fig.
2} and quantitative rate tests (Table 1), suggesting that
MSH2 is epistatic to MSH3 and MSH6. Therc are some
small differences in mutation rates seen in the strains
containing multiple combinations of msh?2, msh3 and
msh6 mutations relative to msh2 mutant strains; how-
ever these differences are no more than about two-fold,
which is the level of variation seen in these typcs of
experiments.

Sequence analysis of the Can” mutations that occurred
in the msh3, msh6 double mutant demonstrates that
like the msh2 single mutant, single-base insertion/dele-
tion mutations (primarily deletions) in short mononu-
cleotide repeat sequences predominatc over single-base
substitution mutations in the msh3, mshé double mu-
tant (Table 3). The mutation spectrum of Can® mutations
in the msh3 single mutant was not analyzed because the
rate of accumulation of mutations in msh3 mutants is
essentially the same as in wild-type control strains.
Within the error caused by the sample size used, the
mutation spectrum in the msh3, msh6 double mutant is
essentially the same as in the msh2 single mutant, both
with regard to the preponderance of single-base inser-
tion/deletion mutations and the type of insertion/dele-
tion mutations seen. This result indicates that the syn-
ergistic effect of msh3 and mshé mutations is primarily
confined to the rate of accumulation of insertion/dele-
tion mutations and that the rate of accumulation of sin-

DNA mispair recognition

gle-base substitution mutations is similar to that ob-
served in either msh2 or mshé6 single mutants. These
data are consistent with the idea that a combination of
mutations in MSH3 and MSH6 inactivates mismatch re-
pair in a way that is similar to that caused by mutations
in MSH2. However, our data do not rule out the possi-
bility that there are small differences in mutagenesis in
the msh3, msh6 double mutant compared with the msh2
single mutant.

MSH2 interacts with MSH3 and MSH6

The observation that human MSH?2 interacts with the
human homolog of MSH6, GTBP/pl60, suggests that
MSH2 might interact with both MSH3 and MSH6. To
test this possibility, MSH3, hexa-His-tagged MSHS3,
MSHS6, hcexa-His-tagged MSHG, MSH2, and 12CA5-
epitope-tagged MSH2 {Alani et al. 1995) were transcribed
and translated in vitro to determine whether MSH2
could interact with MSH3 or MSH6. The DNA tem-
plates used in these studies were produced by PCR and
contained only the MSH3, hexa-His-tagged MSHS3,
MSH6, hexa-His-tagged MSH6, MSH2, and 12CAS5
epitope-tagged MSHZ2 coding sequences, as needed to en-
sure that only these proteins were synthesized. Control
experiments verified that for each of these proteins, full-
length protein could be synthesized under the in vitro
transcription and translation conditions used.

To detect interactions between MSH2 and MSHS, dif-
ferent combinations of MSH6 or hexa-His-tagged MSH6
plus MSH2 or 12CAS5-epitope-tagged MSH2 were
cotranscribed and translated in the presence of [**S|me-
thionine. Thesc proteins were then analyzed using a
two-step procedure in which the proteins were first cap-
tured and eluted from Ni-beads and then immunoprecip-
itated with anti-12CA5 antibody (Fig. 5A}. A 140-kD
polypeptide the size of MSH6 and a 109-kD polypeptide
the size of MSH2 were coimmunoprecipitated only
when MSH6 contained the hexa-His tag and MSH?2 con-
tained the 12CAS5 epitope. The recovery of this complex
was dependent on the presence of the 12CA5 MSH2
epitope, the hexa-His MSH6 tag, the MSH6 coding re-
gion (Fig. 5A), and the MSH2 coding region (data not
shown), indicating that the observed complex was
caused by a specific interaction between MSH2 and
MSHS6. An identical series of experiments was also per-
formed to determine whether MSH3 would interact with
MSH?2 except that the MSH3 gene sequence was substi-
tuted for the MSH6 gene sequence {data not shown).
These experiments similarly demonstrated that a 120-
kD polypeptide the size of MSH3 and a 109-kD polypep-
tide the size of MSH2 protein were coimmunoprecipi-
tated only when MSH3 contained the hexa-His tag and
MSH2 contained the 12CA5 epitope. The recovery of
this complex was dependent on the presence of the
12CA5 MSH2 epitope, the hexa-His MSH3 tag, the
MSH3 coding region, and the MSH2 coding region (data
not shown), indicating that the observed complex was
attributable to a specific interaction between MSH2 and
MSHa3. In these experiments, the MSH2-MSH3 and
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1 2 3 -

His His + - MSH6, 35s-labeled

35q_
+ CAS5 CA5 CA5 MSH2, 35s-labeled MSH3, 33s-labeled

CAS5 + CAS MSH2, unlabeled

-205 KDa

-205 KDa
MSHE6 —> ——
N L8 -116 KDa MSH3 —p> -— R —
=¥ Xow -97 Kba
-66 KDa
-66 KbDa

Figure 5. MSH2 protein interacts with MSH3 and MSHS6. {A] Different combinations of pairs of MSH6, hexa-His-tagged MSHS,
MSH2, and 12CAS5-epitope-tagged MSH2 proteins and mock proteins (no template DNA added) were prepared by co-in vitro tran-
scription—translation as indicated in the presence of (3*S]methionine and analyzed by capture on Ni-beads followed by immunopre-
cipitation with anti-12CA5 meonoclonal antibody in the presence of 1% Triton X-100 and 0.5 M NaCl as described in Materials and
methods. An aliquot of each reaction was analyzed prior to processing with Ni-beads and 12CAS antibody to ensure that all of the
proteins had been synthesized (data not shown). (Lane 1) Hexa-His-tagged MSHG + MSH2; (lane 2) hexa-His-tagged MSH6 + 12CA5
epitope-tagged MSH2; {lane 3) MSH& + 12CA5 epitope-tagged MSH2; (lane 4) 12CA5 epitope-tagged MSH2 with no MSH6 template.
The position where protein standards migrated on the same gel is indicated as are the positions where MSH2 and MSH6 are expected
to migrate. (B) MSH3 protein and mock proteins (no template DNA added) were prepared by in vitro transcription—translation as
indicated in the presence of [**S]methionine. These proteins were mixed with unlabeled MSH2 protein or 12CA5-epitope-tagged MSH2
protein prepared by in vitro transcription—translation as indicated and analyzed by immunoprecipitation with anti-12CA5 monoclonal
antibody in the presence of 1% Triton X-100 and 0.5 m NaCl as described in Materials and methods. An aliquot of each reaction was
analyzed before processing with 12CAS5 antibody to ensure that MSH3 protein had been synthesized in all reactions [data not shown).
In addition, the MSH2 templates were analyzed by in vitro transcription—translation in parallel reactions in the same experiment to
ensure that they directed the synthesis of MSH2 and 12CAS5-epitope-tagged MSH2 (data not shown). (Lane 1) 12CA5 epitope-tagged
MSH2 with no MSH3 template; (lane 2} MSH3 + 12CAS5 epitope-tagged MSH2; (lane 3) MSH3 + MSH?2; {lane 4) MSH3 with no MSH2
template. The position where protein standards migrated on the same gel is indicated, as is the position where MSH3 is expected to
migrate. For templates added to in vitro transcription~translation reactions: { — ) no template; |+ ) wild-type template; {His) hexa-His-
tagged template; {CA5] [2CAS5 epitope-tagged template.

MSH2-MSHG6 complexes could be quantitatively recov-
ered by immunoprecipitation in the presence of 1% Tri-
ton X-100 and 0.5 M NaCl, indicating that they were the
result of a strong interaction between the proteins.

A second series of experiments was performed in

coded by the MSH6 gene specifically interacted with the
MSH2 protein and could be immunoprecipitated
through a specific interaction with MSH2. In these ex-
periments, the MSH2-MSH3 and MSH2-MSH6 com-
plexes could be quantitatively recovered by immunopre-

which individual proteins were scparately transcribed
and translated in vitro and then mixed together to allow
complex formation to occur. These experiments (Fig. 5B)
demonstrated that a 120-kD polypeptide, which is the
predicted size of MSH3, could be immunoprecipitated by
anti-12CAS5 antibody if translated *°S-labeled MSH3 was
mixed with epitope-tagged MSH2. The 120-kD MSH3
polypeptide was not immunoprecipitated if the MSH3
gene was not included in the transcription—translation
mixes or if the translated MSH2 did not contain the
12CAS5 epitope. These experiments indicated that the
120-kD MSH3 polypeptide was immunoprecipitated
only in the presence of 12CA5 epitope-tagged MSH2, in-
dicating a specific interaction between MSH3 and
MSH2. An identical series of experiments was also per-
formed to determine whether MSHG would interact with
MSH2, except that the MSH6 gene was substituted for
the MSH3 gene (data not shown). These experiments
similarly demonstrated that the 140-kD polypeptide en-
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cipitation in the presence of 1% Triton X-100 and 0.5 m
NaCl, indicating that they were the result of a strong
interaction between the proteins.

Discussion

In this communication we describe a sixth S. cerevisiae
MSH gene, MSH6. The MSHG6 protein is related most
closely to GTBP/plé0, a protein identified because it
interacts with human MSH2 and thus appears to be a
second subunit of a human mispair recognition complex
(Drummond et al, 1995; Palombo et al. 1995). Mutations
in MSH6 cause a partial mutator phenotype consistent
with a defect in recognition of single-base mispairs sim-
ilar to that observed in a msh2 mutant, but only a small
defect (~1%/] in the recognition of insertion/deletion mi-
spairs compared with that observed in msh2 mutants.
The prior demonstration that pms3-1 mutations cause a
direct defect in the repair of single-base substitution
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mispairs and not single-base insertion mispairs (B. Kramer
et al. 1989}, combined with the observation presented
here that pms3-1 mutations arc alleles of MSH6, confirm
that mshé mutations cause a specific defect in the repair
of single-base substitution mispairs but not single-base
insertion mispairs. In contrast, msh2 mutations cause
defects that are consistent with a defect in recognition of
both single-base and insertion/delction mispairs during
mismatch repair. The analysis of msh3 mutations pre-
sented here confirms previously published results that
msh3 mutations cause only limited defects in mismatch
repair (New et al. 1993; Alani et al. 1994). Surprisingly,
msh3, msh6 double mutant strains had essentially the
same mutator phenotype and mutation spectrum as
msh2 mutant strains. The ~100-fold synergistic effect of
msh3 and msh6 mutations on the rate of accumulation
of mutations is confined to the accumulation of inser-
tion/deletion mutations, whereas the accumulation of
single-base substitution mutations is mshé dependent
and msh3 independent. Epistasis analysis of MSH2,
MSH3 and MSH&6 is consistent with the idea that MSH3
and MSH6 cncode redundant functions that act in
MSH2-dependent mismatch repair of insertion/deletion
mispairs, whereas MSH6 appears to also be required for
MSHZ2-dependent mismatch repair of single-base substi-
tution mispairs.

Fig. 6 illustrates a model that is consistent with the
results presented above. Based on the observations that
human GTBP/pl60 (MSH6) forms a heterodimer with
MSH2, which recognizes mispaired bases (Drummond et
al. 1995; Palombo et al. 1995}, and that S. cerevisiae
MSH?2 forms complexes with both MSH3 and MSHG6, we
propose that there are two mispair recognition com-
plexcs: an MSH2-MSH6 complex that recognizes both
single-base mispairs and insertion/deletion mispairs,
and a MSH2-MSH3 complex that recognizes insertion/
deletion mispairs and does not recognize single-base mi-
spairs or has only very low affinity for them. Given that
MSH2 can rccognize mispaired bases by itself (Fishel et
al. 1994; Alani et al. 1995), MSH3 and MSHG6 could ei-
ther modify the specificity of MSH2 or could participate
dircctly in mismatch recognition. The proposed relative
affinity of each complex for different mispairs and the
redundancy of MSH3 and MSH6 with regard to recogni-
tion of insertion/deletion mispairs provides an explana-
tion for the following observations: (1) the strong muta-
tor phenotype caused by msh2 mutations; {2) the accu-
mulation of single-base substitution mutations in mshé
mutants; {3) the lack of effect of msh3 and msh6 muta-
tions on accumulation of insertion/deletion mutations;
(4) the observation that msh6 {pms3-1) mutations cause
a direct defect in the repair of single-base substitution
mispairs but not single-base insertion mispairs {B. Kramer
et al. 1989); and (5) the synergistic effect of msh3 and
mshé mutations on the accumulation of insertion/dele-
tion mutations. Whereas the proposed model is consis-
tent with both the genetic data and the protein—protein
interaction data presented here, a complete test of this
model will require purificaticn of each complex and
analysis of its mispair binding properties, which is in

DNA mispair recognition

Single-base mispair recognition

MLH1/ PMS1

Figure 6. Model for mismatch recognition in S. cerevisiae. The
various postulated complexes between MSH2 and either MSH3
or MSHé are illustrated interacting with either a single-base
substitution mispair or an insertion/deletion mispair; exactly
which of the proteins in these complexes, MSH2, MSH3, or
MSHG actually interacts with the mispaired base is not known.
Also indicated is the previously described MLH1-PMS1 com-
plex which intcracts with the mispair recognition complex [Pro-
lla et al. 1994). The S. cerevisiae protein names are given as
primary namies; the human protein names are the same except
for PMS1, which is called PMS2 in humans, and MSH6, which
has been called GTBP or p160 in humans.

progress. Furthermore, whereas our data are consistent
with the idea that MSH2-MSH3 and MSH2-MSH6 com-
plexes direct the majority of mismatch repair, it remains
possible that any one of these proteins can form com-
plexes with itself and that such complexes can direct a
limited amount of mismatch repair. This may explain
how MSH2 recognizes mispaired bases by itself.

In human tumor cell lines gtbp mutations cause a
strong in vitro defect on repair of single-base substitu-
tion and single-base insertion/deletion mispairs and a
variable partial defect in repair of larger insertion/dele-
tion mispairs (Drummond et al. 1995). GTBP mutant
human tumor cell lines have been reported to have mi-
crosatellite instability in vivo, at both mononucleotide
and dinucleotide repeat loci, although apparently at
lower rates than in tumor cell lines having mutations in
BMSH?Z or BMLH?1 (Parsons ct al. 1993; Bhattacharyya et
al. 1994; Shibata et al. 1994; Umar et al. 1994; Papado-
poulos et al. 1995}, Our results with msh6 mutants most
closely resemble the results of microsatellite instability
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analysis of gtbp mutant human tumor cell lines {Shibata
et al. 1994; Papadopoulos et al. 1995). We do not under-
stand the basis for the differences in results obtained
with in vivo and in vitro measurements of the effect of
mshé/gtbp mutations. It is possible these differences
could be due to methodological differences, possible in-
stability of selected proteins in mutant cells (Drummond
et al. 1995) or the interaction between mismatch repair
and DNA replication that occurs in vivo but not in vitro.

Mutations in GTBP (MSH6) have not been found in
HNPCC families and have only been found in a small
proportion of tumor cell lines {Papadopoulos et al. 1995).
To our knowledge, no systematic search has been made
for mutations in hAMSH3 (DUG and MRPI are other
names for human MSH3) in HNPCC families. Such mu-
tations must be rare in microsatellite unstable, mis-
match repair-defective human tumor cell lines since the
majority of such cell lines can be explained by the pres-
ence of either msh2 or mlhl mutations {Boyer et al.
1995). Our results have important implications for the
analysis of mismatch repair defective mutations and
their association with cancer susceptibility. First, the re-
dundancy of MSH3 and MSH6 compared with the appar-
ently universal requirement for MSH2 in mismatch re-
pair provides an explanation for the high prevalence of
msh2 mutations in HNPCC families and human tumors
(Fishel et al. 1993; Leach et al. 1993; Kolodner et al.
1994; Liu et al. 1994; Nystrom-Lahti et al. 1994; Borre-
sen et al. 1995; Boyer et al. 1995). This is because inde-
pendent mutations in both MSH3 and MSH6, which
seem unlikely, would be required to produce the same
mismatch repair defect as that caused by mutations in
MSH2. It is also possible that the lack of another entirely
MSH2-dependent process rather than the loss of mis-
match repair is the underlying cause of cancer suscepti-
bility. Second, by selecting for tumors and syndromes
{HNPCC]) associated with high degrees of microsatellite
instability {Aaltonen et al. 1993; Ionov et al. 1993, Pel-
tomaki et al. 1993a,b; Bhattacharyya et al. 1994,
Honchel et al. 1994; Orth et al. 1994, Shibata et al. 1994,
Eshleman and Markowitz 1995), one may select against
cancers caused by mshé or msh3 mutations. In contrast,
one might expect to find msh6é mutations associated

Table 4. S. cerevisiae strains used in this study

with tumors that have increased rates of accumulating
single-base substitution mutations but have little if any
microsatellite instability (Eschelman et al. 1995). By
analogy, one might only expect to find msh3 mutations
associated with cancers showing low level microsatellite
instability but lacking other mutator phenotypes. Third,
it is possible that the relatively low mutator phenotype
caused by msh3 or mshé mutations compared with
msh2 mutations is insufficient to cause cancer initiation
or progression, or that such mutations have lower pene-
trance than msh2 mutations. Finally, the mutational
spectra presented here suggest that in human tumor cells
having complete inactivation of MSH2-dependent mis-
match repair, the most likely mutations to occur within
gene coding sequences are frameshift mutations within
short mononucleotide repeat sequences which can be
quite prevalent within coding sequences.

Materials and methods
Strains, plasmids and media

All of the S. cerevisiae strains used in this study for the analysis
of mutations in MSH2, MSH3, and MSH6 were isogenic strains
derived from a MGD strain provided by A. Nicolas (Rocco et al.
1992} and are listed in Table 4. The wild-type and pms3-1 mu-
tant strains used to analyze the pms3-1 mutation were
MW3070-6C and MW2049-24C, respectively, and were kindly
provided by A. Jeyaprakash {Jeyaprakash et al. 1994). Disruption
mutations in MSH2, MSH3 and MSH6 as well as the hom3-10
and lys2-Bgl mutations were introduced by standard lithium
acetate transformation based gene disruption techniques and, in
some cases, by crossing mutant derivatives to isogenic deriva-
tives of MGD. The presence of mutations in MSH2, MSH3 and
MSH6 was always verified using PCR amplification of the mu-
tant and wild-type alleles, whereas the presence of hom3-10 and
lys2-Bgl was verified by PCR amplification followed by DNA
sequence analysis (see below). Derivatives of strains in which
the URAS3 gene had been excised by recombination between
hisG repeats were selected on minimal dropout plates contain-
ing 5-FOA.

The MSH6 gene (S51246, YD8557.04¢) was disrupted using a
PCR-based method to generate a DNA fragment consisting of
the URA3 gene flanked by DNA from the 5’ and 3’ ends of the
MSH6 gene. DNA from the 5’ end of MSH6 was amplified with

Strain Genotype

RKY 2583 MATa/o, ade2/ADE2, ura3-52/ura3-52, trpl-289/trp1-289, leu2-3,112/1eu2-3,112, HIS3/his3A1, CYH2/cyh2
RKY 2558 MATa, ade2 ura3-52, leu?-3,112, trp1-289, his3A1, lys2-Bgl, hom3-10, msh2::hisG

RKY 2569 MATa ADE2, ura3-52, leu?2-3,112, trp1-289, his3A1, lys2—Bgl, hom3-10, msh2::hisG, msh3::hisG-URA3-hisG
RKY 2567 MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, lys2—Bgl, hom3-10, msh3::hisG-URA3-hisG, msh6::URA3

RKY 2571
mshé6::URA3

MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, lys2-Bgl, hom3-10, msh2::hisG, msh3::hisG-URA3-hisG,

RKY 2575 MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, Iys2-Bgl, hom3-10

RKY 2580 MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, lys2-Bgl, hom3-10, msh6::URA3

RKY 2581 MATa, ade?2, ura3-52, leu2-3,112,trp1-289, his3A1, lys2-Bgl, hom3-10, msh2::hisG, mshé::URA3

RKY 2582 MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, lys2—Bgl, hom3-10, msh3::hisG-URA3-hisG

RKY 2584 MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, lys2-Bgl, hom3-10, msh3::hisG

RKY 2585 MATa, ade2, ura3-52, leu2-3,112, trp1-289, his3A1, lys2—Bgl, hom3-10, msh3::hisG, msh6::URA3
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primers 21355 ([5'-GGTTCCGCGTGGATCCATGGCCCC-
AGCTACCCCTAAAACTTC) and 21737 (5'-CGATGATAAG-
CTGTCAAACATGAGAATTCGAGATTGGGAAGATGATA-
AAATCCTC), and the 3' end of MSH6 was amplified with
the primers 21740 {(5'-GTTCCAATCATAGTTCAAGAC) and
21738 (5'-CATGGCGACCACACCCGTCCTGTGGATCCGA-
GGTGGACTCGAAAACGAATACTC). The 5 ends of primers
21737 and 21738 contain sequence that includes the BamHI and
EcoRl sites flanking the URA3 gene on the plasmid YEp24 . The
3.3-kb disruption fragment was created by amplifying the 0.4-kb
5" MSH6 and the 0.9-kb 3’ MSH#é fragments together with a
BamHI/EcoRI digest of YEp24 using the primers 21355 and
21740. This yielded a MSH6 DNA fragment containing 0.4 kb of
5" homology and 0.9 kb of 3' homology in which the DNA
sequence encoding amino acids 132-929 of MSH6 had been sub-
stituted by URA3. The disruption fragment was then trans-
formed into the diploid MGD strain RKY2583, and disruptants
were selected on URA dropout plates. Haploid mshé::URA3
strains were obtained by sporulation. This mshé:: [JRA3 disrup-
tion was often moved into other strains by amplifying the
msh6::URA3 chromosomal region by long-range PCR [Barnes
1994; see also DNA sequencing, below) using primers 22604
(5"-CATCGGTTAAGCTTCTCCAGTCGACAAGAAATGGA-
AAATACTAAATTAGCTG) and 22605 [5-CATCTGTTC-
CCGGGATCCCTGATTTTTTGCAGCATGCTCTCC) and then
using the amplification product to transform strains to Ura™.

The MSH3::hisG-URA3-hisG disruption plasmid, pEN33
has been described previously {Alani et al. 1994]. The
MSH2::hisG-URA3-hisG disruption plasmid, pRDK351, is a
similar plasmid constructed in this laboratory by Eric Alani.
The Iys2—Bg! disruption plasmid pSR125 was obtained from S.
Jinks-Robertson {Steele and Jinks-Robertson 1992). The plasmid
pK8, which contains the hom3-10 allele cloned into YIp5, was
constructed in this laboratory by Brett Satterberg. The plasmids
pENI1 and pEN43, which contain the wild-type and 12CA5
epitope-tagged MSH2 gene, respectively, have been described
previously [Alani et al. 1995). The plasmids pRDK377 and
pEN28, which contain the wild-type MSH6 and MSH3 genes,
respectively, will be described elsewhere. All of these plasmids
were maintained in recA E. coli strains.

YPD liquid media, YPD plates, 5-FOA plates, minimal drop-
out plates and sporulation medium used for propagation and
analysis of S. cerevisiae strains were prepared as described pre-
viously (Reenan and Kolodner 1992a; Alani et al. 1994). Can®
resistant mutants were selected on arginine dropout plates con-
taining 60 mg/liter of canavanine as described previously (Re-
enan and Kolodner 1992a; Alani et al. 1994). Hom™ revertants
were selected for on minimal drepout plates lacking threonine
and Lys™ revertants were selected for on minimal dropout
plates lacking lysine.

Genetic analysis

The rate of accumulation of Can® mutants, Hom ™ revertants,
and Lys™ revertants in cell populations was determined by fluc-
tuation analysis using the method of the median [Lea and Coul-
son 1948] as described previously (Recnan and Kolodner 1992a;
Alani et al. 1994). In these fluctuation tests, five independent
cultures were analyzed for each experiment and each culture
was grown to a sufficient cell density so that mutant cells were
obtained from each culture. Each fluctuation test was repeated
independently at least two times. Independent Can® mutants,
Hom* revertants, and Lys™ revertants were isolated by first
streaking the strain of interest to single colonies on YPD plates.
Then, single colonies, 1-mm in diameter, were patched onto
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plates containing canavanine or dropout plates lacking either
threonine or lysine, and a single mutant or revertant per patch
was purified by streaking to single colonies on selective media.
Under these conditions, we did not obtain Can® mutants, Hom ™
revertants, or Lys ' revertants from msh3 mutants or wild-type
strains because of the low mutation rates in these strains.

DNA sequencing

All DNA sequencing was performed using an Applied Biosys-
tems 373A DNA sequencer using Tug DNA polymerase and
Dye Terminators according to protocols supplied by the manu-
facturer essentially as described previously {Fishel et al. 1993;
Kolodner et al. 1994, 1995). Sequencing chromatograms were
analyzed using the Sequencher program [Gene Codes Corp.,
Ann Arbor, MI) and all sequence comparisons, alignments, and
phylogenetic trees were generated using DNAStar software
(DNAStar, Inc., Madison, WI). PCR primers for preparation of
sequencing templates and sequencing primers were designed
using the Oligo 4.0-S program (National Biosciences, Inc., Ply-
mouth, MN) and were synthesized using standard solid-phase
cyanoethyl phosphoramidite chemistry.

To identify the hom3-10 mutation, pK8 DNA containing the
cloned hom3-10 allele was prepared using Plasmid Maxi kits
obtained from Qiagen Inc. {Chatsworth, CA). The entire HOM3
gene was then sequenced using the following primers: 21514
(5" TAACAGTGCTCTACTCATTG), 21514 (5-TAACAGT-
GCTCTACTCATTG), 22181 (5-CAACTTTTTACTCTACT-
GTGG), 22184 (5" TCTTGTGATTTGGCTTCGC), 22185 (5'-
CTGCTTTATGTAATGACCG), 22186 (5'-AATCTACTCCA-
CCACATCC), 22187 {5-AATGCTGATGAACTACAAG), 20949
(5'-CATTAAAGTGAAGAAGAAAGQG), 22188 (5'-CCAACTA-
ATGAAACAATAG), and 22189 (5-AAAGTGAAGAAGAA-
AGGTGG). To confirm the sequence of the hom3-10 allele,
nucleotides 565-788 of the HOM3 gene were amplified by PCR
from scveral HOM3 and hom3-10 strains and the resulting PCR
product was scquenced as described below.

To identity the mutations causing reversion of either hom3-
10 or lys2—Bgl, chromosomal DNA preparations were made by
preparing glass bead lysates of cells harvested from a single col-
ony using a method developed by D. Tishkoff in this laboratory.
In the case of Hom™ revertants, nucleotides 565-788 of the
HOMS3 gene were amplified by PCR using primers 22392 (5'-
CTTTCCTGGTTCAAGCATTG]) and 22401 (5-GGATCAG-
CAGTAAATATACC). In the case of Lys™ revertants, nucle-
otides 270-583 of the LYS2 gene were amplified by PCR using
primers 22428 (5-CCAACGTGGTCATTTAATGAG} and
22429 (5'-GTAAATTGGTCCGCAACAATGG!. PCR was per-
formed in 25- to 100-pl reactions containing 20 mm Tris (pH
8.55), 16 mm ammonium sulfate, 2.5 mM MgCl,, 150 pg/ml of
BSA, 50 mm each of the four dNTPs, 0.2 mM of each primer, 0.5
units of Klentagl DNA polymerase (Ab Peptides, St. Louis,
MO)/0.08 units of Pfu DNA polymerase {Stratagene, La Jolla,
CAJ, and ~20 ng of genomic DNA |(for 25 pl of PCR reaction).
PCR was performed for one cycle of 95°C for 5 min and one
cycle of 80°C for 5 min at which point the DNA polymerases
were added followed by 27-30 cycles of 94°C for 15 sec, 55°C for
30 sec, 68°C for 60 sec, and one cycle of 72°C for 7 min. The
resulting PCR products were purified using Qiagen QIAquick
Spin PCR purification kits. The HOM3 fragment was then se-
quenced with primer 22392 and the resulting LYS2 fragment
was sequenced with primer 22428.

To identify Can” mutations, chromosomal DNA preparations
were made using a minor modification of a Yeast Mini Prep
method described previously {Sherman et al. 1986). The argin-
ine permease gene was then amplified by PCR using primers
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22413 (5'-CTTAACTCCTGTAAAAAC) and 22414 (5"-GAA-
ATGGCGTGGGAATGTG). PCR was performed in 50- to 100-
ul reactions, and the reaction products purified essentially as
described above for the analysis for the HOMS3 and LYS2 DNA
fragments, except that the 68°C extension step in each PCR
cycle was for 3 min instead of 30 sec. The PCR product was then
sequenced with primers 22415 (5 TATTGGTATGATTGC-
CCTTG), 22427 (5"-GACTTCTGGGTCGCTTCCATC), 22412
(5"-CAATCTACTTCCTACGTTTC), 22414 (5'-GAAATGGC-
CGTGGGAATGTG), and 22629 [5-GAATATGCCAAAGAA-
CCC).

To identify the pms3-1 mutation, the MSHé6 gene was ampli-
fied by PCR from strains MW3070-6C (wild type) and MW?2049-
24C [pms3-1 mutant] using primers 22604 |5-CATCGGT-
TAAGCTTCTCGAGTCGACAAGCAAATGGAAAATACTAAA-
TTAGCTG) and 22605 (5'-CATCTGTTCCCGGGATCCCT-
GATTTTTTGCAGCATGCTCTCC) essentially as described
above for the arginine permease gene. The resulting PCR frag-
ment was then purified as described above for the analysis for
the HOM3 and LYS2 DNA and sequenced using primers 23234
[5'-GGCCCCAGCTACCCCTAAAAC), 23236 (5'-CTTTTGA-
GAAGATCTGGAG]), 23237 (5-CGAGTGACATAATGCA-T-
TCTCAAG], 23312 (5'-GGACAATTGGCAGAAGATAG),
23313 [5-GAGTACGATCCAAGAACACTG), 23314 (5'-GT-
CAATGTTGGCTAAAGAAATGAG), 23315 [5-GTCGCAA-
GTAAGACCTATGGAAG), 23316 |5-GGATTATTGTATTA-
TTTGAAGTCG), 23317 (5'-GCAGGCTCGATAGTGTTG-
AC), 23318 (5-CCACAAAGGGGATTTGACATAG), 23319
(5" -CGTTAGAGGAGGACCTAAAAAATAG), 23320 (5'-GA-
TTAGGATTGTTAACGGGTG), 23321 {5-GCAGAAAGTGT-
GCTACATCATCTC), and 23322 [5'-CAATGGTGAAGTT-
GTCTCTGTG).

Frotein analysis

DNA templates containing the T7 RNA polymerase promoter
linked to the coding sequence of MSH2, 12CAS5 epitope-tagged
MSH2, MSH3, and MSH6 for in vitro transcription and transla-
tion were prepared by PCR amplification. PCR reactions were
performed essentially as described above for the analysis of
Hom™ and Lys™ revertants and contained 100 ng of pEN11
DNA (MSH2), pEN43 DNA (12CA5 epitope-tagged MSH2),
pEN28 DNA (MSH3), or pRDK377 DNA (MSFG) as template as
required. The primers used for amplification of MSH2 and
12CA5 epitope-tagged MSH2 were 5'-MSH2-23587 (5'-GG-
ATCCTAATACGACTCACTATAGGGAGACCAC Catgtecte-

cactaggecagage) and 3'-MSH2-23686 [5'-ctatcgattctcacttaagat-
gegttg). The primers used for amplification of MSH3 were 5'-
MSH3-23597 (5"-GGATCCTAATACGACTCACTATAGG-
GAGACCACCatggtgataggtaatgaacctaaactgg] and 3'-MSH3-
23586 (5'-ggaacaattcaaaaacgagaaagtg). The primer 5 hexa-His-
tagged MSH3 23585 (5"-GGATCCTAATACGACTCACTATA-
GGGAGACCACCATGCATCATCATCATCATCAT Tgtgatagg-
taatgaacctaaactgg) was substituted for primer 23597 for synthe-
sis of hexa-His-tagged MSH3. And the primers used for ampli-
fication of MSH6 were 5'-MSH6-23582 (5-GGATCCTAATA-
CGACTCACTATAGGGAGACCAC Catggecccagetaccectaaaa-
cttc) and 3'-MSHG6-23584 (5'-geetgtictgaatcettittcaacg). The
primer 5" hexa-His-tagged MSH6-23583 (5-GGATCCTA-
ATACGACTCACTATAGGGAGACCACCATGCATCATCA-
TCATCATCATgccccagetaceectaaaacttc) was substituted for
primer 23592 for synthesis of hexa-His-tagged MSH6. In all
cases uppercase type indicates the sequences containing the T7
promoter and lowercase type indicates the gene sequence.
These DNA templates were then transcribed and translated in
vitro in 50-pl volumes containing 400 ng of cach required tem-
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plate DNA using TNT kits from Promega {Madison, WI} exactly
as described by the manufacturer with or without added 3%§-
labeled methionine (Amersham, Arlington Heights, IL) as re-
quired.

In experiments where the DNA templates were transcribed
and translated individually, the resulting reaction mixtures
were mixed and incubated on ice for 1 hr to allow proteins to
interact. The proteins were then analyzed by immunoprecipi-
tation in the presence of 1% Triton X-100 and 0.5 M NaCl with
ant-12CAS5 monoclonal antibody {Berkeley Antibodies, Rich-
mond, CAJ exactly as described previously {Alani et al. 1995)
except that the resulting gels were analyzed by either autoradi-
ography or Phosphorlmager analysis (Molecular Dynamics,
Sunnvvale, CA).

In some experiments, pairs of DNA templates were tran-
scribed and translated together in the presence of [**S)methio-
nine. The reaction mixtures were placed on ice, and 50 pl of 2x
Ni binding buffer [1 mm imidazole, 1 M NaCl, 2% Triton X-100,
50 mM Tris-Cl [pH 7.6}, 2 mm EDTA, 5 mM 2-mercaptoethanol,
2 mM PMSF| was added to each 50 pl of reaction mixture fol-
lowed by the addition of 20 pl of Ni-NTA-agarose beads {Qia-
gen, Chatsworth, CA; as a 50% suspension in 1x Ni binding
buffer}. After incubation on ice for 1 hr, the Ni-beads were col-
lected by centrifugation in a microcentrifuge, washed four
times with 150 pl of Ni binding buffer and the proteins were
then eluted by addition of 100 pl of Ni elution buffer [500 mm
imidazole, 0.5 m NaCl, 1% Triton X-100, 25 mm Tris-Cl (pH
7.6), 2 mm EDTA, 5 mm 2-mercaptocthanol, 1 mm PMSF|, fol-
lawed by centrifugation to remave the Ni-beads. The eluted
proteins were then analyzed by immunoprecipitation in the
presence of 1% Triton X-100 and 0.5 M NaCl with anti-12CAS5
monoclonal antibody as described above,
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