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Hereditary non-polyposis colorectal cancer (HNPCC)
is an autosomal dominant inherited disease caused
by defects in the process of DNA mismatch repair
(MMR), and mutations in the hMLH1 or hMSH2 genes
are responsible for the majority of HNPCC. In addition
to clear loss-of-function mutations conferred by
nonsense or frameshift alterations in the coding
sequence or by splice variants, genetic screening
has revealed a large number of missense codons
with less obvious functional consequences. The
ability to discriminate between a loss-of-function
mutation and a silent polymorphism is important for
genetic testing for inherited diseases like HNPCC
where the opportunity exists for early diagnosis and
preventive intervention. In this study, quantitative
in vivo DNA MMR assays in the yeast Saccharomyces
cerevisiae were performed to determine the functional
significance of amino acid replacements observed in
the human population. Missense codons previously
observed in human genes were introduced at the
homologous residue in the yeast MLH1 or MSH2
genes. This study also demonstrated feasibility of
constructing genes that encode functional hybrid
human–yeast MLH1 proteins. Three classes of
missense codons were found: (i) complete loss of
function, i.e. mutations; (ii) variants indistinguishable
from wild-type protein, i.e. silent polymorphisms;
and (iii) functional variants which support MMR at
reduced efficiency, i.e. efficiency polymorphisms.
There was a good correlation between the functional
results in yeast and available human clinical data
regarding penetrance of the missense codon. The
results reported here raise the intriguing possibility
that differences in the efficiency of DNA MMR exist
between individuals in the human population due to
common polymorphisms.

INTRODUCTION

Colorectal cancer (CRC) is one of the most common cancers,
affecting 3–5% of the population in the western world by the

age of 70. Worldwide, each year approximately one million
individuals are diagnosed with CRC and 500 000 individuals die
from CRC (1). Epidemiological studies have shown that 5–15%
of CRCs have a genetic basis (reviewed in refs 2 and 3). The
most common form of familial CRC is hereditary non-polyposis
colorectal cancer (HNPCC), which manifests with a high rate
of mortality in the absence of early detection and treatment
(reviewed in refs 2,4 and 5). Diagnosis of HNPCC in a family
is based on kindred analysis using the Amsterdam criteria (6)
which require: (i) three or more family members to have had
histologically verified CRC, with one being a first-degree
relative of the other two; (ii) CRC in at least two generations;
and (iii) at least one individual diagnosed with CRC before the
age of 50. At the molecular level, HNPCC is associated with
mutations in genes encoding proteins involved in DNA
mismatch repair (MMR).

The process of DNA MMR corrects non-native DNA
structures that form, primarily, during DNA replication. These
aberrant structures include incorrectly paired bases resulting
from nucleotide misincorporation by DNA polymerases as
well as insertion/deletion loops in DNA which form, for
example, as a result of microsatellite instability. The amino
acid sequences of MMR protein functional domains are
conserved from Escherichia coli to humans, and the eukaryotic
MMR proteins are named based on their homology to the
E.coli MutS and MutL proteins. Mechanistic studies of MMR
in yeast and human cells have elucidated similar processes and
functional protein complexes (reviewed in refs 7–9). The
MutSα complex is a heterodimer of MSH2 and MSH6 while
MutSβ is a heterodimer of MSH2 and MSH3. MutSα
recognizes base:base mismatches as well as single base
insertion/deletion mispairs. MutSβ also recognizes single base
insertion/deletion mispairs but is primarily responsible for
recognition of larger insertion/deletion mispairs. Heterodimers
of the MutL homologs bind to the MutSα or MutSβ DNA
mismatch complex to effect repair. The yeast MLH1-PMS1
heterodimer (MLH1-PMS2 in humans) binds both MutSα and
MutSβ while the yeast MLH1-MLH3 complex (MLH1-PMS1
in humans) binds MutSβ (reviewed in ref. 9). In addition to
DNA MMR, MMR proteins act as a molecular switch (10,11)
and appear to be involved in the induction of apoptosis in
response to DNA damage (12–14).

HNPCC has been shown to be caused by mutations in the
hMLH1, hMSH2, hPMS2 or hMSH6 genes. To date, more than
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240 mutations have been described, and the vast majority
occur in either hMLH1 (60% ) or hMSH2 (35%). It is probable
that the majority of HNPCC is associated with mutations in
either hMLH1 or hMSH2 since inactivation of either of these
genes results in impaired replication of a broad spectrum of
mismatches (single base:base mismatches and both small and
large insertion/deletion loops). Furthermore, CRC patients that
do not fit the strict Amsterdam criteria (‘suspected HNPCC’)
have been shown to possess germline mutations in MMR
genes (15,16). It has also been reported that defects in MMR
are involved in sporadic cancers, and can be caused by somatic
hMLH1 gene silencing due to hypermethylation (17).

In the genetic analyses of HNPCC kindreds, >25% of the
gene alterations observed are minor variants such as amino
acid replacements or small in-frame deletions. These sequence
variants, furthermore, are scattered throughout the gene coding
region. If an observed amino acid replacement can be shown to
segregate with disease in the affected family, it suggests, but
does not prove, that the amino acid replacement is a pathogenic
mutation. Frequently, however, small family size or unavailability
of clinical samples has precluded attempts to correlate the
amino acid replacement with pathogenic effect. As genetic analyses
of HNPCC kindreds have continued, an increasing number of
minor variants have been documented (http://www.nfdht.nl). To
date, missense codons resulting in 53 different amino acid
replacements have been described in hMLH1 while 35 have been
reported in hMSH2. It is now generally acknowledged (3,8,18)
that accurate and effective genetic testing for HNPCC will
require determination of the functional significance of these
minor variants, since the utility of genetic tests is severely
compromised if there is any ambiguity in the results.

The process of MMR is conserved from yeast to humans, as
are the amino acid sequences of the protein functional domains.
We previously described a standardized and quantitative in vivo
assay of MMR in the yeast Saccharomyces cerevisiae which is
useful for assessing the functional significance of missense
codons observed in human MMR genes (19). In the current
study, the effect of 20 amino acid replacements on MLH1p and
MSH2p function were evaluated using a reporter gene which
measures the stability of an in-frame (GT)16 tract. Codon
changes previously identified in human genes were introduced
by site-directed mutagenesis at the homologous codon in the
yeast gene and tested for in vivo function in S.cerevisiae. We
also demonstrated feasibility of constructing genes which
encode hybrid human–yeast MLH1 proteins that are functional
in MMR in vivo. These hybrid genes allow functional assays of
variant proteins containing human amino acid replacements at
residues that are not conserved in yeast and/or where the equivalent
residue in yeast is uncertain. In addition to identification of
silent polymorphisms and mutations conferring complete loss
of MMR function, we found that certain codon changes in
hMLH1 and hMSH2 give rise to proteins with a reduced
efficiency of MMR. Some of these amino acid replacements
occurred as germline mutations in individuals who developed
CRC but whose families did not satisfy the criteria of HNPCC.
These observations raise the intriguing possibility that differences
in the efficiency of DNA MMR exist between individuals in the
population due to common polymorphisms, and that such
polymorphisms may predispose to early onset cancer.

RESULTS

Function of the MMR protein variants was determined using a
standardized MMR assay that measures stability of a (GT)16
tract in vivo (19). For these experiments, we constructed
haploid yeast strains that have complete deletions of the
chromosomal coding region of MLH1 (strain YBT24) or
MSH2 (strain YBT25). Utilizing the reporter gene (GT)16-URA3
(pSH91; Materials and Methods), both YBT24 and YBT25
exhibit a mutation frequency (Materials and Methods) >100-fold
greater than an MMR wild-type strain. As demonstrated below, the
mutation frequency can be reduced to approximately that observed
in the wild-type strain by complementing the chromosomal null
mutations with a single copy plasmid-expressed (Materials and
Methods) wild-type yeast MLH1 gene in YBT24 or MSH2 gene
in YBT25. The mean mutant frequency in plasmid-complemented
chromosomal null mutants was used as the basis for comparing
activity of the variant MMR proteins described below. MMR
defect is defined as the mutant frequency conferred by the
variant protein in the chromosomal null mutant divided by the
mutant frequency observed in the chromosomal null mutant
with a plasmid-expressed wild-type yeast gene. All MLH1 or
MSH2 variants were analyzed in the same host containing the
same reporter gene and were expressed from the same expression
vector as the wild-type yeast gene. For all mutagenized genes, at
least three independent clones were tested for MMR function with
identical results. The DNA sequence on both strands of the
mutagenized gene was confirmed for one mutant, and this
clone was assayed in replicate cultures (n ≥ 4) for determination of
the mutation frequencies reported below.

MLH1 orthologs from various organisms, including yeast
and humans, were aligned to identify homologous amino acid
residues in the conserved regions of the proteins (Fig. 1). These
alignments, together with previously identified human missense
codons, were used to target yeast residues for alterations that
would mimic variants observed in the human population
(Table 1). Strain YBT24 (‘Mutator’, Fig. 2), exhibited a muta-
tion frequency of 1.8 × 10–3, a level 160-fold higher than that
exhibited by the wild-type parental strain YBT5-1. When the
wild-type MLH1 gene was expressed from a plasmid in
YBT24 (‘Complemented’, Fig. 2) the mutation frequency was
reduced >65-fold to nearly the wild-type levels. Cells
expressing MLH1p with the amino acid replacements A41F,
G64R, I65N, E99K, I104R, T114R, Q552L and R672P exhibited
mutation frequencies of 1.7–3.6 × 10–3 (Fig. 2). These mutation
frequencies represent MMR defects of 62–130 (i.e. mutation
frequencies 62–130-fold higher than ‘Complemented’) and are
not significantly different from that exhibited by the mlh1∆
deletion strain YBT24 which lacked a complementing plasmid
(‘Mutator’). These results demonstrate that amino acid
replacements A41F, G64R, I65N, E99K, I104R, T114R,
Q552L and R672P result in complete loss of MLH1p-mediated
MMR function. These missense codons are therefore mutations.

Strain YBT24 expressing the A41S, V216I, I326V or A694T
variants exhibited mutation frequencies of 1.0–3.2 × 10–5,
which were not significantly different from the mutation
frequency observed when strain YBT24 expressed the wild-
type yeast MLH1 gene (‘Complemented’, Fig. 2). The A41S
and I326V variants are conservative amino acid replacements,
and these codon changes convert the wild-type yeast residue to
the amino acid in the corresponding position of the wild-type
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human protein. The data in Figure 2 demonstrate that the
A41S, V216I, I326V and A694T amino acid replacements do
not alter MMR function, and therefore represent silent
polymorphisms (see Discussion).

Four of the codon changes in MLH1 encode proteins which
appear to support intermediate efficiencies of DNA MMR. The
R214C, R265C, R265H and I326A amino acid changes exhibit
MMR defects of 2.3, 13.8, 4.0 and 1.6, respectively, which are
intermediate between that of the wild-type MLH1 complemented
mutant (MMR defect = 1.0) and the mlh1∆ null mutant (MMR
defect = 65). The mutation frequencies measured with the
R214C, R265C, R265H and I326A amino acid replacements
are significantly less than the mlh1∆ null mutant lacking a
complementing plasmid (P < 0.0005). The mutation frequencies
of the R214C, R265C and R265H variants are clearly different
from the strain complemented with the wild-type MLH1 gene
with P-values of 0.0005, 0.0001 and 0.0001, respectively. The

1.6-fold MMR defect of the I326A variant also appears to be
significant (P = 0.0279) compared with the strain expressing
wild-type MLH1. These results demonstrate that the R214C,
R265C, R265H and I326A missense variants function in DNA
MMR at a reduced efficiency, and we refer to this class of
variants as efficiency polymorphisms.

Previous work from this laboratory demonstrated that a
P640L alteration in yeast MSH2p was a loss-of-function MMR
mutation while a H658Y alteration had no effect on MMR (19). In
the current study, an additional amino acid replacement, G317D,
in yeast MSH2p was evaluated. Mutation frequencies of strain
YBT25 expressing the G317D allele were determined and
compared (Fig. 3) with strain YBT25 without a complementing
gene (‘Mutator’) and YBT25 complemented with the wild-
type MSH2 gene (‘Complemented’). The strain expressing the
G317D variant exhibited a low mutation frequency (2.3 × 10–5)
that was significantly less than the msh2∆ null mutant,

Figure 1. (A) Alignment of MLH1 polypeptides. Amino acid sequences from human (hs, Homo sapiens), mouse (mm, Mus musculus), rat (rn, Rattus norvegicus),
fruit fly (dm, Drosophila melanogaster), yeast (sc, Saccharomyces cerevisiae and sp, Schizosaccharomyces pombe), plant (at, Arabidopsis thaliana), flatworm
(ce, Caenorhabditis elegans), and bacteria (sa, Staphylococcus aureus and ec, Escherichia coli) were aligned using BLAST algorithms (48). Shaded amino acid
residues are identical to those in the human protein. The human hMLH1 missense mutations examined in this study are noted above the appropriate amino acid
residue in the human sequence. (B) Representation of the missense alteration relative to the full length MLH1 protein and the defined functional domains (40,49).
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Table 1. Human MLH1 and MSH2 variants examined in this study and oligonucleotides used for site-directed mutatgenesis

aBoth sense and antisense oligonucleotides were employed for site-directed mutations in yeast and human MMR genes as described in Materials and Methods.
bRestriction site alterations are silent, except for the indicated amino acid substitutions. +, restriction site addition; –, restriction site loss.
cAlteration screened by DNA sequencing.

Variation in human MMR gene Equivalent substitution 
in yeast

Oligonucleotide sequence (sense strand)a (5′→3′) Restriction site 
alterationb

MLH1 S44F A41F CCATCGATGCGAACTTTACAATGATTGATATTC – BsaMI

– A41S CCATCGATGCGAATTCTACAATGATTGATATTC + EcoRI

Q62K – GAAGTTGATTCAGATTAAAGACAATGGCACCG – BstXI

G67R G64R GATAACGGATCGCGAATTAATAAAGCAGACCTGCC + NruI

I68N I65N GATAACGGATCTGGAAATAATAAAGCAGAC – VspI

R69K – CAATGGCACCGGTATCAAGAAAGAAGATCTGG + AgeI

S93G – CTTTGAGGATTTAGCCGGTATTTCTACCTATG + BsrFI

E102K E99K GGATTCCGAGGAAAGGCTTTAGCCAGTATCTC – HindIII

I107R I104R GAAGCTTTAGCAAGTAGATCTCATGTGGCAAGAG + BglII

T117R T114R GAGTCACAGTAACGCGTAAAGTTAAAGAAGAC + MluI

R217C R214C CCAGGATAGGATTTGTACAGTGTTCAATAAATC + BsrGI

V219I V216I GATAGGATTAGGACAATATTCAATAAATCTGTG + SspI

R265C R265C TTTTTTTCATTAATAATTGTCTAGTGACATGTG – SpeI

R265H R265H TTTTTTTCATTAATAATCACCTAGTGACATGTG – SpeI

V326A I326A GAGATCATAGAGAAAGCGGCCAATCAATTGC + EaeI

– I326V GAGATCATAGAGAAAGTCGCGAATCAATTGC + NruI

Q542L Q552L GATTAGCCGCTATTCTTCATGACTTAAAGC + BspHI

R659P R672P CCATTTTTTATATATCCCTTAGGTAAAGAAGTTG + Bsu36I

A681T A694T GTATTTTAAGAGAGATTACATTGCTCTATATACCTG + BsrDI

MSH2 G322D G317D CAAAATCCATTCGATAGCAACAATTTAGC Nonec

Figure 2. Mutation frequencies conferred by missense codons in the yeast MLH1 gene. Strain YBT24 containing pSH91 was transformed with pMLH1
(Complemented) or the indicated mutant form of pMLH1. Mutator refers to YBT24 containing pSH91 but without a pMLH1 plasmid, while WT refers to strain
YBT5-1 containing pSH91 but without a pMLH1 plasmid. Mutation frequencies were determined as described in Materials and Methods. The mutant frequencies
are presented as the mean ± SD of at least four replicate cultures of a single yeast clone that expresses the indicated MLH1 gene alteration. **, a mutation frequency
which is not significantly different from the mutator strain. *, a mutation frequency which is intermediate between the mutator strain and complemented strain.
Mean mutation frequencies are: WT, 1.1 × 10–5; Mutator, 1.8 × 10–3; Complemented, 2.8 × 10–5; A41S, 3.2 × 10–5; A41F, 3.58 × 10–3; G64R, 2.15 × 10–3; I65N,
1.97 × 10–3; E99K, 1.85 × 10–3; I104R, 1.65 × 10–3; T114R, 2.65 × 10–3; R214C, 6.3 × 10–5; V216I, 1.6 × 10–5; R265C, 3.77 × 10–4; R265H, 1.09 × 10–4; I326A,
4.6 × 10–5; I326V, 1.8 × 10–5; Q552L, 1.77 × 10–3; R672P, 3.42 × 10–3; A694T, 1.7 × 10–5.
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demonstrating MMR activity of the protein variant. Cells
expressing G317D, however, exhibit an MMR defect of 1.7, and
this difference from YBT25 complemented with wild-type MSH2
appears significant (P = 0.0073). These results indicate that the
G317D replacement encodes a functional protein of slightly
reduced efficiency in MMR.

A number of the amino acid residues in human MLH1 which
have been linked to the development of HNPCC are not
conserved in the yeast protein. As shown above (for the human
S44F and V326A variants), alterations at non-conserved
residues can be evaluated by replacing the corresponding yeast
codon with that found in the native human gene. If the change
is a silent polymorphism, the effect of the variant human codon
can subsequently be analyzed in yeast. The utility of this
approach, however, may be limited. In some cases the wild-
type human amino acid may not functionally replace the yeast
amino acid, or there may be instances in which the homology
between the human and yeast genes is too weak to unambiguously
assign the corresponding yeast codon. An alternative approach
would be to construct gene fusions that encode hybrid human–
yeast proteins which retain MMR function in vivo.

Seven gene fusions were constructed (Materials and
Methods) by replacing a portion of the yeast MLH1 gene with the
homologous coding sequence from the human gene (Fig. 4A).
The gene fusions were expressed from the same parental
expression vector (Materials and Methods) in the mlh1∆-null
strain YBT24 and quantitative MMR assays were carried out to
evaluate function of the hybrid human–yeast protein (Fig. 4B).
Complementation of the mlh1∆-null strain was not observed
with two hybrids, MLH1_h(498–756) and MLH1_h(498–584),
which contain portions of the human C-terminal domain
(Fig. 4B). In contrast, five hybrids that contained portions of
the human N-terminal domain complemented strain YBT24,

yielding substantial reductions in mutation frequency
(Fig. 4B). The functional hybrid proteins spanned amino acids
1–177 and conferred mutation frequencies that tended to corre-
late with the length of the human portion of the hybrid protein.
Whereas the mlh1∆-null strain exhibited an MMR defect of 74.5,
strains expressing hybrids MLH1_h(1–177), MLH1_h(1–86),
MLH1_h(41–130) and MLH1_h(41–86) exhibited MMR defects
of 39.6, 9.9, 8.5 and 4.8, respectively. The most efficient hybrid
was MLH1_h(77–134), containing a 57 amino acid segment
from the human coding sequence, which conferred an efficiency
of DNA MMR which is within a factor of 2 of the wild-type
native yeast protein.

The ability to generate functional hybrid human–yeast
proteins allowed evaluation of human amino acid replacements
at residues that are not conserved in yeast. Three replacements
(Q62K, R69K, S93G) that appear in one or more of the MLH1
mutation databases were engineered by site-directed muta-
genesis into an appropriate gene fusion. These genes were
expressed in strain YBT24 and mutation frequencies compared
with that obtained with the gene encoding the original hybrid
human–yeast protein (Fig. 5). The Q62K and R69K alterations
conferred mutation frequencies which were significantly lower
than the mutator strain without a complementing plasmid.
However, these mutation frequencies were significantly (P < 0.05)
greater (1.7- and 1.9-fold, respectively) than those obtained
with the MLH1_h(41–86) hybrid, demonstrating these codon
changes to be efficiency polymorphisms. The S93G alteration
did not appear to affect function in MMR since the mutation
frequency was not significantly different (P = 0.298) from that
observed with the MLH1_h(77–134) hybrid and, accordingly,
S93G appears to be a silent polymorphism.

DISCUSSION

In this study, the functional significance in MMR of
20 different amino acid replacements in MLH1p and MSH2p
was determined. Codon changes were engineered into the yeast
gene based on previous observation of the same amino acid
replacement in the human protein and a potential implication
of the missense variant in cancer development. Quantitative
in vivo assays of DNA MMR allowed classification of the
amino acid replacements as either silent polymorphsims, loss-of-
function mutations or efficiency polymorphisms. The quantitative
in vivo assay of MMR utilized in this study measured micro-
satellite instability of a (GT)16 tract (19). Some of our results
have been confirmed by investigators using different reporter
genes to assess MMR activity in vivo (Table 2). Functional
results identical to ours but obtained using different reporter
genes are consistent with the role of MLH1p and MSH2p in
repairing a broad spectrum of DNA mismatches (9). Moreover,
functional analyses of sequence variants using an in vitro
protein:protein interaction assay (20) and a dominant yeast
mutator model (21) were largely complementary to our results.
It should be pointed out, however, that MMR proteins also
appear to be involved in other biological activities, including
induction of apoptosis in response to DNA damage (12–14).
Therefore, the formal possibility exists that sequence variants
that have no detectable effect on MMR may have clinical
significance due to effects of the variation on other biological
activities of the proteins.

Figure 3. Mutation frequencies conferred by missense codons in the yeast
MSH2 gene. Strain YBT25 containing pSH91 was transformed with pMETc/MSH2
(Complemented) or the indicated mutagenized form of pMETc/MSH2. Mutator
refers to YBT25 containing pSH91 but without a pMetc/MSH2 plasmid, while
WT refers to strain YBT5-1 containing pSH91 but without a pMetc/MSH2 plasmid.
Mutation frequencies were determined as described in Materials and Methods.
The mutant frequencies are presented as the mean ± SD of six replicate cultures
of a single yeast clone that expresses the indicated MSH2 gene alteration. Mean
mutation frequencies are: WT, 1.0 × 10–5; Mutator, 2.39 × 10–3; Complemented,
1.4 × 10–5; G317D, 2.3 × 10–5.
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There is very good agreement between the results of our
functional genetic tests (Table 2) and available human clinical

data concerning the amino acid replacement (reviewed in
ref. 5; see also http://www.nfdht.nl and references therein).

Figure 4. Structure and function of hybrid human–yeast MLH1 proteins. (A) Schematic representation of the seven hybrid MLH1 proteins in comparison to full-length
native human and yeast MLH1. Portions of the hybrid protein representing human sequences are represented by solid bars. Numbers above each bar indicate the
amino acid residue of the human portion of each gene. For hybrid genes where the fusion is within the protein coding region, the number of the flanking yeast
residue is also indicated. The MMR defect (normalized to the strain expressing wild-type MLH1; Materials and Methods) is listed to the right of each protein.
(B) Mutation frequencies of yeast strains expressing native and hybrid MLH1 proteins. Each hybrid gene was expressed in YBT24 containing pSH91 and assayed
for MMR activity as described in Materials and Methods. The mutant frequencies are presented as the mean ± SD of at least four replicate cultures of a single yeast
clone that expresses the indicated hybrid protein. Mean mutation frequencies are: WT, 1.1 × 10–5; Mutator, 1.88 × 10–3; Complemented, 2.5 × 10–5; MLH1_h(1–177),
9.95 × 10–4; MLH1_h(1–86), 2.49 × 10–4; MLH1_h(41–130), 2.14 × 10–4; MLH1_h(41–86), 1.20 × 10–4; MLH1_h(77–134), 5.4 × 10–5; MLH1_h(498–756),
1.89 × 10–3 ; MLH1_h(498–584), 1.8 × 10–3.
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Human variants corresponding to the yeast MLH1 A41F, I65N
and I104R replacements were identified in HNPCC kindreds
(families that satisfied the Amsterdam criteria) (6) and shown
to segregate with disease in these families (22–27). When these
codon changes were introduced to the yeast gene, the variant
protein was non-functional in MMR (mutant defect equivalent
to the mlh1∆-null strain without a complementing plasmid),
demonstrating these amino acid replacements to be loss-of-
function mutations. Human variants corresponding to the yeast
MLH1 G64R, T114R, Q552L and R672P replacements were
identified in HNPCC kindreds (23,26,28–30) but no data was
available regarding segregation with disease. These amino acid
replacements were shown here to be loss-of-function muta-
tions. The human variant corresponding to the yeast MLH1
E99K alteration was entered as an unpublished observation in
the ICG-HNPCC mutation database without clinical information.
This alteration is a loss-of-function mutation (Results).

The GenBank entry for human MLH1 has a V at amino acid
position 219 while both I and L have been reported as common
polymorphisms at this position with a population incidence
which ranges from 31 to 83% in different geographic regions
(27,30,31). The high incidence in the population and lack of
linkage to disease make it likely these alterations are silent
polymorphisms. However, until this time no data on the in vivo
function of these variant proteins was available. The native
yeast gene contains V at this position and we demonstrated that
a yeast MLH1 protein with a V216I alteration retained full
MMR function. Thus, an amino acid alteration suspected to be
a polymorphism in humans was confirmed as a silent poly-
morphism in the functional studies reported here. 

Four different amino acid substitutions (R214C, R265C,
R265H, I326A) resulted in MLH1 proteins that are functional,
but at reduced efficiency. That is, the efficiency of DNA MMR
in strains expressing these variants is intermediate between the
mlh1∆-null mutant and the null mutant complemented with the
wild-type yeast gene. The R265H variant was observed in an
HNPCC family that satisfied the Amsterdam criteria and
cosegregated with disease (32). However, this substitution
occurred in the same allele, which contained a frameshift and
may have segregated with, but been unrelated to, cancer
progression. The V326A allele in humans was identified in
HNPCC kindreds (23,33). The yeast gene encodes an I at this
position, and substitution of a V is a silent polymporphism
(Results). Replacement of this amino acid with an A, however,
results in a protein with reduced activity. The R265C variant
was reported as a pathogenic mutation in the ICG-HNPCC
database, citing unpublished data. The R214C replacement
was reported in two ‘suspected’ HNPCC individuals from
separate families that did not satisfy the Amsterdam criteria
(16,34). The data reported here demonstrate that certain amino
acid replacements result in partial inactivation of DNA MMR,
and such decreased efficiencies of MMR can be associated
with early onset colon cancer. We refer to these substitutions
as efficiency polymorphisms.

The G322D alteration in hMSH2 was initially identified in a
family that satisfied the Amsterdam criteria (29). A number of
subsequent studies, however, identified this change in 1–6% of
both sporadic cancers and unaffected controls (31,35)
suggesting that it might be a common polymorphism which
cosegregated with another mutation in the HNPCC family. In
our experiments, the yeast G317D allele was functional since
the mutation frequency was reduced >100-fold when the
variant was expressed in the msh2∆-null mutant, although the
variant exhibited a slightly reduced efficiency of MMR
compared with the wild-type yeast MSH2p. In a previous study
(36), the yeast G317D allele partially complemented an
msh2∆-null mutant when expressed at high levels from a
GAL10 promoter, but did not provide any complementation
when expressed from the native MSH2 promoter. Cumulatively,
these results indicate that the G317D allele is an efficiency
polymorphism and that in vivo function of this variant may be
sensitive to the levels of expression.

The finding that the yeast protein with the A694T replacement
has full MMR activity was unexpected. This missense codon
was found in three individuals from separate HNPCC kindreds,
and was reported to segregate with disease in these families (37).
There are a number of possibilities why a clinical association with
disease did not correlate with our functional data. First, there is
the possibility that we did not target the correct codon in the
yeast gene. In this 26 amino acid region of yeast MLH1p, the
alanine represented only one of three amino acids which is perfectly
conserved in the human protein. The computer-generated
alignment, therefore, may be insufficient to unequivocally
assign corresponding amino acids in this region. Utilization of
functional hybrids incorporating human segments in this
region of MLH1p will overcome the limitations of computer-
generated alignments. A second possibility is that the A694T
variant retains the ability to repair mismatches in a (GT) micro-
satellite but is ineffective in repairing other types of mismatches.
However, it was recently reported, using the lys2::InsE-A14
reporter gene, that the A694T MLH1p variant is functional in

Figure 5. Mutation frequencies conferred by missense codons in human–yeast
hybrid MLH1 genes. MLH1 Q62K and R69K alterations were made in
pMLH1_h(41–86). MLH1 S93G was made in pMLH1_h(77–134). The resulting
constructs were introduced into YBT24 containing pSH91 (Mutator) and
mutation frequencies determined as described in the Materials and Methods
section. The mutator strain complemented with the parental pMLH1_h(41–86)
and pMLH1_h(77–134) constructs served as controls. *, a mutation frequency
which is intermediate between the mutator strain and the strain complemented with
the human–yeast hybrid MLH1. Mutation frequencies are from a representative
experiment and are presented as the mean ± SD of five replicate cultures of a single
yeast clone that expresses the indicated missense alteration. Mean mutation
frequencies are: Mutator, 2.09 × 10–3; Q62K, 1.95 × 10–4; R69K, 2.22 × 10–4;
MLH1_h(41–86), 1.17 × 10–4; S93G, 4.2 × 10–5; MLH1_h(77–134), 4.9 × 10–5.
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MMR, is capable of interacting with PMS1p, and does not
affect the mutator phenotype observed by overexpression of
wild-type MLH1p (38). Thirdly, the A694T replacement may
affect a function of MLH1 in humans that is not involved in
MMR. Fourthly, it is possible that the sequence alteration in
humans functions as a mutation by disrupting the normal gene
expression process. For example, it has recently been demon-
strated that some missense codons, as well as translationally
silent point mutations, can cause exon skipping during the
process of splicing (39). Finally, the clinical data may be
incomplete or misleading. In two reports of this variant (http://
www.nfdht.nl), the data is unpublished and thus impossible to
evaluate. In the study of Froggatt et al. (37), the codon was
present in all five affected relatives of an HNPCC family but
not in 53 normal controls. However, these investigators did not
sequence the entire hMLH1 cDNA. Thus, this codon change
could be a silent polymorphism with the actual mutation in this
family due to a sequence alteration elsewhere in the gene.

In the experiments reported here, all variant genes were
analyzed in the same yeast strain, utilizing the same reporter
gene and identical gene expression conditions. The only
difference in expression of the variant MMR genes was the
altered codon. We did not evaluate steady-state protein levels,
and thus did not determine whether some alterations affect
protein stability. The MLH1 efficiency polymorphisms (R214C,

R265C, R265H, I326A) were also tested in the quantitative MMR
assay at temperatures of 25 and 35°C. Both the mutation
frequencies and MMR defects were identical to those observed
at 30°C (A.R.Ellison and G.A.Bitter, unpublished data),
suggesting that the decreased efficiency of these variants is not
due to decreased protein stability. Regardless of whether the
amino acid replacement directly affects the process of MMR,
or indirectly affects MMR through altered stability of the
protein, the consequence for the cell is an increased mutation
rate.

Our results demonstrate the feasibility of expressing hybrid
human–yeast MMR proteins that are functional in vivo. Two
hybrids that incorporated large regions from the C-terminal
end of human MLH1 were not active in MMR. The C-terminal
portion of yeast MLH1p has been shown to interact with
PMS1p (40). It is possible that the regions of the human protein
(greater than 86 amino acids; Results) that were incorporated
into the hybrids do not functionally interact with yeast PMS1p
and/or MLH3p. Based on the results with the N-terminal
hybrids, it is expected that utilization of smaller human coding
sequences in the C-terminus will result in functional hybrids.
Human–yeast hybrid proteins containing N-terminal regions of
human MLH1 were functional and were used to determine the
effect of missense replacements directly in the human coding
sequence. In general, the efficiency of the hybrid protein in

Table 2. Comparison of functional and clinical data concerning MMR gene variants

aMutant, the gene conferred a mutation frequency that was not significantly different from the chromosomal null mutant lacking a complementing plasmid;
Polymorphism, the gene conferred a mutant frequency that was not different from the the null mutant strain that was complemented with the wild-type yeast gene;
∆ efficiency, the gene confered a mutant frequency that is intermediate between the null mutant and the null mutant complemented with the wild-type yeast gene
(i.e. efficiency polymorphism).
?, no information available.

Variation in human MMR gene Equivalent 
subsitution 
in yeast

Patient satisfies 
Amsterdam-criteria 
for HNPCC

Mutation 
segregates 
with disease

Functional 
classificationa 
(results)

Other MMR 
functional data

MLH1 S44F A41F Yes Yes Mutant Mutant (40)

– A41S – – Polymorphism Polymorphism (40)

Q62K – Yes ? ∆ efficiency –

G67R G64R Yes No Mutant Mutant (40,50,52)

I68N I65N Yes ? Mutant Mutant (40,50)

R69K – No ? ∆ efficiency –

S93G – No ? Polymorphism –

E102K E99K ? ? Mutant –

I107R I104R Yes ? Mutant –

T117R T114R Yes No Mutant Mutant (40)

R217C R214C No ? ∆ efficiency –

I219V V216I No No Polymorphism –

R265C R265C ? ? ∆ efficiency –

R265H R265H Yes Yes ∆ efficiency –

V326A I326A Yes No ∆ efficiency –

– I326V – – Polymorphism –

Q542L Q552L Yes No Mutant –

R659P R672P Yes No Mutant –

A681T A694T Yes Yes Polymorphism Polymorphism (38)

MSH2 G322D G317D Yes/No ? ∆ efficiency ∆ efficiency (51)

P622L P640L Yes Yes Mutant Mutant (51)

H639Y H658Y No No Polymorphism –
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DNA MMR was inversely correlated with the length of the
human segment. The most efficient hybrid human–yeast
MLH1p was functional in MMR at an efficiency within a
factor of two of the native yeast protein (Fig. 4). The potential
for making a series of hybrids to examine a wider range of
human amino acid variants is now established.

Using hybrid human–yeast MLH1 proteins, we have been
able to investigate the functional consequences of codon
changes observed in clinical studies at residues not conserved in
the yeast gene and which, until now, have lacked biochemical
characterization. One of these changes (S93G) was a silent poly-
morphism and two (Q62K, R69K) were efficiency polymorphisms.
Our results concerning Q62K and R69K are further examples
of missense codons that may partially disrupt MMR and, if
present in the germline, predispose an individual to colon
cancer yet have incomplete penetrance in a family. The fact
that S93G is an apparent silent polymorphism indicates that
missense codons that become evident upon gene sequencing
should be interpreted with caution until a more complete analysis,
including extensive kindred analysis and/or functional data, is
available.

A surprising finding in this study was that certain missense
codons do not inactivate MMR, but result in lower efficiency
of DNA MMR. Some of these amino acid replacements had a
weak clinical association with cancer development. The substi-
tutions were observed as germline mutations in individuals that
developed CRC but whose families did not satisfy the criteria
of HNPCC. These observations raise the intriguing possibility
that differences in the efficiency of DNA MMR exist between
individuals in the population due to common polymorphisms.
Certain polymorphisms could exhibit weak penetrance yet still
predispose to cancer development. If true, this would predict
specific, genetically determined differences in susceptibility to
cancer development. The systems described in this report will
be useful for determining whether such genetic variation in the
population exists and is associated with cancer development.
Elucidation of such relationships may facilitate the future
implementation of appropriate preventive strategies.

Genetic testing of individuals at a high risk of developing
certain hereditary conditions is a powerful emerging strategy
for the prevention of disease. However, a persistent ambiguity
will arise regarding the functional significance of missense
codons identified by gene sequencing. If sufficient biochemical,
clinical and population data are lacking, then it becomes
impossible to state with confidence if a sequence variation is
pathogenic or simply a natural variation in the human population.
Systems for assessing the in vivo significance of amino acid
replacements will increase the effectiveness of genetic testing
programs.

MATERIALS AND METHODS

MLH1 and MSH2 mutations and polymorphisms

Human hMLH1 and hMSH2 missense codons that we examined
in functional assays were previously reported in public databases
maintained on-line by the ICG-HNPCC (http://www.nfdhtl.nl),
Human Gene Mutation Database (http://www.uwcm.ac.uk)
and SWISS-PROT (http://www.expasy.ch). The databases are
partially overlapping, and several other missense codons were
reported in publications and review articles as noted in the text.

Bacterial strains, growth conditions and plasmid 
expression vectors

Eschericia coli strains JM109, DH5α and XL1-Blue (Stratagene,
La Jolla, CA) were used for construction and amplification of
plasmids. Unless otherwise described, standard bacterial growth
conditions and gene cloning methods were employed (41). Yeast
centromeric expression vector pMETc contains a HIS3 selectable
marker and a multicloning site positioned between the MET25
promoter and CYC1 terminator (p413MET25) (42). Plasmid
pSH91 is a yeast expression vector carrying the URA3 coding
sequence containing an in-frame (GT)16 tract (43).

Yeast MLH1 and MSH2 expression vectors

Expression of the yeast MSH2 gene from plasmid pMETc was
previously demonstrated to complement msh2 chromosomal
mutations (19). For expression of MLH1p, the MLH1 gene
coding region plus 1.5 kb of 5′ flanking DNA was amplified by
PCR from S.cerevisiae strain 288C genomic DNA (Promega,
Madison, WI) with primers 5′-GCG CGA GCT CCC TCT
AGA GAG TTA GAT GAG CC-3′ (B496-1) and 5′-GCG CCT
CGA GGG TAT TAC AGC CAA AAC G-3′ (T941-6). The
primers introduced a SacI restriction site 5′ to the MLH1
promoter region and an XhoI restriction site at 3′ to the MLH1
coding sequence. The 3.9 kb PCR product was restricted with
SacI and XhoI and cloned between the unique SacI and XhoI
sites of pMETc. This construction deleted the MET25
promoter and placed the expression of MLH1 coding
sequences under control of the MLH1 promoter.

Construction of hybrid human–yeast MLH1 genes

Genes encoding hybrid human–yeast MLH1 proteins were
constructed by replacing portions of the yeast MLH1 gene with
the homologous human coding sequence from the hMLH1
gene. The hybrid constructions were designed to maintain the
open reading frame and precisely substitute conserved regions
between the human and yeast proteins. DNA sequencing was
performed to verify correct clones. DNA sequences of the
cloned human fragments were found to exactly match the
GenBank report (accession no. U07418).

Hybrid MLH1-h(1–177) was constructed by overlap extension
PCR using previously described strategies (44). A 591 bp
fragment containing the yeast MLH1 5′ regulatory region
(nucleotides –586 to +6 relative to A of translation initiator
codon) was amplified from S.cerevisiae 288C genomic DNA
using primers 5′-GAC GAC ACA ATG CCA TAT AGG-3′
(D650-1) and 5′-AGA CAT TGC TTA TTG ATA GG-3′
(D650-2). Codons 3–177 of human MLH1 were amplified
from a hMLH1 cDNA clone (ATCC no. 217884 ; the first two
yeast and human amino acids are identical) using primers
5′-CCT ATC AAT AAG CAA TGT CTT TCG TGG CAG
GGG TTA TTC G-3′ (D650-3) and 5′-CGT ATC GCC CGA
CAA CAT CCA AAA TTT TCC CAT ATT CTT C-3′ (D650-4).
A 1.8 kb C-terminal portion of yeast MLH1, including codons
174–769, was amplified with primers 5′-GAT GTT GTC GGG
CGA TAC G-3′ (D173-5) and T941-6. Approximately equi-
molar ratios of the three fragments were combined and ampli-
fied with the D650-1 and T941-6 primers. The resulting 2.9 kb
overlap extension product was gel purified, digested with AflII
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and XhoI and cloned into plasmid pMLH1, replacing the native
MLH1 gene.

Hybrid MLH1_h(1–86) was constructed using a two-piece
overlap extension reaction. A fragment of the human hMLH1
cDNA containing codons 3–86 was amplified by PCR using
primers D650-3 and 5′-CAG TTT AGA CGT CGT GAA CCT
TTC ACA TAC-3′ (E466-1). The 255 bp PCR product was
diluted and mixed with an approximately equimolar amount of
the 591 bp yeast MLH1 5′ regulatory region fragment
(described above) and overlap extension PCR was carried out
using primers D650-1 and E466-1. The 0.85 kb overlap exten-
sion product was digested with AflII and AatII and cloned into
plasmid pMLH1, replacing the native yeast MLH1 segment.

Hybrid gene MLH1_h(41–130) was constructed by cloning
a 285 bp fragment of the human hMLH1 cDNA containing
codons 41–130 between the ClaI and NdeI sites in pMLH1 and
replacing codons 38–126 of the native yeast MLH1 gene. The
human fragment was amplified using primers 5′-GAA CTG
TAT CGA TGC AAA ATC CAC-3′ (E179-1) and 5′-GCC
ATA TGA TGC TCT GTA TGC ACA CTT TC-3′ (D173-2),
which introduce ClaI and NdeI sites, respectively. The PCR
product was digested with ClaI and NdeI to allow in-frame
cloning into the yeast MLH1 gene which had been subcloned
as a SacI–XhoI fragment into pBluescript II (Stratagene). The
hybrid MLH1 gene was subsequently recloned into pMLH1,
replacing the native yeast gene.

Hybrid gene MLH1_h(41–86) was constructed by PCR
amplification of a 140 bp fragment containing codons 41–86 of
the hMLH1 cDNA and direct cloning into the yeast MLH1
gene between the ClaI and AatII sites. The human segment was
amplified with primers 5′-GAA CTG TAT CGA TGC AAA
ATC CAC-3′ (E179-1) and E466-1, which introduce ClaI and
AatII sites, respectively. The PCR product was digested with
ClaI and AatII to allow in-frame cloning into the yeast MLH1
gene in expression vector pMLH1.

Hybrid gene MLH1_h(77–134) was constructed in a two-
piece overlap extension reaction. A 170 bp fragment of the
hMLH1 gene containing codons 77–134 was PCR amplified
using primers 5′-GTT CAC GAC GTC TAA ACT GCA GTC
C-3′ (E466-2) and 5′-GGG GCT TTC CAA CAT TTT TCC
ATC TGA GTA AC-3′ (E466-4), which introduces an AatII
site at the 5′ end. A 1.9 kb fragment of yeast MLH1 containing
codons 132–769 was amplified by PCR using primers 5′-GGA
AAA ATG TTG GAA AGC CCC-3′ (E466-3) and T941-6.
The two fragments were gel purified, diluted, mixed in
equimolar amounts and amplified using primers E466-2 and
T941-6. The overlap extension product was digested with AatII
and XhoI to allow in-frame cloning into pMLH1, replacing the
native yeast MLH1 gene.

Hybrid gene MLH1_h(498–756) was constructed by direct
cloning of a 829 bp fragment containing codons 498–756 of
human hMLH1 into the yeast gene. The human fragment was
amplified by PCR using primers 5′-GAC CTA AGG AGA
GAA GGA TCA TTA ACC TC-3′ (D173-3) and 5′-CAC CTC
GAG AAA GAA GAA CAC ATC C-3′ (D173-4). These intro-
duce a Bsu36I site at the 5′ end and an XhoI site at the 3′ end
and allow in-frame cloning into the yeast MLH1 gene in
pMLH1 as a Bsu36I–XhoI fragment, replacing codons 506–769
of the yeast gene.

Hybrid gene MLH1_h(498–584) was constructed using a
two-piece overlap extension reaction. A 290 bp fragment of

hMLH1 containing codons 498–584 was PCR amplified with
primers D173-3 and 5′-GGA GAT TAT ACA ATA CGA TGT
CAA ATA GCG GTG CTG GCT C-3′ (E179-6). A 560 bp
fragment of yeast MLH1, containing codons 595–769, was
amplified with primers 5′-ATC GTA TTG TAT AAT CTC C-3′
(E179-2) and T941-6. Approximately equimolar amounts of
each fragment were mixed and subjected to overlap extension
PCR using primers D173-3 and T941-6. The ∼800 bp product
was digested with Bsu36I and XhoI for replacement of the
equivalent fragment in pMLH1.

Site-directed mutagenesis

Mutations were introduced into MMR genes using the
QuikChange Site-Directed Mutagenesis kit (Stratagene)
following the manufacturer’s instructions. The protocol
employs multiple rounds of synthesis with Pfu DNA
polymerase using plasmid DNA as template, but no amplification
of the in vitro product. Templates for the mutagenesis reaction
were as follows: pMLH1 for yMLH1 variants A41F, A41S,
G64R, I65N, E99K, I104R, T114R, R214C, V216I, R265C,
R265H, I326A, I326V, Q552L, R672P and A694T; pMetc/MSH2
for yMSH2 variant G317D; pMLH1_h(41–86) for hMLH1
variants Q62K and R69K; and pMLH1_h(77–134) for hMLH1
variant S93G. Sense and antisense oligonucleotide primers
were PAGE-purified and, to facilitate screening for mutant
clones, included a silent restriction site change in addition to
the desired missense alteration (Table 1). For all mutations, at
least three independent mutant clones were tested for function
in yeast with identical results. At least one clone that contained
the appropriate restriction site alteration was sequenced on
both strands over the region of interest to confirm the mutation
and verify the native sequence over ≥100 bp on either side of
the introduced mutation. The data in Results are derived from
replicate cultures of a single mutant clone that had been
confirmed by DNA sequence analysis.

PCR

Routine PCR was carried out with ∼3–15 ng plasmid DNA or
400 ng genomic DNA using 2.5 U Taq DNA polymerase and
0.1 µM forward and reverse primers. When high fidelity PCR
was required, such as for the production of DNA fragments for
generating hybrid human–yeast genes, Pfu DNA polymerase
(Stratagene) and PCR conditions recommended by the
manufacturer were used.

DNA sequencing

DNA sequencing was performed at commercial sequencing
facilities using ABI BigDye Terminator chemistry and ABI
automated DNA sequencers (models 377 and 3700). 

Yeast strains, growth conditions and transformations.

All yeast strains used in this study are derivatives of S.cerevisae
YPH500 which has the genotype MATα ade2-101 his3-∆200
leu2-∆1 lys2-801 trp1-∆63 ura3-5 (45). Strain YBT5-1 was
described previously (19) and has the genotype MATα ade2-101
his3-∆200 lys2-801 trp1-∆63 ura3-52.

Strain YBT24 (MATα ade2-101 his3-∆200 leu2-∆1 lys2-801
trp1-∆63 ura3-52 mlh1∆::LEU2) contains a deletion of the
entire MLH1 coding region and was generated by chromosomal
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targeting using a DNA fragment constructed by overlap
extension PCR procedures (44). Briefly, nucleotides –140 to
+6 of yeast MLH1 (relative to the A of the translation initiator
codon at +1 ) and nucleotides 2299 (termination codon at
2306) to 2684 were PCR amplified from S.cerevisiae S288C
genomic DNA. The yeast LEU2 gene coding region plus
440 bp of 5′ flanking and 40 bp of 3′ flanking DNA was also
PCR amplified from S.cerevisiae S288C genomic DNA. The
5′ end of the LEU2 5′ primer was homologous to the MLH1
upstream 3′ primer while the 5′ end of the MLH1 downstream
5′ primer was homologous to the LEU2 3′ primer. Approximately
equimolar amounts of each PCR product were mixed and
subjected to overlap extension PCR using the outermost MLH1
5′ and 3′ primers. The resulting 2.2 kb MLH1 5′-LEU2–MLH1-3′
fusion was transformed into S.cerevisiae strain YPH500 and
leucine prototrophs were selected. Genomic DNA was isolated
from one clone, strain YBT24, which exhibited a mutator
phenotype using the pSH91 reporter gene and confirmed by
PCR analysis to have the entire MLH1 coding region deleted
and replaced by the LEU2 gene (data not shown). Strain
YBT25 (MATα ade2-101 his3-∆200 leu2-∆1 lys2-801 trp1-∆63
ura3-52 msh2∆::LEU2) contains a deletion of MSH2 from
codon 2 through the termination codon. Generation, selection
and confirmation of YBT25 was similar to construction of
YBT24 except that a MSH2 5′-LEU2–MSH2-3′ overlap extension
product was used for gene targeting.

The MMR reporter plasmid pSH91 (43) was introduced into
YBT5-1, YBT24 and YBT25, selecting for tryptophan
prototrophs. The strains were maintained in SD medium
supplemented with adenine, histidine and lysine. The
additional selection for uracil prototrophy maintains the
cultures with 100% of the pSH91 containing an in-frame (GT)
tract. YBT24 and YBT25 containing pSH91 were also trans-
formed with pMLH1 and pMetc/MSH2, respectively, and
maintained on SD medium supplemented with adenine and
lysine. Transformations were carried out by the polyethylene
glycol-lithium acetate method (46). Yeast strains were stored
at –80°C in 15% glycerol.

In vivo MMR assay

The standardized in vivo assay for DNA MMR has been
described in detail elsewhere (19). The assay is based on
instability of 33 bp (GT)16 tract which is inserted in-frame in
the 5′ end of the yeast URA3 gene coding region in plasmid
pSH91. The (GT)16 microsatellite is unstable during DNA
replication and, if insertion/deletion loops are not repaired by
MMR, ura3 mutants form due to frameshift mutations.
Selection on plates containing 5-fluoroorotic acid (FOA) is
used to quantitate ura3 mutants (47). Briefly, yeast strains
were grown for 24 h in SD media (0.67% yeast nitrogen base
without amino acids, 2% dextrose) supplemented with adenine
and lysine. An additional supplement of histidine was included
for strains that did not carry MLH1 or MSH2 expression
vectors. An equivalent number of cells (∼1 × 106) from each
saturated culture was subcultured (1:200) into fresh media
(20 ml) containing the same supplements as above plus uracil,
and grown for an additional 24 h. The presence of uracil allows
growth of any newly formed ura3 mutants in this culture. After
overnight growth to saturation, aliquots (25 and 100 µl) of each
culture were plated on SD plates containing adenine, lysine,

uracil and 1 mg/ml FOA to determine the concentration (cells/ml)
of ura3 mutants. The concentration (cells/ml) of total viable
plasmid-containing cells was determined by serial dilution and
plating on SD plates supplemented with adenine, lysine and
uracil. Additional supplementation with histidine was included
if the strain did not carry MLH1 or MSH2 expression vectors.
Colonies were counted 2–3 days later. Mutant frequencies
were calculated by dividing the concentration of FOA-resistant
colonies by the concentration of viable cells. At least four
independent cultures of each yeast strain carrying variant
MMR genes were assayed. The MMR defect is defined as the
ratio of the mutation frequency in the test strain divided by that
observed in the same strain complemented with the wild-type
yeast gene.

Statistical analysis

Differences in mutant frequencies between yeast strains were
assessed by ANOVA/multiple t-tests (Statview 4.5). P-values
of <0.05 were considered statistically significant.
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