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ABSTRACT
An activity in nuclear extracts of S.cerevisiae binds
specifically to heteroduplexes containing four to nine
extra bases in one strand. The specificity of this
activity (IMR, for insertion mismatch recognition) in
band shift assays was confirmed by competition
experiments. IMR is biochemically and genetically
distinct from the MSH2 dependent, single base mismatch binding activity. The two activities migrate
differently during electrophoresis, they are differentially competable and their spectra of mispair binding are
distinct. Furthermore, IMR activity is observed in
extracts from an msh2 – msh3 – msh4 – strain. IMR
exhibits specificity for insertion mispairs in two
different sequence contexts. Binding is influenced by
the structure of the mismatch since an insertion with
a hairpin configuration is not recognized by this
activity. IMR does not result from single-strand binding
because single-stranded probes do not yield IMR
complex and single-stranded competitors are unable
to displace insertion heteroduplexes from the complex. Similar results with intrinsically bent duplexes
make it unlikely that recognition is conferred by a bend
alone. Heteroduplexes bound by IMR do not contain
any obvious damage. These findings are consistent
with the idea that yeast contains a distinct recognition
factor, IMR, that is specific for insertion/deletion
mismatches.
INTRODUCTION
DNA mismatches may be thought of in two classes. The first class
consists of single base mispairs (G/T, for example). In general, the
correction of single base mismatches in both prokaryotes and
eukaryotes follows a hierarchy of repair specificity where G/T is
most efficiently repaired and C/C mispair is poorly repaired
(1–3). The remaining mispairs fall between G/T and C/C and are
repaired with efficiencies that vary with sequence context and cell
species. Several proteins have been implicated in the specific
recognition of single base mismatches. The best characterized
mismatch recognition protein is E.coli MutS which binds
* To

mispairs with nanomolar affinities (4,5). Five yeast genes have
been identified that bear homology to mutS (6–9). These genes,
called MSH for mutS homolog, encode distinct activities. Strains
harboring msh1 mutations exhibit a deficiency in mitochondrial
function (10), msh2 disruptions yield strong mitotic mutator and
post-meiotic segregation (PMS) phenotypes (10,11), msh3 strains
are weak mitotic mutators and give limited PMS (7) and msh4 and
msh5 disruptions give reduced spore viability and are reduced for
meiotic crossing over (8,9). Biochemical analysis of mismatch
binding activity in yeast nuclear extracts indicates that the
predominant binding activity for single base mispairs is dependent on MSH2 function (12), consistent with genetic data (10,11)
and work with purified Msh2 (13,14).
The second class of mispairs consists of insertion mispairs
(extra nucleotides on one strand relative to the other. We refer to
this class as insertion mispairs for purposes of clarity because
both insertion and deletion mispairs are manifested as extra
nucleotides on one strand and hence provide similar targets for
repair). These heteroduplex molecules can arise as intermediates
during recombination or result from DNA polymerase slippage
during replication. In yeast for example, slippage within runs of
dinucleotide repeats generates alterations of 2–20 base pairs (bp)
(15,16). Deletion events between short repeats separated by
24–147 bp are strongly stimulated by a temperature sensitive
DNA polymerase δ mutation, also consistent with a slippage
mechanism (17). Several lines of evidence indicate that there may
be significant differences in recognition and repair of small versus
large insertion mispairs. In bacterial systems, insertion mismatches of up to four nucleotides are corrected in vivo whereas
5–514 base mismatches are refractory to repair (18–21). However, large insertions can undergo co-correction if placed near a
well-repaired mismatch (21) suggesting that the large insertions
escape recognition as opposed to being inherently uncorrectable.
This idea is supported by findings that MutS recognizes insertion
mispairs up to four bases but not more (20). Tetrad analysis of
yeast msh2 mutants (10,11) suggests that correction of insertion
deletions up to four bases requires MSH2 function. Further
support for this idea comes from a study of the destabilization of
dinucleotide repeat sequences in yeast (16). Mutations in MSH2
confer large increases in destabilization due to the inability of
these mutants to repair insertion mispairs arising from replicational slippage. Interestingly, destabilization events in the mutant
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strains were limited to additions or deletions of 2–4 bp. As noted
(16), this implies that an MSH2-dependent activity does not
recognize insertion or deletions mismatches that exceed four
bases. However a recent report indicates binding of purified yeast
Msh2 to oligonucleotides containing certain insertion mispairs up
to 14 bases in size (14). Thus there is some uncertainty as what
recognizes large insertion mispairs in yeast.
This issue is of importance because eukaryotes are able to
correct large insertion mismatches, defined here as DNA
containing five or more unpaired bases, as judged by transformation assays (22,23) or by gene conversion experiments. For
example, gene conversions in yeast occur with sequences as large
as 6.5 kb Ty elements (24,25). Many elements in the 20–1000 bp
range undergo gene conversion (25–28). One exception is the 38
bp ade8-18 deletion which yields looped mispairs that are
refractory to correction in vivo (1,26). In general there is no bias
against the strand containing extra bases since conversion of these
large elements often occurs with approximate parity (24,25).
Structural properties of larger insertion mismatches affect repair
efficiencies. For example, the ability of the extra bases to assume
a hairpin configuration may confer resistance to gene conversion.
Elegant work by Petes and colleagues has shown that in yeast
palindromic insertions capable of forming a hairpin with stem
length of at least five base pairs are refractory to repair (27,28).
Recent work in mammalian systems indicates that recognition
of single-base and small insertion mispairs is conferred by a
heterodimer of hMsh2 and a 160 kDa protein, GTBP (29,30).
This complex also restores mismatch correction activity to
extracts defective in either Msh2 function or GTBP function (29).
Yeast harbors a GTBP homolog, Msh6, that is currently being
characterized by Kolodner and colleagues (31). Mutants in MSH6
have phenotypes that resemble GTBP mutants, suggesting that
mismatch recognition and repair activity in yeast may likewise be
conferred by a heterodimer. It is not known if Msh2/GTBP is
responsible for recognition of large insertion mispairs. Three
possibilities exist. First, the Msh2/GTBP heterodimer in eukaryotes provides recognition of large insertion mismatches; second,
another MutS homolog provides this function; or third, recognition is conferred by a novel activity. We have investigated
insertion mismatch binding in nuclear extracts of S.cerevisiae. In
this study we present evidence for a previously unknown binding
activity, IMR, that specifically recognizes insertion mispairs of
4–9 bases and which exhibits several characteristics that would be
expected of a genuine mismatch repair activity.
MATERIALS AND METHODS

Figure 1. Oligonucleotide duplexes used as binding substrates. Duplex
substrates were prepared by annealing each top strand, 5′ end-labelled with 32P,
with its appropriate partner (see Materials and Methods). Two different
sequences were utilized to assess context effects. Sequences in the upper part
of the figure are derived from the mnt gene of bacteriophage P22 (32). The
heteroduplexes are referred to in the text by the number of extra bases present
in the top strand (nine base insertion mismatch, seven base insertion mismatch,
etc.) or by the presence of a single base mispair (T/G mispair). The second set
of duplexes (bottom) corresponds to a portion of the ADE8 gene of S.cerevisiae
[nucleotides 119–156, relative to the translation start site (33)]. The ADE8
modifier is used in the text whenever necessary for clarity. These duplexes are
referred to in the text as seven base insertion mismatch, hairpin, T/G, bent
duplex, four base insertion mispair and homoduplex, respectively.

Oligonucleotides and annealing conditions
HPLC-purified oligonucleotides were purchased from Operon
Technologies (Alameda, CA). 5′ end-labelled oligonucleotides
were prepared using [γ-32P]ATP and polynucleotide kinase. One
strand of each duplex (typically the top strand shown in Figure 1)
was labelled. Annealing of the 5′ end-labelled oligonucleotides
with their complementary strands at a molar ratio of 1:5 was
performed in 20 mM Tris–HCl pH 7.6, 10 µM EDTA, 5 mM
MgCl2, 100 µM DTT. The mixture was heated to 70C for 10 min
and allowed to cool slowly at room temperature for 30 min. Most
experiments utilized 27–36mer oligonucleotides (numbers refer
to duplex region) derived from the mnt gene (20,32). Additional
experiments were performed using 38–39mer oligonucleotides

derived from the ADE8 gene (33). All DNA concentrations are
expressed as moles of substrate molecules.
Yeast strains and yeast nuclear extract preparation
Strains used in this study were either DY6 (MATa ura3-52 leu2
trp1 prb1-1122 pep4-3 prc1-407; from B. Jones, CarnegieMellon University via T. Hsieh, Duke University) or isogenic
derivatives (12). Gene disruptions to yield an msh2::URA3
msh3::TRP1 msh4::LEU2 derivative were performed by singlestep protocols (34) using knockout plasmids kindly provided by
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R. Kolodner (Dana Farber Cancer Institute), G. Crouse (Emory
Univ.) and S. Roeder (Yale Univ.), respectively.
Yeast cell cultures were grown at 30C in YPD medium to A550
= 1.0–2.0, harvested by centrifugation and nuclear extracts were
prepared according to the method of Wang et al. (35). In some
cases, nuclei were extracted with 200 mM NaCl and the resulting
proteins were precipitated by addition of ammonium sulfate to a
final concentration of 40%. This protocol was found to enrich
IMR activity by ∼10-fold relative to published methods (35). The
final protein concentration of the extracts was 5–25 mg/ml as
measured using Lowry assays following precipitation with
trichloroacetic acid. Extracts were prepared and tested 2–3 times
for each strain. Some variability in insertion binding activity was
observed from preparation to preparation so the amount of extract
used in the binding assays was adjusted for each experiment to
yield similar amounts of insertion complex formation.
Band shift experiments
Binding was performed at 0C in a total volume of 10 µl
containing 20 mM Tris–HCl pH 7.6, 10 µM EDTA, 5 mM MgCl2,
100 µM DTT and 20 µg/ml poly (dI-dC). In the standard assay,
cell extracts (final protein concentration 0.5–3.0 mg/ml) were
added to 2.5–5 nM radiolabelled oligonucleotide on ice. Extracts
from wild-type cells were used unless otherwise stated. When
present, unlabelled competitor (200–400 nM, depending on the
experiment) was added prior to addition of the extract. Following
a 30 min incubation at 0C, 3.2 µl of 50% (w/w) sucrose was
added to the reaction mixture and one-half of the sample was
loaded onto a 6% polyacrylamide gel. Electrophoresis was
performed at 90 V in 40 mM Tris-acetate, pH 7.5, 2 mM EDTA
buffer at 4C until the bromophenol blue dye front of a control
sample had migrated between 7–9 cm (∼4–5 h). The gels were
subsequently dried and exposed to X-ray film ( Kodak X-Omat).
In some cases band intensities were quantitated by laser
densitometry of the autoradiographs (Biomed Instruments Model
SLR-1D/2D).
Analysis of bound and unbound oligonucleotide
200 fmol of the five base insertion mispair in the mnt context (see
Fig. 1) was incubated with 40 µg of wild-type extract in a reaction
volume of 40 µl under standard conditions. Following incubation,
the mixture was applied to a preparative band-shift gel and the
components separated by electrophoresis. Locations of the
IMR-bound and unbound DNA were discovered by autoradiography of the wet gel. Appropriate gel slices were excised and the
DNA eluted. Briefly, the gel slices were soaked overnight at room
temperature in 20 mM Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM
NaCl. Eluted material was applied to an Elutip and eluted in the
same buffer containing 1 M NaCl. Following ethanol precipitation, samples were denatured at 95C for 5 min and applied to an
8% sequencing gel.
RESULTS
Detection of insertion mispair recognition activity in
nuclear extracts
Mismatch recognition is an essential step in DNA mismatch
correction that occurs when one or more proteins specifically
interact with the mismatch and elicit the repair response. Since
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several lines of evidence indicate that insertion mismatches up to
1000 bases or more are corrected in yeast (25–28), we reasoned
that there must be a binding activity that recognizes insertion
mismatches. To search for such a binding activity in vitro we
utilized a band shift assay and oligonucleotides probes with or
without a mismatch (Fig. 1). For physiological relevance, the
probes were derived from sequences that have been tested in vivo
and many of which are substrates for mismatch correction. One
set of oligonucleotides utilized sequences from the bacteriophage
P22 mnt gene (32) which was used to study the correction of
insertion mismatches in E.coli (20,21) as well as mispair binding
by the bacterial MutS protein (20). The second set of oligonucleotides was designed within the yeast ADE8 sequence (33), since
Fogel and colleagues (1,26) have proven that deletions and single
base mispairs in this region undergo repair. Furthermore, single
base mispairs and a one base insertion mismatch placed in either
the mnt or ADE8 contexts are recognized by an MSH2 dependent
activity (12).
Radiolabelled duplexes were incubated with yeast nuclear
extracts and then subjected to analysis on non-denaturing
polyacrylamide gels. It is important to note that the yeast nuclear
extracts used in this study were prepared specifically with the
intent of revealing all possible mismatch binding activities. This
was accomplished by treating purified nuclei with high salt buffer
to promote the release and subsequent extraction of as many
nuclear proteins as possible. As a result, the crude nuclear extracts
produced more than one band when subjected to band shift
analysis. We sought to identify insertion mismatch binding
activities in these extracts. Specificity of binding was judged by
three criteria: requirement for a mismatch, competition for
complex formation in the presence of excess mismatch-containing oligonucleotides and reproducibility of binding between
extract preparations. Only binding events that satisfied all three
requirements were considered.
Incubation of wild-type yeast nuclear extracts with homoduplex DNA (Fig. 2, lane 1) resulted in the formation of several
distinct complexes. These represented mismatch-independent
binding events and served as controls. Lane 2 shows the result of
incubating a one base insertion heteroduplex with nuclear
extracts. In addition to the complexes seen before, two new
complexes were observed. Competition experiments determined
that the upper complex (marked as ‘Single-base complex’) also
specifically recognizes the one base insertion mispair; an excess
of unlabelled one base insertion heteroduplex displaced the
radioactive probe (lane 3) but an excess of non-radioactive five
base insertion heteroduplex (lane 4) or homoduplex (lane 5) did
not affect complex formation. The characterization of the
single-base complex has been established in previous work (12)
and corresponds to the MSH2-dependent mismatch binding
activity. The lower complex (migrating about two-thirds the way
down the gel) was not competable and so was not considered
further.
The presence of a distinct complex was observed when a probe
containing an insertion mismatch of five bases was incubated
with nuclear extracts (lane 6). This new complex migrated in a
different position from the MSH2-dependent complex. To test the
specificity of this new complex, several competition experiments
were performed. Addition of unlabelled five base heteroduplex
reduced complex formation (lane 8) whereas a homoduplex
competitor had little effect (lane 9). Note that other complexes
further down the gel were competed by homoduplex and hence
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extract, as expected. In contrast IMR activity was observed with
the five base insertion mispair (Fig. 2, lane 10). This activity could
be competed by unlabelled five base competitor (lane 11) but not
by unlabelled T/G or homoduplex (lanes 12–13). We conclude
that IMR does not require function of the MSH2, MSH3 or MSH4
genes.
IMR activity is largely independent of sequence context

Figure 2. Yeast extracts contain a new binding activity specific for insertion/
deletion mismatches. Binding of 50 fmol of radiolabelled duplexes from the
mnt series (Fig. 1) occurred in a 10 µl reaction containing 200 ng of poly
(dI-dC). Nuclear extract containing 5 µg protein (wild-type extract, lanes 1–9)
or 30 µg protein (msh2 msh3 msh4 triple mutant extract, lanes 10–13) was
added last. When present, the amount of unlabelled competitor was 4 pmol
(lanes 1–9) or 2 pmol (lanes 10–13). Following incubation for 30 min at 0C,
the DNA species were resolved in a 6% polyacrylamide gel under non-denaturing conditions at 4C. Radiolabelled DNA species were visualized by
autoradiography. Unbound DNA migrated to the position at the bottom of the
figure. Arrows at the side of the figure indicate the positions of species referred
to in the text.

do not satisfy this important requirement for mispair specificity.
Interestingly, competition with an excess of one base insertion
mismatch also failed to prevent specific binding to the five base
insertion probe (lane 7). Taken together these results suggest the
presence of an activity that recognizes the larger insertion
mismatch and is biochemically distinct from the MSH2-dependent activity. We have named this new activity IMR, for insertion
mismatch recognition.
IMR is independent of MSH2, MSH3 and MSH4
To test the effect of the mutS homolog genes MSH2, MSH3 and
MSH4 on mismatch binding, a triple mutant strain with disruptions in all three genes was constructed. Nuclear extracts were
prepared from the mutant derivative and mismatch binding was
assayed. (Comparison of IMR activity in several extract preparations indicated that apparent differences in the amount of binding
activity were due to variations from preparation to preparation
and hence these differences result from methodology rather than
the genotype of the cell source.) Incubation with a T/G probe (not
shown) did not yield any MSH2 dependent activity in the mutant

A mismatch recognition activity should be largely independent of
DNA sequences flanking the mismatch. To test the influence of
flanking DNA sequences, we measured interactions of IMR with
seven base insertion mismatches in either the mnt or ADE8
sequence contexts (Fig. 1). The results of this experiment are
shown in Figure 3. Lanes 1–7 demonstrate IMR binding to the
seven base heteroduplex in the mnt context and lanes 8–14 show
the result when the mispair occurred within ADE8. In the absence
of any competitor, IMR activity was observed with both probes
(lanes 1 and 8). Complex formation was almost entirely blocked
when competitors harboring the seven base heteroduplex in either
the mnt or ADE8 sequences were used (lanes 2, 3, 9 and 10).
However IMR binding was only modestly reduced by T/G
heteroduplex or homoduplex competitors in either sequence
context (lanes 4–7 and 11–14). The additional band running
above the insertion complex does not exhibit competition patterns
that conform to our criteria of specificity and so was not further
investigated. The results of Figure 3 support the hypothesis that
IMR constitutes a general insertion mismatch binding activity
that is largely independent of flanking DNA sequence.
The insertion mismatch complex formation is
influenced by structure of the mispair
As an initial assessment of the physiological relevance of IMR
activity, we compared its binding properties to two different types
of insertion mismatches, one that is repaired in vivo and another
that is not. Gene conversions of many insertion mutations have
been observed (25) including several within ADE8 (26). However, insertions able to form hairpin structures with stem length
of at least five base pairs are poor substrates for repair (27,28).
The latter finding is due in part to the fact that, unlike cruciforms
arising within palindromic DNA, hairpins within insertion
heteroduplexes are not in competition with alternative, highly
stable double-strand DNA forms (27,28). The results of incubating nuclear extract with hairpin or seven base insertion heteroduplexes embedded within ADE8 sequence context are shown in
Figure 4. Comparison of lanes 1 and 2 indicates that the hairpin
probe (lane 1) gave rise to a complicated pattern of bands that was
difficult to interpret. However little material was observed at the
IMR position (lane 2), suggesting that the hairpin heteroduplex is
not recognized by IMR. To strengthen this finding, competition
experiments were performed. IMR binding to the seven base
insertion heteroduplex was largely inhibited when unlabelled
seven base insertion mispair was the competitor (lane 3).
However addition of the hairpin competitor, like the homoduplex
competitor, resulted in little reduction of the insertion mispair
binding complex (lanes 4–5). The results from Figure 4 support
the idea that mispair structure is likely an important feature
influencing the recognition and ultimately the repair of such
insertion mismatches, consistent with in vivo results (27,28).
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Figure 3. Sequence context effects on mismatch binding activity. Yeast nuclear
extract (5 µg) was incubated in a total reaction volume of 10 µl with 25 fmol
radiolabelled duplexes derived from either ADE8 (A) or mnt (M) (described in
Fig. 1). Unlabelled competitor duplexes (2 pmol), either from ADE8 (A) or mnt
(M), were included during the binding reaction as indicated. The figure shows
the results of electrophoretic fractionation of the mixtures. The arrows indicate
the position of the insertion specific complex described in Figure 2.
Densitometric analysis of the insertion complex band intensities indicated that
competition for the labelled mnt heteroduplex was equally effective for both the
unlabelled mnt and ADE8 heteroduplexes (lanes 2 and 3). Modest reductions
of approximately equal intensities were detected in lanes 11–14 (T/G and
homoduplex competitors from ADE8 and mnt) relative to lane 8 (uncompeted
ADE8 heteroduplex) but these reductions were much less than for the specific
competitors (lanes 9–10).

IMR is not mediated by single-stranded binding
protein or by binding to bent duplex regions
To eliminate the possibility that insertion mismatch binding might
be due to single-stranded binding proteins, we radiolabelled both
the upper and lower strands that, when annealed to each other,
form the nine base insertion complex and repeated the binding
assay with these single-stranded probes. Each single-stranded
probe gave rise to complexes that migrated at distinctly different
positions than the IMR complex (Fig. 5, compare lanes 1 and 2
with lane 3). In addition, single-stranded competitors failed to
block complex formation to a nine base heteroduplex probe (lanes
7–8). Competition by a T/G heteroduplex or by homoduplex was
also ineffective at blocking IMR complex formation (lanes 5–6).
In contrast, a nine base insertion heteroduplex was an effective
competitor (lane 4). Note that the IMR complex was the only band
exhibiting specific competition in lanes 4–8, again consistent
with our criteria of specificity. By inference we ruled out the
possibility that all single-stranded competitor in lanes 7–8 was
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Figure 4. The insertion mismatch complex formation depends on DNA
structure. Yeast nuclear extract (10 µg) was incubated in a total reaction volume
of 10 µl with 50 fmol radiolabelled duplexes derived from either ADE8
sequences. Unlabelled competitor duplexes (2 pmol) were included during the
binding reaction as indicated. The arrow indicates the position of the insertion
specific complex.

bound by single-stranded binding proteins and was unavailable to
challenge formation of the insertion mismatch complex. Since
some single-stranded probe remains unbound in lanes 1–2,
unlabelled single-stranded competitor must also remain unbound
in lanes 7–8 where it is present at 80-fold higher concentration.
Thus, free single-stranded competitor is available but it fails to
block insertion mismatch complex formation. The results of
Figure 5 indicate that single-stranded binding activities are not
involved in recognition of the insertion mispairs tested here.
Another possibility for IMR activity is that bends in the DNA
duplex are actually being recognized. Insertion mismatches up to
four nucleotides contain a bend at the position of the mismatch
(36–40). A bent structure might be recognized without regard to the
presence of a mispair, thus yielding a result in our assay that was not
due to bona fide mismatch recognition. To address this possibility,
we constructed a duplex containing six consecutive adenine residues
within the ADE8 sequence context (Fig. 1). DNA containing
stretches of adenines contain an intrinsic DNA bend (41,42) and
hence might act as a target for binding of bend-specific proteins. We
assayed the bent molecule for binding and also as a competitor in
band shift assays (Fig. 6). Lane 1 shows that the bent DNA probe
yielded complexes with nuclear extract that migrated at positions
other than the insertion position (lane 2), suggesting that the bent
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Figure 6. DNA bends are not sufficient to confer recognition by IMR. Binding
of nuclear extracts (10 µg) to 50 fmol of radiolabelled duplexes was performed
as described in Materials and Methods and the products were separated on a
polyacrylamide gel. When present, the amount of unlabelled competitor was 3
pmol. The labelled DNA in lane 1 was the bent duplex (see Fig. 1), in lanes 2–5
it was the five base insertion (mnt context) and in lanes 6–10 the probe was the
four base insertion mispair (ADE8 context).
Figure 5. IMR activity is independent of single-stranded binding protein.
Binding of nuclear extracts (30 µg) to radiolabelled heteroduplexes was
performed under conditions described in Materials and Methods and the
products were separated on a polyacrylamide gel. When present, the amount of
unlabelled competitor was 4 pmol. The single-stranded probes in lanes 1 and
2 are the oligonucleotides that, when annealed together, form the nine base
heteroduplex. ‘Upper’ and ‘lower’ refer to their relative positions, as seen in
Figure 1. The arrow indicates the insertion specific complex. Quantitation of
insertion complex band intensities indicated that single-stranded competitors
were no more effective at blocking complex formation than were T/G or
homoduplex competitors.

duplex is not being recognized by IMR. In competition experiments
the five base insertion probe (mnt context) was displaced when
excess five base insertion DNA was used (lane 3) but not when the
bent DNA or homoduplex was present as the competitor (lanes 4–5).
These results were extended to include binding of a four base
insertion mispair where the extra nucleotides are all adenine residues
(Fig. 1). This mispair contains one strand each from the homoduplex
and bent duplex and thus serves as an especially important test of
IMR specificity. The four base insertion mispair formed a complex
at the IMR position (Fig. 6, lane 6) that was competed by four base
insertion (lane 7) or by a seven base insertion in the ADE8 context
(lane 8). In contrast the bent duplex or homoduplex were ineffective
at preventing IMR complex formation (lanes 9–10). Essentially
identical results (not shown) were obtained in control experiments
using extract from an msh2 mutant strain, excluding the possibility
that binding is due to Msh2 protein. Results from genetic analysis
of msh2 mutants (10,11,16) indicate that Msh2 is required for
correction of many four base insertion mispairs. The failure to detect
MSH2-dependent binding to the four base heteroduplex in Figure 6
is unclear. However these findings support the idea that DNA bends

are not sufficient to confer recognition by IMR. These results also
extend the range of binding of IMR to a four base mispair.
DNA bound by IMR appears unaltered relative to
unbound DNA
To assess the possibility that IMR may recognize DNA carrying
gross chemical distortions present as a minor subpopulation of
our probes, we isolated DNA from the IMR bound and unbound
fractions of a band-shift gel like the one shown in Figure 2. The
radiolabelled probe was the five base insertion mispair from the
mnt sequence. The experiment was performed in parallel with
either the longer (top) or shorter (bottom) strand of the
heteroduplex bearing the radiolabel (Fig. 1). Following isolation
the DNA samples were analyzed on a sequencing gel (Fig. 7).
Lanes 1–4 provide a sequencing ladder from M13 as a standard.
Lanes 5 and 8 contain the unbound and bound fractions,
respectively, from the heteroduplex labelled on the shorter strand.
There was no significant difference between the two DNA
samples. The heterogeneity of the samples in lanes 5 and 8 can be
ascribed to exonucleolytic degradation of the two 3′ overhanging
nucleotides, with the largest species corresponding to full-length
(30mer) oligonucleotide. Similarly, lanes 6 and 7 represent the
unbound and bound fractions with the longer strand labelled.
Once again, no significant difference is seen and the major
component corresponded to the full-length strand (33mer). These
results suggest that DNA recognized by IMR does not carry any
gross chemical alteration and supports the idea that IMR
recognition is conferred by the insertion mispair. The size range
of DNA molecules displayed in this gel would have revealed
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Figure 7. Analysis of bound and unbound insertion mismatch DNA. Five base
insertion mispair probe from the mnt sequence was prepared with either the
longer (top) or shorter (bottom) strand (Fig. 1) bearing a radiolabel. 200 fmol
of the five base insertion mispair in the mnt context (see Fig. 1) was incubated
with 40 µg of wild-type extract in a reaction volume of 40 µl under standard
conditions. Following incubation, the mixture was applied to a preparative
band-shift gel and the components separated by electrophoresis. Locations of
the IMR-bound and unbound DNA were revealed by autoradiography of the
wet gel. Appropriate gel slices were excised and the DNA eluted (see Materials
and Methods). The figure shows electrophoretic analysis on an 8% sequencing
gel. Lanes 1–4 provide a sequencing ladder, loaded in the order G-A-T-C, from
an M13 template using a 32P end-labelled ‘–20’ primer (US Biochemicals).
Sizes of products (in nucleotides) are shown on the left. The major band at
nucleotide position 20 of lanes 1–4 is unextended primer. Lanes 5 and 8,
unbound and bound (respectively) fractions of heteroduplex labelled on the
shorter strand; lanes 6 and 7, unbound and bound (respectively) fractions of
heteroduplex labelled on the longer strand.

cleavage events at the position of the mispair (13–17 nucleotides
from the position of the label). As no cleavage products were
observed, we conclude that cleavage is not a required event in
IMR binding.
Competition analysis also indicates a range of IMR
binding from 4–5 to 9 base insertion mispairs
Based on the results shown above, IMR binding is consistent with
the hypothesis of an insertion recognition activity. A systematic
analysis of the substrates bound by IMR would provide additional
information about its biochemical properties. However attempts
to perform this experiment with unfractionated nuclear extracts
were difficult to interpret, although the results suggested that IMR
may bind insertion mispairs as small as three nucleotides (data not
shown). We therefore developed an alternative isolation procedure that enriches our extracts ∼10-fold for IMR activity. This
enriched extract (from an msh2 msh3 mutant strain) was
subjected to binding analysis using a five base insertion mispair
as the labelled probe and unlabelled competitors harboring one to
nine base heteroduplexes. Figure 8 shows that complex formation
is blocked in the presence of nine, seven or five base competitors
(compare lane 1 with lanes 2–4). These results are consistent with
observations from experiments shown above for five to nine base
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Figure 8. Competition analysis of binding in extracts enriched for IMR.
Extracts from an msh2 msh3 mutant strain were prepared under conditions that
led to ∼10-fold enrichment of IMR activity (see Materials and Methods).
Extract (1.6 µg) was incubated with 25 fmol of labelled five base insertion
complex in a volume of 10 µl. When present, 2 pmol of the indicated competitor
heteroduplexes were added. All heteroduplexes were from the mnt sequences.
After incubation, products were separated electrophoretically and detected by
autoradiography.

heteroduplexes. Competitor heteroduplexes containing one to
four bases are largely ineffective at preventing complex formation (lanes 5–8). Heteroduplexes of three or four bases may be at
the edge of IMR binding spectrum and of insufficient affinity to
compete effectively with the five base probe (Fig. 8), although
direct binding to a four base heteroduplex was demonstrated
above (Fig. 6).
DISCUSSION
The results of this study show that IMR, a new mismatch
recognition activity from yeast, binds specifically to oligonucleotides containing insertion mismatches. This activity has a number
of features similar to those of other mismatch binding activities.
First, binding is determined by the presence of an insertion
mismatch rather than by the DNA sequence context. Second,
IMR recognizes a specific group of mismatched oligonucleotides, namely those containing insertion mispairs of four to nine
bases. Third, the concentration of probe (nM range) needed for
detection of IMR activity is similar to the amount necessary to
observe the single base mispair binding activity that requires
MSH2 (12). Fourth, the fact that only a small fraction of the
radiolabelled oligonucleotide is bound suggests that, like the
MSH2-dependent activity (12), IMR may be present in low
abundance. Finally, its spectrum of binding is influenced by the
structure of the mismatch, as a hairpin structure with a seven base
pair stem is not recognized. This binding spectrum correlates well
with the available data regarding specificity of repair in vivo
(27,28). Evidence provided here argues against several modes of
recognition that are mismatch independent, including binding to
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single-stranded regions, to a bend in the duplex or to DNA
carrying grossly damaged regions.
The biochemical and genetic data generated in this study
support the idea that IMR is independent of the mutS homologs
MSH2, MSH3 and MSH4. By these criteria, IMR is a previously
unidentified activity. We did not test mutants in MSH1 as this
protein has mitochondrial function (10) and purified Msh1
protein exhibits mispair binding spectrum (13) that is not
consistent with the insertion binding spectrum described here. We
anticipate that MSH5, which yields only meiosis-specific mutant
phenotypes and falls in the same epistasis group as MSH4 (9), is
unlikely to encode IMR. Attempts to compare directly the
spectrum of insertion mispair binding by the MSH2-dependent
activity and by IMR in our extracts were equivocal due to the
complex mixture of proteins present. This characteristic must
await comparison of the purified proteins. The range of recognition is of considerable interest with respect to the mechanism (or
mechanisms) by which larger insertion mispairs are corrected.
Several possibilities for this type of repair are considered below.
The simplest hypothesis is that eukaryotes utilize the same
proteins to correct large insertion mispairs that are used in repair
of small insertions and single base mispairs. This point hinges on
the ability of Msh2/GTBP (Msh2/Msh6 in yeast) to bind insertion
mispairs, a property that MutS does not possess (20). A recent
report (14) indicates the ability of purified yeast Msh2 to bind
insertion mispairs up to 14 nucleotides in length. However it is
possible that the insertion mispairs tested, many of which were
palindromic, assume some structure that fortuitously provides a
single-base mismatch for Msh2 binding. Control binding experiments with bacterial MutS would be most informative on this
point. In another study, mammalian cell extracts were shown to
support correction of insertion mispairs up to 16 nucleotides (43).
Correction of insertion mispairs up to five nucleotides was
deficient in extracts from a cell line (44,45) that is mutant in both
alleles of hMSH2. However correction assays on mispairs of eight
or 16 bases were not reported for the hMSH2 mutant extracts (43).
As noted by the authors, there are several explanations for the
insertion mismatch repair deficiency in the hMSH2 mutant
extracts and so it remains to be resolved whether this protein
participates in correction of large insertion mispairs. Another
point that requires resolution with this first hypothesis is that yeast
msh2 mutants yield alterations in dinucleotide repeats of two or
four bases (16), suggesting that an MSH2-dependent activity fails
to recognize insertion or deletion mismatches that exceed four
bases. Finally, the identification of a heterodimeric, functional
Msh2–GTBP complex in mammalian cells (29,30) and the
likelihood of a yeast homolog to GTBP (31) raises the possibility
that the predominant mismatch recognition function in yeast is
due to a heterodimer, one subunit of which is Msh2. This might
explain the difference in heteroduplex specificities between
extracts (12) and Msh2 that was overproduced and isolated as a
single species (14).
A second possibility is that eukaryotes produce alternate
mismatch recognition proteins that are capable of binding to
insertion mismatches and then tapping into the same downstream
functions that contend with single base and small insertion
mismatches (converging pathway hypothesis). As a third possibility, correction of large insertion mismatches may indicate a
distinct, previously unknown pathway whose components are not
involved with correction of single base mispairs (parallel
pathway hypothesis). Our results with IMR are consistent with

either of these hypotheses. Several findings suggest that the mutL
homologs tested to date are not involved in correction of large
insertion mispairs. For example, correction in mammalian cell
extracts from a cell line defective in hMLH1 (46,47) was
defective in repair of insertions up to four nucleotides (43,48) but
exhibited repair activity on insertions of 5–16 nucleotides (43).
Also, mutations in hMLH1 or yeast MLH1 or PMS1 yield losses
of two bases (49) or gains/losses of two or four bases (16) within
dinucleotide repeats, suggesting that at least some of the
eukaryotic homologs of mutL do not appear to be required for
correction of insertion mispairs larger than four nucleotides.
However correction of 8 or 12 base palindromic insertions is
partially dependent on PMS1 function (23). Evidence also exists
that correction of 27 or 216 nucleotide loops in extracts occurs by
a previously unknown pathway (P. Modrich, personal communication; B. Parker and R. Lahue, unpublished results).
One feature of insertion mismatches that influences their
correction is secondary structure. For example, different insertion
mispairs may assume conformations that are dependent on the
exact nature of the inserted bases, leading to recognition by
different proteins. If true, this would allow for insertion mispair
binding by either IMR or Msh2, depending on the heteroduplex
tested and hence could explain the results presented here and by
Alani et al. (14). For palindromic insertions capable of assuming
a hairpin structure with stem length of at least five base pairs,
Petes and colleagues have shown that this class of insertion
mispairs are not corrected in vivo, as judged by gene conversion
experiments (27,28). One explanation (28) for the lack of repair
of hairpin heteroduplexes is that a protein binds to the hairpin
structure and blocks repair. As described in our work, IMR is
unable to recognize one of these hairpin structures. Thus the lack
of repair of this kind of mismatch could be attributable to a
deficiency in recognition rather than a blocking protein. We
showed that experiments containing an 80-fold excess of
competitor hairpin oligonucleotide was unable to prevent formation of the insertion complex. Unless the blocking protein is present
in very large amounts in our extracts, this result suggests that failure
of binding to the hairpin by IMR is a more probable explanation
for the lack of correction. This conclusion is based on the
assumption that IMR is a bona fide mismatch correction activity,
a supposition that is consistent with the results presented here but
which has not yet been directly tested. Unambiguous assays are
currently being developed to address this important point.
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