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Abstract

DNA mismatch repair (MMR) models have proposed that MSH proteins identify DNA
polymerase errors while interacting with the DNA replication fork. MLH proteins (primarily
MIh1-Pms1 in baker’s yeast) then survey the genome for lesion-bound MSH proteins. The
resulting MSH-MLH complex formed at a DNA lesion initiates downstream steps in repair. MLH
proteins act as dimers and contain long (20 — 30 nanometers) unstructured arms that connect two
terminal globular domains. These arms can vary between 100 to 300 amino acids in length, are
highly divergent between organisms, and are resistant to amino acid substitutions. To test the roles
of the linker arms in MMR, we engineered a protease cleavage site into the MIh1 linker arm
domain of baker’s yeast MIh1-Pms1. Cleavage of the MIh1 linker arm /n vitroresulted in a defect
in MIh1-Pms1 DNA binding activity, and /in vivo proteolytic cleavage resulted in a complete
defect in MMR. We then generated a series of truncation mutants bearing MIh1 and Pms1 linker
arms of varying lengths. This work revealed that MMR is greatly compromised when portions of
the MIh1 linker are removed, whereas repair is less sensitive to truncation of the Pms1 linker arm.
Purified complexes containing truncations in MIh1 and Pms1 linker arms were analyzed and found
to have differential defects in DNA binding that also correlated with the ability to form a ternary
complex with Msh2-Msh6 and mismatch DNA. These observations are consistent with the
unstructured linker domains of MLH proteins providing distinct interactions with DNA during
MMR.
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Introduction

DNA mismatch repair (MMR) is a conserved pathway that corrects misincorporation and
slippage errors introduced by DNA polymerase during DNA replication. MMR in
eukaryotes initiates with the binding of MSH proteins (Msh2-Msh6 or Msh2-Msh3) to base-
base mismatches and loop mismatches up to 17 nt in size.:2 This interaction results in the
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recruitment of MLH proteins (primarily MIh1-Pms1 in baker’s yeast) followed by the
initiation of downstream excision and resynthesis steps that maintain template strand
information.3-> Mutations in the MSHand MLH MMR genes result in large increases in
mutation rate and are associated with hereditary non-polyposis colorectal cancer.
Interactions between MMR factors (MSH, MLH) and components of the replication
machinery such as the processivity clamp PCNA have led to the idea that MSH proteins
rapidly scan behind the replication fork to identify DNA polymerase errors.1:712 Studies
showing that MSH proteins act as sliding clamps and co-localize with replication
components in S-phase are consistent with replication tracking models in which the
identification of mismatches on DNA by MSH proteins coincides with transient nucleosome
disruption by the passing replication machinery.11:13-19

Recently Hombauer et a/11 showed in baker’s yeast that MIh1 -Pms1 form nuclear foci
whose appearances are dependent on MSH complexes and the frequency of DNA
mismatches in the genome. These observations suggest that MLH interactions with MSH
proteins are temporally distinct from the initial binding of MSH proteins to mismatch DNA.
The work of Hombauer et a/.,11 coupled with 7 vitro studies showing that MLH proteins
can bind and diffuse along DNA, suggest that MIh1-Pms1 interacts with DNA during
MMR.]‘Z'ZO_ZZ

Structural studies have revealed important insights into how MLH proteins interact with
each other and with the nucleotide cofactor ATP.23-27 The MLH proteins contain N- and C-
terminal domains that are connected by linker arms. The N-terminal domains (NTDs) of
MLH family members are highly conserved and contain an ATP binding site that belongs to
the GHKL family of ATPases.28:2° The structurally conserved C-terminal domains (CTDs)
are essential for dimerization.?! Linker arms, ~150 amino acids for MIh1 and ~250 amino
acids for Pms1, connect the N-terminal and C-terminal globular domains of MLH proteins.
These arms are variable in length between MLH family members, resistant to amino acid
substitution, and highly divergent in sequence context.26:29:30 Consistent with these
properties, Argueso et a/.3% performed an alanine-scan mutagenesis of yeast ML/HZ and
found that very few mutations in the linker arm region conferred defects in MMR.
Secondary structure prediction analysis suggest that the linker arms are random coils that are
highly disordered in solution.28 A fully extended ring structure of Mlh1-Pms1, with 20—
nanometer (nm) and 30— nm arms, respectively, could be similar in size to cohesin ring
complexes that connect sister chromatids.12:29:31 However, large conformational changes
affecting the linker arms of the S. cerevisiae MIh1-Pms1 complex were observed in atomic
force microscopy and proteolysis analyses that appear dependent on nucleotide occupancy
(ADP or ATP) in the individual ATP binding domains.2? In fact these conformational
changes were proposed to modulate the opening and closing of an MIh1-Pms1 ring.2° In
addition, single-molecule analysis suggested that the yeast Mlh1-Pms1 complex adopts a
ring-like configuration capable of encircling DNA and bypassing barriers such as
nucleosomes while using a rapid hopping/stepping diffusion mechanism.12:26 The role that
the linker arms play during the diffusion of MIh1-Pms1 along DNA remain unknown,
although they could act as either passive tethers that just link the N- and C-terminal
domains, or the linkers themselves might transiently interact with the DNA and thus provide
additional DNA-binding surfaces that could participate in the diffusive motion.

To gain a clearer understanding of the mechanism by which MIh1-Pms1 interacts with

DNA, we created a series of deletions within the linker arm domains of both MIh1 and
Pms1. In mutator assays, we show that the linker arm of MIh1 is more sensitive to deletion
than Pms1. Proteolytic cleavage of the linker arm of Mlh1 leads to a loss of MMR activity /n
vivo and loss of DNA binding activity /n vitro. Purified complexes containing deletions in
MIh1-Pms1 linker arms were analyzed and found to have different defects in DNA binding.

J Mol Biol. Author manuscript; available in PMC 2013 September 14.
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Together these observations are consistent with the unstructured linker domains of MLH
proteins having distinct interactions with DNA that are important for early steps in MMR.

Cleavage of the MIh1 linker arm in vivo impairs MMR

Previous structural and single molecule studies suggested that MIh1-Pms1 adopts a ring-like
structure that can wrap around DNA.12:21.24.26.27.29 |5 sypport of this idea our groups
showed in single molecule analysis that MIh1-Pms1 did not dissociate upon encountering
anchored DNA ends or the apex of looped DNA, but dissociated from free ends of “single-
tethered” DNA.12 We also found that proteolytic cleavage of the MIh1 linker arm weakened
MIh1-Pms1 DNA-binding activity in bulk DNA binding assays.

To further investigate the role of the unstructured linker domains, we tested whether
cleavage of the MIh1 linker arm abolished MMR functions /n vivo. We integrated MLH1
alleles containing TEV cleavage sites into a strain background containing the 7EV protease
gene with a nuclear localization signal under the galactose inducible promoter32 (T ables 1
and 2; Materials and Methods). There are no proteins in S. cerevisiae that contain the
canonical TEV cleavage site, and 7EV expression does not have any discernable effects on
growth and proliferation.32:33 These strains also contain the fys2::insE-A 4 frameshift allele
to measure MMR function. 34 Using this Lys™ reversion assay, we tested the effects of TEV
protease cleavage at two different sites (after amino acid T448 or Y499) in the MIh1 linker
arm (Fig. 1). Strains bearing these two alleles displayed mutation rates similar to m/h14 in
the presence of galactose, but were otherwise functional for MMR in the presence of the
non-inducing carbon source sucrose (Table 3). In strains lacking TEV protease, these alleles
fully complemented the m/h1A mutator phenotype (Table 3, data not shown). Together
these and previous /n vitro studies? show that an intact MIh1 linker arm is required in
MMR. However, we note that weakening of DNA binding by cleaving the MIh1 linker
domain may not be the only reason for the MMR defect because Mlh1 and Pms1 linker arms
appear to change dramatically upon nucleotide binding.2°

We tested whether cleavage of MIh1 /n vivo conferred a dominant negative phenotype by
transforming EAY 3102 (MLHI(TEV 448 FLAG 499)) with pPEAAL09 (MLH1,ARS CEN)
and pRS415 (ARS CEN). As expected, the rate of reversion to Lys* was similar to m/h1A in
EAY3102 containing pRS415 grown in sucrose and galactose. In contrast, the reversion rate
in EAY3102 containing pPEAA109 was indistinguishable when cells were grown in sucrose
compared to sucrose and galactose (0.7 x 1076 (0.5 - 0.8 x 1075, 95% C.1.) vs. 1.0 x 1076
(0.6 — 2.9 x 1075, 95% C.1.)). These results indicate that cleaved MIh1 does not confer a
dominant negative phenotype /n vivo, consistent with the idea that stable DNA-binding is a
prerequisite for association with Msh2-Msh6 and subsequent MMR steps.

The results obtained above can be explained by TEV protease cleavage causing the entire
MIh1-Pms1 complex to fall apart, or the Mlh1 NTD could dissociate, leaving just the MIhl
CTD bound to the full-length Pms1. Alternatively, both the MIh1 NTD and CTD could
remain associated with intact Pms1 upon TEV cleavage. We attempted to distinguish these
possibilities by examining the integrity of MIlh1-Pms1 complexes in MLHI(TEV,FLAG)
strains grown in galactose to induce TEV protease expression. Western blot analysis was
then performed on the induced cultures to detect the presence of the C-terminal Mlh1l
cleavage product using anti-FLAG antibody. However, only a small amount of cleavage
product (estimated to be less than 10% of full length MIh1) was observed in cultures grown
for fours in galactose (data not shown). One explanation consistent with this observation and
our genetic analysis is that there are two populations of MIh1 in the cell, a small population
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(~10%) that participates in MMR and is TEV sensitive, and a second larger population
(~90%) that is TEV resistant but does not act in MMR.

Because we did not detect efficient cleavage of MIh1(TEV) /n vivo, we tested the integrity
of the MIh1-Pms1 complex after TEV protease cleavage in vitro, followed by
immunoprecipitation with an anti-HA antibody specific to the Pms1(HA) subunit (Fig. 1,
2a). This analysis showed that the MIh1 N-terminal and C-terminal domains remained
associated with Pms1(HA) after the MIh1 linker arm was cleaved with TEV protease (Fig.
2b). Control reactions performed with MIh1(TEV 448, FLAG499)-Pms1 lacking an HA tag
showed that immunoprecipitation was specific. Similar results were obtained in reactions
containing or lacking large molar excesses of 40 bp duplex DNA substrate, DNAsel or
apyrase, suggesting that DNA or ATP were not required for the integrity of the TEV-cleaved
complex (data not shown). These results provide further evidence that the integrity of the
linker arms is essential for MMR (see Discussion).

Deletions in the MIh1-Pms1 unstructured linker arms confer differential MMR defects

Our previous work!2 and the above TEV protease cleavage experiments encouraged us to
test if shortening of the linker arm domains in MLH proteins would alter both DNA binding
and MMR functions. To examine this we created a variety of deletions along the predicted
linker arm domains of each protein (Fig. 3). The limits of the linker arm domains (336-480
in Mlh1, 390-634 in Pms1; A. Guarne personal communication) were conservatively chosen
to decrease the possibility of disrupting the N or C -terminal globular domains. MLH1
alleles contain a FLAG-epitope tag in a position downstream of the linker arm domain (after
amino acid Y499) that was previously shown to not disrupt MlIh1 MMR function.12:30 Al|
PMS1 alleles, except pms1A390-610, contain a HA-epitope tag within the linker arm
domain (after amino acid D565) that was also previously shown not to affect MMR.12

Individual m/h1 and pms1 mutant alleles were over-expressed using the galactose inducible
promoter to assess protein stability. After induction, crude extracts were collected and
mutant proteins were identified by western blot analysis using antibodies specific to the
relevant epitope-tags. Using an anti-FLAG antibody, each mlh1 linker arm deletion
polypeptide was detected at levels equivalent to those seen in extracts containing full length
MIh1(FLAG) (Fig. 3). The pms1 linker arm deletions polypeptides were detected using an
anti-HA antibody. With the exception of pms1A600-625, which showed reduced expression
levels, pms1 linker arm deletions displayed expression levels similar to Pms1(HA).
pms1A390-610expression level was not tested because this construct did not contain an
HA-tag; however as shown in Fig. 2a, MLH complexes containing this pms1 truncation
could be purified with yields similar to MIh1-Pms1. Thus on the whole MIh1 and Pms1
linker arm deletions are expressed at roughly wild-type levels.

Individual linker domain mutants were tested in the /ys2.:insE-A;4reversion assay in the
presence of their wild-type heterodimeric partner (Table 4). The complete deletion of the
linker arm in either MLHZ1 or PMSI conferred a null phenotype for MMR. With the
exception of the 25 amino acid deletions m/h1A348-373 and mih1A445-470, all of the mih1
mutants displayed mutation rates similar to an m/h1A strain. mih1A348-373 displayed a low
to intermediate mutation rate and m/h1A4445-470showed a rate similar to wild-type. In
contrast, most of the pmsZ linker domain mutants showed mutation rates similar to wild-
type. 25 (pms1A600-625) and 50 (pms1A584-634) amino acid deletions conferred weak
mutator phenotypes and the complete deletion (pms14390-610) conferred a null phenotype.
A possible explanation for the weak mutator phenotype seen in pms1A600-625 s reduced
protein expression/stability (Fig. 3). Together these results suggest that the MIh1 linker arm
is more sensitive to deletion than the Pms1 linker arm.

J Mol Biol. Author manuscript; available in PMC 2013 September 14.
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To test for synthetic defects involving m/h1 and pms1 alleles, mutant alleles of m/h1 and
pms1 that showed wild-type or intermediate MMR defects were tested in combination
(Table 4; Fig. 4). Double mutants involving m/h1A4445-470and pms1 alleles recapitulated
the mutator phenotype of the individual pmsI allele. This was not surprising because strains
containing mflhiA445-470displayed a MMR phenotype that was indistinguishable from
wild-type. Interestingly, double mutants involving the intermediate allele m/h14348-373
and pms1 alleles showed synergistic increases in mutation rate, suggesting that a mild defect
seen in an individual linker mutant is exacerbated when combined with a partner that has a
shortened linker arm. One interpretation of this result is that the shortening of the linker arm
domains of MIh1-Pms1 confers a defect in MMR by disrupting protein-DNA interactions
within the complex or with other MMR components (Discussion). A second possibility is
that the MMR defect is due to a smaller size of the MIh1-Pms1 ring. Lastly, it is possible
that the mutations disrupt structural transitions in Mlh1-Pms1 reported by Sacho et af..2°

Deletions of MIh1-Pms1 linker arms have differential effects on DNA binding activity

To better characterize the MMR defect created by shortening the Mlh1 and Pms1 linker
arms we purified complexes containing a complete deletion of one linker arm (MIh1-
pms1A390-610, mlh1-A336-480-Pmsl). We also purified a complex (mlh1A348-373-
pms1A584-634) in which the m/h1 and pmsI mutations displayed a synergistic defect in
MMR, resulting in a null-like phenotype. All complexes could be purified at levels similar
to wild-type (Fig. 2a).

Previous work showed that MIh1-Pms1 binds to DNA through non-specific backbone
contacts; it displays no specificity for mismatch DNA.12:20 Based on our single molecule
analysis of intact and TEV-cleaved MLH complexes,12 we suspected that the MMR defect
observed for linker deletions in the /ys2414reversion assay was due at least in part to an
impairment of DNA binding activity. To test this, we performed electromobility shift assays
(EMSA) with short (40-bp) radio-labeled oligonucleotides and wild-type and mutant MLH
complexes (Fig. 5, Fig. S1). We were unable to detect DNA binding by MIh1-
pms1A390-610 at protein concentrations up to 500 nM. However, both mlh1 A336-480-
Pms1 and mlh1A348-373-pms1A584-634 displayed DNA binding affinities that appeared
similar to the MIh1-Pms1 complex. These observations indicate that the Pms1 linker arm
appears more important than the MIh1 linker arm for the binding of MIh1-Pms1 to DNA.
More sensitive DNA binding assays will need to be performed to determine if the
mlh1A336-480-Pmsl and mlh1A348-373-pms1A584-634 mutant complexes display subtle
difference in DNA binding relative to MIh1-Pms1.

MIh1-Pms1 and Msh2-Msh6 form a ternary complex on mismatch DNA. This interaction
requires ATP and is thought to serve as an intermediate to signal downstream effectors to
complete repair.3® Although the conserved connector domain Il of Msh2-Msh6 was shown
to be important for interactions between Msh and MIh proteins, it is not known which
region(s) of MIh1-Pms1 is required for this association.> EMSA was used to rule out the
possibility that deletions within the linker domain of MIh1 and Pms1 disrupted association
with Msh2-Msh6 at a DNA mismatch (Fig. 6). In these assays, MIh1-Pms1 complexes were
present at a concentration below detectable DNA binding in the absence of Msh2-Msh6 to
eliminate the possibility that they block Msh2-Msh6 access to the mismatch site. Mutant
complexes that displayed DNA binding activity (mlh1A336-480-PMS1 and mlh1A348-373-
pms1A584-634; Figure 5) displayed ternary complexes with Msh2-Msh6 and mismatch
DNA. MLH1-pms1A390-610 was defective in ternary complex formation, suggesting that
DNA-binding is a prerequisite for association with Msh2-Msh6.

J Mol Biol. Author manuscript; available in PMC 2013 September 14.
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Discussion

In this study we showed that the unstructured linker arms of MIh1 and Pms1 are important
for MIh1-Pms1 DNA binding activity and truncations or proteolytic cleavage of these linker
arms impair MMR functions /n vivo. Our analysis revealed that MIh1 is more sensitive to
linker arm deletion but that the Pms1 linker arm appears more important for MIh1-Pms1
binding to DNA. Previously we showed that TEV cleavage in the linker arm of Mlh1
disrupted MIh1-Pms1 binding to DNA /n vitro.12 In contrast to this study, isolated NTDs
from MIh1 and Pms1, isolated CTDs from £. co/i MutL, and MIh1 in the absence of a
partner MLH protein were shown to bind stably to DNA.21:25:36 One explanation for our
results is that associations remain between cleaved MIh1-Pms1 complexes that inhibit DNA
binding through unknown mechanisms. In support of this, co-immunoprecipitation
experiments performed on MIh1(TEV)-Pmsl following TEV cleavage showed that the two
resulting fragments of MIh1 still interact with full-length Pms1, suggesting that the complex
is not destroyed (Fig. 2b). These observations also support a role for a ring-like structure for
MIh1-Pms1 in MMR.12 Interactions between different domains of MIh1 and Pms1 (e.g. as
shown for the MIh1 and Pms1 NTDs in the ATP hydrolysis cycle by Sacho et a/2%) may be
required for coordination of DNA binding.21:25 The fact that MIh1-Pms1 has multiple DNA
binding sites that map to both subunits might necessitate such coordination.?! Nonetheless,
the finding that TEV cleavage of the linker arm of MIh1 in yeast cells resulted in an elevated
mutation rate implies that the DNA binding activity of the intact heterodimer is important
for mismatch correction.

Our data, which show that the N- and C-terminal domains of TEV cleaved MIh1 remain
associated with Pms1 in the absence of DNA, are in contrast with observations obtained
from Sacho et al. 2° who reported that in the absence of nucleotide cofactors such as ATP
yeast MIh1-Pmsl (yMutLalpha) is “predominately in an open and “v-shaped” extended
conformation, in which a large compact central domain is connected to two smaller domains
by flexible arms.” Based on their observations one would have not have expected
stoichiometric recovery of the N- and C-terminal domains of TEV cleaved MIh1 after
immunoprecipitation with an antibody specific to Pms1. However, our data are consistent
with work from Gorman et a/12 who found in single molecule studies that Mlh1-Pms1 has
properties consistent with ring-like architecture in the absence of ATP. More specifically,
Gorman et al.12 found that when hydrodynamic force was used to push Mlh1-Pms1, most
complexes (>95%) did not dissociate upon encountering anchored ends, nor did Mlh1-Pmsl
dissociate from the apex of looped DNA. In contrast, MlIh1-Pms1 immediately dissociated
from free ends of ‘single-tethered” DNA. At present we do not have a good explanation for
the different observations obtained from the two studies.

Deletion analysis of the MIh1 and Pms1 linker arms showed that the length of the MIh1 arm
was more critical for MMR function than the length of the Pms1 arm. Our findings for Pms1
are analogous to those seen when truncations were made in the linker arm of £, coli MutL .26
In that study they found that deletions up to one-third the size of the linker arm in MutL did
not disrupt DNA binding activity or MMR function. The fact that the linker arm of Pms1 is
twice the length of the MIh1 linker arm may allow for larger truncations to be made in Pms1
without compromising its activity. Alternatively, there may be important residues along the
MIh1 linker arm that are critical for protein function. In support of this, an alanine-scanning
mutagenesis screen identified a MMR defective allele, m/h1-31, that is mutated at residues
R401 and D403 and overlaps with several of our non-functional deletion constructs.30
Interestingly, mIh1-31 was still able to associate with Pms1 and form a ternary complex with
Msh2-Msh6 at a mismatch, suggesting it has a defect in downstream repair functions that are
possibly associated with other protein-protein interactions. It is also worth mentioning that

J Mol Biol. Author manuscript; available in PMC 2013 September 14.
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not all of our deletion constructs that conferred a null-phenotype removed these key
residues, indicating the presence of additional important amino acids within the linker arms.

Expression analysis ruled out the possibility that null-phenotypes seen for the linker arm
deletions constructs were a consequence of protein instability or due to a lack of protein
expression. This finding allowed us to purify and test complexes for DNA binding activity
and Msh2-Msh6 interactions. In contrast to our results for MMR function, it appears that the
linker arm of Pms1 is more important for the DNA binding function of this complex than the
MIh1 arm. Consistent with this, deletion of the linker arm in Pms1 impaired the ability of
MIh1-pms1A390-610 to form a ternary complex with Msh2-Msh6 at a DNA mismatch but
the corresponding linker arm deletion in MIh1, mlh1-A336-480-Pms1, did not affect this
interaction (Fig. 6). We attempted to purify a complex containing deletions in both linker
arms but could not obtain high enough yields of protein.

Combinatorial analysis of intermediate linker arm deletion mutations showed that they
conferred synergistic effects on mutation rates. These effects were only seen with the
intermediate m/h1 allele (mlh14348-373), whereas combinations with the wild-type
functioning m/h1 allele (mihiA445-47) displayed the individual phenotype of the pms1
allele tested. Our results indicate that combinations of weakened alleles result in significant
defects in protein function. One possibility is that there are threshold linker arm sizes in both
MIh1 and Pms1 that are required for the complex to form a functional ring that can bind to
DNA. Another possibility is that the ability of MIh1-Pms1 to diffuse along DNA while
searching for targets is compromised when the linker arms of either protein are truncated. In
the future it will be important to directly test these hypotheses.

It is not surprising that deletion mutations in the linker arms of MIh1 and Pms1 display
differential effects on DNA binding and MMR. Liskay and colleagues3’-38 observed
differential requirements for the ATPase motifs of MIh1 and Pmsl in MMR, and Hargreaves
et al3® found that Msh2-Msh6 interactions with MIh1-Pms1 at a mismatch site requires ATP
occupancy by only the Msh6 subunit. The observed asymmetries are likely to be important
in promoting repair specificity at different stages in the MMR reaction. Also, Sacho et a/2°
hypothesized that conformational changes involving the linker arms of MIh1-Pms1 promote
essential interactions with other MMR components. Mlh1-Pms1 interactions with PCNA
and Exo1 are of particular interest because they are thought to be critical for stimulating and
completing excision steps in MMR.#0-42 MIh1-Pms1 has been shown to harbor a latent
endonuclease activity that is attributed to the C-terminal domain of Pms1.42 Activation of
this activity is thought to be triggered by interactions with other MMR components to
displace a regulatory subdomain that blocks access toDNA. 22 Thus understanding how
MIh1-Pms1 interacts with DNA through linker arms will likely provide important clues on
how it interacts with downstream repair factors.

Materials and Methods

Strains and plasmids

Yeast strains (Table 1) were grown in yeast extract/peptone/dextrose (YPD), minimal
complete, or minimal selective media.*3 Plasmids used in this study are listed in Table 2.
For PMS1 constructs the HA epitope was inserted after amino acid D565 and is shown as
Pms1(HAsgs). For MLHI constructs, the FLAG epitope was inserted after T448 or Y499 in
MIh1(FLAG44g or FLAG4g99). TEV protease cleavage sites were inserted into MIh1 after
T448 in MIh1(FLAG.g9) and after amino acid 499 in MIh1(FLAG44g).12 Full details of
plasmid and strain constructions are available upon request.

J Mol Biol. Author manuscript; available in PMC 2013 September 14.
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Linker arm deletion series construction

Vectors were created to test each MLHZ and PMS1 linker arm deletion in complementation
(ARS CEN) and over-expression (GAL1/10, Zu) assays (Table 2). m/h1 linker arm deletion
complementation vectors were derived from pEAA213 which expresses MLHI from its
native promoter.** pms1 linker arm deletion complementation vectors were derivatives of
the pEAA238, which expresses PMS1 from its native promoter.*4 Expression vectors were
derived from pMH1 (GALI-MLHI1-VMA-CBD, 2)., TRPI) and pMH8 (GAL10-PMS1, 2y,
LEUZ2).%5 Each deletion was constructed by overlap-extension PCR to remove the portion of
the corresponding protein.*6 DNA fragments containing the relevant linker arm deletion
were inserted into pEAA213, pEAA238, pMHL1, and pMH8 and confirmed by DNA
sequencing (Cornell BioResource Center).

lys2::insE-A14 reversion assay

pEAA213 (MLHI), pEAA238 (PMSI) and derivative plasmids were transformed into
EAY1366 (mlhiA, lys2..insE-Az4) and EAY3097 (omsl1A, lys2:.insE-Ayy), respectively,
using standard methods.#’ Plasmids were maintained by growing strains in minimal
selective (leucine dropout for pPEAA213 and derivatives, histidine dropout for pPEAA238 and
derivatives) media. When tested in combination, pEAA213 and pEAA238 and derivatives
were co-transformed into EAY 1365 (m/hiA pmsiA, lys2::insE-Ay,). TEV assays were
preformed in strains EAY3098-EAY 3102 maintained in minimal media containing either
4% sucrose as the sole carbon source or 2% sucrose + 2% galactose as carbon sources. Each
strain was sequenced to confirm integrations and to verify /ys2::insE-A;4integrity. Rates of
lys2::insE-A g4 reversion were calculated as p = fIn(A), where fis reversion frequency
and AVis the total number of revertants in the culture.3” For each strain, 15-20 independent
cultures, obtained from two to three independent transformants bearing a unique allele, were
assayed to determine the mutation rate. 95% confidence intervals and all computer aided
rate calculations were performed as previously described.37:48

MIh1-Pms1 expression and purification

MIh1-Pms1 was expressed and purified from six liters of galactose-induced cell cultures of
S. cerevisiae BJ2168% containing pMH1 (GAL1-MLHI-VMA-CBD, 2u., TRP1) and
PMH8 (GAL10-PMS1, 2., LEUZ). MIh1-Pms1 linker arm deletion complexes were
purified from BJ2168 containing the relevant pMH1 and pMH8 derivatives (Table 2 and
Fig. 2a). Western blot analysis was performed on cell lysates collected after galactose
induction (Fig. 3). Cells were pelleted, washed with chitin buffer (25 mM Tris, pH 8.0, 500
mM NaCl, 10% glycerol, 1 mM EDTA), repelleted, and resuspended in SDS—protein
loading buffer. 20 g of each sample were loaded onto each lane of an 8% SDS-PAGE gel.
After separating the proteins by electrophoresis, samples were transferred to nitrocellulose
membrane. Membranes were blocked with 4% milk overnight and probed with a 1:2000
dilution of 12CA5 (aHA, Roche) or a 1:1000 dilution of M2 (aFLAG, Sigma) antibody,
followed by incubation with a 1:5000 dilution of a-mouse IgG secondary antibody (Jackson
Immunoresearch). Proteins were visualized by the ECL detection method (Amersham/GE).

Immunoprecipitation assays

12 pg of MIh1-Pms1 was cut with 0.12 pg of TEV protease (gift from Ailong Ke), and 4 pl
of anti-HA antibody (Roche) was added to each sample (+xTEV cleavage) along with 285 .l
of binding buffer (300 mM NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 10 mM B-
mercaptoethanol, 1 mM PMSF, 0.1% NP-40, 1 mg per ml BSA). When indicated, DNAsel
(2 units) and apyrase were preincubated with MIh1-Pms1 in buffers recommended by the
manufacturer (New England Biolabs). All subsequent steps were performed at 4°C. After a
one-hour incubation on an oscillation rocker, 20 .l of protein A sepharose (GE Healthcare)
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suspended at 1:1 (v/v) in incubation buffer (200 mM NaCl, 50 mM Tris pH 7.5, 1 mM
EDTA, 10 mM B-mercaptoethanol, 1 mM PMSF, 1% NP-40) was added to each reaction.
Following a one-hour incubation on an oscillating rocker, samples were centrifuged at 3000
RPM for 20 seconds. The supernatant was removed and the protein A sepharose beads were
washed three times with 200 .l per wash of primary wash buffer (300 mM NaCl, 50 mM
Tris pH 7.5, 1 mM EDTA, 10 mM B-mercaptoethanol, 1 mM PMSF, 0.1% NP-40) followed
by two washes with 200 .l per wash of secondary wash buffer (50 mM NaCl, 50 mM Tris
pH 7.5, 1 mM EDTA, 10 mM B-mercaptoethanol, 1 mM PMSF, 0.1% NP-40). 16 .l of 3X
SDS-loading buffer was added to each reaction and samples were boiled for 3 minutes, and
analyzed by 10% SDS-PAGE and stained with Coomassie blue (Fig. 2b).

Electromobility shift assays

Protein concentrations were determined using the Bradford4? assay with BSA serving as a
standard. EMSA with oligonucleotide substrates were performed as described.?0 Briefly,
MIh1-Pms1 titrations were assembled on ice in 15 pl reactions containing 60 nM (5”-32P)-
end labeled 40-bp homoduplex substrate, 25 mM Hepes pH 7.6, 40 pg/ml BSA, 1 mM DTT,
50 mM NaCl, and 8% Sucrose (w/v). MIh1-Pms1 constructs (0-300 nM) were added last,
followed by a 5 minute incubation at room temperature (RT). After incubation, samples
were loaded on 4% (w/v) non-denaturing polyacrylamide gels containing 0.5X TBE and
electrophoresed at 130 V for 1 hour at RT. Gels were dried on 3MM Whatman paper and
visualized by Phosphorlmaging. Kinetic analysis was done using ImagelJ. The 40-bp
substrate homoduplex substrate was formed by annealing S1 (5
dACCGAATTCTGACTTGCTAGGACATCTTTGCCCACGTTGA) and S2 (5
dTCAACGTGGGCAAAGATGTCCTAGCAAGTCAGAATTCGGT). The electromobility
shift assays shown in Fig. 5 were performed ten times with the same trend for DNA binding
seen in each assay. A representative assay is shown. For ternary complex assays (Fig. 6)°°,
15 pl binding reactions were performed that contained 60 nM (5”-32P)-end labeled 40-bp +1
substrate, 25 mM Hepes pH 7.6, 40 ig/ml BSA, 1 mM DTT, 50 mM NaCl, 1 mM ATP, and
8% sucrose (w/v). MIh1-Pms1 and mutant derivatives (100 nM) and Msh2-Msh6 (150 nM;
purified as described in Alani 1996) were added last, followed by a 5 minute incubation at
room temperature (RT). After incubation, samples were analyzed by EMSA as described
above. The 40-bp (+1) mismatch substrate was created by annealing S6 (5
dACCGAATTCTGACTTGCTAGAGACATCTTTGCCCACGTTGA) and S2 (Integrated
DNA Technologies).>?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MMR mismatch repair
MSH MutS homolog
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MLH MutL homolog

PCNA proliferating cell nuclear antigen

NTD N-terminal domain

CTD C-terminal domain

IP immunoprecipitation

EMSA electromobility shift assays

TEV Tobacco Etch Virus

EDTA ethylenediaminetetraacetic acid

YPD yeast extract/peptone/dextrose

C.1 confidence interval
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Fig. 1.

Location of TEV cleavage sites in MIh1-Pms1 linker arms. Cartoon of predicted structures
of TEV-containing Mlh1-Pms1 constructs, based on structural and biochemical data.26:27
MIh1 is in magenta and Pms1 is in blue. Linker arms are illustrated by a series of
unconnected dots. Approximate positions of the TEV cleavage site (black dashed line),
FLAG-tag (star) and HA-tag (filled circle) are shown. The exact position of each tag is
described in the Materials and Methods.
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Fig. 2. MIh1(TEV)-Pms1 complexes remain intact after TEV cleavage

(a). Wild-type and the indicated MIh1-Pms1 complexes wereexpressed and purified from S.
cerevisiae (see Materials and Methods). 0.5 pg of each complex were loaded into each lane.
Proteins were electrophoresed in 8% SDS-PAGE and the gel was stained with Coomassie
blue. The sizes of the relevant molecular weight standards (M) are indicated. (b).
Immunoprecipitation (IP) of the MIh1(TEV 445, FLAG4g9)-Pms1(HAsg5) complex using an
anti-HA antibody. MIlh1-Pms1 was untreated or treated with TEV protease prior to IP
(Materials and Methods). Input lanes show TEV untreated and treated complexes prior to IP.
Control reactions were performed in parallel with MIh1(TEV 448, FLAG499)-Pms1 lacking
an HA tag on Pms1. Bands arising from BSA (**) and IgG (*) present in the IP reactions are
indicated.
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Fig. 3.

deletions (AX-Y) created within the MIh1 linker arm domain. The location of the FLAG
epitope tag, after Y499 in Mlh1, is indicated by the red bar. Equal amounts of crude cellular
extracts (20 pg) from strains bearing the indicated MLH allele were loaded onto and
separated in 8% SDS-PAGE and then probed with an anti-FLAG antibody. (b). Outline of
amino acid deletions (AX-Y) created within the Pms1 linker arm domain. The location of
the HA-epitope tag, after D565 in Pmsl, is indicated by the blue bar. Equal amounts of
crude cellular extracts (20 .g) from strains expressing the indicated PMSI allele were
loaded onto and separated in 8% SDS-PAGE and then probed with anti-HA antibody. For
Panels (a) and (b), MMR function, as assayed in /ys247, mutator assays, is described as
similar to wild-type (+++), a weak mutator (++), or a null phenotype (=). The domains of

MIh1 and Pms1 are not drawn to scale.

J Mol Biol. Author manuscript; available in PMC 2013 September 14.

e _ e

Schematic diagram of MIh1 and Pms1 linker arm deletion series. (a). Outline of amino acid



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Plys et al.

Page 17

= — mih1A348-373 |
pms1A4584-634

pms1A600-625

pms1A584-634

pms1A600-625

0 20 40 60 80 100 120
% of null mutation rate

Fig. 4.

MIh1 and Pms1 linker arm deletion mutants display synergistic defects in MMR. Mutation
rates of mlh1A348-378, pms1A584-634 and pms1A600 -625 single and double mutant
strainswere determined in the /ys24;4assay as described in the Materials and Methods.
Rates are shown as a percentage of the corresponding null (Table 4).
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Fig. 5.

milh1and pmsI linker arm deletions display altered DNA binding affinities. EMSA was
performed as described in Materials and Methods. All reactions contained 60 nM 40-bp
homoduplex substrate. Titration reactions contained the indicated amounts of MIh1-Pms1,
MIh1-pms1A390-610, mlh1A336-480-Pms1, and mlh1A348-373-pms1A584-634
complexes. Free and bound substrates are indicated. % bound was calculated using ImageJ
software as the amount bound divided by the total (bound + free) and is indicated below
each lane.
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Fig. 6.

mlh1l-pmsl complexes that bind to DNA also form ternary complexes with Msh2-Msh6 at a
DNA mismatch. EMSA was performed as described in the Materials and Methods. Binding
reactions contained 60 nM 40-bp (+1) mismatch substrate and 1 mM ATP. 150 nM Msh2-
Msh6, and 100 nM MIh1-Pms1 or mutant derivatives were included as indicated.
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