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Abstract

Eukaryotic DNA mismatch repair (MMR) initiates through mispair recognition by the MutS
homologs Msh2-Msh6 and Msh2-Msh3 and subsequent recruitment of the MutL homologs MIh1-
Pms1 (human MLH1-PMS2). In bacteria, MutL is recruited by interactions with the connector
domain of one MutS subunit and the ATPase and core domains of the other MutS subunit.
Analysis of the S. cerevisiae and human homologs have only identified an interaction between the
Msh2 connector domain and MIh1. Here we investigated whether a conserved Msh6 ATPase/core
domain-MIh1 interaction and an Msh2-Mshé6 interaction with Pms1 also act in MMR. Mutations
in MLH1 affecting interactions with both the Msh2 and Msh6 interfaces caused MMR defects,
whereas equivalent pmsI mutations did not cause MMR defects. Mutant MIh1-Pms1 complexes
containing MIh1 amino acid substitutions were defective for recruitment to mispaired DNA by
Msh2-Msh6, did not support MMR in reconstituted MIh1-Pmsl-dependent MMR reactions /n
vitro, but were proficient in Msh2-Msh6-independent MIh1-Pms1 endonuclease activity. These
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results indicate that MIh1, the common subunit of the MIh1-Pms1, MIh1-MIh2, and MIh1-MIh3
complexes, but not Pms1, is recruited by Msh2-Msh6 through interactions with both of its

subunits.
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1. Introduction

DNA mismatch repair (MMR) prevents the accumulation of mutations by repairing base-
base and insertion/deletion mispairs arising mainly through DNA replication errors [1-3].
Defects in MMR in humans are linked to the inherited cancer disposition syndromes
Constitutional Mismatch Repair Deficiency and Lynch Syndrome and are also found

in many sporadic cancers [4-7]. MMR functions through mispair recognition by MutS
homologs, recruitment of MutL homologs, subsequent excision or displacement of the
newly synthesized DNA strand eliminating the mispair, and resynthesis by a DNA
polymerase [1-3].

The subunits in the complexes formed by MutS and MutL homologs have asymmetric roles
in the eukaryotic heterodimers (S. cerevisiae Msh2-Msh6, Msh2-Msh3, MIh1-Pms1, MIh1-
MIh2, MIh1-MIh3; human MSH2-MSH6, MSH2-MSH3, MLH1-PMS2, MLH1-PMS1,
MLH1-MLH3) and even in the bacterial homodimers (MutS-MutS and MutL-MutL).
During mispair binding by MutS homologs, only one subunit (a bacterial MutS subunit or
the eukaryotic Msh6 and Msh3 subunits of the Msh2-Msh6 and Msh2-Msh3 complexes)
recognizes the mispair [8-11]. The endonuclease-proficient MutL homologs are also
functionally asymmetric. In the Mlh1-Pms1 complex, the Pms1 subunit (human PMS2)
contains most of the endonuclease active site residues and only the Pms1 subunit interacts
with PCNA [12-17]. Similarly, in endonuclease-proficient homodimeric bacterial MutL
homologs, only one of the two symmetric active sites is predicted to be positioned to
mediate DNA cleavage, and this active site needs to be in the subunit that interacts with the
bacterial p-clamp [14,18-20].

MutL homolog recruitment by MutS homologs also appears to be mediated by asymmetry
that is functional (bacteria) or dictated by different gene products (eukaryotes). The £.
colf MutS-MutL structure revealed that MutL interacts with both subunits in the MutS
dimer (Fig. 1A,B; Table 1; [21,22]). The two interactions are between the N-terminus

of MutL with the connector domain of the first MutS subunit and with the ATPase and
core domains of the second MutS subunit. Mutagenesis of £. co/i MutL reveals that both
interfaces are important for recruitment [21], despite the fact that only the connector-domain
interaction was identified by deuterium-exchange mass spectrometry with £. coli MutS
and MutL (Fig. 1C; [23]). Mutagenesis of the connector domains in both S. cerevisiae
Msh2 and Msh6 revealed that only the Msh2 subunit makes this interaction with Mlh1-
Pms1 [23]. This suggests that Msh2-Msh6 can only load a single MIh1-Pms1 complex

at a time. Loading of a single MutL homodimer is also likely true for £. coli MutS
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homodimers based on single molecule analyses [24], despite the symmetry of the £.

coli MutS-MutL recruitment structure, which was trapped by protein crosslinking [21,22].
Similarly, pulldown experiments from nuclear extracts using overexpressed wild-type and
mutant human MLH1 proteins have indicated that MLH1 is primarily responsible for
MLH1-PMS2 recruitment by MSH2-MSH6 [25,26], and hence MLHL1 is likely the subunit
equivalent to the crosslinked MutL subunit in the MutS-MutL structure. Despite the fact that
mutagenesis studies in £. coli have established the importance of both MutS-MutL interfaces
(Fig. 1D), mutagenesis of human MLH1 only probed the MSH2 connector domain interface
(Fig. 1E, [26]). Moreover, residual binding observed in pulldowns of mutant MLH1-PMS2
complexes containing amino acid substitutions in MLH1 was attributed to weak interactions
with the PMS2 subunit. Here we have probed the recruitment of Mlh1-Pms1 by Msh2-Msh6
in S. cerevisiae using genetic analysis /n vivo, by evaluating the functionality of mutant
MIh1-Pms1 complexes in Msh2-Msh6 dependent reconstituted MMR reactions /n vitroand
Msh2-Msh6 independent MIh1-Pms1 endonuclease assays, and by evaluating recruitment
of mutant Mlh1-Pms1 complexes to mispaired DNA by Msh2-Msh6 to address several
outstanding questions. First, can an Msh2-Pms1 interaction equivalent to the established
Msh2-connector domain-MIh1 interaction contribute to MMR /n vivo? Second, does
recruitment of MIh1-Pms1 by Msh2-Msh6 solely rely upon the Msh2 connector domain-
MIh1 interaction or does an Msh6 ATPase/core domain-MIh1 interaction also play a role?

2. Methods

2.1

Identification of interface residues

Interface residues in the crosslinked MutS-MutL recruitment complex [21] were identified
through application of the Cx algorithm [27] that identifies surface atoms by calculating the
Cx ratio, which is the fraction of a sphere with a radius of 10 A around each atom which

is exposed divided by the fraction of the sphere volume that is taken up by volumes from
atoms in the molecule. The Cx ratio ranges from ~15 for exposed atoms to 0 for buried
atoms. Residues at interfaces can be identified by calculating the Cx ratios for the subunits
and subtracting out the Cx ratio for the complex, as exposed residues that are unchanged
have a subtracted value of zero. For example, to identify MutL residues that interact with

the MutS dimer, the Cx values of the MutSa-MutSg-MutL trimeric complex were subtracted
from Cx values calculated from the MutL monomer to generate MutL Cx interface values.

2.2. Strains

S. cerevisiae strains were grown in YPD (1% yeast extract, 2% bacto peptone and 2%
dextrose) or in the appropriate synthetic dropout media (0.67% yeast nitrogen base without
amino acids, 2% dextrose, and amino acid dropout mix at the concentration recommended
by the manufacturer (US Biological)) at 30 °C [17,28,29]. All transformations with plasmids
or PCR-based cassettes were performed using standard lithium acetate transformation
protocols [30]. All S. cerevisiae strains used for mutation rate analysis were derived from the
S288C strain RDKY5964 (MATa ura3-52 leu2A1 trp1463 his3A200 hom3-10 lys2:InsE-
A10) [28]. The MLHIand PMS1 plasmids were derived from pRDK1807 (pRS316 URA3
MLHI) and pRDK1667 (pRS316 URA3 PMSI) [17], respectively, using the GeneArt Site
Directed Mutagenesis Kit (Invitrogen) according to the manufacturer’s instructions (Suppl.
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Table 2). Integrated mutations were constructed by generating a plasmid encoding Cas9
and a suitable guide RNA from pRCC-K [31] by Gibson assembly and cotransforming the
resulting plasmid with a template double stranded DNA for introducing the mutations and
disrupting the PAM sequence targeting by the gRNA; the oligonucleotide duplexes used for
introducing mutations were typically 100 bp long.

2.3. Mutation rate analysis

Mutator phenotypes were evaluated using the h/om3-10and lys2-10A frameshift reversion
assays essentially as previously described [28,29]. Qualitative analysis was done by patching
colonies onto CSM-Ura plates and replica plating onto CSM-Thr-Ura and CSM-Lys-Ura
synthetic dropout media for analysis of papillae growth [29,32]. Mutation rates were
determined by fluctuation analysis using a minimum of 2 independently derived strains

and 14 or more independent cultures; comparisons of mutation rates were evaluated using
95% confidence intervals or by Mann-Whitney two-tailed tests [28,29].

2.4. Protein purification

2.5.

MMR proteins were purified according to standard protocols as previously described for
Exol [33,34], Msh2-Msh6 [35,36], MIh1-Pmsl [34], PCNA [34,37], DNA polymerase
[33,38], RFC-ALN [39], and RPA [40] and were greater than 95% pure as determined by
SDS-PAGE. Multiple protein preparations were used during the course of the experiments
presented and many of these preparations were validated in our previously published studies
[33,34,41-43]. The expression plasmids encoding the MIh1-K54C mutant (pRDK1973)

and the MIh1-Q57L, T59L mutant (pDRDK1968) were generated from pRDK573 (pRS424/
pGAL10-MLH1) [44] using the GeneArt Site Directed Mutagenesis Kit (Invitrogen)
according to the manufacturer’s instructions and the sequence of the resulting plasmids

was confirmed by Sanger sequencing using a commercial facility.

In vitro MMR assays

Reactions were performed as described [33]. 390 fmol of Msh2-Msh6, 390 fmol of MIh1-
Pms1, 290 fmol of RFC-ALN, 290 fmol of PCNA, 0.38 fmol of Exo1, 1800 fmol of RPA,
and 400 fmol of DNA pol e were incubated with 100 ng (52 fmol) of CC mispaired substrate
with a 3" single strand nick at the AfII site 442 bp from the mispair (3" A1l CC
substrate) in a final volume of 10 pL containing 4 pL of proteins, 1 pL of substrate, and 5 pL
of a master reaction buffer mix. The master reaction buffer mix contained 33 mM Tris pH
7.6, 75 mM KCI, 8.3 mM MgCly, 1 mM MnSQOy, 80 ug/mL BSA, 200 uM dNTPs, 1.66 mM
glutathione, and 2.5 mM ATP. Reactions were stopped by addition of 0.42 uL of 500 mM
EDTA and 20 pL stop solution containing 0.4 mg/mL glycogen (Thermo Scientific) and 360
ug/mL Proteinase K (Sigma Aldrich) to final concentrations of 6.9 mM, 263 ug/mL, and 237
pg/mL, respectively, followed by incubation for 30 min at 55 °C. The reactions were then
extracted with phenol, and the DNA substrate was precipitated with ethanol, followed by
digestion with Psdl and Scal. Digested DNA substrate was subjected to electrophoresis on a
0.8% agarose gel run in a buffer containing 40 mM Tris, 20 mM acetic acid, 1 mM EDTA at
pH 8.3 (TAE; Biorad) with 0.5 mg/mL ethidium bromide for 45 min at 100 V. Quantitation
of the relative amounts of the different DNA species in each individual lane was performed
with Alphalmager Gel Imaging System (ProteinSimple).

DNA Repair (Amst). Author manuscript; available in PMC 2022 November 07.
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2.6. Mlh1l-Pmsl endonuclease assay

Mismatch-independent endonuclease assays were performed as described previously [17].
Briefly, 40 pL reactions containing 7.5 nM PCNA, 30 nM RFC-A1N, and 35 nM MIh1-
Pmsl, 1 mM MnSQy, 20 mM Tris pH 7.5, 0.5 mM ATP 0.2 mg/mL bovine serum albumin
(BSA), 2mM DTT and 100 ng supercoiled pRS425 plasmid DNA were incubated at 30 °C
for 30 min. Reactions were terminated by addition of 10 pL of stop solution containing 0.5%
SDS, 70 mM EDTA, 40% glycerol and 2.5 ug/mL proteinase K followed by incubation at
55 °C for 30 min. The samples were then electrophoresed on a 0.8% agarose gel, the gel
was stained with 0.5 mg/mL ethidium bromide, and the bands were quantified using an
Alphalmager Gel Imaging System (ProteinSimple).

2.7. Surface plasmon resonance

Protein-DNA and protein-protein-DNA interactions were monitored using a Biacore T100
instrument (GE Healthcare) using the conditions described previously [45-47]. The DNA
substrates used were 236 bp in length with biotin conjugated at one end, the /acO sequence
at the other end, and a centrally located base-base mispair that were constructed as
previously described [44,45,48]. Approximately 20 ng (100 * 5 resonance units (RUs)) of
DNA substrates were conjugated to streptavidin-coated Biacore SA chips (GE Healthcare),
and an unmodified flow cell was used as a reference surface in each experiment. The

DNA ends were blocked by flowing a buffer containing 30 nM Lacl, 25 mM Tris, pH

8, 4 mM MgCl,, 110 mM NacCl, 0.01% Igepal, 2 mM DTT, and 2% glycerol over the

flow cell. All experiments were performed in the same buffer and also contained 20 nM
Msh2-Msh6, the indicated concentrations of Mlh1-Pms1 and 250 uM ATP. Under these
conditions, MIh1-Pms1 does not bind to DNA in the absence of recruitment by Msh2-Msh6
[44]. All experiments were performed at 25 °C at a flow rate of 20 pL/min, and data were
collected at a frequency of 10 Hz. The data were analyzed using the BiaEvaluation v3.1 (GE
Healthcare).

3. Results

3.1. Mutations of predicted interface residues in MIh1, but not Pms1, disrupt MMR in vivo

We constructed S. cerevisiae MLHIand PMSI plasmids containing mutations affecting
predicted interface amino acids based on the mutations that disrupted recruitment of £. coli
MutL by E. coli MutS [21]. The alleles created included mih1-K54C, mih1-Q57A, T59A,
mih1-Q57L, T59L, mih1-A140E,G141A, pms1-E53C, pms1-E56A,558A, pmsl-E56L,
S58L, and pms1-S138E,R139A (Fig. 1D). These plasmids were then tested for their ability
to complement the mutator phenotype of m/AIA and pmsiA single mutant S. cerevisiae
strains, respectively, using the flom3-10and lys2-10A frameshift reversion assays (Fig. 2).
The mih1-K54C single mutation and the m/h1-Q57A, T59A and mih1-Q57L, T59L double
mutations failed to complement the m/AZA mutant strain. In contrast, the equivalent pms1-
E53C single mutation and the pmsI-E56A,S58A and pms1-E56L,S558L double mutations
were able to complement the pmsIA mutant strain. The m/h1-A140E,G141A and pmsi-
S138E,R139A alleles were unable to complement either the m/hIA or pmsIA mutant strain,
respectively.

DNA Repair (Amst). Author manuscript; available in PMC 2022 November 07.
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To further characterize the m/h1 mutations, we constructed strains in which the m/h1-K54C
single mutation or the m/h1-Q57L, T59L double mutation were integrated at the MLHI
genomic locus and used fluctuation analysis to determine the effect of these mutations on
mutation rates as assessed using #fom3-10and lys2-10A frameshift reversion assays and

the CANI forward mutation assay (Table 1). The m/h1-K54C single mutation caused a
modest increase in mutation rates that was equivalent to ~2-5% of the increase in mutation
rates caused by the msh2A, mihiA and pmsIA single mutations that cause complete MMR
defects. In contrast, the m/h1-Q57L, T59L double mutation caused an increase in mutation
rates that was not significantly different than that caused by the msh2A, mihIA and pmsiA
single mutations. These results along with the results from plasmid complementation studies
(Fig. 2) suggest that the MIh1 K54, Q57, and Q59 side chains are required for recruitment of
MIh1-Pms1, whereas the Pms1 E53, E56, and S58 side chains are not required. Importantly,
mih1-K54C probes the predicted interaction of MIh1 with the Msh2 connector domain

that was previously shown to interact with the MIh1-Pms1 complex [44], whereas m/h1-
Q57A,T59A and mih1-Q57L, T59L probe the predicted interaction between MIh1 and the
Msh6 ATPase and core domains.

3.2. Mutations affecting the MIh1 interface cause defects in MMR in vitro

To better understand the defect caused by disrupting the MIh1-Msh6 interaction, we tested
the ability of the MIh1-Q57L,T59L-Pms1 mutant complex to support Mlh1-Pms1-dependent
repair of a mispaired plasmid substrate. The plasmid substrate contains a CC mispair that
disrupts a Psd site and a single strand nick at the AfMI1 site that is 442 bp 3’ to the

mispair (Fig. 3A); at the levels of Exol used in the experiments presented here [33,34],
repair of this substrate depends on the production of 5" nicks by MIh1-Pms1 that are
substrates for excision by Exol [13,14,41]. Repair of the CC mispair was monitored by
restoration of the PsA site and formation of diagnostic 1.1 and 1.8 kb product bands upon
double digestion with Psfl and Scal. Wild-type MIh1-Pms1 supported efficient repair of this
substrate in reactions that also contained Msh2-Msh6, Exol, PCNA, RFC-A1 N, RPA and
DNA polymerase e, whereas the MIh1-Q57L,T59L-Pms1 mutant caused a substantial MMR
defect (Fig. 3B,C). This defect is consistent with substantial MMR defects caused by the
mih1-Q57L, T59L mutation /n vivo.

3.3. Mutations affecting the Mlh1 interfaces do not alter endonuclease activity

Because defects in DNA nicking by MIh1-Pms1 can result in MMR defects, we assayed
the mutant MIh1-K54C-Pms1 and MIh1-Q57L,T59L-Pms1 complexes for their ability to
nick of covalently closed circular supercoiled plasmid DNA in a reaction that is dependent
on PCNA and RFC, but is independent of Msh2-Msh6 recruitment and a mispair (Fig. 4)
[14,17]. Both mutant complexes both supported efficient conversion of covalently closed
circular supercoiled plasmid DNA to nicked circular plasmid DNA and appeared to be at
least 80% as active as wild-type MIh1-Pms1 protein. These results suggest that the MMR
defects caused by the m/lh1-K54C and mih1-Q57L, T59L mutations are not due to loss of
endonuclease activity.

DNA Repair (Amst). Author manuscript; available in PMC 2022 November 07.
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3.4. Mutations affecting both interfaces between MlIh1l and Msh2-Msh6 cause defects in
mispair-dependent recruitment

We next used Surface Plasmon Resonance (SPR) to monitor recruitment of Mlh1-Pmsl

by Msh2-Msh6 bound to an 236 bp end-blocked DNA substrate containing a GT mispair
(Fig. 5). Msh2-Msh6 bound to the GT mispaired substrate, and further protein binding

was observed when the bound Msh2-Msh6 was exposed to different concentrations of
wild-type MIh1-Pms1 protein in solutions that also contained the original concentration of
Msh2-Msh6. Under these conditions, MIh1-Pms1 does not bind to DNA in the absence

of Msh2-Msh6 [44]. When the MIh1-Q57L,T59L-Pms1 mutant complex was analyzed, no
protein binding above that attributable to Msh2-Msh6 alone was observed, indicating that
this mutant was completely defective for recruitment by Msh2-Msh6. In contrast, when the
MIh1-K54C-Pms1 mutant complex was analyzed, some recruitment was observed but at a
much lower level than seen with wild-type MIh1-Pmsl. These results indicate that the Mlh1-
Q57L,T59L amino acid substitutions eliminates MIh1-Pms1 recruitment by Msh2-Msh6
and that the MIh1-K54C amino acid substitution partially eliminates recruitment, and that
these recruitment defects likely explain the complete and partial defects of these two mutant
complexes, respectively, seen /in vivoand in reconstituted MMR reactions /n vitro.

4. Discussion

Here, we mutagenized amino acids of S. cerevisiae MIh1 and Pms1 that would be predicted
to interact with Msh2-Msh6 based on the £. coli MutS-MutL recruitment structure and

E. coli MutL mutations that prevented MutL recruitment to mispaired DNA [21,22]. The
mih1-K54C, mih1-Q57A, T59A, and mih1-Q57L, T59L mutations caused partial or complete
MMR defects in vivo, whereas the pms1-E53C, pms1-E56A, S58A, and pms1-E56L,558L
did not cause MMR defects /n vivo. The mih1-Q57L, T59L mutation caused a complete
defect in recruitment of MIh1-Pms1 to mispaired DNA by Msh2-Msh6, and the m/h1-K54C
mutation caused a significant but partial recruitment defect. These results are consistent
with results indicating that the human MLH1 subunit mediates MSH2-MSHG interaction

as shown by pulldowns from nuclear extracts (summarized in Table 2; [25]). As would

be predicted based on the partial recruitment defect of the Mlh1-K54C-Pms1 complex and
the full recruitment defect of the MIh1-Q57L,T59L-Pms1 complex, MIh1-Q57L,T59L-Pms1
was essentially completely defective for supporting Msh2-Msh6-dependent MMR repair

in reconstituted MMR reactions /in vitro, but was not defective for supporting PCNA/RFC-
dependent, Msh2-Msh6-independent nicking of supercoiled DNA. Previous mutagenesis
studies (summarized in Table 2) of £. coli MutL indicated that MutL interacted with the
MutS connector and ATPase/core domains [21] and that human MLH1 interacted with

the MSH2 connector domain [26], consistent with our previous finding that MIh1-Pmsl
interacts with the Msh2 connector domain [23]. In combination with the results of these
studies, our results indicate that MIh1, the common subunit of the eukaryotic MutL
homolog complexes, is recruited to mispaired DNA through interactions with both the Msh2
connector domain and the Msh6 ATPase/core domains (Table 2); this latter interaction has
been demonstrated for the first time by our studies.

DNA Repair (Amst). Author manuscript; available in PMC 2022 November 07.
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DXMS studies of £. coli MutS and MutL only detected the MutS connector domain
interaction with MutL (the Msh2-MIh1 interaction); a second region that was protected

from deuterium exchange was caused by the movement of the connector domain [21,23].
The fact that the MutL interface with the MutS ATPase/core domains was not detected
suggests either that this interaction primarily affects side chain environments, which are not
directly monitored by DXMS [49], or that the two surfaces have different properties, with
interactions with the connector domain being more stable during the time course of the
DXMS experiment. It is possible that stable interactions constrain which amino acids are at
the interfaces and that this could be detected as increased conservation of stable interface
residues. We therefore examined the conservation of residues at the predicted interfaces
between MIh1 and Msh2, Msh6, and Msh3 for 744, 747, 652, and 657 fungal Msh2, Mshé,
Msh3, and MIh1 proteins, respectively (Suppl. Figs. 1,2). For the Msh2 connector domain
interface, Msh2 residues predicted to be buried upon complex formation based on the £. coli
structure were highly conserved (Suppl. Fig. 1A). Remarkably, the Msh6 and Msh3 residues
equivalent to the MutS residues at the ATPase/core domain interface show the opposite
pattern; the residues that are the most buried upon MutL recruitment tended to be the least
conserved (Suppl. Fig. 1B). Similar conservation patterns were observed at both interfaces
for predicted MIh1 interface residues, although the differences were less pronounced than
for the Msh2 and Msh6/Msh3 residues (Suppl. Fig. 2A,B). Increased stability of the
connector domain interface relative to the ATPase/core domain interface would be consistent
with the fact that the connector domain interface, but not the ATPase/core domain interface,
is specific to the recruitment conformation [8,9,21,50]. Thus, licensing of Msh2-Mshé6 to
recruit MIh1-Pms1, which requires prior binding to mispaired DNA and ATP [22,44,51,52],
may also depend upon a relatively stable interaction through the connector domain as well as
a less stable interaction with the ATPase/core interface.

These results fit within a larger picture of the duplication and specialization of the core
MMR proteins in eukaryotes. The functional asymmetry present in the symmetric bacterial
MutS and MutL homodimers has led to the diversification of function after gene duplication
in eukaryotes, which fits the long-standing paradigm proposed by Ohno [53]. Eukaryotic
MutS homologs that act in MMR have evolved into Msh2, the common subunit that does not
recognize mispairs but interacts with MlIh1 through its connector domain, and the mispair-
recognizing subunit Msh6 (and most likely Msh3), which interact with MIh1 through their
ATPase/core domains. These mispair recognition subunits have further diversified their
roles. Msh6 preferentially binds single base mispairs and short insertion/deletion mispairs
and retains an MutS-like recognition by base flipping and pi-stacking by a conserved
phenylalanine side chain [10]. In contrast, Msh3 preferentially binds insertion/deletion
mispairs and a subset a single base mispairs and has evolved a mechanism involving
insertion of a tyrosine side chain into the DNA and distortion of the insertion/deletion

loop that flips the unpaired bases out of the DNA helix [11,54,55]. Eukaryotic MutL
homologs that act in MMR have evolved into Mlh1, the common subunit that does not
possess an endonuclease active site but is recruited by Msh2 complexes, and a variety of
partners, of which S. cerevisiae Pms1 and MIh3 possess endonuclease activity [14,17,56,57].
The roles for these MIh1-binding partners are diverse: MIh1-Pms1 plays a major role in
MMR, MIh1-MIh3 plays a minor role in MMR but a major role in meiotic crossing over,
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and MIh1-MIh2, which is not an endonuclease, plays only a minor role in MMR that is

only apparent at reduced Pms1 levels [57-62]. The asymmetry of the interaction of MIhl
with Msh2 complexes also likely plays a role during recruitment to DNA [21]; MIh1 is
stabilized through interactions with Msh2-Msh6/Msh2-Msh3, whereas binding of the Pms1/
MIh2/MIh3 N-terminal domain by the MIh1 N-terminal domain likely requires interactions
between Pms1 and MIh1 and between the Pms1 N-terminal DNA binding region and DNA.
This asymmetry may allow for functional divergence in DNA binding by subunits within
MIh1 heterodimers, and the initial tethering may explain the significance of DNA binding
despite the fact that isolated MutL homologs only bind DNA at very low ionic strength
[24,63-65]. Remarkably, the asymmetric interaction between the shared Msh2 and Mlh1
subunits, which were revealed in this and previous studies [23,25,26], may have been the
lynchpin that allowed for the diversification of the other subunits by ensuring the ability of
these diversified heterodimers to still mediate recruitment or be recruited to DNA substrates.
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Fig. 1.
MutL has two interaction surfaces with the MutS dimer. A. In the MutS-MutL recruitment

structure [21], the N-terminus of MutL (tan) interacts with both MutS subunits in the MutS
dimer viathe MutS connector domain in the MutSp subunit (green) and the MutS ATPase
domain in the MutSg subunit (blue). B. Residues at the MutL-MutS connector domain
interface (red) and the MutL-MutS ATPase domain interface (blue) are depicted on the MutS
dimer and the MutL N-terminal monomer. Color saturation for the interface is based on the
buried Cx score for each atom (see Methods). C. MutS connector domain peptides protected
in DXMS [23] by MutL are colored red. D. Mutagenized residues tested for their effect on
E. coliMutL [21] or S. cerevisiae MIh1-Pms1 recruitment are displayed as spheres relative
to the MutL interface surface. E. Residues mutagenized in the hMLH1-hMSH2 connector
domain interface found to affect h(MLH1-hPMS2 recruitment [26] are shown as spheres.
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mih1A

mih1A

Fig. 2.
Patch test for MLH1 and PMSI mutations affecting interface residues. A. Patches of a

milh1A strain transformed with a wild-type MLHI plasmid, an empty plasmid, or a plasmid
carrying a m/h1 interface mutation were replica plated onto CSM-Thr and CSM-Lys plates
to test for reversion of the fiom3-10and lys2-10A frameshift mutations, respectively.
Growth indicates increased mutation rates. B. Patches of a pmsIA strain transformed with a
wild-type PMSI plasmid, an empty plasmid, or a plasmid carrying various pmsZ interface
mutations were tested as in panel A above.
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Reconstituted MMR /n vitrois not supported by the MIh1(Q57L,Q59L)-Pms1 mutant.

A. The DNA substrate used has a mispair disrupting a PsAl site and a nick 442 bp 3’

from the mispair. Repair of this substrate requires MIh1-Pms1 to make a nick 5" of the
mispair and is monitored by following the restoration of the PsA site using Scal/Pstl double
digests. B. Example repair reactions showing robust repair in the presence of wild-type
MIh1-Pms1 complex and substantially reduced repair in the presence of MIh1-Q57L,Q59L -
Pms1 complex. C. Quantification of repair reactions shows that MIh1(Q57L,Q59L)-Pmsl is

unable to support MMR /n vitro.
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Fig. 4.
MIh1-Pms1 interface mutants are proficient for Msh2-Msh6-independent endonuclease

function. A. PCNA/RFC-dependent, Msh2-Msh6-independent nicking of a supercoiled
plasmid by MlIh1-Pms1 is followed by formation of a more slowly migrating nicked circular
plasmid. B. Quantification shows that efficient nicking depends on MIh1-Pmsl and PCNA
and RFC, which activate the MIh1-Pms1 endonuclease. The MIh1-Pmsl interface mutants
tested were largely proficient for endonuclease activity.
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MIh1-Pms1 interface mutants are defective for Msh2-Msh6-mediated recruitment to
mispaired DNA as measured by SPR. Binding of Msh2-Msh6 to an end-blocked

DNA containing a mispair was monitored for the first 200 s. After this, flow was
switched to buffer containing Msh2-Msh6 and the indicated concentrations of wild-
type MIh1-Pms1 (left), MIh1-K54C-Pms1 (middle), or MIh1-Q57L,T59L-Pms1 (right).

Robust recruitment of wild-type MIh1-Pms1 by Msh2-Mshé6 is

indicated by the rapid,

concentration-dependent increase in response units observed. In contrast, the MIh1-K54C-
Pms1 and MIh1-Q57L,T59L-Pms1 complexes show substantially or completely defective

recruitment, respectively.
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