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Abstract

MutL family proteins contain an N-terminal ATPase domain (NTD), an unstructured interdomain
linker, and a C-terminal domain (CTD), which mediates constitutive dimerization between
subunits and often contains an endonuclease active site. Most MutL homologs direct strand-
specific DNA mismatch repair by cleaving the error-containing daughter DNA strand. The strand
cleavage reaction is poorly understood; however, the structure of the endonuclease active site

is consistent with a two- or three-metal ion cleavage mechanism. A motif required for this
endonuclease activity is present in the unstructured linker of MIh1 and is conserved in all
eukaryotic MIh1 proteins, except those from metamonads, which also lack the almost absolutely
conserved Mlh1 C-terminal phenylalanine-glutamate-arginine-cysteine (FERC) sequence. We
hypothesize that the cysteine in the FERC sequence is autoinhibitory, as it sequesters the active
site. We further hypothesize that the evolutionary co-occurrence of the conserved linker motif
with the FERC sequence indicates a functional interaction, possibly by linker motif-mediated
displacement of the inhibitory cysteine. This role is consistent with available data for interactions
between the linker motif with DNA and the CTDs in the vicinity of the active site.
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MutL endonucleases target repair to the newly synthesized DNA strand during DNA mismatch
repair (MMR). The eukaryotic MutL homolog MIh1 has two unique evolutionary innovations: a
conserved motif in the unstructured interdomain MIh1 linker, which is required for MMR and a
C-terminal FERC (Phe-Glu-Arg-Cys) motif. Here we hypothesize that the FERC motif mediates
autoinhibition which is alleviated by interactions with the linker motif.

INTRODUCTION

DNA mismatch repair (MMR) corrects mispairs due to DNA replication errors, mispairs
present in heteroduplex recombination intermediates, and some forms of chemically
modified DNA.[19. 671 MMR defects cause increased mutation rates and underlie inherited
and spontaneous cancers.[18. 491 During MMR, mispairs are recognized by MutS homologs:
MutS homodimers in bacteria and archaea and Msh2-Msh6 or Msh2-Msh3 in eukaryotes.
[19. 671 ATP binding converts mispair-bound MutS homologs into sliding clamps that
recruit MutL homologs: MutL homodimers in bacteria and archaea and Mlh1-Pms1 (called
MLH1-PMS2 in humans) in eukaryotes, [ 671 although other MutL homologs including
MIh1-MIh2 and MIh1-MIh3 have been suggested to play less important roles in MMR.

[1. 12,20, 24] Once recruited to DNA, MutL homologs can also form sliding clamps. Most
MutL homologs have endonuclease active sites!5®] that appear to direct repair by cleavage
(nicking) of the newly synthesized DNA strand in double-stranded DNA[41-42, 63, 66] |
bacteria containing MutL endonucleases, these nicks appear to direct strand displacement
by the UvrD helicase.[5% In eukaryotes, these nicks direct nascent strand-specific excision
by Exol or Rad27 (called FEN1 in humans) and have also been hypothesized to mediate
direct mispair removal by successive rounds of nicking.[3 11. 28] Nicking of DNA by MutL
homologs is absolutely required for MMR and is highly regulated, as non-specific nicking
could target the incorrect strand and cause mutations, double-stranded DNA breaks, genomic
instability, and/or cell death.
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MutL homologs can be divided into three regions: an N-terminal domain (NTD), a C-
terminal domain (CTD), and an intrinsically disordered intervening linker that can be
hundreds of amino acids long (Figure 1A). The CTDs contain the endonuclease active

site and constitutively dimerize,[21-23. 59, 63] yhereas the NTDs dimerize after binding ATP
and dissociate after ATP hydrolysis (Figure 1B).[] Consistent with this, different ATP
induced conformations have been observed by atomic force microscopy (AFM) that are
driven with different interdomain interactions and accommodated by linker flexibility.[13 69]
MutL homologs can be loaded onto DNA in the form of sliding clamps in which the DNA
is threaded through the channel formed by the unstructured linkers joining the dimerized
NTDs and CTDs; however, the exact mechanistic role of these clamps is unclear. It has been
suggested that in response to mispairs in the DNA, MutS homologs load multiple MutL
homologs that gives rise to a cleavage-proficient MutL homolog polymer,[5% consistent with
observed cytological MIh1-Pms1 foci that have substoichiometric Msh2-Msh6 [38l. Single
molecule experiments have shown that MutL homolog clamps can slide along the DNA both
by themselves and while interacting with MutS homolog clamps (Figure 1C);[30.47.57] the
length of the disordered linkers appears to allow MutL homolog clamps to bypass blocks

on DNA molecules.[30. 45. 47,51, 64] | contrast, AFM has suggested that MIh1-Pms1 and
MIh1-MIh3 form localized complexes surrounding the mispair, which have been proposed
to prevent nucleosome assembly to promote MMR.[8] It remains possible that each of

these seemly disparate observations correspond to different mechanistic steps leading to or
following DNA nicking.

We recently identified a conserved sequence motif in the unstructured linker of Mlhl
required for Mlh1-Pms1 endonuclease activity /7 vitroand for MMR in vivo (Figure 1B).[73
Remarkably, the linker motif was required for the function of the distal endonuclease active
site, which can be located up to 750 A away if the linker is fully extended. In addition,

the motif could support the endonuclease reaction when it was moved within the Mih1
linker and when transplanted to the Pms1 linker. But how does the linker motif promote
endonuclease activity? Because mutation or deletion of the linker motif inhibits a reaction
requiring Mlh1-Pms1, RFC-loaded PCNA, and a DNA substrate,[73] it likely interacts with
one or more of these components. The challenge in deciphering the role of this motif,
however, highlights that the endonuclease reaction catalyzed by MIh1-Pms1 remains poorly
understood. Here we use analysis of the linker motif combined with available experimental
data to propose models for how MIh1-Pms1 cleaves DNA.

RESULTS AND DISCUSSION

The MIh1 linker motif is conserved in most eukaryotic clades.

To better understand the structure of the MlIh1 linker motif, we analyzed its evolutionary
conservation. We retrieved MIh1 sequences from more than 1,200 eukaryotes from the
NCBI"% and Ensembl databases®3] and assembled MIh1 transcripts for key species not
present in these databases using RNA sequencing data from the Sequence Read Archive.
MIh1 sequences from RNA sequencing data were generated by: (1) read trimming with
Trimmomatic version 0.40[61, (2) de novo assembly with Trinity version 2.15.0[311 (3)
translation with Transdecoder version 5.5.013%1, and (4) homolog identification with blastp

Bioessays. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Putnam and Kolodner

Page 4

version 2.13.02], Sequences were aligned with MAFFT version 3.313[44] and analyzed for
the presence of the MIh1 linker motif and the MIh1 C-terminal FERC sequence (Figure 2).

The linker motif is conserved in all eukaryotes, except for the metamonads, which

are a group of flagellated unicellular protists lacking mitochondria (Figure 2A). Similar
motifs were not found in MutL endonucleases from approximately 400 archaea (including
representatives from the Euryarchaeota, DPANN, TACK, and Asgard groups) and
approximately 2,100 bacteria (including representatives from all bacterial phyla recognized
in the NCBI Taxonomy database). Thus, the conserved linker motif likely arose in the

last eukaryotic common ancestor (LECA, e.g. the organism all eukaryotes descended from)
when MutL duplication and specialization generated MIh1, as it is missing even in the
closely related Asgard group archaeal’!.

The linker motif has two distinct sequence patterns. The “-0 pattern”, which is found in
plants and other groups, separates the conserved R(T/I/V)D sequence from the conserved
FL sequence with ten amino acids (Figure 2B,D). The “~2 pattern”, which is the pattern we
first identified in fungi and animals,[73] separates these sequences with eight amino acids
(Figure 2B,C). Several clades have taxa with both the -0 and -2 patterns (Figure 2E). The
current eukaryotic phylogeny!1% suggests that the LECA had an MIh1 with a -0 pattern and
that the —2 pattern arose six times in lineages leading to Amorphea, Euglenozoa (Discoba),
Alveolata and Stramenopila, Collodictyonidae and Rigifilida, derived classes of green algae
(Chloroplastida), and foraminifera (Rhizaria), assuming no horizontal gene transfer events
(Figure 2A).

Structural predictions of linker motif peptide conformations do not explain the observed
evolutionary-conserved motif sequence constraints.

Only the —0 and —2 motif patterns, but not other potential insertion or deletion patterns, have
arisen during the ~1 billion years of eukaryotic evolution. This high degree of conservation
suggests that the linker motif could adopt a specific conformation by itself or when bound to
an interaction partner. To investigate if the linker motif has a stable intrinsic conformation,
we used molecular dynamic simulations. Molecular dynamics is a computational tool that
uses physical simulations to explore the structure and dynamics of biological molecules, a
key aspect of which is that changes of conformation in the simulation over time can be used
to describe the molecules at equilibrium.[43] Thus, if the evolutionary sequence constraints
are dictated by the linker motif peptide conformations, the motifs from different organisms
should have similar lowest free energy structures in the simulations.

Molecular dynamics simulation of three motif-containing peptides (-0 pattern, Arabidopsis
thaliana, -2 pattern, S. cerevisiae and human) were performed employing a well-established
approach with GROMACS version 2022.3 softwarel”4] using the OPLS-AA forcefield

in 2 fs steps for 500 ns. The simulations of the A. thaliana, S. cerevisiae, and human
simulations included the peptides, explicit water molecules (5,646, 3,992, and 4,092
molecules, respectively), and ions to neutralize the net charge of the entire system (1
chloride ion in the A. thalianaand S. cerevisiae simulations). Conformations were sampled
every 10 ps (50,000 per simulation). To identify the peptide conformations corresponding
to the most stable structures, we analyzed the sampled conformations in three steps. First,
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we calculated all informative Ca-Ca distances for each conformation; these are all distances
between different Ca atoms within the peptide, except for those between adjacent residues,
as these distances are always around 3.8 A. Second, we projected the high dimensional
Ca-Ca distance space (210 distances for S. cerevisiae and human peptides, 253 distances
for A. thaliana peptide) onto two dimensions so that each conformation could be plotted as

a single point using Uniform Manifold Approximation and Projection (UMAP) in R version
4.1.1 (Figure 3A—C).[5%] Third, we clustered these UMAP plots using k-nearest neighbor
clustering as implemented in R to identify clusters with the most number of sampled
conformations.

The peptides adopted multiple conformations during the molecular dynamics simulation,

as revealed by the presence of multiple clusters (Figure 3A—-C). Analysis of representative
structures showed that several low energy clusters had very similar conformations (Figure
3D-F), most of which were stabilized by partial burial of hydrophobic side chains or key
backbone interactions. Remarkably, the low energy conformations were not stable enough
to trap peptides; peptides readily adopted and lost these low energy conformations during
the simulation. Moreover, the low energy conformations were different for each peptide
analyzed (Figure 3D-F). Thus, the strong sequence constraints on the motif sequences are
not driven by internal peptide interactions but most likely are driven by external interactions
with other regions of MMR proteins or the DNA substrate.

Does the linker motif interact with a protein component of MMR?

We next investigated if the strong sequence constraints on the evolution of the motif

peptide could be due to an interaction with a specific region of an MMR protein. Previous
MMR protein crosslinking studies have provided data that could be used to identify these
interactions. Reanalysis of lysine crosslinking of S. cerevisiae MIh1-Pmsl in the absence of
ATP and DNA (Figure 4A)[26] suggests that the linker motif interacts with the MIh1-Pms1
CTDs. Several sets of crosslinks can be explained by motif-CTD interactions combined
with Mlh1 CTD wrapping by the Pms1 linker as observed using /n sifico modeling (Figure
4B):[731 (1) K398 of the MIh1 linker motif crosslinks with the N-terminal ends of the Mlh1
and Pms1 CTDs; (2) the C-terminal ends of the Mlh1 and Pms1 linkers crosslink with

each other; and (3) C-terminal, but not N-terminal, MIh1 linker lysines show extensive
intra-protein crosslinking to the conserved MIh1 linker motif due to linker looping (Figure
4C). The requirement for a motif-CTD interaction is also consistent with the results of an
experiment in which the MIh1 linker motif was isolated in a loop (termed “hand-cuffing”

in the study) induced by rapamycin-induced dimerization of FKBP (FK506-binding protein)
and FRB (FKBP and rapamycin binding domain) inserted into MIh1 linker. In this construct,
rapamycin addition caused a complete MMR defect /n vivo and a strong endonuclease defect
in vitro.126]

A complementary computational strategy to identify candidate interactions is to determine
evolutionary coupling between the MIh1 linker motif and other protein regions involved in
DNA cleavage by the MIh1-Pms1 endonuclease. Evolutionary couplings between pairs and
groups of amino acids arise from constraints from the protein structure and function that
require protein sequence changes at one site to be accommodated by changes at adjacent
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sites.[39. 2. 61] Coevolving sites have been successfully used to determine residue-residue
proximity, protein folds, and protein-protein interaction surfaces; however, not all sites
implicated as coevolving are in direct contact as correlations can be noisy.[3% 52 611 previous
studies have also detected coevolution between regions of the Mlh1, Pms1 and MIh3
proteins consistent with functional or direct interactions between domains;[25] however,
these analyses were not performed at the resolution of single amino acid residues. We
therefore used GREMLIN version 2.01[61 to analyze coevolution of the MIh1 linker

at a residue resolution by analyzing alignments of MlIh1 sequences with the —2 motif
pattern (1,110 sequences aligned using MAFFT version 3.313[44]), Pms1 (702 sequences)
and PCNA (702 sequences), the latter being critical to the activity of the MIh1-Pms1
endonuclease. In the case of coevolution of the MIh1 linker motif with Pms1 and PCNA,
we prepended a MIh1 linker motif alignment to the alignments of Pms1 and PCNA prior to
GREMLIN analysis. Candidate MIh1 co-evolving sites were found in the NTD (S200 and
D211, S. cerevisiae numbering), which are surface-exposed residues, and the CTD (N537,
D577, L652, and K665), of which N537 is surface exposed and near the active site (Figure
4D). In contrast, coevolution analyses did not provide strong evidence for direct interactions
with Pms1 or PCNA, as coevolving residues are mostly (Pms1 N214, V218, and F711;
PCNA 116 and L139) or partially (Pms1 L664; PCNA G176) buried (Figure 4E,F). Together,
the available crosslinking data,[26] evidence that the motif promotes enzymatic activity,[73!
and coevolution analyses are most consistent with a Mlh1 linker motif-CTD interaction that
occurs in the vicinity of the endonuclease active site (Figure 4C).

Does the linker motif interact with DNA?

There is evidence that the MutL proteins bind to DNA. The N-terminus of MutL and MIh1
bind weakly to DNA at low ionic strength.[>: 33.56.68] A MIh1-Pms1 complex with DNA
has not been structurally characterized, but genetic and biochemical studies suggest that
predicted DNA contacting residues are important for MMR and loading of MutL proteins
onto DNA as sliding clamps.[5: 7: 36. 68] |n addition, potential contacts between Mlh1-Pms1
and DNA can be inferred from the recently determined structure of £. coli MutL with

a primer/template DNA, [/l mapping of DNA-adjacent amino acid residues by FeBABE
footprinting of S. cerevisiae MIh1-MIh3,[13] and mutagenesis of charged Mlh1 amino acid
residues.[4 13.37. 73] The data generated using these methods are remarkably concordant, and
the FeBABE footprinting data directly implicates the conserved MIh1 linker motif as being
adjacent to DNA (Figure 5A). Consistently, S. cerevisiae MIh1 linker mutagenesisl#: 13 73]
and analysis of cancer-associated human MLH1 linker mutations[#8: 73] indicates that the
only MIh1 linker amino acid residues required for MMR are those within the conserved
motif; however, the interaction between these linker motif amino acid residues and DNA
have not been directly examined (Figure 5A-D). Linker motif-DNA interactions could be
consistent with linker motif-CTD interactions and the strong evolutionary constraints on
the motif, as the conformation of the DNA in the active site likely has not changed during
evolution.

DNA cleavage by a two- or three-metal ion mechanism?

Understanding the role of the linker motif role in MMR requires a detailed understanding
of the endonuclease mechanism that the linker motif is required for. The bacterial MutL
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endonuclease active site contains two tetrahedral zinc ions, Zna and Zng, in sites separated
by ~4 A (Figure 6A).[21-23,59,83] These jons are ligated by four cysteine and histidine
residues and a bridging glutamate. One unoccupied binding site bridges Zna and Zng. This
geometry is reminiscent of enzymes using the classic two-ion mechanism[72] where the two
ions stabilize a pentacovalent phosphate during phosphoryl transfer and hydrolysis reactions
(Figure 6A). Consistent with this mechanism, MIh1-MIh3 cleavage products are contain
nicks with a 3’-hydroxyl and a 5’-phosphate and are consequently religatable.[30]

Zinc binding of a DNA backbone phosphate would allow the arginine in the highly
conserved CPHGRP motif of the endonuclease active site to further stabilize the
pentacovalent phosphate (Figure 6A,B). However, it is not clear how MutL activates a
hydroxyl nucleophile. Remarkably, many two-ion mechanism enzymes, including DNA
polymerases n[27], utilize a third stably or transiently bound ion during catalysis. One
Aquifex aeolicus MutL CTD structure has a third metal ion, Znc,[22] which shares its single
protein ligand with Zng and could be accommodated in the Bacillus subtilis and Neisseria
gonorrhoeae MutL CTD structures (Figure 6A).[59 631 A hydroxyl group bridging Zng and
Znc would be positioned to attack a phosphate coordinated by Zna and Zng, which may
suggest that a transiently bound Zn¢ is a common feature of MutL endonucleases.

Autoinhibition at the eukaryotic endonuclease active site?

The active sites of S. cerevisiae Pmsl (human PMS2) and MIh3 share many of the
features with bacterial MutL, including the binding of two Zn ions.[*> 341 Unlike in
bacterial MutL, the fourth ligand binding site bridging Zna and Zng is not accessible.
Instead, the C-terminal cysteine of MIh1 (C769, S. cerevisiac MIh1 numbering) is bound
at this site (Figure 6C). The C-termini of eukaryotic MIh1 proteins exclusively have a Phe
Glu Arg Cys (FERC) motif (also called the C-terminal homology[®8]) or a FERC motif
followed by a short extension (e.g. FERCGT in Caenorhabditis elegans). This motif is

a Mlh1-specific eukaryotic innovation; it is lacking in other eukaryotic MutL homologs
(including MIh2/PMS1, Pms1/PMS2, and MIh3) and in both endonuclease-proficient and
endonuclease-deficient MutL homologs from bacteria and archaea.[46] Despite its absolute
conservation, this terminal cysteine is not required for catalysis; the S. cerevisiae mih1-
C769A, mlh1-C769S, and mih1-C769stp mutations do not cause MMR defects and where
tested do not affect the endonuclease activity /in vitro, unlike mutations affecting zinc
coordination by Pms1 (Figure 6E).[4: 15. 58,62, 71]

Although the C-terminal Mlh1 FERC cysteine has been suggested to increase zinc affinity,
[32] we hypothesize that a major role of this cysteine is autoinhibition. This amino acid
residue appears to sequester the active site from the substrate (compare Figure 6C and
Figure 6D), and coordination of a DNA phosphate by Zna and Zng necessarily requires
cysteine displacement. Consistently, the isolated FERC-containing CTD heterodimer of S.
cerevisiae MIh1 and Pms1 is not an active endonuclease,[34] whereas the isolated FERC-
lacking CTDs of the bacterial A. aeolicusand N. gonorrheae MutL proteins are active
endonucleases.[16. 541 Also consistent with this proposal, the S. cerevisiae MIh1-C769stp-
Pms1 and MIh1-E767stp-Pms1 complexes retain significant levels of endonuclease activity.
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[71] 1t is possible that autoinhibition in eukaryotic MutL homologs may help prevent
promiscuous nicking by DNA-bound MIh1-Pms1 complexes.

Does the conserved linker motif alleviate autoinhibition?

Like the conserved MIhl FERC motif, the conserved MIh1 linker motif is a eukaryotic
MIh1-specific innovation that appears to have arisen in the ancestral eukaryotic Mlh1 and is
present in almost all extant eukaryotes (Figure 2A). The only outliers in eukaryotes belong
to Metamonada, which contains phyla that have lost the conserved linker motif and only
partially conserve the FERC motif as a FxR sequence that lacks a cysteine (Figure 6F).

The loss of these motifs in Metamonada is reminiscent of bacterial and archaeal MutLs,
which lack the linker motif and the FERC motif even though they are endonucleases.[46]
This suggests that the conserved FERC and linker motifs are functionally related. Moreover,
although bacteria and archaea MutL proteins conserve a related FXR sequence, there is a
remarkable lack of FXRC sequences, suggesting that displacement of the FERC cysteine
from the active site is a challenging mechanistic step. A sample of 1,449 full-length MutL
sequences from all major groups of bacteria and archaea reveal that a cysteine residue
almost never follows the conserved FXR sequence, except for 4 MutL sequences belonging
to Candidatus Woesearchaeota archaeons with a C-terminal FKRCG sequence identified

in metagenomic assemblies (Figure 6G). Because of the evolutionary co-occurrence of the
MIh1 FERC and linker motifs in eukaryotes and fact that FXRC sequences essentially do not
occur in bacterial and archaeal MutL proteins that lack the linker motif, we hypothesize that
the linker motif promotes MIh1-Pms1 activity by displacing the inhibitory cysteine. Cysteine
displacement could be mediated by charged interactions between the MlIh1 linker motif and
the glutamate, the arginine, or even the C-terminal carboxylate group of the MIh1 FERC
motif, consistent with evidence for interactions of the conserved linker motif with the CTD
in the vicinity of the active site. Consistent with a role in promoting but not in performing
the endonucleolytic cleavage, mutation of the conserved linker motif causes an endonuclease
defect that is not quite as defective as that caused by an active site mutation.[73]

CONCLUSIONS

To decipher the role of the conserved MIh1 linker motif, we have reviewed features of the
MutL family of endonucleases and presented mechanistic hypotheses for how these features
participate in the endonuclease activity. Previous studies of the unstructured interdomain
linker of MutL homologs have found evidence for a length-dependence, which has been
interpreted as allowing MutL homolog sliding clamps to stably interact with DNA to
facilitate MutL homolog activation as well as bypass roadblocks while sliding along the
DNA; [ 29-30. 45,47, 51] cleavage of these linkers /n vivo causes a MMR defect suggesting
that MutL homolog sliding clamps are critical to MMR.[64] We recently have identified that
the MIh1 linker contains a conserved motif required for its endonuclease activity and MMR,
and that the motif can be functionally moved within the MIh1 linker and to the Pms1 linker;
[73] however, the mechanism by which this motif functions remains poorly understood. Here
we have reviewed the available literature and performed computational analyses that have
allowed us to make hypotheses for how MutL homologs cleave DNA and how this distal
linker motif may contribute to this catalysis in eukaryotic enzymes.
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The hypotheses proposed here are readily testable. Potential autoinhibition by the FERC
motif can be investigated by testing if removal of the C-terminal cysteine of additional
residues of the FERC motif promote DNA nicking by a heterodimer made up of Mlh1-Pms1
CTDs. Alternatively, addition of a C-terminal cysteine to the C-terminal FXR sequence

of a bacterial MutL might potentially causes inhibition of the endonuclease activity of
bacterial CTDs that normally have a C-terminal FxR sequence. A potential role for the
linker motif in alleviating inhibition of endonuclease activity by the FERC sequence can

be analyzed by testing if loss of the MIh1 C-terminal cysteine can rescue the MMR and
endonuclease defects of versions of MIh1-Pms1 in which the conserved linker motif is
mutated or deleted. Alternatively, if adding a C-terminal cysteine to a bacterial MutL inhibits
the endonuclease activity, insertion of the linker motif in the linker could potentially restore
activity. Finally, studies of whether mutations that eliminate MIh1 linker motif function
alter the patterns of protein crosslinking and FeBABE footprinting or alter interactions

with DNA such as the ability to act as sliding clamps on DNA would provide insights

into linker motif function. Despite the dramatic increases in our understanding of MMR

in general and the crucial role of DNA nicking in directing repair, how MutL homologs
cleave DNA remains a challenging question. Deciphering this mechanism likely will require
additional biochemical, biophysical, and structural studies of MutL homologs in general
and eukaryotic-specific innovations, such as the evolutionary co-occurring Mlhl FERC and
linker motifs.
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Figure 1. The architecture of MutL homologs promotes DNA loading by M utS homologs.
A. MutL homologs can be divided into an N-terminal domain (NTD) belonging to the

GHKL ATPase family, a C-terminal domain (CTD) and an unstructured interdomain linker.
B. The CTDs are constitutively dimerized, whereas the NTD dimerization is driven by ATP
binding. In the heterodimeric S. cerevisiae MIh1-Pms1, the MIh1 subunit lacks the CTD
endonuclease active site and PCNA binding site, but has a site for binding MIP (MlIh1
Interacting Peptide) box proteins and a conserved linker motif required for efficient DNA
nicking. C. DNA loading involves sequential mispair and ATP binding by Msh2-Msh6

to form a sliding clamp that is capable of recruiting Mlh1-Pms1 to DNA. MIh1-Pmsl

ring formation is mediated by MIh1 NTD binding by Msh2-Msh6[17] and ATP-mediated
dimerization of the Mlh1 and Pms1 NTDs,[%] and is facilitated by the flexible interdomain
linker.
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CRuMs Mantamonas Collodictyonidae, Rigifilida

Figure 2. The MIh1 conserved linker motif is conserved with two sequence patternsin

eukaryotes.

A. The presence (filled circles), absence (empty circles), or no data (horizontal line)

of the conserved MIh1 linker motif and C-terminal FERC sequence in different

eukaryotic clades is indicated; the —0 and -2 labels indicate which motif pattern is

present. The cladogram is based on previous analyses.[1] B. The conserved linker

motif from the alignment of selected MIh1 sequences; yellow highlighted residues are
conserved and red highlighted residues are at —0/-2 sequence difference. Accessions

are in parentheses with SRR numbers corresponding to RNA sequence datasets; Mlhl
sequences from other sources include M. californiana (https://megasun.bch.umontreal.ca/
papers/T2SS-2020/ sequenceMalawimonas_californiana_08827.mRNA.1), G. wittrockiana
(MMETSP0308 sequence CAMPEP_0184663640), C. tobinii (KO053295.1 where two in-
frame introns were merged with the coding sequence). Underlined positions are from partial
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sequences. C-D. Motif sequence logos were generated with Weblogo3[24l. E. Clades with
both —0 and -2 patterns have patterns that segregate by taxonomic group.
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A B Cc

S. cerevisiae Human A. thaliana

394-RQENKLVRIDASQAKITSELSS-415 378-VYAHQMYRTDSREQKLDAFLQP-399 400-VPVNKMVRTDSSDPAGRLHAELQP-423

Figure 3. Linker peptide conformations do not explain sequence constraints.
A-C. MIh1 motif-containing peptides were analyzed by molecular dynamics and related

conformations (clusters) were identified by two-dimensional UMAP projections. D-F. The
most common conformations are displayed as ribbons with Ca atoms of the conserved
residues (underlined in sequence) displayed as spheres. Arrows indicate where the length
difference between the —0 and -2 patterns lies. D. The major S. cerevisiae peptide
conformation is stabilized by interactions between R401, 1402, and F412 and capping of

a helix with the D403 side chain. E. The major human peptide conformation is stabilized

by interactions between 384-VRTD-387, L393, and 396-FL-397. F. The major A. thaliana
peptide conformation contains a helix promoted by the non-conserved P413 and is stabilized
by interactions between R407, L417, and F420.
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Figure 4. The conserved linker motif likely interactswith the CTD dimer near the active site.
A. Lysine crosslinks of S. cerevisiae MIh1 (top) and Pms1 (bottom) in the absence of

ATP and DNAI28] are depicted as \V-shapes for intramolecular crosslinks and lines for
intermolecular crosslinks. Red are crosslinks between the conserved linker motif and the
MIh1 and Pms1 CTDs; blue are crosslinks between the N-terminal ends of the MIh1 and
Pms1 CTDs; green are crosslinks within the C-terminal end of the MIh1 linker. All lysines
are shown as tic marks. B. Wrapping of the C-terminus of the Pms1 linker around the Mih1l
domain as predicted by Alphafold2[40] is consistent with crosslinking data (blue lines in
panel A). C. A model consistent with many of the observed crosslinks that can be explained
by Pms1 wrapping (blue lines in panel A), crosslinking of the motif to the CTD (red lines
in panel A), and extensive crosslinking of lysines in the C-terminal half of the MIh1 linker
(green lines in panel A). D. Evolutionary coupling of residues in MIh1 with GREMLINI6],
Blue and dark blue points are evolutionary coupled sites; red points are side-chain contacts
calculated from an Alphafold2 model of S. cerevisiae MIh1-Pms1 [40]. Residues in the
conserved motif are within the region demarked by black lines; off-diagonal points within
these lines indicate coupling to motif residues. E. Evolutionary coupling of the MIh1 linker
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motif placed at the beginning of the alignment (left and bottom of graph, separated by
black lines) with Pms1. F. Evolutionary coupling of the MIh1 motif with PCNA shown as
for panel E; red and green points are intra- and intersubunit side-chain contacts in the S.
cerevisiae PCNA trimer calculated from the PDB accession 1plg.
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Figure 5. The conserved linker likely interactswith the DNA substrate.
A. Summary of the data indicating regions of S. cerevisiae MIh1 that interact with DNA

provide a consistent view of DNA-interacting residues. Bars above indicate mutations
causing full (purple), partial (green) or no (blue) MMR defects.[4: 13. 37. 73] \fertical

hashes indicate residues equivalent to DNA contacting residues in each subunit (MutL
and MutLg) of the £. coli MutL-DNA structure.l”] Sites of S. cerevisiae MIh1 adjacent to
DNA in a MIh1-MIh3 bound to a Holliday junction(13] are indicated by squares. B. Sites

of mutations in MIh1 that cause complete (purple) or partial (green) MMR defects mapped
to a MIh1-Pms1 NTD dimer model generated with Alphafold2.[0] C. Similar analysis as
panel B with a MIh1-Pms1 CTD dimer model. D. Structure of £. co/i MutL (green and blue
cartoon) with a DNA containing a single-stranded overhang (black and gray spheres) shows
extensive ssDNA-MutL NTD contacts (PDB id 7p8v).["]
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Figure 6. The active site of eukaryotic MIh1-Pmsl and MIh1-MIh3is blocked by the MIh1
C-terminus.

A. The proposed endonuclease reaction of MutL-family proteins involves coordination of
a backbone phosphate by Zna and Zng, stabilization of the phosphate by Pms1 R852 and
potential activation of a hydroxyl nucleophile by a transiently bound Zn¢; residues identified
with S. cerevisiae Pmsl numbering. B. Sequence logo of the conserved active site motifs
in eukaryotic Pms1 sequences with residues identified in panel A indicated with triangles.
C. Ribbon diagrams (left and middle) of the S. cerevisiae MIh1 (yellow) — Pms1 (red)
active site (PDB id 4e4w; [34]) showing the metal coordination and binding of the MIh1
C769 residue at the bridging position between Znp and Zng (magenta). Surface view of
the active site shows that not only is the fourth coordination sphere blocked by C769, but
the entire active site is sequestered from solvent. D. Ribbon diagram (left) and surface
(right) of the B. subtilis active site (PDB id 3kdk; [63]) showing accessibility of the metals
(magenta) to solvent. E. Summary of the mutagenesis of the conserved S. cerevisiae MIhl
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C-terminus; dashes indicate deletions of the specified residue. F. Two of the three phyla
within Metamonada lack the C-terminal Mlh1l FERC sequence but tend to retain a FxR
sequence. G. Histogram of the residues that immediately follow the FXR sequence from a
sample of 1,449 bacterial and archaeal MutL sequences shows a bias towards small and
positively charged residues and a relative lack of cystine residues as in the eukaryotic Mih1
FERC motif. “Cterm” indicates that the arginine in the FXR sequence is at the C-terminus of
the protein.
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