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EPIGRAPH

THE STUDENT Tokusan used to come to the master Ryutan in the
evenings to talk and to listen. One night it was very late before
he was finished asking questions.

"Why don't you go to bed?" asked Ryutan.

Tokusan bowed, and lifted the screen to go out. "The hall is very
dark," he said.

"Here, take this candle,” said Ryutan, lighting one for the
student.

Tokusan reached out his hand, and took the candle.

Ryutan leaned forward, and blew it out.
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ABSTRACT OF THE DISSERTATION

Recruitment and function of Mlh1-Pms1 in DNA Mismatch Repair

by

Matthew DuPrie
Doctor of Philosophy in Biomedical Sciences
University of California San Diego, 2020

Professor Richard Kolodner, Chair

Mismatch Repair (MMR) is a highly conserved DNA repair pathway that repairs
base-base mispairs and small insertion/deletion loops that frequently arise during DNA
replication. Defects in MMR cause cancer, and studies in Saccharomyces cerevisiae
and Escherichia coli have helped elucidate the function of MMR in humans. In E. coli,
homodimeric MutS initially recognizes a DNA mispair, which then recruits homodimeric
MutL and further downstream proteins. In S. cerevisiae, MMR s initiated by MutS-
homologous complexes Msh2-Msh6 or Msh2-Msh3 binding a DNA mispair, which then

recruit the MutL-homologous complex Mlh1-Pms1 to DNA. This interaction between

XV



these complexes is essential for MMR, though due to its dynamic and transient nature
it has been difficult to study. Using Deuterium Exchange/Mass Spectrometry (DXMS)
of E. coli MutS and MutL, | identified a putative interaction interface in the N-terminal
hetero-dimer region of MIh1-Pms1, though further biochemical analysis indicated that
this region was likely not the interface region. While performing these studies, a
published low-resolution crosslinked structure of the E. coli MutS and MutL identified
a new putative interface region between MutS and MutL. | used this information to
elucidate the interface between Msh2-Msh6 or Msh2-Msh3 and Mlh1-Pms1. Genetic
assays determined mutations in this interface region of MLH1, but not PMS1, caused
a null MMR phenotype, and biochemical assays concluded that it is the MIh1 subunit
that interacts with Msh2 and functions in the initiation of MMR. | also characterized
mutations affecting the flexible linker region of MIh1. | found point mutations and
deletions that lead to a complete loss of MMR, and found that purified Mlh1-Pmsl
mutants containing amino acid substitutions in this region are defective for
endonuclease activity, revealing an unknown essential functional for this region of MIh1
in MMR. Together, my work increases our understanding of the initiation of eukaryotic

MMR, as well as how MIh1-Pms1 leads to downstream repair.

XVi



Chapter 1

Introduction



1.1 Global Context and Introduction to Mismatch Repair
All of life is stress. It exists in a medium of constant flux and likely bears these

scars in its origin. More than simply containing certain biomolecules, life can be
described as a process or system of storing and disseminating information through
these biomolecules [1, 2]. Deoxyribonucleic acids (DNA) became the main vehicle of
information storage for organisms, and so maintaining the fidelity of a DNA sequence

while propagating it has become a defining characteristic of life [3-5].

Therefore, an organism strives to minimize DNA damage which would threaten
the integrity of its sequence. These threats come from both within and without. DNA
integrity suffers spontaneous base deamination, abasic sites, methylation, hydrolysis
with local water molecules as well as exposure to reactive oxygen species [6]. The
chemical bonds holding DNA together can be broken and rearranged by ionizing and
ultraviolet rays, chemicals such as alkylating agents, aromatic amines, polycyclic
aromatic hydrocarbons and other reactive electrophiles, toxins, and environmental
stressors such as extreme heat or cold, hypoxia, and oxidative stress [6]. In addition
to exogenous sources, errors during DNA replication can also lead to the formation of
mispairs, which become mutations after the next round of replication if left unrepaired
[7]. Mismatch repair (MMR) is the highly conserved DNA repair pathway that repairs

mispairs that form in the genome [7].

This has implications for human disease since a defect in MMR increases the
mutational burden on the genome. Loss of MMR occurs in many spontaneous tumors,
and an inherited defect in a single copy of an essential MMR gene is the cause of

Lynch Syndrome (or hereditary non-polyposis colon cancer) [8-17]. Lynch syndrome



Is a genetic predisposition to develop an array of cancers throughout the body, though
predominantly of the colorectum and endometrium, with a mean onset between 43-46
years of age [17, 18]. Inheriting biallelic mutations in any essential MMR gene causes
constitutional mismatch repair deficiency (CMMR-D), which leads to early onset

pediatric cancers [18].

1.2 Eukaryotic DNA Replication and the formation of DNA mispairs

Nuclear DNA replication begins at replication origins. Replication is typically
bidirectional from origins, with most leading and lagging strand synthesis being
catalyzed by two multi-subunit polymerases, Pol 6 and Pol €[19]. Both contain 3'-
exonuclease proofreading activity [19]. Studies suggest that Pol ¢ primarily synthesizes

the leading strand while Pol 6 synthesizes the lagging strand [20].

Occasionally DNA polymerases make mistakes when incorporating new
nucleotides while replicating DNA [7]. Based solely on the difference in free energy
between correct and incorrectly paired bases, a misincorporation error should occur
every 100 to 1000 base pairs [21]. A typical high-fidelity polymerase (such as Pol 6 or g)
imposes selectivity and has an error rate of 10-4 to 10-5 per nucleotide, and including
their proofreading exonuclease activity these polymerases can achieve an error rate
of 10-7 per nucleotide [21-23]. Misincorporated bases that escape surveillance by the
proofreading polymerases are called DNA mispairs, which can either be a non-Watson
Crick base pair or a small insertion/deletion loop of nucleotides, which typically occur

in sequences with low sequence complexity, such as homopolymeric tracts.



MMR functions to recognize and repair DNA mispairs that escape proofreading
by DNA polymerases. Globally, MMR reduces the 10-7 per nucleotide error rate of the
DNA polymerase activity to 10-9 to 10-10 per nucleotide [7, 24, 25]. If mispairs are
uncorrected, they become fixed as mutations in the genome after the next cycle of
replication [7, 26, 27]. Short repetitive DNA sequences of 1-4 base pairs are subject to
frameshift mutations at a higher rate due to polymerase slippage, and MMR is the main
DNA repair pathway that repairs the insertion/deletion loops created by these errors
[28, 29]. This phenotype of high frameshift mutation rates in repetitive DNA regions is

called microsatellite instability [30, 31].

1.3 Methyl-Directed MMR

Mismatch repair was first conceived in 1964 by Robin Holliday studying gene
conversion in fungi and Evelyn Witkin investigating brominated nucleotide processing
in Escherichia coli [32-34]. Gene conversion is the non-reciprocal transfer of genetic
information between two or more gene copies as a result of a recombination event [35].
Holliday predicted the existence of the Holliday junction as a DNA intermediate in
homologous recombination that could form mispaired bases, and that the processing
of these mispaired bases would lead to gene conversion [32, 36, 37].

The first organism in which MMR genes were fully elucidated was E. coli [38-
43]. Genetic studies identified mutS, mutL, mutH, uvrD and dam as essential genes for
MMR [40-42, 44-46]. MMR in E. coli is described as methyl-directed, since the
methylation status of the DNA strands determines which strand serves as a template

and which strand is excised in MMR [47]. This system is found only in a set



Mismatch Repair in E. coli

Description of each step

- * MutS binds a mispair.

—
|
W
'
v

MutS hydrolyzes ATP and slides away
from the mispair, and can now recruit MutL.

MutH

MutL can recruit MutH, which nicks the
unmethylated DNA strand at GATC sites.

UvrD

7\ * ' \ s\ MutL can then recruit the helicase UvrD, which

unwinds the mispaired DNA strand from the nicks.

|
J’

Figure 1.1. Model of methyl-directed mismatch repair in E. coli. The model begins
at the top left, and follows down vertically through the repair process. The DNA mispair
is shown as a red star. Each step is indicated by a black arrow, and a description of
each step is given on the right. Greater description is given in the text.

The resulting single stranded DNA gap can then be
repaired by DNA polymerase and DNA ligase.




of closely related gammaproteobacteria [48], and what serves as the strand
discrimination signal in other organisms is still unclear.

Mispairs are recognized by MutS, which is a homodimeric ABC-family ATPase
[49-51]. Crystal structures of MutS from E. coli and Thermus aquaticus show that the
mispair recognition complex binds DNA at the site of the mispair, bends the DNA by
~60 degrees, and opens the DNA base stack so that one face of the base in the mispair
iIs extruded from the helix and is stabilized by =-stacking with a conserved
phenylalanine side chain [52-54]. The mispair recognition complex is functionally
asymmetric; only one of the two subunits directly interacts with the mispaired bases.
Importantly, the mispaired base that is extruded from the DNA helix is not necessarily
the one on the strand that will be excised and resynthesized. This is also true for the
eukaryotic MutS homologs. Thus, the functional asymmetry of the mispair recognition
complex does not act as the MMR strand discrimination mechanism in MMR.

Many studies have examined how MutS searches the genome and identifies
mispairs. Single molecule studies on T. aquaticus MutS show that while searching for
a mispair it exhibits both repeated dissociation from and rebinding to DNA and 1-
dimensional rotational diffusion while in continuous contact with the helical backbone
of the DNA, much like a nut rotating on a screw [55]. Mismatch recognition of MutS is
influenced by the sequence of mispaired nucleotides as well as those of the nearest
neighbor nucleotides [56, 57]. Studies have shown that mismatched nucleotides
increase DNA flexibility by weakening nucleotide base stacking interactions, which can
then introduce a deformation in the DNA helical structure [58-60]. The function of the

conserved phenylalanine side chain that is found coordinating the DNA mispair could



then be to kink DNA searching for local regions of increased flexibility. Mispairs are
then recognized by these local structural alterations, rather than specific recognition of
the mismatched nucleotide [19, 61], which could explain the wide variety of mispairs

and lesions that can be recognized.

After MutS binds a mispair, an ADP to ATP exchange is induced concurrent with
a conformational change to a "sliding clamp" structure, which releases the bend on
DNA and which becomes more stably associated with DNA [62-67]. MutS sliding
clamps show diffusion with free rotation and discontinuous contact with the DNA
backbone, and its diffusion on DNA is independent of ATP hydrolysis [55, 68-71]. This
conformational change is essential for the recruitment of the downstream protein MutL,
which functions in signal amplification. ATP binding by MutS is sufficient for the
recruitment of MutL; however, ATP hydrolysis is required by E. coli MutS in the

complete in vivo MMR reaction [72].

MutL is also a homodimeric ATPase, which is recruited to DNA by MutS [62, 73-
76]. The N-terminal ATPase domain belongs to the GHKL family [77], and is separated
from the C-terminal domain by an unstructured linker. The C-terminal domains of MutL
are constitutively dimerized, whereas the N-terminal domains dimerize only upon ATP
binding to form a ring [78, 79]. MutL homologs in organisms without methyl-directed
MMR have a C-terminal domain with an endonuclease activity that generates single-
stranded breaks in DNA [80-85]. In organisms with methyl-directed MMR (including E.
coli), the C-terminal domains have similar folds, but the endonuclease motif is missing

[86], and is involved in activating downstream proteins [87].



MutH is recruited by MutL and activated to nick the DNA strand that is to be
resynthesized [88, 89]. Strand discrimination in E. coli and related bacteria is novel
since these bacteria contain the DNA methyl transferase Dam. The Dam
methyltransferase catalyzes post-replication methylation of the adenosine Ne position
at palindromic d(GATC) sites using S-adenosylmethionine as a substrate [90]. DNA
replication of a fully methylated template gives rise to hemi-methylated d(GATC) sites,
in which the template strand is methylated and the newly synthesized strand is
unmodified. This transient hemi-methylation status only lasts on the order of minutes
[90, 91]. MutH makes a single stranded nick 5' of the G in the unmethylated strand of
hemi-methylated d(GATC) Dam sites [88].

These MutH generated nicks can then serve as entry points for displacement of
the newly synthesized strand by the UvrD helicase and potential degradation of the
displaced strand by a single-stranded DNA exonuclease [92]. The 3' -> 5" UvrD DNA
helicase is bound and activated by MutL [93, 94]. While in vitro UvrD is inefficient and
displays very low processivity [95, 96], single molecule imaging studies have shown
that ATP-bound MutL captures UvrD near strand breaks and greatly increases its
unwinding processivity [97]. The MMR system can be bi-directional in vitro, proceeding
from a 3' or 5' nick [89, 98]; however, the direction of repair in vivo always proceeds
towards the replication fork [98]. A combination of the UvrD helicase and one of four
single stranded DNA specific exonucleases (Exol, ExolV, RecJ, ExoX) excise the
nicked strand past the mispair and the resulting singled-stranded gap is filled in by
DNA polymerase lll, single strand DNA binding protein and DNA ligase [37, 92, 99,

100], though recent work suggests that UvrD alone that is required to unwind DNA



between nicks present on either side of the mispair and that the exonucleases are not

needed for MMR [97]. This model is depicted in Figure 1.1.

1.4 Eukaryotic MMR Proteins

Initially the existence of MMR in eukaryotes was questioned, because the S.
cerevisiae genome lacked all DNA methylation and the human genome lacked
adenine methylation, which precluded an E. coli-like methyl-directed repair system [36,
101, 102]. In 1986 our laboratory showed that a MMR system functioned in S.
cerevisiae through the repair of mismatch-containing plasmids constructed in vitro
[103]. Seymore Fogel identified the pmsl (“Post-Meiotic Segregation 1”) mutation in
S. cerevisiae, which caused an increase in post-meiotic segregation events [104]. In
1987 our laboratory for the first time demonstrated that this mutant had a defect in
repairing mismatch-containing plasmids during mitotic growth [105]. The Fogel
laboratory then cloned the gene, which turned out to be a homolog of E. coli mutL
[106].

In eukaryotes, gene duplication and specialization led to the emergence of
multiple MutS and MutL homologs which interact to form heterodimers. In fungi and
mammals, the MutS complexes acting in MMR are the Msh2-Msh6 and Msh2-Msh3
heterodimers [7, 107]. The common subunit Msh2 does not directly interact with
mispairs, and deletion of the gene that encodes Msh2 results in a complete loss of
MMR. A loss of MSH3 or MSH6 on its own does not lead to a complete loss of MMR

[107-110]. Both Msh6 and Msh3 directly recognize mispairs and have distinct but



overlapping specificities for DNA mispairs [7, 107, 111-113]. Msh2-Msh6 preferentially
binds and recognizes individual base-base mispairs and small insertion deletion loops,
while Msh2-Msh3 primarily recognizes larger insertion/deletion loops [114].
Exchanging the mispair-binding domains of Msh3 and Msh6 but keeping the rest of the
protein the same switches these proteins mispair specificities [115]. These complexes
and mispair specificities hold true for human Msh2-Msh6 and Msh2-Msh3 [116-118].
Further genetic evidence in humans supports the importance of both MSH3 and MSH6
in functional MMR [119-123].

The initial steps of eukaryotic MMR are similar to MMR in E coli, where MutS
homologs initially bind to a mispair and then recruit MutL homologs [34, 36]. The MutL
homologs form heterodimers, and in S. cerevisiae Mlh1-Pms1 is the most important
heterodimeric complex involved in MMR (in humans the homologous complex is called
MIh1-Pms2) [124, 125]. Atomic force microscopy and size-exclusion chromatography
suggest that MlIh1-Pmsl1 may hydrolyze ATP to undergo a cycle of changing structure,
from an extended conformation with just the C-termini dimerized to a compact globular
conformation with both the N- and C-termini dimerized and little space between the
domains [78, 126]. Yeast and human MIh1-Pmsl have an endonuclease activity
located in the C-terminal domain that is not present in E. coli MutL [82, 83, 127, 128].
This endonuclease is weakly active on supercoiled DNA, but can be further stimulated
by RFC and PCNA to be highly specific for nicking a DNA strand that is already nicked
[82, 83, 127, 129]. The mechanism for this strand specific nicking is unknown.

Other downstream mismatch repair associated proteins identified include the 5'-

3' exonuclease Exol [130], the replication clamp Proliferating Cell Nuclear Antigen

10



(PCNA) [82, 131], the replication clamp loader Replication Factor C (RFC) [132], the
single-strand binding protein Replication Factor/Protein A (RPA), DNA ligase, and DNA

polymerases 6 and ¢ [112, 133-135].

1.5 Model for Eukaryotic MMR

The current model for eukaryotic MMR is that Msh2-Msh6 or Msh2-Msh3
recognize a mispair while in the ADP-bound or nucleotide-free state. Upon binding a
mispair, the Msh complex exchanges ADP for ATP and adopts a sliding clamp
formation, that both slides away from a mispair and is proficient for recruitment of one
or more MIh1-Pmsl1 complexes. PCNA activates the endonuclease activity of MIh1-
Pms1 and stimulates nicking on the newly synthesized DNA strand. This endonuclease
activity of MIh1-Pms1 is essential for MMR, though why multiple strand nicks are
required is still unknown [81, 83, 136]. Interestingly, while partial defects in this
endonuclease activity can cause a mild to moderate defectin MMR, they can synergize
with a loss of the exonuclease Exol leading to a near full defect in MMR [137-139]. As
the loss of Exol has little effect on the MMR on its own, these results suggest that
efficient nicking by MIh1-Pms1 can bypass the role of Exol in vivo, and as MIh1-Pms1
becomes less efficient the role of Exol becomes more integral. This has led to the
model that MMR can proceed down two pathways after the recruitment of Msh2-Msh6
and Mlh1-Pmsl: Exol-dependent and Exol-independent repair [139]. In the Exol-

dependent pathway, Exol is recruited by Msh2-Msh6 and Mlh1-Pms1 to excise the
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Mismatch Repair in eukaryotes

-Msh6 or Msh2-Msh3
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MIh1-Pms1
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Exo1-independent repair L Exo1-dependent repair
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Figure 1.2. Mismatch repair in eukaryotes. This model shows a simplified schematic
of our current mechanistic understanding of mismatch repair in eukaryotes. A shows
the initiation step similar to E. coli, where either Msh2-Msh6 (shown) or Msh2-Msh3
will initially bind the mispair. In B, Msh2-Msh6 will hydrolyze ATP and form a sliding
clamp, allowing the recruitment of Mlh1-Pmsl to DNA. C shows the endonuclease
function of MIh1-Pmsl, stimulated by its interaction with PCNA, will nick the DNA
strand that is to be excised multiple times, and that this activity is essential for repair.
This results in D, where multiple paths to repair have been proposed. Adequate nicking
function by MIh1-Pmsl can generate enough nicks where the recruitment of the
exonuclease Exol is non-essential; however, if this nicking activity is attenuated, then
recruitment of Exol to the DNA becomes important for repair. Final repair shown in E
can then be achieved in exol-independent repair by strand displacement synthesis by
a DNA polymerase recruited to the nick, or in exol-dependent repair by exonuclease
digestion of the mispair containing strand by Exol, which is recruited by Msh2-Msh6
and MIh1-Pmsl to the DNA. The resulting ssSDNA gap can then be filled by DNA
polymerase and DNA ligase.
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mispair-containing strand in a 5' to 3" direction until the mispair is converted to a gap
[140]. The mechanism of termination of excision by Exol is unknown, but could be
mediated after excision passes the mispair by weak processivity of Exol in the
absence of recruitment by Mlh1-Pms1 or Msh2-Msh6 [141]. In the Exol-independent
pathway, the genetic evidence is consistent with the requirement of multiple nicking
events by MIh1-Pms1. Processive nicking by Mlh1-Pms1 could lead to excision of the
newly synthesized strand in the vicinity of a mispair [138] or could generate 3' ends
that could initiate strand displacement synthesis by DNA polymerase 6 [142]. Both
pathways can lead to mutation avoidance [139]; however, in vivo studies of
fluorescently tagged Pmsl, which forms foci that are MMR repair intermediates,
suggest that the Exol-dependent pathway is faster and therefore more frequently used
[143]. These studies also showed that Msh2-Msh6 is recruited to DNA by PCNA [143].
There is evidence in humans that Msh2-Mshé6 is recruited by a chromatin modification
during S-phase through a deuterostome-specific PWWP domain present in the
otherwise unstructured Msh6 N-terminal tail [144-148]. This model is depicted in

Figure 1.2.

1.6 In vitro Reconstitution Assays
In vitro reconstitution assays have also been developed to further understand

MMR, both in human and S. cerevisiae. These studies have defined two types of
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mispair-dependent excision/repair reactions. In one reaction, a combination of Msh2-
Msh6 or Msh2-Msh3, Exol, DNA Pol 8, the single stranded DNA binding protein RPA,
PCNA and RFC promotes the repair of a circular mispaired substrate containing a nick
on the 5' side of the mispair. In this reaction, the mispair recognition factors and other
proteins promote excision by Exol past the mispair, followed by repair DNA synthesis
to fill in the resulting gap repairing the initial mispair [112, 149, 150]. In a second
reaction, the combination of Msh2-Msh6 or Msh2-Msh3, Mlh1-Pms1, Exol, DNA pol
8, RPA, PCNA and RFC promotes the repair of a circular mispaired substrate
containing a nick on the 3' side of the mispair. In this reaction, the MIh1l-Pmsl
endonuclease is activated to generate nicks 5' to the mispair, which leads to excision
and subsequent gap filling either via an Exol-dependent 5' excision and subsequent
gap filling or strand-displacement synthesis by Pol 5 [127, 142, 149]. In both of these
reactions, mispair recognition by Msh2-Msh6 and Msh2-Msh3 appears to stimulate
excision by Exol, in part by overcoming inhibition of Exol by RPA [151]. Further
studies by our laboratory have shown that pol € can also substitute for pol 5 in these
reactions [135]. Two remarkable discrepancies have been identified between in vivo
and in vitro MMR models: (1) the ATPase activity of Msh2-Msh6 is required in vivo but
only partially in vitro [152] and (2) the endonuclease activity of MIh1-Pms1 is required
in vivo but not for many in vitro reconstituted assays. These discrepancies argue that
the in vitro reconstituted reactions do not recapitulate all of the complexities of the in

vivo MMR reaction.
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1.7 Link Between MMR and DNA Replication as Possible Strand Discrimination
Signals

A key question for non-methyl-directed MMR mechanisms is how the newly
synthesized strand is distinguished from the template strand. This strand discrimination
is crucial for MMR, as excision-repair on the template strand would serve to fix the
error caused by the mispair into the genome. In vitro reconstituted reactions are strand-
specific, and this strand specificity is dictated by the presence of a pre-existing nick in
the substrate [82, 83, 127, 150]. If nicks are a signal, then DNA replication itself could
provide the MMR strand discrimination signal [153, 154]. Although pre-existing nicks
are more common on the lagging strand than on the leading strand due to Okazaki
fragment formation, recent reports indicate the presence of long-lived nicks on the
leading strand [155]. This hypothesis relies on a close coordination between MMR and
replication machinery, and there is much evidence to support this association.

Many studies have linked eukaryotic MMR to the replication machinery. Msh3
and Msh6 bind to PCNA [156-158], which is a processivity factor for DNA polymerase
o [159, 160]. Live cell imaging in S. cerevisiae shows that Msh2-Msh6 form foci in
essentially 100% of S-phase cells in a mispair-independent, PCNA-Msh6 interaction
dependent fashion and these foci colocalize with replication fork components,
suggesting that Msh2-Mshé6 is a constitutive component of replication factories where
it acts to detect mispairs formed during replication [143]. Another study showed that by
temporally restricting the availability of Msh6 to different phases of the cell cycle by
fusing it to cell-cycle specific cyclins in an msh34 S. cerevisiae strain, MMR in

eukaryotes was restricted to a narrow post-replicative window of opportunity similar to
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E. coli MMR [161]. This study showed that the window of time for MMR proficiency was
no more than 15 minutes after the region of the genome was replicated, while
heteroduplex rejection, another process dependent upon Msh2-Msh6, was not
restricted to the same temporal window [161]. These studies support the theory that
replication-generated DNA structures could serve as strand-discrimination signals for
MMR.

Other hypotheses suggest that nicks might be indirect signals by proposing that
asymmetric binding of PCNA on DNA or asymmetric loading of PCNA on replication-
generated nicks could be the strand discrimination signal [154, 158, 162]. There is
evidence for this in vitro [163, 164], however there is still no mechanistic proof for this
nicking specificity. These models also further underscore our lack of understanding of
the role the endonuclease activity of MIh1-Pms1 plays in MMR, given that there are
already nicks present in the DNA.

Misincorporated ribonucleotides from replication excised by RNase H2 have
also been suggested to be a source of the DNA nicks leading to strand discrimination
in MMR [165, 166]. However, the mutator phenotype caused by RNase H2 defects are
orders of magnitude lower than those expected to be caused by a universal strand
discrimination signal defect [167]. Further, mutations in RNase H2 defective strains are
completely dependent on topoisomerase 1, indicating that these mutations do not
reflect a MMR defect.

1.8 Understanding the MMR initiation complex
Much is still not understood of the biochemical initiation of MMR, and how Mih

complexes are recruited by Msh complexes to DNA. The formation of a ternary
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complex between MutS and MutL complexes on DNA has largely been inferred from
biochemical and genetic data, though structurally uncharacterized in part due to its
dynamic nature [168]. The MutS-MutL-DNA ternary complex and the eukaryotic Msh-
MIh-DNA complex are dynamic and exhibit rapid dissociation [62, 73, 168-170], which
may explain the failure of most large-scale physical interaction studies to identify the
S. cerevisiae ternary complex [171-175]. Both ATP binding and mispair binding are
required for the interaction of MutS with MutL and Msh2-Msh6 with MIh1-Pms1 [62,
168-170]. These cofactors likely transiently induce conformational changes required
for ternary complex formation. One paper identified mutations in the N-terminus of Mlh1
that eliminated its interaction with Msh2-Msh6, although it is unclear whether the
mutations affect a region directly involved in complex assembly [176].

Multiple models have been proposed as to how the interaction between MutS
and MutL homologs leads to the initiation of MMR [177]. Early models hypothesized
that MMR proteins form a nucleoprotein filament on the DNA from the mismatch to the
initiation site, although no evidence for such a filament has emerged [45]. A static
transactivation model was proposed which had static MutS bound to a mispair
recruiting MutL, and that this static complex communicates strand breakage by MutH
via looping of the intervening DNA [178]. This model was disproven with evidence that
artificial blocks on DNA between the mispair and GATC site inhibited MMR, suggesting
some DNA translocation is necessary [179]. This evidence also disproved other trans-
initiation models [75]. An ATP-dependent hydrolysis model was proposed where MutS
homologs actively hydrolyzed ATP to continue sliding away from a mispair to

communicate with MutL homologs [180, 181].
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The Molecular-Switch model incorporates more modern understanding of the
biochemistry of MutS homologs (Msh) and MutL homologs (MIh). This model
incorporates the evidence that mismatch recognition by Msh induces and ADP to ATP
exchange much like a G-protein molecular switch [65, 66]. This sliding clamp formation
can then recruit Mlh, and these complexes diffuse together along DNA to the strand
scission site driven by thermal fluctuation [62, 65, 66, 182]. Uncertainty still surrounds
the dynamics of this interaction between these protein complexes and how they lead
to downstream MMR signaling. Msh and Mlh proteins could remain bound together as
they slide, or they may dissociate allowing Msh to catalytically load multiple Mlh
proteins. In addition, Mlh proteins have been proposed to aggregate together on DNA
to form a polymer that is loaded by an Msh protein bound to the mismatch to the distant
excision-initiation site. Previous in vivo fluorescence microscopy in S. cerevisiae done
by our laboratory showed that Msh2-Msh6 and MIh1-Pms1 form distinct foci during S-
phase [143]. Experiments with T. aquaticus MutS and MutL appeared to show multiple
MutL proteins trapping MutS at or near a mismatch after the recognition by MutS [183].
Studies have also suggested that MIh1-Pmsl may bind DNA cooperatively as a
polymer [184], and have recently shown that S. cerevisiae MutL homolog complex
MIh1-MIh3 has endonuclease activity activated by polymer formation [185]. All these
studies suggest that Mlh proteins form their own separate intermediates during MMR
processing but do not prove that they must function as polymers on DNA.

Alternatively, single molecule imaging of S. cerevisiae Msh2-Msh6 and Mlh1-
Pms1 using quantum dots showed MIh1-Pmsl being recruited to DNA but forming

separate sliding clamps following recruitment [70]. More recent single molecule
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imaging experiments of E. coli MutS, MutL, and MutH showed that the processes of
mismatch binding transmission appeared totally stochastic [186]. This study found that
MutS recruited MutL after diffusing away from the mispair, and that MutL could form its
own stable sliding clamp that could diffuse rapidly on DNA. MutS and MutL oscillated
in their association with each other. This study found the lifetime of an ATP-bound
MutL sliding clamp on DNA was around 800 seconds, while ATP-bound MutS had a
lifetime of around 200 seconds. This study suggested multiple MutL sliding clamps can
be loaded by an ATP-bound MutS, supporting the both a catalytic-loading model of
Msh proteins and a sliding clamp functional model for MIh proteins [186].

To further characterize the interaction between MutS and MutL, in 2009 our
laboratory used hydrogen/deuterium exchange mass spectrometry of main-chain
amides to examine solvent accessibility of MutS in the presence of ATP and a 71-nt
DNA substrate containing a central GT mispair either with or without MutL [187]. This
study identified two regions in E. coli MutS that showed substantial protection from
deuteration in the presence of MutL, one in the second "connector" domain and one in
the ATPase domain. Testing the homologous region in S. cerevisiae Msh2 and Msh6
showed that only mutations in this region of Msh2 caused a defect in Mlh1-Pmsl
binding in vitro and an in vivo mutator phenotype.

In Chapter 2 | describe the efforts by myself and our laboratory to perform the
reciprocal DXMS experiments to identify regions on MutL that showed increased
protection from deuteration only in the presence of the connector domain of MutS.
While | was pursuing these studies, a low-resolution structure of crosslinked single-

cysteine mutant MutS and MutL was published in 2016 [188]. This structure provided
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insight into the sliding clamp structure of MutS and identified putative MutS-MutL
interaction interfaces. Here | describe my efforts to pursue both of these studies to
illuminate the implications for S. cerevisiae MMR and identify what residues of MIh1-

Pms1 are involved with its interaction with Msh2-Msh6 and Msh2-Msh3.

1.9 The role of the flexible linker region of Mlh1

As more work has been done to fully understand the role of MutL and its
homologs in MMR, more questions have been raised as to what, if any, is the functional
role of the unstructured flexible linker region connecting the N- and C-terminal
domains. In S. cerevisiae, the MlIh1 linker region is around 150 amino acids, and that
of Pms1 is 250 amino acids [189]. It has been hypothesized that the long flexible linker
arms allow MIh proteins to form a ring-like structure around DNA [86], with the N-termini
transiently dimerizing via their ATPase activity [126]. Single-molecule studies of S.
cerevisiae Mlh1-Pms1 support this model, while also showing that MIh1-Pms1, but not
Msh2-Msh6, is capable of bypassing nucleosomes while remaining bound to DNA,
suggesting the long linker arms are providing this capability [70, 190]. More recent
studies single molecule studies on MutL have also shown the importance in liker arm
length in bypassing blocks on DNA, showing that if the linker arms become too short
MutL loses this ability to bypass obstructions on DNA [191, 192].

Other data suggests the linker regions are more than just passive tethers.
Systematic mutagenesis of the entire S. cerevisiae MLH1 gene identified point
mutations in the MIh1 linker region in S. cerevisiae that completely disrupt MMR in

vivo, but do not affect the function of MIh1-Pms1 in mediating meiotic crossover events
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[193]. The linker region of MIh1 is much more sensitive to mutation or deletion than the
linker region of Pms1 [189], and switching the linker regions of MIhl and Pms1 causes
a complete defect in MMR [192]. Inserting characterized or random amino acid
sequences as a substitute for deleted sequences did not restore function to defective
MIhl and Pms1 mutants [192]. These studies indicate that the sequence identity of
these linker regions is important.

Conserved residues within the linker region may have roles in MMR beyond
providing flexibility and length that allow Mlh1-Pms1 to bypass nucleosomes, such as
potentially mediating protein interactions [189]. The linker region of Mlh1 is predicted
to be unstructured, and studies have shown that unstructured regions of significant
size (>50 residues), called intrinsically disordered regions (IDRs), are quite common
and can impart function [194, 195]. A region is defined as intrinsically disordered if it
does not fold spontaneously into well-organized globular structures in the absence of
stabilizing interactions [196], and if it is characterized by low sequence complexity and
a biased composition with few bulky hydrophobic amino acids and many charged and
hydrophilic amino acids [197]. IDRs can actually mediate many in vivo functions and
contain conserved sequence motifs that interact with nucleic acids or proteins [194,
196-198], and this could be another role of the MIh1 linker region.

In Chapter 3 | will describe my efforts to further explore the function of the Mlh1
linker region by analyzing mutations in this region. Work by another laboratory testing
deletions in the linker region in MIh1 for MMR identified a region between amino acids
396-421 that was consistently deleted in all MIh1 linker region mutations that cause a

complete MMR defect [189]. Our laboratory performed a sequence conservation
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analysis of 180 fungal MLH1 sequences and found that this region contains many
strongly conserved residues. Mutations that | characterized in this region were
completely defective for MMR in vivo, and the corresponding mutant proteins failed to
support both in vitro repair and MIh1-Pmsl endonuclease reactions. Together, my

work identified a novel functional importance for linker region of Mlh1l in MMR.
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Chapter 2
Investigating the interface between Msh2-Msh6 and

MIh1-Pms1

23



Chapter 2 Introduction

Because of the likely transitory nature of the interaction between E. coli MutS
and MutL and between the eukaryotic homologs of MutS and MutL, defining the
interaction between these proteins has been difficult. Our laboratory has previously
used DXMS to identify conformational changes of MutS after binding a mispair [199]
and to identify that domain Il of MutS, also called the "connector" domain, interacts
with MutL [187]. This interaction surface was found to be conserved in S. cerevisiae;
in the Msh2-Msh6 heterodimer, Msh2, but not Msh6, mediates this interaction with
MIh1-Pms1 [187]. Intriguingly, this study also determined that the isolated MutS
domain Il (MutSDII) could bind MutL independently of both ATP and mispair-containing
DNA, which are normally required for the MutS-MutL interaction [187]. These results
were also confirmed by protein crosslinking [200] and protein crystallography [188]. To
define the complementary interacting surface on S. cerevisiae MIh1-Pmsl, | have

pursued several different strategies.

2.1 DXMS leads to identification of region in MutL as a potential interaction site

with MutS

The first strategy to identify the MutS-interaction region of E. coli MutL was
initiated when Dr. Victoria Hargreaves, a previous postdoctoral fellow in our laboratory,
performed DXMS experiments comparing the hydrogen exchange rates of full-length
E. coli MutL alone with full-length MutL plus MutSDII in order to identify regions of MutL

that were protected upon addition of MutSDII. This analysis demonstrated that amino
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acids 292-300 of MutL exhibited a MutSDII-dependent decrease in hydrogen exchange

rates (Figure 2.1).
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Figure 2.1. DXMS demonstrates that MutSDIl causes reduced deuterium
exchange for the MutL peptide spanning amino acids 292-300. The graph on the
left shows the change in percent deuteration of MutL peptides +/- MutSDII at 300
seconds. The lines indicate individual observations of peptides; the horizontal span of
the lines indicate the amino acids spanned by each peptide and the vertical position
indicates the percent change in deuteration. The graph on the right shows the percent
deuteration in the peptide 292-300 with and without MutSDII over the time course from
30 to 3,000 seconds.

2.2 Genetic analysis of the DXMS-implicated region shows that the region in
MIh1, but not Pmsl, is required for mismatch repair
Because eukaryotic MMR involves functionally specialized heterodimeric

homologs, | designed a series of mutations targeting the sequences homologous to E.
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coli MutL 292-300 in both S. cerevisiae Mlh1 and Pms1 (Figure 2.2). As protein-protein
interfaces tend to have large buried surface areas, | initially designed a series of serine
substitutions that targeted multiple residues in this region (mlh1l-5-serine, pms1-5-

serine, mlh1-2-serine, pmsl-2-serine).

DXMS protected

region
LB 0
yPms1 QFPAVFILNLELPMSLIDNVNVTPDK
ecMutL QQPAFV|LYLEIDPHQVDNVNVHPAK
yMIh1 NRPFIY|LGIVIDPAAVDVNVHPTK

D
Genotype MLHT mutations Genotype PMS1 mutations
mih1 5-serine V2975, D299S, A301S, pms1 S-serine E319S, P321S, L3245,
A302S, D304S D326S
mih1 2-serine D299S, D304S pms1 2-serine P321S,D326S

Figure 2.2. Alignhment of MutL DXMS region with S. cerevisiae homologs Mlh1
and Pms1l. (A) Surfaces of the dimer of MutL N-termini (PDB: 1B63; [78]), with
subunits in green and blue, and the region protected in DXMS experiments shown in
red. (B) Rotating only one subunit, from panel A by 90° shows that the protected region
extends into the dimer interface. (C) Sequence alignment between E. coli MutL and S.
cerevisiae homologs Mlh1l and Pms1. (D) Mutations engineered in the 5-serine and 2-
serine versions of MLH1 and PMS1. Molecular images were generated using Pymol
(The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrédinger, LLC.)
Alignment performed in Clustal Omega and presented with Jalview [201, 202].

S. cerevisiae strains containing chromosomally integrated versions of these
mutations were generated using the pop-in/pop-out strategy. These strains were then

tested by fluctuation analysis to determine the rates of reversion of the hom3-10
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frameshift mutation, which restores growth on medium lacking threonine, reversion of
the lys2::InsE-A10 mutation, which restores growth on medium lacking lysine, and
forward mutation of the CAN1 gene, which allows growth on canavanine-containing
medium. These rates were compared to those of the MMR-proficient wild-type strain
and the completely MMR-deficient strain msh2A4. Both the mlh1-5-serine and mih1-2-
serine mutations caused mutation rates that were near the MMR-deficient strains,
whereas the pms1-5-serine and pms-2-serine mutations caused only small increases
in the mutation rates (Table 2.1). Thus, this region in MIh1 but not Pmsl is essential

for MMR.

27



Table 2.1. Mutation rates in three different mutator assays caused by mutations
designed to disrupt the region of MIhl and Pms1 implicated by DXMS. Mutations
as described in Figure 2.2 were integrated into the wild-type strain RDKY 3686 using
the pop-in pop-out technique described in Chapter 5. This analysis indicated that
mutations in MLH1 caused a significant defect in MMR, while those in PMS1 caused a

milder defect or had no effect.

hom3-10 Reversion

lys2-10A Reversion

Genotype Rate Rate Can® Mutation Rate
RDKY 3686 1.7401 .3(11—)4.33]E—9 1.74[1 .3(11—)4.33]E—9 1.7401 .3(11—)4.33] E-9
RDKY 4236 m/h1A 5-59[4(-??3%)24]56 1.25[(()%65-91.31;6]54 2.15[1 .?2;?.34]56
RDKY4238 pms 1A 4.22[2(.213?%)1 4]E-6 2.69[1(?;/';53.)48]E—5 3.01 [2.(22(—)4)1.02]56
RDKY3688 msh2A 466[3(?2}%)28] E-6 8.73 [?17(')'!5-; g)]]E-S 2.57[2.(2;;;;.41 IE-6
mih1-5-serine 1.70[1 .(0987—72).33]E—6 3.93[3(.;;;51.)1 3]E-5 9.16[7.‘?12;1) 3.6]E-7
mih1-2-serine 9.42[8.(4}5(;:11)1 8]E-7 1 .98[1(.?2%28.)62}&5 8.1 2[4.7(11(-); 8.71E-7
pms1-5-serine 5.42[2.9()3(—)?.65]E—8 5.83[4.(%'(%—3).47]57 1 .27[0.8(82—)1 64]E-7

pms1-2-serine

4.10[2.59-5.52]E-9
(2)

2.29[(0.97-3.18]E-8
(1

7.00[5.98-11.6]E-8
(M

mlh1-D304S

1.64[0.90-2.17]E-6

6.99(3.44-9.97]E-5

1.08[0.60-1.72]E-6

(943) (5924) (22)
) 4.54[2.68-8.46]E-6 3.86[0.94-5.53]E-5 3.12[1.61-5.06]E-6
mlh1-D304K (2609) (4639) (41)

To dissect the role of the amino acids in this region of Mlh1, each of the point
mutations present in the mlh1-5-serine mutation were constructed individually in a
replicating plasmid bearing the MLH1 gene, and the ability of these mutant plasmids

to complement a mlh1A4 strain were compared to the wild-type plasmid and an empty
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vector control. The mutator phenotype of these complemented cells were measured
by patch test (Figure 2.3). Remarkably, only mlh1-D304S (present in both the mlh1-5-
serine and mlh1-2-serine mutations) caused a substantial MMR defect, while the other
four mutations caused little or no change in the mutation rates (Figure 2.3). These
results were confirmed by generating strains with chromosomally integrated version of
the mlh1-D304S and mlh1-D304K mutations. Consistent with the complementation
results, the serine substitution and the charge-swapping lysine substitution both

caused a complete loss of MMR, similar to a deletion of MSH2 or MLH1 (Table 2.1).
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Figure 2.3 mlh1-D304S accounts for the entire MMR null phenotype of the MLH1
mutations made in DXMS region. Each of the serine mutations described in Figure
2.2 in mlh1l-5-serine were made individually on replicating yeast plasmids. These
mutations are depicted on a structure of the MutL N-terminus dimer in (A) and (B). The
ability of these plasmids to complement a mlhlA4 strain is shown in (C). Increased
mutation rates correspond to increased number of papillae.

2.3 Surface plasmon resonance experiments show Mlh1l D304K is proficient for
ternary complex formation

One hypothesis consistent with the DXMS and mutation rate results is that MIh1
D304 is part of the MIh1-Pms1 interface involved in recruitment by Msh2-Msh6 and

Msh2-Msh3, which is required for functional MMR. To test this, wild-type MIh1-Pms1-
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FLAG and mutant MIh1-D304K-Pmsl1-FLAG heterodimers were expressed from
plasmids and purified from S cerevisiae cells with a deletion in MLH1, to prevent
contamination of the mutant heterodimers with wild-type complexes. | then used a

Surface Plasmon Resonance (SPR) assay previously established in our
laboratory to study the ability of Msh2-Msh6 to recruit the Mlh1l-Pmsl variants to
mispaired DNA [114, 170]. SPR detects small mass changes at the surface of a gold
chip, and our assay uses a chip with streptavidin covalently attached to the surface to
bind 236 bp biotinylated substrate DNA molecules. While one end of the DNA has a
biotin moiety, the other end of the DNA substrate contains a lacO sequence so that
both ends are blocked when E. coli Lacl is added; blocking both ends is required as
both Msh2-Msh6 and MIh1-Pms1 can slide off free DNA ends in the presence of ATP
[114, 170]. The two 236 bp DNA substrates are identical except for a central base pair
that either is a G:C base pair (control) or a G:T mispair. The experiment is performed
in two steps: (1) Msh2-Msh6 is added to the immobilized and end-blocked DNA in the
presence of ATP, and (2) MIh1-Pms1 is added in the presence of both Msh2-Msh6 and
ATP.

Consistent with previous results [114, 170], Msh2-Msh6 preferentially binds
mispaired DNA over basepaired DNA as measured by an increase in the response
units, which is proportional to the amount of mass at the surface (Figure 2.4).
Subsequent addition of wild-type MIh1-Pms1-FLAG showed that MIh1-Pmsl is also
recruited to mispaired DNA in a mispair-dependent manner (Figure 2.4). In contrast to
our hypothesis, addition of MIh1-D304K-Pms1-FLAG mutant showed that this mutant

heterodimer is still capable of recruitment to mispair-containing DNA (Figure 2.4). This
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result suggests that the mlh1-D304K mutation does not disrupt mismatch repair

through loss of recruitment by with Msh2-Msh6.
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Figure 2.4. Surface Plasmon Resonance (SPR) experiments with MIh1l mutants.
Specific details of SPR method described in Chapter 5. (A) Shows the typical wild-type
response curve for ternary complex formation using wild-type MIh1-Pms1 and Msh2-
Msh6. From 0 to 200 seconds, Msh2-Msh6, Lacl, and ATP are flowed over surface of
SPR chip with a 236 bp DNA substrate with either a central basepair or mispair as
indicated. Binding at surface of the chip is detected as arbitrary Response Units. At the
first black arrow, Mlh1-Pms1l is added to the previous components. At the second black
arrow, all components are removed and only buffer flows over the chip. (B) Shows the
response curves for wild-type MIh1-Pms1-FLAG at varying concentrations of MIh1-
Pms1 as indicated. (C) Response curves for Mlh1l mutants.
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2.4 Amino acid substitutions at the interface predicted by the crosslinked MutS-
MutL structure in MlIh1, but not Pms1, disrupt MMR in vivo

While the studies regarding the DXMS-implicated region of MIhl were in
progress, the structures of a MutS-MutL complex in three different crystal forms at 4.7,
6.6, and 7.6 A resolution were published [188]. The conformation of these low
resolution structures were consistent; however, these structures were generated by
using chemical crosslinkers based on our laboratory's previous determination of the
interacting domain of MutS by DXMS [187]. The crosslinking raises the possibility that
the observed complexes might not represent the true MutS-MutL interface. Importantly,
the MutL surfaces implicated in the interface were quite different than that predicted
on the basis of the DXMS experiment (Figure 2.5). To investigate the relevance of this
crosslinked conformation to eukaryotic MMR, | designed homologous mutations based
on this crystal structure that were predicted to abrogate the interaction between Msh2-
Msh6 and Mlh1-Pmsl. Since the bacterial homologs are homodimers, mutations were
separately engineered in both the MIh1l and Pms1 homologs.

| therefore constructed the MLH1 mutations (mlh1-A140E,G141A, mih1-K54C,
mlh1-Q57A,T59A, mlh1-Q57L,T59L) and PMS1 mutations (pmsl1-S138E,R139A,
pms1-E53C, pmsl1l-E56A,S58A, pms1-E56L,S58L) in replicating yeast plasmids by site
directed mutagenesis and transformed them into strains lacking MLH1 or PMS1,
respectively. | then tested the ability of these mutant genes to complement the
mismatch repair defect of a chromosomal deletion by patch test (Figure 2.6). All of the
mlhl mutations disrupted MMR to some degree; mlhl-A140E,G141A, mihl-

Q57A,T59A, and mlh1-Q57L,T59L mutations caused a total loss of MMR, and mlh1-
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K54C caused a more modest disruption of MMR. In contrast, the majority of pmsl
mutations had little or no MMR defect, with the notable exception of pmsl-

S138E,R139A. Given that both pms1-S138E,R139A and the

A138,H139

MutL Mih1 Pms1
A138E H139A A140E G141A S138E R139A
K52C K54C E53C
R55D R57D Q57AT59A E56A S58A
Q57L T59L E56L S58L

Figure 2.5. Crosslinked structure of MutS and MutL identifies putative new
interaction region between Msh2-Msh6 or Msh2-Msh3 and MIh1-Pms1. (Left) The
structure of crosslinked E. coli MutS (yellow) and MutL (purple) [188]. (Right) Mutations
were designed in S. cerevisiae homologs MLH1 and PMS1 that affected residues
conserved with those in the MutS-MutL interface from the crosslinked structure.

homologous mlh1-A140E,G141A caused a complete loss of MMR, we interpreted
these mutations as potentially causing destabilization of the MIh1 and Pms1 structure
rather than interfering with the Mlh1-Pms1 interaction with Msh2-Msh6, so | focused
on the other MLH1 mutations. | integrated the mlh1-K54C and mlh1-Q57L,T59L
mutations into the yeast genome and tested the strains by fluctuation analysis, which
confirmed that mlh1-K54C has a moderate MMR defect while mlh1-Q57L,T59L has a

complete MMR defect (Table 2.2).
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mlh1A

mlh1A

pms1A

pms1A

Figure 2.6. Mutations in MLH1, but not PMS1, that affect the putative interface
cause loss of MMR. The mutations described in Figure 2.5 were made individually on
replicating yeast plasmids. The ability of MLH1-bearing plasmids to complement a
mlhlA4 mutation (top) and the ability of PMS1-bearing plasmids to complement a
pmsl1A4 mutation (bottom) was assessed using patch tests for the hom3-10 (-thr) and
lys2::InsE-A10 (-lys) reversion assays.
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Table 2.2. Fluctuation Rates of mutations made based on crosslinked MutS-MutL
structure. Interface mutations described in figure 2.5 were integrated into the wild-
type yeast strain RDKY 5964 using the pop-in pop-out method described in Chapter 4.

hom3-10 Reversion

lys2-10A Reversion

Genotype Can® Mutation Rate
Rate Rate
1.77[0.79-432]E-9 | 5.94[131-136]E-9 | 5.26[3.93-7.62]E-8
RDKY 5964 (1 (1) (1)
oA 420[3.39-7.87]E-6 | 1.36[1.24-465]E-4 | 2.04[1.56-4.22]E-6
ms (2,373) (22,896) (39)
mih1A 4.17[330-6.95]E-6 | 1.42[1.10-1.59]E-4 | 2.24[1.77-5.42]E-6
(2,356) (23,906) (43)
N 4.70[3.14-7.23]E-6 | 9.43[7.33-11.7]E-5 | 2.59[2.35-3.74]E-6
pms (2,655) (15,875) (49)

mlh1-Q57L,T59L

3.33[2.29-3.84]E-6

9.23[5.35-13.2]E-5

1.81[1.27-3.70]E-6

(1,881) (15,539) (34)

mih1-K54C 4.89[4.08-9.28]E-8 | 2.88[2.18-3.89]E-6 | 1.24[0.97-1.98]E-7
(28) (485) 2)

mih1-RA0IAD403A | 226019336666 | 6.40[543-11.1E-5 | 1.84[121-487]E-6
(1277) (10774) (35)

mih1-396-421A

3.58[2.24-3.88]E-6
(2023)

8.32[6.30-12.6]E-5
(14007)

1.82[1.31-2.72]E-6
(35)
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2.5 MIh1-K54C-Pmsl and MIh1-Q57L,T59L-Pms1 are defective for ternary
complex formation

| next purified both MIh1-K54C-Pms1-FLAG and MIh1-Q57L,T59L-Pms1-FLAG
complexes as described in methods and tested these mutant heterodimers for their
ability to be recruited to mispaired DNA by Msh2-Msh6 using SPR. In contrast to Mlh1-
D304K-Pmsl1-FLAG, both of these mutant heterodimers had a defect in ternary
complex formation (Figure 2.4). Consistent with the magnitude of the defects observed
in my previous genetic studies, the MIh1-Q57L,T59L-Pms1-FLAG heterodimer had a

more substantial ternary complex formation defect than MIh1-K54C-Pms1-FLAG.

2.6 MIh1-Q57,T59L-Pms1 and MIh1-D304K-Pm1 are completely defective for in
vitro repair, and MIh1-K54C-Pms1 is only partially defective

As described in Chapter 1, our laboratory has previously described a
reconstituted MIh1-Pmsl-dependent 3' nick-directed MMR reaction requiring Msh2-
Msh6 (or Msh2-Msh3), exonuclease 1 (Exol), replication protein A (RPA), RFC,
PCNA, and DNA polymerase 9, requiring Mgz2+ and Mnz+ for optimal activity [127, 150].
We tested the MIh1l mutant heterodimers Mlh1-D304K-Pms1-FLAG, MIh1-Q57L,T59L-
Pms1-FLAG, and MIh1-K54C-Pms1-FLAG in this assay. The results showed that using
wild-type MIh1-Pms1-FLAG in this reaction leads to the repair of 24.4% of the initial
substrate, while MIh1-Q57L,T59L-Pms1-FLAG and MIh1-D304K-Pmsl1-FLAG are
completely defective for in vitro repair. Interestingly, MIh1-K54C-Pmsl1-FLAG had
around 40% the activity of wild-type (Figure 2.7). Since these assays are optimized for

repair and may hide moderate defects in repair due to high protein concentrations, the
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concentration of Mlh1-Pms1 was titrated down to compare the repair between wild-
type MIh1-Pmsl1-FLAG and MIh1-K54C-Pms1-FLAG. The results showed that that the

mutant MIh1-K54C-Pms1-FLAG had ~30% wild-type repair activity (Figure 2.7).

2.7 MIh1-Pms1 endonuclease assay shows that all MIhl mutants are proficient
for endonuclease activity

The complete reconstituted MMR reaction reflects the mispair-dependent
recruitment of MIh1l-Pmsl and its nick-directed endonuclease activity. The
endonuclease assay tests only the endonuclease function of Mlh1-Pms1. Stimulated
by the presence of PCNA and RFC, MIh1-Pmsl will nick supercoiled DNA [83].
Therefore, the endonuclease activity of the different mutant MIh1-Pms1 heterodimers
mutants can be assayed by detecting the emergence of nicked DNA from supercoiled
DNA as visualized on an agarose gel, since these DNA species will run at significantly
different speeds. This analysis determined that MIh1-K54C-Pmsl1-FLAG, Mlhl-
Q57L,T59L-Pms1-FLAG, and MIh1-D304K-Pms1-FLAG all have near wild-type levels

of nicking capability (Figure 2.4).
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Figure 2.7. Reconstituted in vitro repair assay in S. cerevisiae. (A) The in vitro
repair substrate contains a 5' nick at the Nael site and a C:C mispair-disrupted Pstl
site. Repair of the nick strand restores the Pstl site, and digestion of the repaired
plasmid by both Scal and Pstl generates two fragments. Repair is shown in (B), as full
DNA repair would lead to the restoration of the Pstl cut site and the visualization of 2
bands. (C) Titration of wild-type MIh1-Pms1l-FLAG and MIh1-K54C-Pmsl1-FLAG,
graphically represented in (D).
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Figure 2.8. MIh1-Pms1 endonuclease assay. Supercoiled DNA nicking assay as
described in Chapter 5. (A) Supercoiled. plasmid was incubated with wild-type or
mutant versions of MIh1-Pms1-FLAG along with PCNA and RFC. Substrate DNA was
then run on an agarose gel. In lanes corresponding to the reaction, the lower band is
used as a standard (B) Mutant Mlh1-Pms1 mutants nicking activity as a percentage of
wild-type MIh1-Pms1 nicking.
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2.8 Integrating mlh1-D304K mutation into the PMS1-4GFP strain background
causes significant increase in the percent of cells with Pms1-GFP foci

Our laboratory has previously characterized a S. cerevisiae strain with
endogenous Pmsl tagged at the C-terminus with 4 GFP molecules to allow
visualization of MIh1-Pms1 foci using fluorescent microscopy [143]. The 4GFP tag
does not interfere with MMR, and accumulation of Pms1-4GFP foci are associated with
an increase of repair intermediates: (1) their formation requires Msh2-Msh6, (2) their
levels increase with mutations that increase the levels of mispairs, and (3) their levels
increase when downstream MMR pathways are disrupted [143]. To determine what
effect the mih1-D304K mutation may have on the formation of MIh1-Pms1-4GFP, |
used the pop-in/pop-out technigue to integrate the mlh1-D304K mutation into a strain
expressing the Pms1-4GFP fusion (RDKY7544; ura3-52, leu241, trp1463, hom3-10,
his34200, lys2::InsE-A10, PMS1-4GFP::kanMX6) and a strain containing the Pms1-
AGFP and a deletion of EXO1 (RDKY7588; ura3-52, leu241, trp1463, hom3-10,
his34200, lys2:InsE-A10, exol:hphNT1, PMS1-4GFP:kanMX6) backgrounds.
Fluorescence microscopy was used to image the cells and determine the percentage
of cells containing GFP foci. The percentage of wild type cells with Pms1 foci was ~1%;
the reduction of foci relative to the initial published report is due to the difference in the
ability to detect foci when using fluorescence vs. confocal microscopy. Deletion of
EXOL1 increased the percent of cells with foci to ~4% (Figure 2.9). The strain with mlh1-
D304K mutation integrated had ~28% of cell with foci, and the strain combining the
mlh1-D304K mutation with the deletion of EXO1 had ~23% of cells with foci (Figure

2.9). This result is in agreement with the biochemical studies on MIh1-D304K-Pms1-

41



FLAG, which showed this mutant is still capable of being recruited to DNA by Msh2-
Msh6, which is necessary for the formation of foci [143]. The large increase of foci in
the mlh1-D304K PMS1-4GFP cells is consistent with the hypothesis that mlh1-D304K
causes an increase in the levels of unresolved repair intermediates, and suggests that
the MMR defect caused by mih1-D304K occurs downstream of MIh1-Pms1 recruitment

to DNA.

% cells with GFP foci

Figure 2.9 mlh1-D304K mutation in PMS1-4GFP foci strain. Going left to right, n =
661,1218, 639, and 860 cells counted as part of 3 separate image fields. The result
shows the percent of cells in a given image field that are positive for at least one GFP
foci.
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The material in Chapter 2 is currently being prepared for submission for
publication: DuPrie M., Hargreaves V.V., Calil F., Putnam C.D., Kolodner R.D.
"Interaction between the shared subunits Mlhl and Msh2 mediates recruitment
between eukaryotic MutS and MutL homologs during DNA mismatch repair." The

dissertation author was a primary researcher and author of this material.
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Chapter 3
A conserved functional motif in the Mlh1

interdomain linker
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Chapter 3 Introduction

In biochemistry, function follows structure. In eukaryotes, the Msh2-Msh6 and
Msh2-Msh3 heterodimers form rings on DNA, a structure that is efficient in searching
for mispairs on DNA, and once a mispair has been detected, these rings can undergo
a conformational change to a ring tightly bound to DNA. S. cerevisiae MIh1-Pmsl is a
much smaller heterodimer, and composed of two domains connected by long flexible
interdomain linkers. Why does MIh1-Pms1 have this structure, and what advantage
does this structure give to its function? The N-terminal domains belong to the GHKL
ATPase family and may use ATP binding and hydrolysis to mediate cycles of
dimerization like other GHKL ATPase domain-containing proteins [54]. The C-terminal
domains mediate constitutive dimerization and contain an endonuclease active site

[83]. The importance of the flexible linker connecting these two domains is less clear.

Previous studies have investigated the effects of point mutations in the
interdomain linkers of S. cerevisiae MlIh1l and Pms1 [193], as well as larger deletions
and insertions in these linkers in order to investigate the importance of the linker length
[189, 192]. Multiple deletions in the MIhl linker caused MMR defects, which were
interpreted as an absolute length requirement [189]. Our laboratory noticed that all of
these deletions that caused a MMR defect overlapped the same linker region, amino
acids 396-421. | therefore sought to investigate whether the MMR defect was caused

by a deletion of a previously unrecognized functional region of Mlh1.
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3.1 Conservation analysis identifies conserved residues in the MIh1 interdomain

linker

To investigate the region of the MIhl interdomain linker that was consistently
lost in MMR-defective linker deletions [189], 180 protein sequences of S. cerevisiae
and other fungal MIhl proteins were aligned using Clustal Omega [202], and the
sequences that aligned with S. cerevisiae MLh1 amino acids 396-421 was analyzed.
Remarkably, this analysis identified that the amino acids 390-414 had a substantial
conservation as compared to the adjacent linker sequences and that several of the
conserved residues in the mostly flexible and hydrophilic linker were hydrophobic (seq
logo). These results suggested that the conserved region might represent a previously

unrecognized functional region of MIh1.
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Figure 3.1. Sequence logo of the conserved region in the MIhl interdomain
linker. Amino acids above line at zero are ones that are frequently observed; the level
of conservation is shown by the height of the letter.

3.2 Both mlh1-R401AD403A and mlh1-A396-421 are completely defective for
MMR in vivo

To test if the conserved region of the MIh1 interdomain linker is important for
MMR, | engineered the double point mutation, mlh1-R401A,D403A, as well as a
complete deletion of the conserved region, mlh14396-421, into a pPRS306/MLH1 vector
and integrated these mutations into a wild-type yeast strain containing the hom3-10
and lys2::Insge-A10 frameshift reversion assays and a wild-type CAN1 using the pop-
in/pop-out strategy. The mutation rates of these strains were then determined by
fluctuation analysis. The results showed that all of these mutations caused a complete

loss of MMR in vivo (Table 2.2).
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3.3 Biochemical analysis indicates that MIh1-R401A,D403A-Pms1-FLAG is
proficient for ternary complex formation, but deficient for in vitro repair and
endonuclease function

Given that the mutations affecting the conserved regions caused complete
MMR defects, | sought to understand the mechanistic defect using biochemical assays.
| engineered an expression vector for the Mlh1-R401A,D403A-Pmsl1l-FLAG mutant
protein and overexpressed and purified the mutant protein in a S. cerevisiae strain
which contained a deletion of the chromosomal copy of MLH1 in order to prevent
contaminating the mutant protein preparations with wild-type MIh1l-Pmsl1-FLAG. |
tested the mutant heterodimer in the reconstituted repair assay and the endonuclease
assay (Figure 3.2). | also tested for ternary complex by SPR, and while my data
suggested that the complex is still proficient for ternary complex formation, the
experiment must be repeated. These results suggest that MIh1-R401A,D403A-Pms1-
FLAG is recruited to mispairs by Msh2-Msh6, but is completely defective for
endonuclease activity and MIh1-Pmsl dependent in vitro MMR. Remarkably, this
conserved region of the interdomain linker has not been predicted to interact with the
C-terminal endonuclease domain nor has the linker been previously implicated in

endonuclease activity.
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Figure 3.2. Characterizing MIhl1 R401A,D403A-Pms1l in reconstituted in vitro
repair assay, endonuclease assay. (A) DNA product gel of in vitro repair assay with
mlh1l R401A,D403A-Pms1-FLAG. (B) Histogram quantifying results in (A). (C) Results
from supercoiled DNA MIh1-Pmsl endonuclease assay. Results given as total nicking
of substrate DNA as a percent of wild-type MIh1-Pms1 nicking. This experiment is the
result of only one experiment and must be repeated to be shown significant.
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Chapter 4 Discussion and Analysis
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4.1 Interpreting the DXMS studies

Identifying the interface between MutS and MutL has proven to be difficult, since
this interaction is known to be so transient and dynamic. Recently, the Sixma group
was able to crystallize a mispair- and ATP-dependent MutS-MutL structure, but only
after experimenting with numerous cysteine mutants and crosslinking reagents [188,
200, 203]. Previously, our laboratory used DXMS to identify regions of E. coli MutS that
are protected from deuterium exchange when MutL, mispair-containing DNA, and ATP
were present [187]. The slower exchange could be caused by (1) formation of an inter-
protein interface or (2) local conformational changes that shield regions of the protein
from solvent or that induce local increases in secondary structure. Importantly, the
exchange rates that are observed by DXMS are hydrogens on main chain amides and
not those on side chains, hence much of the potential protein-protein interface may be
invisible to DXMS. Consistent with these complications, of the two regions of MutS
identified as being protected by MutL, only one of the two was confirmed to prevent
the MutS-MutL interaction by mutagenesis [187]. Additionally, this study further
identified that this region is conserved in Msh2, but not Mshe, in S. cerevisiae [187].

The data presented here followed up on these studies with the intention of
identifying the regions of MutL that interact with MutS, and identifying whether these
regions were conserved in Mlh1l, Pms1, or both. We measured the rate of deuterium
exchange of different regions of MutL in both the presence and absence of MutS
connector domain. Using only the known interacting domain of MutS removed the
requirements of mispair-containing DNA and ATP, which are required for the

interaction of full-length MutS with MutL. In addition, this decreased the peptide
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complexity for analysis of the resulting peptides by mass spectrometry. Reduction of
the peptide complexity also led us to investigate the E. coli homodimers rather than
the eukaryotic heterodimers, in spite of the fact that functional asymmetry in the
homodimers might cause a reduced DXMS signal.

The DXMS data for MutL identified that the amino acid region 292-300 had
slower deuterium exchange in the presence of the MutS connector domain (Figure
2.1). MutL residues 292-300 include part a flexible loop with many conserved residues
that is disordered in the absence of ATP [78, 79]. This loop extends between the two
ATPase domains of MutL, and interacts with both the ATP "lid" and the flexible loop of
the first 20 amino acids. The conserved K307 on this loop is inserted into the ATP-
binding site and directly contacts the y-phosphate of the ATP analog in the structure.
This loop is essential for both ATP binding and dimer formation, and based on this
structure it would seem likely that this region becomes protected in the DXMS assay
due to N-terminal dimerization. Victoria Hargreaves, the postdoctoral fellow who
performed these studies followed up by purifying mutants of MutL that contained
mutations in this region identified by DXMS. These MutL mutants were defective for
recruitment to DNA by MutS, consistent with the hypothesis that the DXMS-identified
region could be part of the MutS-MutL interface. These results suggested that the
region of MutL identified by DXMS could be a region that is interacting with MutS.

| first pursued a genetic analysis by designing mutations in the homologous
regions of MIh1 and Pms1 to the region 292-300 of MutL. | tested these mutations
using frameshift reversion assays and fluctuation tests. The results indicated that

mutations in Mlh1 caused a complete defect in MMR, and mutating Pms1 caused little
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effect (Figure 2.2). The genetic defect equivalent to mlh14 was attributed to mutating
one residue in Mlh1, D304. The SPR ternary complex formation assay showed that the
mutant MIh1-D304K-Pmsl1-FLAG, while a null mutation in vivo, is still competent for
recruitment to DNA by Msh2-Msh6. Therefore, this region is likely not at the interface
of Msh2-Msh6 and MIh1-Pms1.

Given the fact that Mlhl D304 is at the predicted N-terminal dimerization
interface and associated with the loop that interacts with bound ATP, | investigated the
hypothesis that this mutation could cause a MMR defect due to a defect in N-terminal
dimerization. MutL is extended in its native conformation and elutes in size-exclusion
chromatography with a Stokes radius equivalent to a 300 kDa globular protein. Adding
ATP or a non-hydrolyzable ATP analog causes the protein to adopt a more compact
conformation with a Stokes radius equivalent to a 180 kDa globular protein [78, 79]. If
MIh1-D304K-Pms1-FLAG had a N-terminal dimerization defect, it would be predicted
to elute more slowly than wild-type MIh1-Pms1 in the presence of a hon-hydrolyzable
ATP analog. | tested the elution of wild-type MIh1-Pmsl1-FLAG and MIh1-D304K-
Pms1-FLAG used a Superdex 3.2/300 size-exclusion chromatography, which should
resolve these two conformations. Unfortunately, these experiments were frequently
plagued by protein aggregation, problems with pressure in the HPLC system, and show
large protein aggregates eluting in the void volume, and eventually pressure issues
would compromise the integrity of the column. This was unfortunate, however looking
back | realized a number of modifications | could try in the future. As a running buffer |
was using only Tris and salt in water, a buffer a previous lab member used to test the

protein PCNA, which is much more stable than Mlh1-Pmsl. Looking at other
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experimental setups where size-exclusion chromatography is used to test MutL or
MIh1-Pms1, the running buffers all contain detergents or glycerol, agents that can be
used to reduce aggregation [78, 79]. MutL in particular is known to have aggregation
iIssues. In the future, | would repeat my experiments with different buffers to try to
prevent the aggregation issues.

Our laboratory has previously characterized a yeast strain with endogenous
Pms1 tagged at the C-terminus with 4 GFP molecules [143], into which | integrated the
mlh1-D304K mutation. The results showed a dramatic increase in the number of visible
Pms1-GFP foci, which again argues that this mutant is capable of binding DNA, and
this result is consistent with the generation of unresolved repair intermediates. These
results all argue that mlh1-D304K interferes with steps downstream of recruitment of
MIh1-Pms1 to DNA.

More work must be done to fully characterize the defect caused by mih1-D304K,
as it is still not clearly understood. Although a defect in N-terminal dimerization could
be hypothesized, my data showing that it this mutant is still competent for recruitment
to mispaired DNA by Msh2-Msh6 would argue that this mutant is therefore still
competent for binding DNA. Due to the location of this mutation on a loop that
coordinates ATP binding, this mutation could hypothetically be disrupting the ATPase
activity of MIh1. An ATP hydrolysis assay could determine whether this is true.

Single-molecule experiments have recently shown that E. coli MutL can form a
sliding clamp on DNA similar to MutS, showing marked decrease in dissociation from
DNA once recruited [186]. It could be hypothesized that the mlh1-D304K mutation

could be affecting the stability of this sliding clamp conformation. We have started a
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collaboration to test our mutant protein in this setup to determine whether this mutation

affects the retention of MIh1-Pms1 on DNA once recruited.

4.2 Identifying residues on MIlhl that are involved in binding Msh2-Msh6 and
Msh2-Msh3

To obtain a crystal structure of MutS and MutL tethered together, the Sixma
group had to replace all normally present cysteine residues in MutS and MutL and then
introducing cysteines to find positions were MutS and MutL would crosslink using the
flexible linker BM(PEOQO)3 only when a mispair and nucleotide were present. This
approach found that MutS D246C crosslinks to MutL N131C. The C-terminal domains
of MutS and MutL were then removed and the protein complex crystallized and studied
[188]. The structure showed a MutS dimer each bound to a MutL monomer. The MutS
dimer showed a novel structure with the subunits tilted 30° towards each other
compared to the mismatch recognition state, the connector domains rotated outwards
160°, and the mispair recognition domain in an unstructured state. The MutL interaction
with MutS involved two interfaces, one involving the largest p-sheet of the ATPase
domain of MutL and the ATPase and core domains of one subunit of MutS, and the
second involved the side of the same B-sheet in MutL and a looped out helix interacting
with the flipped out connector domain of the other MutS subunit.

This result provided interesting insight into our laboratory's previous DXMS
experiments with MutS, which showed that the connector domain interface on MutS
our lab discovered was located in their second MutS-MutL interface [187]. In addition,

our laboratory identified a region in the ATPase domain of MutS that become protected
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upon MutL interaction, and this structure showed that this is the region that becomes
protected from solution on the MutS ATPase domain by the MutS connector domain
rotating outwards, validating our conclusion that the region was protected but wasn't
involved with directly interacting with MutL.

My work sought to explore the implications of the findings of this paper for MMR
in S. cerevisiae, and by extension other eukaryotic systems. | made mutations in the
homologous residues of MIh1l and Pms1 to those shown in the crosslinked to be a part
of the MutS-MutL interface region. The mih1-Q57L,T59L and mlh1-K54C mutations
were chosen because the equivalent mutations in E. coli MutL caused a MMR defect
[188]. In S. cerevisiae MIhl1-Pmsl, the mlh1-Q57L,T59L mutation is completely
defective for MMR in vivo and the mutant protein is defective for ternary complex
formation in vitro. The mih1-K54C mutation showed only a partial defect MMR in vivo,
and similarly showed only a partial defect in ternary complex formation in vitro. The
weaker effect of mlh1-K54C may be due to the fact that it is difficult to disrupt an
interface by mutating a single residue. Combined with the crystal structure, these
results strongly implicate these residues as interacting with Msh2-Msh6. Making the
homologous mutations on the Pms1 subunit caused no defectin MMR at all, furthering
the argument that it is only the MIh1 subunit of MIh1-Pms1 that mediates its interaction
with Msh complexes. Together with the finding that Msh2, the common subunit of the
Msh complexes, interacts with the Mlh complexes [187], these results indicate that the
common subunit of the Msh complexes recruits the common subunit of the MIlh
complexes and that this is how the interaction between the complexes has been

preserved even in the face of gene duplication and diversification.
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This work is an example of the functional specialization in eukaryotic MutS and
MutL homologs that has emerged from the functional asymmetry of bacterial
homodimers MutS and MutL. Mispair binding by MutS induces an asymmetrical
conformation, with only one subunit contacting the mispair [52, 53]. Similarly, while
both subunits of bacterial Bacillus subtilis MutL contain an endonuclease motif,
research has shown that only one of these subunits will functionally interact with -
clamp and therefore can function as an endonuclease [204]. My work has shown that,
while in E. coli it is formally possible that a single MutS homodimer can recruit two
MutL dimers with each of its two connectors domains, in eukaryotes functional
specialization through evolution has led this interaction to be mediated specifically by

Msh2 and MIh1.

4.3 The role of the linker region of MIh1 in MMR

Previous studies have suggested that the length of the flexible MIhl and Pms1
interdomain linkers is important for in vivo MMR [191, 192]. Our studies indicate that
the linker in MlIh1 may have additional roles. Though these results presented here are
preliminary, they are the first to identify and test the roles of the conserved region within
the MIh1 interdomain linker.

My results show that mutating residues in the region of Mlhl between amino
acids 396-421 causes a defect in MMR in vivo and disrupts MMR and the MIh1-Pms1
endonuclease function in vitro. This is even more interesting since a group recently

tested deletions of the entire Pms1 linker region and found no defect to endonuclease
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activity [192], suggesting that it may be only MIhl that has a conserved region
important for MMR function. We hypothesize that this region may be playing a role in
interacting or recruiting other proteins, including PCNA, or it could be that this region
Is part of the active site of the endonuclease.

In the short term there are future studies that | hope to complete before | leave
the laboratory. I am planning to make additional point mutations in the conserved
region of MIh1l and test them by fluctuation analysis. | am also planning to move this
conserved region within the MIh1 linker and potentially to the PmsL1 linker to determine
if the precise location of the region relative to the N- and C-terminal domain is
important. In parallel, another laboratory member has performed the in vitro repair
assay, using wild-type proteins including peptide fragments derived from the
conserved region of the MIh1 linker. Preliminary results have shown that adding these
peptides inhibits in vitro repair, though the control experiment must still be completed

to interpret these results fully.

4.4 Conclusions and final thoughts

| entered this laboratory because | have always wanted to pursue cancer research,
and | am very happy that | have learned much about the field, as well as played my
small role in advancing it just a little further. This has always been my life's dream, and
| feel happy that | have accomplished it. It has taken much humbleness as well to
understand that as my studies have progressed, new data has only opened new
guestions and new possibilities for experiments and understanding. I've had to realize

that many of these questions will have to be solved by those that come after me. |
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performed many other studies that may or may not ever see publication. This is the life
of a basic scientist as I've found, and to cope I've learned to be enamored in the
process, and less attached to results. At this moment at the end of my studies | feel |
could make real headway into uncharted territory, but | realize that there will always be
more, and fundamentally | must ask what it is all leading towards. | will look back years
later and still try to see if we've understood what the strand-discrimination signal is in
humans or what MIh1-Pms1 does in MMR, with full understanding that this is an issue
of pertinent interest only to those that directly worked on this problem. What has
truthfully been the greatest lesson of my PhD has been to learn the importance of

discussing ideas with others.
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Deuterium exchange mass spectrometry

Deuterium exchange mass spectrometry (DXMS) is a technique that can be
used to determine the solvent accessibility of different regions of a protein by analyzing
the ability of protein-bound hydrogens to be exchanged with deuterium in the solvent
[205-208]. Proteins of interest are incubated in deuterated water to drive the exchange,
guenched with acid at various time points to stop the exchange, digested into peptides
with proteases, and finally analyzed using mass spectrometry (MS). Importantly,
DXMS can only measure the exchange of hydrogens at the main chain amides, as
hydrogen bound directly to carbon essentially do not exchange, and hydrogens on the
functional groups of amino acid side chains (e.g. -OH, -SH, -NH2, -COOH) exchange
too rapidly for deuteriums to be retained during sample processing. Increased rates of
hydrogen exchange provide insight into protein structure; main chain amides
hydrogens that are flexible regions of the protein exchange more rapidly (on the order
of seconds) than in regions of secondary structure or buried in the interior of the protein
(on the order of days).

Full length MutL and ATP with and without Domain Il of MutS (MutSDII) were
incubated in 10 pL buffer containing 250 yM ATP, 20 mM Tris (pH 8), 4 mM MgClz,
230 mM NaCl, 4 mM DTT, and 10% glycerol was mixed with 30 uL of D20 containing
5 mM Tris (pH 8), 4 mM MgClz, 50 mM NaCl, and 250 yM ATP (final concentrations
were 2.5 mg/mL MutL, 4.33 mg/mL MutSDII, 250 yM ATP, and 95 mM NacCl) and
incubated for 30, 100, 300, 1,000 and 3,000 seconds at 4°C. At the indicated times,
the sample was added to vials containing 60 uL of quench solution (0.8% formic acid

and 0.8M GuHCI) and immediately frozen at 80°C. In addition, a non-deuterated
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sample (incubated in H20 buffer) and a fully deuterated sample (incubated in D20 buffer
containing 0.5 M GuHCI for 16 hours at 25°C were prepared.

The 100 pL samples were thawed and immediately passed through an
immobilized protease column (66 uL bed volume) of porcine pepsin (Sigma) coupled
to a 20AL support (PerSeptive Biosystems) at a flow rate of 100 uL/minute. Proteolytic
fragments were collected contemporaneously on a C18 HPLC column (Vydac) and
eluted by a linear gradient (5-45% solvent B in 30 minutes, 50 mL/minute: solvent A,
0.05% TFA,; solvent B, 80% acetonitrile, 0.01% TFA). Mass spectromic analysis was
performed using a Thermo Finnigan LCQ mass spectrometer operated with capillary
temperature at 200°C and spray voltage of 5,000 volts. Deuterium quantification data
were collected in MS1 profile mode, and peptide identification data were collected in
MS2 mode. The SEQUEST software program (Thermo Finnigan) was used to identify
the parent peptide ions. Identified peptides were examined to determine whether the
guality of the measured isotopic envelope of peptides was sufficient to allow accurate
measurement of the geometric centroid of isotopic envelopes on deuterated samples.
Specialized software was used to determine deuterium content in functionally

deuterated samples.

S. cerevisiae strains

All S. cerevisiae strains in this study were derived from S288C. S. cerevisiae
cells were grown at 30°C YPD (1% yeast extract, 2% Bacto Peptone, and 2% dextrose)
or in drop-out media (0.67% yeast nitrogen base without amino acids, 2% dextrose,

and the appropriate amino acid drop out mix). Transformation of DNA fragments for
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recombination or plasmids was done using the lithium acetate transformation method
[209]. Genomic DNA was isolated from yeast cultures using the Gentra/Purgene
yeast/bact kit (Qiagen). The list of plasmids used in these studies is given in Table 5.1,

and the list of S. cerevisiae strains used in these studies is given in Table 5.2.

Pop-in/Pop-out Integration of Mutations into the Yeast Genome

Integration of mlh1l and pmsl1 mutations into the genome was performed via the
pop-in pop-out integration method [210-212]. Starting with pRDK 1808 and pRDK
1582, containing MLH1 and PMS1, respectively, cloned into the pRS-306 URA3
containing vector [211], the mutations mlh1-5 serine, mlh1-2 serine, pms1-5 serine,
pmsl1-2 serine, mh1-D304S, mih1-D304K, mih1-Q57LT59L, mlh1-K54C, and mlhl-
R401AD403A were created by site directed mutagenesis using either a Gene-Art Site
Directed Mutagenesis Kit (Invitrogen) or an XL-Quik Change Site Directed
Mutagenesis Kit (Agilent) according to the manufacturer’s instructions. The sequence
of the entire MLH1/PMS1 gene in the integration vector was verified using Sanger
sequencing. The verified integration vectors are listed in Table 5.1. Next, the verified
integration vectors were cut within the MLH1 and PMS1 sequence with Bsu36Il and
BbvCl, respectively, and purified with a PCR purification kit (Qiagen). The purified
linear fragment was transformed into the S. cerevisiae strains RDKY 3686(MAT « ura3-

52 leu241 trpl463 hom3-10 his34200 lys2::InsE-A10 lys2-10A) and RDKY

5964(MATa ura3-52 leu241 trp1463 hom3-10 his34200 lys2-10A) as indicated, and
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pop-in transformants were selected on CSM-URA yeast media agar plates. Pop-in
isolates were screened by PCR amplifying a DNA fragment that surrounds the mutation
site and submitting the resulting fragments to Sanger sequencing. As pop-in isolates
have both wild-type and mutant copies of the mutagenized region, pop-in isolates were
selected on the basis of presence of both wild-type and mutant signals in the
sequencing traces. To select for pop-out isolates containing only the mutant copy of
the gene, verified pop-in isolates were grown overnight at 30°C in 5 mL of non-selective
YPD, and then 100 uL were plated onto CSM containing 1 mg/mL 5-fluoorotic acid (5-
FOA) which selects for pop-outs. Pop-outs are those cells that have lost the URA3
gene which is present between the mutated and wild-type copies of MLH1/PMS1,
typically by direct repeat recombination. Pop-out isolates were then screened by PCR
amplifying a DNA fragment using primers that surrounded the mutation site and
submitting the resulting PCR fragments to Sanger and identifying those that only

contain the mutated version of the gene. The resulting strains are listed in Table 5.2.

Plasmid Complementation

In order to test the ability of plasmid-borne alleles of MLH1 to complement the
chromosomal deletion of MLH1 in the S. cerevisiae strain RDKY 4236(MATa ura3-52
leu241 trp1463 hom3-10 his34200 lys2-10A mih1::hisG), mutations were engineered
using site-directed mutagenesis into pRDK 1807, which is a version of the yeast
replication plasmid pRS316 containing a URA3 selection marker and a copy of the
MLH1 gene. The presence of only the mutation of interest in the resulting plasmids

was verified by Sanger sequencing. The verified complementation vectors are listed in
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Table 5.1. Verified plasmids were then transformed into RDKY 4236 and selected on
CSM-URA plates. The ability of the mlh1l mutations to complement the chromosomal
deletion was measured by fluctuation analysis and patch tests (described below) using
media that lacked uracil to maintain selection for the URA3 marker throughout the

experiment.

Mutation Rate Analysis

Fluctuation analysis was used to determine the mutation rate for the hom3-10
and lys2::Inse-A10 frameshift reversion assays and the CAN1 forward mutation assay
for the indicated yeast strains. Briefly, each strain is streaked out on YPD to obtain
single colonies, and independent colonies are used to grow 14 overnight cultures in 10
mL YPD at 30°C. Appropriate dilutions of cells from each culture were then plated onto
YPD plates and YPD plates lacking threonine, lysine, or arginine with 60mg /L
canavanine added. The number of colonies grown on each plate was scored after 3
days of incubation at 30°C. For each strain, the average mutation rate is calculated as
described by Lea and Coulson.[213]

Patch testing was also used as a semi-quantitative method to determine strain
mutation rates. A strain is struck out for single colonies on YPD plates, and individual
colonies are used to then draw a small ~1 inch by 1 inch "patch” onto another YPD
plate. After allowing to grow for 2-3 days at 30°C to fill in the patch, the entire plate is
then replica plated onto -lysine, -threonine, and +canavanine/-arginine selective plates.
These plates are then allowed to grow for 2-3 days at 30°C, after which the plates were

screened for papillation, indicating a mutator phenotype.
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Purification of MIh1-Pms1

The overproduction plasmids used in this study are based upon the pRS42x
series of plasmids into which the GAL1-10 upstream activating sequence (GAL1-10
UAS), including the transcriptional start sites for the GAL1 and GAL10 genes, as a
678-nt BamHI-EcoRI fragment, was inserted into the corresponding plasmid polylinker
sites, resulting into vectors pRS424-GAL (TRP1) and pRS425-GAL (LEU2) [214, 215].
Our lab has previously generated 2-micron galactose-inducible overexpression vectors
for MIh1 (pRDK573 TRP1 GAL10-MLH1) and Pms1-FLAG(pRDK1099 LEU2 GAL10-
PMS1-FLAG) [69]. Mutations in these expression vectors were introduced by standard
site-directed mutagenesis methods and are listed in Table X.

S. cerevisiae MIh1-Pms1 was purified from 2 L of culture of the S. cerevisiae
overproduction strain RDKY 8053 (MAT« ura3-52 trpl leu241 his34200 pep4::HIS3
prb141.6R canl GAL mlhl1::hph) transformed with the MIhl and Pmsl galactose-
inducible overexpression plasmids. Cell growth and induction of MIh1-Pmsl
expression utilized a published lactate-to-galactose shift protocol [216]. The SCGL -trp
-leu medium contains per liter: 1.7 g of yeast nitrogen base without amino acids and
ammonium sulfate, 5 g of ammonium sulfate, 30 mL glycerol, 20 mL lactic acid, 1 g of
glucose, 20g of agar for solid media, 20 mg each of adenine, uracil, histidine, proline,
arginine, and methionine, and 30 mg each of isoleucine, tyrosine, and lysine, 50 mg of
phenylalanine, and 100 mg each of glutamic acid, aspartic acid, valine, threonine, and
serine. Prior to autoclaving, the pH of the media was adjusted to 5-6 with concentrated

sodium hydroxide. The YPGL medium contains per liter: 10g yeast extract, 20 g
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peptone, 30 mL glycerol, 20 mL lactic acid, 2 g of glucose, and 20 mg of adenine. Prior
to autoclaving, the pH of the medium was adjusted to 5-6 with concentrated sodium
hydroxide.

Cells are initially struck out on SCGL -try -leu agar plates. Colonies of the
expression strain were used to inoculate 200 mL of SCGL -trp -leu media and grown
overnight shaking at 30°C. These cells were pelleted and then used to inoculate 1 L of
SCGL -trp -leu media to an optical density of around 0.2 at 600nm. The cells were
grown with shaking at 30°C until the cultures reached an optical density of 1.0 at
600nm. At this point YPGL media was added in a 1:1 volume to volume ration to the
cultures to induce expression. The cells were then grown with shaking at 30°C for 16
hours. The cells were then harvested by centrifugation and immediately lysed to initiate
the purification procedure. All purification steps were performed at 4°C in buffer A (50
mM Tris, pH 8, 1 mM DTT, 10% glycerol, 0.5 M EDTA, 0.01% Igepal, 1 mM PMSF, 1
mM benzamidine, 0.5 mg/liter bestatin, and 1 mg/L each of chymostatin, pepstatin A,
aprotinin, and leupeptin) with the indicated concentrations of NaCl, except that 2 mM
B-mercaptoethanol was substituted for the 1 mM DTT in the buffers used to run the
Heparin and FLAG antibody columns whereas all other buffers contained 1 mM DTT.
The cells were lysed by seven passes through a microfluidizer (Microfluidics) in 200
mL buffer A containing 200 mM NaCl. The lysates were clarified by centrifugation for
1 hour at 15,500 rpm in a Beckman-Coulter Avanti JXN-26 Centrifuge, JA25.50 rotor,
and the supernatants were loaded onto two 5 mL Hi-Trap heparin columns (GE
Healthcare) connected in series. The columns were washed with Buffer A containing

200 mM NaCl and eluted in a single step of 1 M NaCl in Buffer A. The pooled Heparin
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column fractions were diluted with Buffer A to obtain a final NaCl concentration of 500
mM prior to being subjected to the next column. MIh1-Pms1-containing fractions were
loaded on a 5 mL column packed with anti-FLAG antibody resin (Sigma), washed with
Buffer A containing 200 mM NacCl, and step eluted with Buffer A containing 200 mg/mL
FLAG peptide (Sigma). The eluted proteins were pooled and diluted to a final
concentration of 100 mM NaCl, loaded onto a 1 mL SP Sepharose column (GE
Healthcare), washed with Buffer A containing 100 mM NacCl, and eluted with a 15 mL
linear gradient from 100 mM NaCl to 1 M NaCl in Buffer A. The SP Sepharose column
fractions were diluted with Buffer A to a final NaCl concentration of 200 mM prior to
being loaded onto a 1 ml HiTrap Q column (GE Healthcare) followed by elution with a
100 mM to 1 M linear NaCl gradient run in Buffer A. The HiTrap Q column fractions
containing the MIh1-Pmsl were concentrated and desalted using a Centraprep
(Ultracel 30K) spin column. The resulting MIh1-Pms1 was concentrated to around 100
uL at 200 mM NacCl Buffer A, and was frozen in liquid nitrogen and stored at —-80°C.
All columns were run on an Akta Pure system (GE Healthcare). SDS-PAGE analysis
indicated the resulting protein preparation was >95% pure and had an equimolar ratio

of the two subunits.

Surface Plasmon Resonance

DNA substrates: Biotinylated oligonucleotides were synthesized by Midland
Certified Reagent Co. Inc. (Midland, TX). All other oligonucleotides were synthesized
by MWG Biotech (www.mwgbiotech.com). The GT mispair-containing substrate and

the GC base pair-containing substrates were 236-nucleotide PCR-derived substrates
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and were prepared in the following manner. The biotinylated “G” top strand was
prepared by PCR amplification of a 236-bp product, using the forward 5'-biotinylated
oligonucleotide primer (5-Biot- ACC ATG ATT ACG CCA AGC TC) and the reverse 5'-
phosphorylated oligonucleotide primer (5-Phos-TCA CAC ATC aat tgt tat ccg ctc aca
att GGG TAA CGC CAG GGT TTT C), which has the lacOl operator sequence
incorporated (lowercase letters) with plasmid pRDK505 as template DNA. This PCR
product was purified with a PCR purification kit (Qiagen) and then digested with A-
exonuclease (New England Biolabs) which is specific for the 5'-phosphorylated strand
of the double stranded DNA; thus, digestion of this PCR product produced by the
biotinylated G top strand. The “C” bottom strand, for the GC base pair-containing
substrate, was made by amplifying the plasmid template pRDK505 with the forward 5'-
phosphorylated oligonucleotide primer (5'-Phos-ACC ATG ATT ACG CCA AGC TC)
and the reverse oligonucleotide primer (5'-TCA CAC ATC aat tgt tat ccg ctc aca att
GGG TAA CGC CAG GGT TTT C). This PCR product was purified with a PCR
purification kit (Qiagen) and digested with A-exonuclease using the same reaction
conditions described above to degrade the 5'-phosphorylated top strand and generate
the bottom C strand. The “T” bottom strand for the GT mispair substrate was made by
amplifying the plasmid template pPRDK506 with the same primers used to create the C
strand. The plasmid pRDK506 has the same sequence as pRDK505 except for a single
nucleotide change that places an AT base pair instead of a GC base pair 100 bases
from the 5' end of the forward primer. This PCR product was purified with a PCR
purification kit (Qiagen) and digested with A-exonuclease using the same reaction

conditions described above to degrade the 5'-phosphorylated top strand and generate
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the bottom C strand. The biotinylated top G and bottom C strands were mixed together
and annealed by heating to 95°C and cooling at 60°C for four hours to create the GC
base pair-containing substrate, and the G and T strands were similarly annealed to
create the GT mispair-containing substrate. The double stranded DNA was then
purified using the Qiagen PCR purification kit (Qiagen). Quality control of the DNA
substrates was performed by restriction endonuclease digestion analysis as follows.
The PCR product that was derived from pRDK505 has an Xhol site is lost upon
formation of the mispair with the bottom strand of pPRDK506, which has a Nsil site that
is lost upon formation of the mispair with the top strand from pRDK505. Therefore, GC
base pair-containing substrate DNA has an Xhol site, whereas the GT mispair-
containing substrate DNA has neither the Xhol site nor the Nsil site. By restriction
enzyme analysis, all GT-mispair containing substrates used were greater than 90%
pure. The 150-bp GT-mispair containing substrate and GC base pair-containing
substrate substrates used in the immunoprecipitation assays were similarly
constructed except that 5' biotinylated or phosphorylated oligonucleotide forward
primer had the sequence 5-ACC ATG ATT ACG CCA AGC TC and the reverse primer,
which was 5' phosphorylated for the construction of the top strand, had the sequence
5-TAC GAC TCA CTA TAG GGC G were used for PCR amplification of the template

DNAs.

Running Buffer: The running buffer used in these experiments contained of 25

mM Tris, pH 8.0, 110 mM NacCl, 0.5 mM dithiothreitol, 2% glycerol, 0.05% IGEPAL CA-

630 (Nonidet P-40), 25 yM ADP and 10 mM MgCla.
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Biacore Instrument: Protein-DNA and protein-protein-DNA interactions were
monitored using a Biacore T100 instrument (GE Healthcare). Approximately 20 ng
(100 + 5 resonance units (RUs)) of different DNA substrates were conjugated to 2 flow
cells of streptavidin-coated Biacore SA chips (GE Healthcare), and the 4th flow cell
was used as an unmodified reference surface in each experiment. The experiments
investigating DNA binding and sliding clamp formation were performed using 50 nM
Msh2-Msh6. The experiments investigating recruitment of MIh1-Pms1 were performed
using 20 nM Msh2-Msh6 or Msh2-Msh3 and 40 nM Mlh1-Pms1. In experiments with
end blocked DNA substrates, the DNA ends were blocked by including 30 nM Lacl in
the reactions. ATP or ADP was included in the reaction mixtures at a final concentration
of 250 yM as indicated. 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) and Prism 6 (GraphPad Software, Inc., La

Jolla, CA) software.

Reconstituted MIh1-Pmsl1-dependent MMR Assays

DNA Substrate: Circular DNA substrates were constructed following previously
described methods using previously published mutant derivatives of pBluescript SK+
[115, 134, 217]. The substrates were constructed by annealing the combinations of
mutant single-stranded circular pBluescriptSK + DNAs and linearized, denatured
mutant double-stranded pBluescript SK+DNAs pRDK507 and pRDK508. Double-
stranded pBluescript SK+plasmid DNA was purified using a PlasmidMaxi Kit (Qiagen)

from a 100-mL overnight culture of E. coli XL1-Blue MRF’ or TOP 10F’ containing a
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pBluescript SK+ mutant that was grown for 14 h in LB media containing 100pg/mL
Ampicillin. Single-stranded circular pBluescript SK+DNA was prepared from E. coli.
XL1-Blue MRF or TOP 10F’containing a pBluescript SK+ mutant using the helper
phage rescue method described by the manufacturer (Stratagene). Fifty micrograms
of double-stranded plasmid DNA was digested with 150 units of Nael in 140-uL
reactions for 2 h at 37°C. Heteroduplex substrates were constructed according to a
previously published procedure [217], except with the following two modifications:
(DThe denatured DNA was neutralized by adding unbuffered 2 M Tris-HCL to a
concentration of 400 mM; and (ii) the DNA mixtures were annealed for 2 h at 65 °C.
Then, the heteroduplex DNA was purified as follows. The heteroduplex substrate DNA
mixture was digested with 660 units of ExoV (RecBCD) in a 1.8-mL reaction for 1 h
according to the manufacturer’s instructions (NEB) to degrade contaminating single-
stranded circular and double-stranded linear DNA. The DNA was then bound to an 0.8-
mL BND Cellulose column (Sigma) that was then washed with 4 mL of 300 mM NacCl
in 10 mM Tris, pH 8.0, and 1 mM EDTA (TE Buffer), and the bound DNA was eluted
with 4 mL of 800 mM NaCl in TE Buffer. The eluted DNA was then concentrated by
ethanol precipitation and stored at —20°C in TE Buffer.

Repair Assay: Our lab has previously established the protocols for these
assays. [127, 150] Proteins were diluted, if necessary, with 7.5 mM Hepes, pH 7.5,
10% (vol/vol) glycerol, 200 mM KCI, 1 mM DTT, and 0.5 mg/mL BSA. For the MMR
reaction the proteins concentration was (unless otherwise noticed) 0.37 fmol of Exo1,
390 fmol of MlIh1-Pms1, 390 fmol Msh2-Msh6, 290 fmol of PCNA (PCNA trimers), 400

fmol of Polg, 80 fmol of Pold, 220 fmol of RFC-A1N (or RFC), and 1,800 fmol of RPA.
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Different protein mixtures were combined into 4 yL and mixed with 1 pL of 100 ng/uL
of 5" Nael-nicked substrate DNA and 5 uL of 33 mM Tris pH 7.6, 75 mM KCI, 2.5 mM
ATP, 1.66 mM glutathione, 8.3 mM MgClz, 80 ug/mL of BSA, and 200 yM each of the
dNTPs. The reactions, containing a final concentration of 118 mM KCI, were then
incubated at 30 °C for 3 h. The reactions were terminated by the addition of 500 mM
EDTA to a concentration of 20 mM followed by the addition of 20 uL of 360 pg/mL of
proteinase K and 0.4 mg/mL of glycogen. Reactions were then incubated at 55 °C for
30 min. The DNA products were then purified by phenol extraction and ethanol
precipitation and digested with 2.5 units each of Pstl and Scal for 1 h at 37 °C. The
DNA products were then separated by electrophoresis on a 0.8% agarose gel run in
Tris-acetate-EDTA buffer (BioRad) containing 0.6 ug/mL of ethidium bromide, and the
gels were photographed using a BioRad ChemiDoc XP imaging system and Image
Lab software, version 4.1. The amounts of DNA in each band were quantified and the
amount of DNA present in the repair-specific 1.1-kb and 1.8-kb fragments was then
expressed as the percent of total DNA present in the repair-specific 1.1-kb and 1.8-kb
fragments and the 2.9-kb substrate fragment. In all assays, 100% repair would be
equal to repair of 100 ng or 52.75 fmol of substrate. The S.E. was calculated from the
results of three or more independent experiments and is indicated by the error bars in

individual figures.

MIh1-Pms1 endonuclease assay

40 uL reactions containing 1 mM MnSO4, 20 mM Tris pH 7.5, 0.5 mM ATP 0.2

mg/mL bovine serum albumin (BSA), 2 mM DTT and 100 ng pRDK507 were incubated
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at 30°C for 30 minutes. Reactions were terminated by incubation at 55°C following
introduction of SDS, EDTA, glycerol and proteinase K at concentrations of 0.1%, 14
mM, 8% and 0.5 ug/ml respectively. MIh1-Pmsl1, PCNA, or RFC-A1N were diluted to
the appropriate working concentrations with a buffer comprised of 10% glycerol, 200
mM NaCl, 2 mM DTT and 20 mM Tris pH 7.5. Following termination of the reaction the
samples were electrophoresed on a 0.8% agarose gel, the gel was stained with
ethidium bromide, extensively destained and then the bands were quantified using a
BioRad ChemiDoc XP imaging system. Serial dilutions of Xhol linearized pRDK507

ranging from 10—-100 ng were used as a concentration standard for quantification.
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Table 5.1. List of plasmids used.

Name

pRS316

pRDK1807
pRDK1667
PRS306
pRDK1582
pRDK1099
pRDK573

pRDK1971

pRDK 1808
pRDK1943
pRDK1944
pRDK1945
pRDK1946
pRDK1947
pRDK1948
pRDK1949
pRDK1950
pRDK1951

pRDK1953

pRDK1954

pRDK1955

Relevant Genotype

ampR ColE1-orf f1(+)-ori lacZa CEN6 ARSH4

URA3

pRS316 + MLH1
pRS316 + PMS1
ampR, ori, URA3

pRS306 + PMS1

Reference

Sikorski Hieter 1989.

Sandra Martinez
Cathy Smith

Sikorski Hieter 1989.

ampR ori 2-micron LEU2 pGal10-y-PMS1-flag (2nd PMS1 ATG)

TRP1, 2-micron, pGAL10-MLH1

pRCC-K pRS42K Neomycin Amp Cas9

pRS306 + MLH1

pRS316 + mlh1-V297S
pRS316 + mlh1-D299S
pRS316 + mih1-A301S
pRS316 + mih1-A302S
pRS316 + mlh1-D304S
pRS316 + pms1-E319S
pRS316 + pms1-P321S
pRS316 + pms1-L324S
pRS316 + pms1-D326S

pRS306

A297S,D0299S,A301S,A302S5,D304S
pRS306 + mh1-D299S,D304S

pRS306 + pms1-E319S,P321S,L324S,D326S

+
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This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study

This study



Table 5.1 List of Plasmids used (continued).

Name

pRDK1956
pRDK1957
pRDK1958
pRDK1959
pRDK1960
pRDK1952
pRDK1961
pRDK1962
pRDK1963
pRDK 1964
pRDK1965
pRDK1966
pRDK1967
pRDK1968

pRDK1969

pRDK1970
pRDK1972

pRDK 1973

Relevant Genotype

pRS306 + pms1-P321S,D326S

TRP1, 2-micron, pGAL10-mIh1-D304S

TRP1, 2-micron, pGAL10-mlh1-D304K
pRS306 + mih1-D304S

pRS306 + mlh1-D304K

pRS316 + mlh1-A140E,G141A

pRS316 + mlh1-K54C

pRS316 + mh1-Q57A, T59A

pRS316 + mlh1-Q57L, T59L

pRS316 + pms1-S138A, R139A

pRS316 + pms1-E53C

pRS316 + pms1-E56A, S58A

pRS316 + pmsl1 E56L, S58L

TRP1, 2-micron, pGAL1-mIh1-Q57L T59L
ampR ori 2-micron LEU2 pGall0-y-pms1i-
E56L,S58L -flag

pRDK1971 + mih1-Q57LT59L gRNA sequence
pRDK1971 + mlh1-K52 gRNA sequence

TRP1, 2-micron, pGAL1-mIh1-K54C
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This study
This study
This study
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This study
This study
This study
This study
This study
This study
This study
This study

This study

This study

This study



Table 5.2 List of S. cerevisiae strains used.

Name Relevant Genotype Reference

RDKY 3686 Mata ura3-52 leu2A1 trpA63 his3A200 hom3- | Amin et al. 2001
10 lys2::Inse-A10

RDKY 3688 Mata ura3-52 leu2A1 trpA63 his3A200 hom3- | Mendillo et al.
10 lys2::Inse-A10 msh2::hisG 2009

RDKY 4236 RDKY 3686 mlh1::hisG -

RDKY 4238 RDKY 3686 pms1::hisG -

RDKY 5964 MATa ura3-52 leu2A1 trpA63 his3A200 hom3- | Hombauer et al.
10 lys2::Inse-A10 2011

RDKY 9510 RDKY 4236 + pRDK1943 This study

RDKY 9513 RDKY 4236 + pRDK1944 This study

RDKY 9516 RDKY 4236 + pRDK1945 This study

RDKY 9519 RDKY 4236 + pPRDK1946 This study

RDKY 9522 RDKY 4236 + pRDK1947 This study

RDKY 9537 RKDY 4236 + pRS316 This study

RDKY 9541 RDKY3686 + mlh1- | This study
V297S,D299S,A301S,A302S,D304S

RDKY 9542 RDKY 3686 + mlhl- | This study
V297S,D299S,A301S,A302S,D304S

RDKY 9544 RDKY3686 + pmsl- | This study
E319S,P3215,L3245,D326S

RDKY 9545 RDKY3686 + pms1l- | This study

E319S,P321S,L.324S,D326S
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Table 5.2 List of S. cerevisiae strains used (continued).

Name Relevant Genotype Reference
RDKH 9546 RDKY 3686 + pms1-P321S,D326S This study
RDKY 9547 RDKY 3686 + pms1-P321S,D326S This study
RDKY 9558 RDKY 3686 + mlh1-D299S,D304S This study
RDKY 9559 RDKY 3686 + mlh1-D299S,D304S This study
RDKY 9585 RDKY 4236 + pRDK1807 This study
RDKY 9593 RDKY 4238 + pRDK1667 This study
RDKY 9595 RDKY 4238 + pRS316 This study
RDKY 9611 RDKY 3686 + mlh1-D304K This study
RDKY 9612 RDKY 3686 + mlh1-D304K This study
RDKY 9619 RDKY 3686 + mlih1-D304S This study
RDKY 9620 RDKY 3686 + mlh1-D304S This study
RDKY 9626 RDKY 7544 + mlh1-D304K This study
RDKY 9628 RDKY 7588 + mlh1-D304K This study
RDKY 9403 RDKY 4236 + pRDK1952 This study
RDKY 9400 RDKY 4236 + pRDK1961 This study
RDKY 9634 RDKY 4236 + pRDK1962 This study
RDKY 9636 RDKY 4236 + pRDK1963 This study
RDKY 9638 RDKY 4238 + pRDK1964 This study
RDKY 9407 RDKY 4238 + pRDK1965 This study
RDKY 9408 RDKY 4238 + pPRDK1966 This study
RDKY 9405 RDKY 4238 + pRDK1967 This study
RDKY 9658 RDKY 5964 + msh2::hisG This study
RDKY 9659 RDKY 5964 + msh2::hisG This study
RDKY 9670 RDKY 5964 + mlh1::HisG This study
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Table 5.2 List of S. cerevisiae strains used (continued).

Name Relevant Genotype Reference
RDKY 9671 RDKY 5964 + mlh1::HisG This study
RDKY 9674 RDKY 5964 + pms1::HisG This study
RDKY 9789 RDKY 5964 + mlh1-Q57L,T59L This study
RDKY 9790 RDKY 5964 + mlh1-Q57L,T59L This study
RDKY 9791 RDKY 5964 + mlh1-K54C This study
RDKY 9792 RDKY 5964 + mlh1-K54C This study
RDKY 9793 RDKY 8053 + pRDK1958 + pRDK1099 This study
RDKY 9794 RDKY 8053 + pPRDK1968 + pRDK1099 This study
RDKY 9795 RDKY 8053 + pRDK1973 + pRDK1099 This study
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