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As cells prepare to divide, their genetic information needs to be duplicated. In order to do
so, many proteins work together into the replisome that faces many hurdles and difficult-to-
replicate areas. Among which, the antisense nature of the lagging strand itself results in the end-
replication problem, a gradual erosion of the extremities of eukaryotic linear chromosomes each
cell cycle. Extreme shortening of telomeres, the ends of chromosomes, can trigger DNA
recombination, chromosome fusion and overall increase the chance of deleterious damage that
potentially threatens viability. DNA polymerase alpha-primase is the main complex responsible
for antisense lagging strand replication. It has been argued to closely interact with t-RPA
(telomeric Replication Protein A), a telomere-specific DNA binding complex. This heterotrimer,
made out of Cdc13, Stnl and Tenl and also known as the CST complex, is known to be an
essential player to recruit the enzyme telomerase. Telomerase is able to generate de novo
telomeric sequences to maintain the ends of chromosomes over cell cycles.

This dissertation is the result of my focus on Pol12, non-catalytic subunit of polymerase
alpha. This protein, although essential, has had very little insights about its function. By applying
a genetic screening assay adapted in our laboratory, we uncovered several clusters of residues on
the surface of the protein in Saccharomyces cerevisiae. These clusters have distinct DNA
replication and telomere homeostasis-related phenotypes. Most notably, a subset of these
mutants is synthetically lethal when combined with a t-RPA defect. Those same mutations show
a decreased level of interaction between Poll12 and its hypothesized interacting t-RPA subunit,
Stnl. It is expected that this loss of interaction impairs the post-replicative C-strand fill-in
process of telomeres after elongation of the G-strand by telomerase, leaving unprocessed, single-
stranded DNA exposed, triggering damage checkpoint and cell death. This study further

confirmed how the two complexes seem to work closely, both genetically and physically.
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CHAPTER 1:
Introduction



DNA Replication and the discovery of CDC proteins

As living organisms develop and grow, their cells divide. Every actively dividing cell
follows a cycle alternating between Interphase, broken down into G1, S and G2 phases, and
Mitosis during which a mother cell physically divides into two theoretically identical daughter
cells. In most species, cells spend the vast majority of their time in Interphase to prepare for
Mitosis. Its main goal is to ensure complete and accurate replication of the genetic information
happening during S phase. This step is critical for integrity and viability of the daughter cells and
is therefore highly regulated by multiple factors, pathways and checkpoints.

An original screening searching for mutants that resulted in impaired cell cycle
progression identified factors subsequently labeled as CDC (Cell Division Cycle) genes in Yeast
(Hartwell et al. 1970). As the list of those factors expanded, they were shown to play various
roles in replication-related processes (Hartwell et al., 1973). Some of them, such as Cdc2, Cdc9
or Cdcl7, are essential for lagging strand Replication (Johnston & Nasmyth 1978, Carson and
Hartwell, 1985). Others, like Cdc13, indirectly maintain genome integrity by protecting the DNA
from degradation (Garvik et al. 1995). Mutants of all the CDC proteins listed above result in cell
stalling at the same stage of mitosis, arguing for a common shared essential role. Without
regulation by Cdc13, cells show a senescence phenotype, which equates to a permanently stalled
cell cycle state resulting from an extreme, unresolved shortening of telomeres, the ends of DNA
(Lendvay et al. 1996). This erosion process naturally happens in dividing cells as a result of a

natural replication-related problem.



The end-replication problem: implications at telomeres and counter mechanisms

Eukaryotic genomes are made out of linear chromosomes. The Replication machinery,
also called replisome or replication fork, travels unidirectionally in a 5° to 3’ direction. Because
of the antiparallel nature of the double stranded DNA, the 5’ to 3’-oriented leading strand is able
to be replicated continuously as the fork travels, whereas the opposite 3’ to 5° strand has to be
copied discontinuously (Watson & Crick 1953). Extra hurdles and an overall slower replication
rate resulting from the antisense orientation earned the latter its “lagging” strand status (Morris et
al. 1975). DNA polymerase alpha-primase, also called pol-prim or primosome in Humans,
participates in both early leading strand and lagging strand replication. Its primase subunits
synthesize evenly spaced small ~10 ribonucleotides RNA primers that are elongated by
polymerase alpha with ~20 to 30 deoxyribonucleotides. Because of its lack of proofreading
activity, polymerase alpha-primase is then replaced by other polymerases of the same B family
to ensure accurate DNA replication of both strands. Polymerase epsilon and delta have been
identified as likely candidates taking over polymerase alpha-primase on the leading and lagging
strand, respectively. Polymerase delta continues the extension process started by polymerase
alpha on the lagging strand into ~200 nucleotides long Okazaki fragments (Okazaki et al. 1968).
The resulting DNA-RNA hybrid is then processed through removal of the RNA primers, filling
and ligation of the gaps into one continuous replicated strand. Yet, when reaching the extremity
of each chromosome, the machinery is physically unable to bind to fill the most outer RNA
primer. Once removed, it leaves a few nucleotides’ gap on the 5’ ends of all replicated lagging
strands that, if left untouched, will be inherited by one of the daughter cells (Olovnikov et al.
1973). Repeated every round of cell cycle, this end-replication problem results in a slow and

steady erosion of the ends of chromosomes.



In order to protect the genetic information, those ends are made out of non-coding, highly
repetitive sequences called telomeres. To counter the end-replication problem, telomerase can be
recruited to the telomeres. Acting as a reverse transcriptase, it adds G-rich telomeric repeats on
the 3° end of the leading strand, using its own RNA as a template (Greider & Blackburn 1985).
This allows polymerase alpha-primase to add additional RNA primers to be filled with
complementary C-rich repeats in the opposite strand (Zhao et al. 2009). Whether the C-strand

fill-in process happens within the fork or as its own post-replication process is unclear.

DNA polymerase-alpha primase: description and function of the complex

The DNA polymerase alpha-primase complex is made out of 4 subunits, all essential
throughout Evolution. In budding yeast Saccharomyces cerevisiae, our model organism, its
primase function is carried out by the Pril and Pri2 subunits. Pril bears the active DNA binding
site necessary for RNA primer synthesis and is ATP-dependent (Scherzinger et al. 1977,
Lucchini et al. 1987). Pril is therefore categorized as a specialized DNA-dependent RNA
Polymerase. It directly interacts with the C-terminal side of Pri2 through its own N-terminal
domain (Nakayama et al. 1984). Although Pri2 is less characterized, it has several hypothesized
functions that renders it indispensable. It contains an iron-sulfur (Fe-S) cluster that plays an
essential role for both loading of the entire complex onto DNA as well as catalysis of primase
activity (Klinge et al. 2007, Liu and Huang 2015). It is also thought to be the linker between
primase and polymerase and maintain the whole complex integrity (Longhese et al. 1993).

Poll is the biggest subunit of the complex and carries out the DNA polymerase activity.
It was initially discovered as Cdcl7 through the cdc- screen (Carson & Hartwell 1985).

Polymerases are highly conserved, both throughout evolution (Bernad et al. 1987, Pizzagalli et



al. 1988) but also between the different types found within the same species (Kawasaki et al.
2001). There are as many as 6 polymerases described in Saccharomyces cerevisiae, with data
arguing for some degree of redundancy and strong structural similarities between them
(Matsumoto et al. 1990). All of Poll’s known functions gather in the C-terminal half of the
protein, with a Zinc finger/DNA binding active site for primer extension and a protein binding
domain thought to interact with primase and/or its B subunit Poll12 (Halling et al., 1977, Grossi
et al., 2004). The N-terminal domain of the protein is necessary for its interaction with Cdc13, a
subunit of the t-RPA complex (Sun et al., 2011).

The sequence and structure similarities of polymerases throughout species has been a
useful tool to characterize Pol12, fourth subunit of polymerase alpha-primase (Foiani 1994). It
contains a catalytically inactive phosphodiesterase (PDE) domain that is highly specific to DNA
polymerases (Aravind & Koonin 1988). Pol12 is thought to play a tether role by binding factors
that stimulate the complex’s activity (Collins et al. 1993). More recently, a crystal structure of
polymerase alpha argued it helped Poll bind to DNA (Suwa et al. 2015). In addition to the PDE
domain, Poll2 contains an oligonucleotide/oligosaccharide (OB)-fold. OB-folds are primarily
found in single-stranded DNA binding proteins, such as the Replication Protein A (RPA)
complex or its telomere specific homolog t-RPA (Flynn & Zou, 2010). They traditionally allow
for binding to DNA or RNA but protein interactions, though OB-folds contact have also been
demonstrated. In particular, Pol12 and Stnl, a subunit of t-RPA, have been shown to directly
interact through their respective OB-fold (Grossi et al., 2004). This observation puts Pol12 at the
interface of DNA Replication and telomere homeostasis although this essential protein has no

true known function.



Polymerase alpha-Primase and the discovery of t-RPA, a telomere-dedicated complex

The main subunit of the t-RPA complex, Cdc13, was discovered through the CDC screen
looking at mutants disrupting the normal cell cycle progression (Weinert & Hartwell 1988). The
temperature sensitivity (TS) phenotype of the cdci3-1 allele allowed for the discovery of one of
its interacting partners Stnl, named after its ability to suppress the TS phenotype when
overexpressed (Grandin et al., 1997). Through a similar approach, Tenl was characterized as a
suppressor of the TS allele stni-13 when overexpressed (Grandin et al. 2001). In parallel to the
discovery of its t-RPA interacting partners, the role of Cdc13 at telomeres was characterized by
the observation that some Cdcl3 mutants mimicked alleles inactivating telomerase subunits
(Lendvay et al. 1996). This result was later explained by showing that Cdc13 is necessary to
recruit telomerase at telomeres through its Estl subunit (Evans and Lundblad 1999). Similarly,
Cdc13 was shown to also directly interact with the N-terminal region of Poll (Qi and Zakian
2000, Sun et al. 2011).

Yet, independently of the CDC alleles screen, mammalian equivalents of Cdc13 and Stn1
were originally characterized as accessory stimulatory factors of polymerase alpha-primase
(Goulian et al. 1990), for both its primase and polymerase activities (Goulian and Heard 1990).
All this data argues for a very close interaction between DNA Polymerase-Alpha Primase and t-
RPA. The insights of this interaction, in particular through Pol12, have yet to be investigated and

constitute the main object of focus of this thesis.



CHAPTER 2:
Discovery of previously uncharacterized
Pol12 surface residues using the
Overexpression Dominant Negative assay



Abstract

In order to understand the function(s) of a protein, scientists have historically been
introducing mutations in various ways, with the goal of generating studiable phenotypes arising
from disrupted pathways. Relying on a combination of protein sequence conservation over
Evolution and available crystal structures, we generated a library of single residue charge-swap
substitutions of the suspected Poll2 surface in overexpression plasmids. Using the in vivo
competition nature of peptides, flooding the cells with mutated alleles creates an ODN
(Overexpression Dominant Negative) growth phenotype specifically with surface separation-of-
function alleles. The ODN assay highlighted 3 distinct clusters of amino acids. Each of them
flanks with various levels of overlap with the published interface with its polymerase partner
Poll. Surfaces 1 and 2 showed an ODN phenotype in a Poll temperature sensitive (TS) strain
whereas surfaces 1 and 3 had a growth defect in a Cdc13 TS strain. This observation argues that
the assay may have uncovered at least two Poll2 interfaces performing distinct functions.
Furthermore, this assay highlighted several putative phosphorylation sites and could even have

the ability to distinguish protein surfaces interacting with DNA compared to binding partners.



Introduction: A walkthrough of historically used mutagenesis methods and their drawbacks

Because of its lack of enzymatic activity, Poll2 was the last subunit of the DNA
polymerase alpha-primase complex to be characterized and cloned in order to be mutated (Foiani
et al. 1994). One of the only methods available at the time to disrupt gene expression included
plasmidic insertions or deletions using restriction enzymes to create in vitro mutations. The goal
was to generate temperature sensitive alleles that allow for easy observation of phenotypes at
permissive VS non-permissive temperatures and determine the function(s) of the protein that are
disrupted. Indeed, that category of often buried mutations results in a protein with a loss of
function that increases with the temperature. At permissive temperature, the protein is considered
like Wild-Type (WT). At non-permissive temperature, it is unable to perform its functions.

Yet, such a method has notable drawbacks. Insertions and deletions can create a frame
shift if not as multiples of three nucleotides, codon-forming units. This would result in a
moderate to complete disruption of the targeted protein production, depending on its severity and
position in the reading frame. In-frame insertions of two codons, as described by Foiani and
colleagues, also aren't ideal. Indeed, relying on sequence-specific restriction enzymes doesn’t
guarantee an homogenous repartition of insertions throughout the reading frame. More generally,
both insertions and deletions, even targeted, can result in unstable proteins even at permissive
temperatures. It is now understood that heat-sensitive mutations result in a defect in peptide
folding that increases alongside the temperature. Furthermore, it was shown to also possibly
exhibit a phenotype even at permissive temperature, rendering phenotype comparison tricky or
impossible (Paschini et al. 2012). Although proving useful to find out the general function of
Pol12 in DNA Replication and telomere maintenance, it didn’t allow for a detailed structural

insight.



Random mutagenesis is arguably one of the more broadly used tools to generate in vivo
mutations. Use of chemicals such as Ethyl Methanesulfonate (EMS) or UltraViolet (UV) lights
modify DNA base bonds and trigger DNA repair pathways. EMS creates single Thymine to
Cytosine substitutions whereas UVs damage DNA in various ways that, when repaired, can give
rise to both single and double base-pair substitutions (Roberts and Warwick 1957, Rupert 1961).
Therefore, EMS only affects one codon at a time, while UVs could potentially alter up to two
codons. Whether those substitutions are silent (encodes for the same amino acid), missense
(encodes for a different amino acid) or nonsense (encodes for a STOP codon) is random.
Furthermore, the entire genome is hit indiscriminately beyond the targeted gene, and each cell
accumulates potentially thousands of substitutions when mutagenized that could create additional
phenotypes.

Zou and Rothstein utilized EMS to generate and study the very first S. cerevisiae Poll12
conditional mutants in the context of Holliday Junction formation (Zou and Rothstein 1997). To
ensure that the TS phenotype wasn’t the result of other mutations outside of their gene of
interest, they backcrossed the strain by forcing it into meiosis. Meiosis segregates the genome in
order to form spores, randomly separating theoretically half of the EMS-generated mutations
every round. Zou and Rothstein backcrossed their pol/2-100 TS strain for 11 generations, a
lengthy process that still didn’t fully guarantee that no other mutations may also contribute to the
observed defects. They also confirmed Poll2 being the main causal gene by rescuing the TS
phenotype with complementation using a plasmid expressing unmutated Pol12.

Although some additional reverse genetic methods, such as the “pop-in pop-out”, allowed
for targeted and specific mutagenesis before the recent rise of CRISPR technologies, the lack of

availability of many sequences prohibited such techniques (Boeke et al. 1987). Furthermore, they
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are also time-consuming protocols and do not allow to test a high number of mutants. Finally,
alleles that result in inviability, either because of overall instability or a disrupted essential

function, cannot be distinguished or pursued through that method.

The Overexpression Dominant Negative assay: principle

Described by Ira Herskowitz, the Overexpression Dominant Negative (ODN) assay takes
advantage of natural protein competition properties to uncover mutations of interest (Herskowitz
1987). A 2-micron (2p) plasmid allows for overexpression of the mutated protein at a high copy
number (~200) per cell (Futcher 1988). By transforming a plasmid that results in an
overexpression of the allele, its product physically outcompetes the endogenous Wild-Type
(WT) protein by saturating ligands, resulting in a potential growth defect deemed “ODN
phenotype”. The key advantage of this approach is that any mutation that destabilizes the folding
of the protein will not give a phenotype as it does not have the ability to compete with the
endogenous WT version.

The ODN assay allows to test mutations in vivo without the hassle of integrating them
onto the genome. Transforming a plasmid is much easier, faster and cheaper than integrating
one, as it doesn’t require sequencing confirmation of the presence of the mutation but the sole
use of a growth selection marker. Therefore, one can take advantage of this method to scale up
screens and generate whole libraries of plasmids containing various mutations to be tested. This
assay was successfully used in our laboratory for over a dozen proteins with a single occurrence

where overexpression of the protein resulted in lethality and did not allow for such an approach.
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Choosing the right residues to mutate in Pol12

Looking at sequence conservation throughout Evolution is the easiest way to identify key
amino acids. Indeed, what is unnecessary to fitness and/or survival of an organism is expected to
change or disappear over generations. Furthermore, it has been shown that highly conserved
residues are more likely to be a part of a catalytic or allosteric site (Yang et al. 2012). In the case
of Pol12, early eukaryotes’ share a lot of homology, whereas the mammalian equivalent POLA2
is shorter and less conserved compared to ancestor species (Suwa et al. 2015). Aligning Yeast
and Human sequences therefore showed to be a challenging process and was only successfully
achieved for the C-terminal half of the peptide. The variations of homology at the amino acid
level add up to the observation that the Yeast Pol12 sequence contains several sections absent in
Humans’. Yet, although small parts of the protein were found to be disposable or redundant,
most of the Poll12 sequence is conserved up to Humans, highlighting its importance. For this
study, we gathered sequences throughout 12 species of Plant and Fungi to compare to our model
organism S. cerevisiae (Figure 2.1).

Thanks to the progress in crystallography, the structure of budding yeast Poll2 in
complex with Poll was unraveled by Klinge and colleagues (Klinge et al. 2009). Having the
structure of the protein available in addition to the sequence allows to pinpoint key surface
residues with increased accuracy. In this publication, they highlighted eight amino acids in both
Poll and Pol12 that are hypothesized to be important for their interface. Yet, there is no further

literature investigating those residues, or any targeted mutations in Pol12 to this day.
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Figure 2.1: Pol12 sequence alignment and conservation throughout 13 yeasts species

Highly Conserved and strictly conserved residues are highlighted in light grey and dark grey,
respectively. Amino acids missing for a particular species compared to S. cerevisiae are indicated with a
dash. Alignment was done using Macvector.
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Although informative, crystal structures often only provide a limited view of the protein
and have notable caveats. Klinge and colleagues used a Poll12 template without the first 246
residues. That makes up for over a third of the 705 amino acid-protein sequence and is based on
the assumption that this region was overall less conserved. This strategy maximizes chances of
success as the smaller the peptide, the easier it is to crystallize. Yet, this region contains many
important and conserved residues, including a nuclear localization motif as well as at least one
suspected phosphorylation site (Farrow et al. 2005; Holt et al. 2009). Furthermore, the folding
of the protein lacking part of its sequence may vary from its in vivo conformation. The crystal is
also lacking a 26 amino acid stretch between position 580 and 606, located right next to its
interface with Poll. Yet, a closer look at the alignment between S. cerevisiae Poll2 and its
Human equivalent POLA2 provided by Sawa and colleagues shows that this section is
completely gone in the latest. Adjacent to this missing section, they acknowledged the low
stability of amino acids 306 through 310. Typically, areas that do not crystallize are either
naturally disordered or highly moving parts of the protein. We indeed usually witness the first
and last few amino acids of a protein sequence being excluded from its structure as being located
at its extremities. Studies of the nature of structurally missing amino acids show that they’re
more likely to be a part of solvent interacting areas (Djinovic-Carugo and Carugo 2015).
Therefore, a missing portion might be the indication of an important structure, as it could also be
the consequence of experimental drawbacks.

As crystal formation happens in vitro and under extreme physiological conditions of pH,
temperature and salts, their conformation might not faithfully reflect that of the in vivo protein. It
is therefore worth considering that the crystallization conditions may also force interactions that

wouldn’t occur naturally. To illustrate this, this structure shows Poll12 as a dimer, interacting
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with itself around amino acids 330 to 350. There is no further evidence of such dimerization, and
the nature of the replisome itself argues it may be an artifact. It is possible that this part of the
protein is in fact responsible for binding to a partner but defaults to itself in its absence. As a
more general thought, some proteins might be unstable or adopt a different conformation when
not in contact with their interacting partner(s).

For these reasons, and similarly to sequences, looking at several protein crystals might
help highlighting structural similarities and surfaces. To this day, there are only three other
existing structures, all of Poll2 Human equivalent POLA2. Two of them characterize the
interaction of the N-terminal region of the first ~75 amino acids of the protein with the viral
SV40 antigen, one of its first discovered binding partners (Huang et al. 2010; Zhou et al. 2012).
The third and most recent published structure shows the entire polymerase Alpha-Primase
complex or Primosome (Baranovskiy et al. 2016). While also lacking some of the N-terminal
region, POLA2 started to crystallize at the equivalent of residue 186 of Poll2. All of those
additional studies point out the last downside of relying too strongly on crystal structure. The
entire complex is indeed very flexible, depending on which step of replication it is at. Crystal
structures only provide a snapshot of the protein that doesn’t necessarily reflect its conformations

and surfaces at all times.

Charge swap as the preferred strategy to identify surface residues

In addition to conservation and possible crystal structures, looking at the nature of the
amino acid side chain helps select relevant candidates. The surface of proteins tends to be
hydrophobic to allow for cohesion in the nucleoplasm as well as binding to ligands (Young et al.

1994). Charged residues, both acidic and basic, are also more likely to be involved in protein-
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protein interactions with a residue of the opposite charge, like magnets. Positively charged amino
acids are expected to be overly present at protein-DNA interfaces as the DNA molecule is
negatively charged (Kumar and Govil 1984). An important residue may vary throughout species
but its homologs will conserve its overall nature in order to maintain its function.

Historically, reverse Genetics screens were performed by mutating residues of interest
into alanine (Cunningham 1989). Alanine was chosen due to its simplicity; it is both non-reactive
and one of the smallest amino acids. Therefore, it was expected to abolish possible interactions
while limiting disruption of the protein folding. Yet, the nature of the ODN assay allows us to
mutate without worries about denaturation, as such alleles will not give a phenotype. Therefore,
the most efficient approach to disrupt a surface residue is to mutate it into a residue of the
opposite charge. To illustrate this idea, a past member of our laboratory disrupted the interaction
between t-RPA subunits Stnl and Tenl by changing a positively charged aspartic acid on the
latter into a negatively charged tyrosine (Paschini et al. 2010). They then restored it by reverse
mutagenizing the interacting Stnl leucine, a negatively charged hydrophobic residue, into an
aspartic acid to show the specificity of the interaction between the two residues.

Using this same strategy, another past member of our laboratory used the ODN assay to
screen telomerase subunit Est3 (Lubin et al. 2013). At the time, as no structure of the protein was
available, they relied solely on conservation and charge data. Yet, they successfully identified
multiple residues, all of which showed to be located on the surface of the protein once the crystal
was solved (Rao et al. 2014). This work highlights the strength and versatility of the assay,
which can be accomplished even in the absence of an existing structure of the protein of interest

in a variety of proteins.
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Using sensitized strains to identify separation-of-function mutations

It has now been widely accepted that many proteins perform more than one function, a
feature deemed as “moonlighting” (Jeffery, 2003). By generating single surface residue
substitutions, the goal is to identify alleles disrupting a given interface of the protein without
completely destabilizing it, as this would perturb all of its activities. Such separation-of-function
alleles allow to specifically characterize various functions of the protein. In the case of Pol12, it
is thought to play a role in both DNA Replication and telomere homeostasis. Therefore,
mutations tested through the ODN assay were transformed into two strains: poll-15 (Pol1™5) and
cdc13-F684S (Cdcl13™5). Both have temperature sensitive mutations impairing polymerase alpha-
primase and t-RPA, respectively (Budd et al., 1989, Paschini et al., 2012). As described
previously, temperature sensitivity is a phenotype resulting from an overall destabilization of the
protein. At permissive temperature, the protein is at or close to its native conformation and the
strain behaves like WT. As the temperature increases, the protein becomes more and more
destabilized, rendering it ultimately unable to perform its function.

There are three main reasons for the use of sensitized strains. Firstly, because of the
presence of the endogenous WT version of the protein in the strain, very few mutations tested for
ODN will have a phenotype in a non-sensitized strain. We only found disruption of active sites
to give a visible growth defect in a WT strain background as these neared inviability. Secondly,
as the selected strains have impaired DNA replication and telomere homeostasis respectively, the
assumption is that mutants will only give an enhanced phenotype only if they’re further
disrupting the same pathway as the sensitized strain. Finally, the TS nature of those strains allow

for easy viability comparison on permissive all the way up to non-permissive temperatures.
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Material and methods: ODN assay on Pol12

All ODN analyses were performed in two temperature sensitive strains, yVL4119 (MATa
ura3-52 trpl-289 ade2-101 tyrl gal2 canl his3 poll-15 leu2A::NAT) or yVL3660 (MATa ura3-

52 Iys2-801 trp-Al his3-A200 leu2-Al cdcl3-F684S barlA::cNAT).

Missense mutations in Poll2 were introduced by Quickchange mutagenesis into
pVL6321 (2u LEU2 ADH-Pol12) and checked by sequencing. A standard LiAC transformation
protocol was used to introduce plasmids individually into yeast alongside pVL399 (2p LEU2
ADH) as a negative control and pVL6321 as a positive control. Cells were plated on YPD (Yeast
Extract Peptone Dextrose) minus Leucine (-Leu) petri dishes, grown in duplicates overnight on
YPD-Leu liquid media and gridded on YPD-Leu plates for plasmid retainment, and at increasing

temperatures in 5 serial dilutions for readability.
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Table 2.1: List of plasmids used in chapter 2
Plasmid # Content

pVL399 2u LEU2 ADH

pVL6321 | 2u LEU2 ADH-POL12
pVL7376 | 2u LEU2 ADH-pol12-R248E
pVL7377 | 2u LEU2 ADH-pol12-D259K
pVL7379 | 2u LEU2 ADH-pol12-Q457E
pVL7380 | 2u LEU2 ADH-pol12-H495E
pVL7385 | 2u LEU2 ADH-pol12-M250E
pVL7387 | 2u LEU2 ADH-pol12-G327E
pVL7390 | 2u LEU2 ADH-pol12-5315K
pVL7392 | 2u LEU2 ADH-pol12-Y616K
pVL7925 | 2u LEU2 ADH-pol12-R322E
pVL7932 | 2u LEU2 ADH-pol12-V326E
pVL7953 | 2u LEU2 ADH-pol12-D303K
pVL7954 | 2u LEU2 ADH-pol12-N312K
pVL7954 | 2u LEU2 ADH-pol12-D676K
pVL7955 | 2u LEU2 ADH-pol12-R329E
pVL7963 | 2u LEU2 ADH-pol12-KKRK115-118AAAA
pVL7964 | 2u LEU2 ADH-pol12-T190A
pVL7965 | 2u LEU2 ADH-pol12-5290A
pVL7966 | 2u LEU2 ADH-pol12-Q289E
pVL7967 | 2u LEU2 ADH-pol12-Q291E

Results: ODN assay on Pol12

The initial ODN screen performed on Poll12 followed promising results obtained from a
pilot experiment performed as an undergraduate summer project. It served as an expansion from
the original assay that tested 66 mutations in the Pol/I™ strain. An additional 128 mutants were
designed in order to cover as many conserved surface residues as possible. These are located all
throughout the sequence, including within the N-terminal region that isn’t included in the crystal

structure used as a guide. If the amino acid to be mutated is positively charged, a substitution
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onto negatively charged Glutamic acid was performed. Negatively charged amino acids were
swapped for a positively charged Lysine. For hydrophobic residues that don’t have a charge,
substitution onto both Lysine and Glutamic acid was performed. In addition, seven out of the
eight residues hypothesized by Klinge and colleagues to be at the interface with Poll were also
analyzed for comparison. Finally, the list included mutations of both a predicted N-terminal
nuclear localization motif and several putative phosphorylation sites onto Alanine. Indeed, cell-
cycle dependent changes in phosphorylation are thought to be essential for Pol12 function in
DNA replication (Foiani et al. 1995).

New mutations were tested in the same PolI”® strain as the pilot study, looking at
polymerase alpha-primase complex-related defects. All available mutants were also transformed
in a Cdcl13™ strain, highlighting those resulting in telomere homeostasis impairment through
disruption of the t-RPA complex. For every ODN experiment, viability changes were compared
to an empty 2 plasmid negative control, in case the plasmid itself affects viability, and a version
containing WT Poll2, to account for potential viability changes that could arise from
overexpressing the protein. In this case, the overexpression of Poll2 slightly improves viability
compared to the empty vector transformed strains.

The original pilot experiment uncovered two clusters of residues that have a clear ODN

phenotype in the Poll™S

. The first (surface 1) contains multiple residues among which, most
notably, arginine at position 248 (R248), methionine (M250), histidine (H495) and to a lesser
degree tyrosine (Y616), and also have an ODN phenotype in a Cdc13” strain (Figure 2.2).
Interestingly, H495 only shows an ODN phenotype when mutated onto negatively charged

glutamic acid (H495E) and not with a positively charged lysine, a possible indication of a

disrupted interaction with a negatively charged protein interface or DNA (Figure 2.3).
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Strains with a mutation of the gene indicated on the right side inducing a temperature-sensitive (TS)
phenotype were transformed under selective marker pressure with an overexpression 2 micron (2u)
vector including the content indicated on the left side. Two independent colonies were grown, replica
gridded at different dilutions and grown for 3 days at a gradient of increasing temperatures ranging for
permissible to non-permissible
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Figure 2.3: The differential ODN phenotype of pol12-H495 variants in polI™
Opposite positive and negative charge variants of Poll2-H495 were transformed and analyzed as
previously described in yVL4119 (pol1™)

All residues of surface 1 map next to each other, although being far apart on the
sequence. Residues 248 and 250 localize at the very beginning of the crystal structure of the
protein, on a linker area. H495 is part of another linker whereas Y616 is on an alpha helix
(Figure 2.4). Therefore, the phenotype is specific to their localization rather than disruption of a

specific secondary structure of the protein.

Figure 2.4: Localization of the Pol12 surface 1 residues on the surface of Pol12
Crystal structure by Klinge and Pellegrini (2009, PDB #3FLO) was visualized on Pymol. Poll2 is
colored in dark blue. Residues of surface 1 are detailed in red.
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Surface 2 includes aspartic acid in position 303 (D303), asparagine in 312 (N312) and
surround serine 315 (S315), a potentially phosphorylatable amino acid (Figure 2.5). Mutating
N312 onto either charge results in a similar ODN phenotype, arguing that this residue may not be
a part of an interface itself but indirectly disrupt it when modified. Surfaces 1 and 2 have a
similar ODN phenotype in Poll” but are distinct according to the available crystal structure as
they localize on opposite edges of the interface of Poll2 and Poll (Figure 2.6). Furthermore,

they did not show a phenotype when transformed in the cdc13™® strain in contrast to surface 1°s.
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Figure 2.5: Overexpression Dominant Negative (ODN) phenotype of Poll12 surface 2
residues in pol1™S but not cdc13™S

Strains with a mutation of the indicated gene inducing a temperature-sensitive (TS) phenotype were
transformed under selective marker pressure with an overexpression 2 micron (2u) vector including the
content indicated on the left side. Two independent colonies were grown, replica gridded at different
dilutions and grown for 3 days at a gradient of increasing temperatures reducing viability of the strain.
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Figure 2.6: Localization of Pol12 surface 2 residues on the surface of Pol12
Crystal structure by Klinge and Pellegrini (2009, PDB #3FLO) was visualized on Pymol. Residues of
surface 1 and 2 are detailed in red and green, respectively

When testing in the Cdcl3"™ strain, a third surface (surface 3), including among others
aspartic acid in position 259 (D259), arginine 322 (R322) and valine 326 (V326) was found
(Figure 2.7). In contrast with surface 1, those alleles did not have a visible ODN phenotype in
pol1™S. Surface 3 also partially overlaps physically and phenotypically with the suspected
interface area of Pol12 and Poll through residues E319, G327 and R329 (Figure 2.8). However,

lTS

their lack of phenotype with pol reshapes the expectations about the consequences of

disrupting that interface as will be discussed below.
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Figure 2.7: Overexpression Dominant Negative (ODN) phenotype of Poll12 surface 3
residues in cdc13™S but not pol1™

Strains with a mutation of the indicated gene inducing a temperature-sensitive (TS) phenotype were
transformed under selective marker pressure with an overexpression 2 micron (2u) vector including the
content indicated on the left side. Two independent colonies were grown, replica gridded at different
dilutions and grown for 3 days at a gradient of increasing temperatures reducing viability of the strain.
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Figure 2.8: Localization of Pol12 surface 3 residues on the surface of Pol12

Crystal structure by Klinge and Pellegrini (PDB 3FLO) was visualized on Pymol. Residues of surface 3
are indicated in magenta. Residues of the expected interface of Poll2 with Poll with a similar phenotype
are represented in yellow.

Overall, each of the 3 surfaces found had a unique pattern of ODN phenotypes and are
physically distinct (Figure 2.9 and Table 2.2). The complete list of ODN phenotypes of the

Pol12 library is summarized in Table 2.4.

90 degrees 90 degrees

clockwise clockwise

Figure 2.9: Localization of Pol12 surface residues on the surface of Pol12

Crystal structure by Klinge and Pellegrini (PDB 3FLO) was visualized on Pymol. Residues of surface I,
2 and 3 are indicated in red, green and magenta, respectively. Residues of the expected interface of Poll2
with Poll are represented as yellow cartoon.
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Table 2.2: Summary of main alleles of Pol12 with an ODN phenotype

Residues highlighted in yellow were previously characterized by Klinge and Pellegrini as being important
for the interface with Poll. Residues in bold were pursued for epistasis analyses described in Chapter 5.

ODN in ODNin

Location | Mutation in Pol12 pol1-ts? cdc13-ts?

R248E
Surface 1 — YES YES
H495E
Y616E
D303K
Surface 2 N312K YES NO

5315K

D259K

R322E

Surface 3 NO YES
V326E

G327E

Published Poll2 residues hypothesized by Klinge and colleagues to be a part of the
interface of the protein with Poll showed various ODN patterns. Out of the 7 residues tested, six
gave a clear phenotype. Most conserved M250 shows a pattern similar to neighboring surface 1
residues as it has an ODN phenotype with both strains. On the other hand, G327 and R329
bundled physically and phenotypically with surface 3 that only has an ODN phenotype with
Cdc13™. Finally, both charge-swapped variants of highly conserved P575 had no noticeable
ODN phenotype, and the residue does not cluster with any of the surfaces found (Figure 2.10).
Data from those residues is summarized in Table 2.3. This result either argues that the interface
is in fact responsible for more than one interaction, or that both patterns of phenotypes are in fact
the result of a similarly disrupted interaction with Poll, possibly at different intensities. Indeed,
they colocalize with different secondary structures of Poll. Whether surfaces 1 and 3 play a

similar role will be investigated in chapters 3 through 5.
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Table 2.3: Summary of residues found by Klinge and Pellegrini to be important for the
interface with Poll and their ODN phenotypes

Residue ::::T-Ir::::lnns p:;’_:? c ch::B? Colocalizes with
M250 Invariant Yes Yes Surface 1
Q252 Invariant No? Yes Surface 1
5258 Less conserved No Yes Surface 3
L267 Less conserved n.t. n.t. -
E319 Invariant Yes No Surfaces 2 and 3
G327 Invariant No Yes Surface 3
R329 Less conserved No Rescue | Surfaces2and3
P575 Invariant No No -

R329 G327
E319 5258
P575
Q252
M250

Figure 2.10: Localization of residues found by Klinge and Pellegrini to be important for the
interface with Poll in comparison with surfaces found by ODN

Crystal structure by Klinge and Pellegrini (PDB 3FLO) was visualized on Pymol. Residues of surface 1, 2
and 3 are indicated in red, green and magenta, respectively. Residues of the expected interface of Poll2 with

Poll are represented as yellow cartoon.
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Several isolated residues were also found throughout the sequence. Most notably, poll2-
D676K has a clear ODN phenotype in Cdcl3™ and maps on the complete opposite side of Pol12
compared to the other 3 surfaces found. poli2-Q457F has a similar phenotype and localizes on
another edge of the protein interface with Poll (Figure 2.11). For both residues, neighboring
ones did not show any growth defect when tested in either strain. However, studies have often
shown protein interactions to solely depend on a single amino acid. Therefore, although
potentially representative of even more functions of the protein, these residues were not given

priority for further studies.

90 degrees

clockwise clockwise

Figure 2.11: Localization of isolated residues on the surface of Pol12

Crystal structure by Klinge and Pellegrini (PDB 3FLO) was visualized on Pymol. Residues of surface I,
2 and 3 are indicated in red, green and magenta, respectively. Residues of the expected interface of Poll2
with Poll are represented as yellow cartoon. Isolated residues found by ODN are indicated in brown.
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Table 2.4: Summary of ODN data with Pol12 overexpression library
Viability is represented with the following nomenclature:
++++: increased viability / +++: viable / ++: slightly impaired /
+: clearly impaired / +/-: almost inviable / -: inviable / n.t.: not tested

yVL4119 (pol1Ts) yVL3660 (cdc13™)
plasmid # Mutation RT 30°C 32°C 28°C 30°C 32°C 33°C
pVL399 Emptyvector  +H+ =+ = H+ ++ +
pvL6321 WT Pol12 +H+ ++ +H+ e + =+
pCS 146 D6K +++ +Ht +H+ +H+ HH +
pMAM183 F11E +++ +Ht +H+ +H+ + +
pMAM184 F11K +++ +Ht ++ +H+ + +
pMAM185 D16K +++ +Ht +H+ +H+ HH +
pMAM186 K17E +++ +Ht +H+ +H+ HH +
pMAM187 E19K +++ +Ht +H+ +H+ HH +
pMAM188 E25K +H+ +++ +H +H +
pMAM189 K29E +++ +Ht +H+ +H+ HH +
pMAM190 H31E +H+ +++ +H +HE +
pMAM191 H31K n.t. n.t. n.t. +H+ +
pCS 147 E36K +H+ +++ +H HE + +
pCS 148 D37K +H+ +++ +H HE +
pMAM192 K41E n.t. n.t. n.t. . +
pCS 149 E43K +H+ +++ +H HE +
pMAM193 Q44E ++ +++ +H+ o + +
pMAM194 Q44K +++ +t +++ +Ht + +
pMAM195 N&OE ++ 4+ +H+ B +
pMAM196 NEOK +++ +t +++ +HE A +
pMAM197 K65E +++ ++ +++ A +
pCs 150 Q69K n.t. n.t. n.t. +H +
pC5151 QB9E +++ +t +++ +HE A +
pMAM198 E73K +++ +Ht +H+ +H+ HH +
pMAM199 K74E +++ +Ht +H+ +H+ + +-
pMAM200 R75E +++ +Ht +H+ +H+ + +
pMAM201 K90E +++ +Ht +H+ +H+ + +
pC5153 K91E n.t. n.t. n.t. +H +
pMAM202 K91E +++ +Ht +H+ +H+ HH +
KKRK115-
pCs154 11BAAAA +++ D H+  HH ++
pMAM203 K115E +++ +Ht +H+ +H+ HH +
pMAM204 K116E +++ +Ht +H+ +H+ HH +
pMAM205 R117E +++ +Ht +H+ +H+ HH +
pCs 215 T190A +++ +Ht +H+ nt. nt nt nt
pMAM206 N208E +H+ +++ +H +H +
pMAM207 N208K +++ +++ ++7? +H+  H +
pMAM208 E210K +H+ +++ ++7 H +
pMAM209 N211E +H+ +++ +H +H +
pMAM210 N211K +H+ +++ +H +HE +
pMAM211 E213K ++ +H +H Ht +
pMAM212 K235E +H+ +++ +H nt. nt nt nt
pCSs 155 D241K ++ Eans +H +Ht +
pCSs 156 K244E +H+ +++ +H +HE + +
pCS 157 R248E + ++ +- +H+ + +
pMAM213 M250E +++ +H+  +Hor+ +HE + +
pMAM215 Q252E +=+7 +++ ++7 HE + +
pPMAM216 Q252K +++ ++ +++ +HE A +
pMAM217 Q255E ++ +++ +H+ T = +
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Table 2.4: Summary of ODN data with Pol12 overexpression library (cont.)

yVL4119 (pol1™) yVL3660 (cdc13™)
plasmid # Mutation RT 30°C  32°C 28°C 30°C 32°C 33°C
pVL399 Empty vector ++ +++ ++ 4 =+ ++ +
pVLe321 WT Pol12 + i+ i+ +++ ++ ++
pMAM218 Q255K +HH+ +H+ +HH+ +H+ ++ +
pMAM219 S258E - +H+ +H +H+ ++ +
pMAM220 S5258K +H+ +H+ +HH+ +H+ + +-
pCS 158 D259K +H+ +H+ ++ +H+ HH H- +-
pCS 159 D262K +H+ ot + +H+ HH H- +-
pCs 160 D263K =+ 4+ ++ o - +/-
pCS 161 Q264K +HH+ +H+ +HH+ +HHE HH H +
pCS162 Q264E +H+ +H+ +H+ HH HH ++ +
pCs1e3 E266K =+ =+ ++ o - +/-
pMAM227 D285K - +H+ +HH +H+ + +-
pCS 164 Q289K Rans -+ ++ LS S ++ +
pCS 165 Q289E +HH+ +H+ +HH+ +H+ ++
pMAM228 Q291E - ++ +H +H+ A ++
pMAM229 Q291K +H 4+ ++ H+ ++ +
pCS 166 E293K +H+ +H+ +HH+ +H+ ++ +
pCS167 R299E +H+ +H+ ++ HE ++ +
pCS 168 D303K =+ ++ +f- o ++ +
pCS 169 N312K +H+ + + +H+ +
pC5170 N312E +H+ ++ +7 Ht + +
pMAM230 S315E +H+ =+ - o ++ +
pMAM231 §315K +H+ +H+ + +H+ ++ +
pC5171 E319K +H+ +H+ + HE ++ +
pCs172 R322E ++ 4+ ++ - +/-
pMAM232 V326E - +H+ +H+ +H+ H+ H- -
pMAM233 V326K +H+ +H+ ++7 Ht + -
pMAM221 G327E +H+ =+ - H+ + +/-
pMAM222 G327K - +H+ + +H+ - +]-
pC5173 R329E +H+ +H+ Raad o
pMAM234 D333K ++ 4+ + o ++ +
pC5174 Q346K +HH+ +H+ +HH+ +H+ ++ +
pC5175 Q346E +H+ +H+ +HH Ht ++ +
pCs 177 N354K +H+ =+ + o ++ +
pC5178 N354E +H+ +H+ ++ +H+ ++ +
pMAM235 P369E - +H+ +H +H+ + +
pMAM236 P369K +H+ =+ +H H+ ++ +
pMAM237 V375E +H+ +H+ +HH+ +H+ ++ +
pMAM238 V375K +H+ +H+ +HH Ht ++ +
pMAM239 Q379E Rans -+ +H+ LS S ++ +
pMAM240 Q379K +HH+ +H+ +HH+ +H+ ++ +
pMAM241 E3B0K - +H+ + +H+ ++ +
pMAM242 Q382E +H+ +H+ +H+ HH HH ++ +
pCS179 E383K +H+ +H+ - + ++ ++ +
pMAM243 Q382K +H+ +H+ +HH Ht ++ +
pCS 180 K394E Rans -+ +H+ LS S ++ +
pMAM244 P401E +HH+ ++ ++7? +H+ + +
pMAM245 P401K +HH+ ++ ++7? +H+ + +
pMAM246 DaoeK ++ ++ Rads H+ ++ +
pMAM247 Q414E +H+ +H+ +H+ +H+ + +



Table 2.4: Summary of ODN data with Pol12 overexpression library (cont.)

yVL4119 (pol1™s) yVL3660 (cdc13™)
plasmid # Mutation RT 30°C 32°C 28°C 30°C 32°C 33°C
pVL399 Emptyvector ++ ++ ++
pVLE321 WT Pol12 +H+ +H+
pMAM248 Q414K +H+ +H7
pMAM249 E415K +++ +++
pMAM250 E423K +++ +++
pMAM251 K425E +H+ e+
pMAM252 H427E +H+ e+
pMAM253 H427K +++ +++
pMAM254 1436E +++ +++
pC5181 D437K +H+ +H7?
pMAM255 1436K n.t. n.t.
pMAM256 1443E +H
pMAM257 1443K +H
pMAM223 S445E +H+
pMAM224 S445K +H+
pMAM258 K455E n.t

pCs 182 Q457K
pCs183 Q457E
pCs 184 K459E
pCs 185 D462K

pMAM259 K466E
pMAM260 P471E
pMAM261 P471K
pMAM262 K474E
pMAM263 Q481E
pMAM264 Q481K
pMAM265 P486E
pMAM266 P486K

pCs 186 D490K
pCs 187 H495K
pCs 188 H495E
pCs 189 Q500K
pCs190 Q500E
pCs191 R505E
pCs192 KS06E

pMAM267 P511E
pMAM268 P511K

pCs193 R513E
pMAM269 K512E
pCs 194 K516E

pMAM270 P521E
pMAM271 P521K
pMAM272 Q525E
pMAM273 Q525K
pMAM274 N527E
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pCs 195 E528K
pMAM275 N527K
pCs 196 D537K
pMAM276 K5389E
pCs 197 D541K
pMAM277 KS43E
pMAM278 ES44K +?
pMAM279 KS47E ++7
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Table 2.4: Summary of ODN data with Pol12 overexpression library (cont.)

yVL4119 (pol1Ts) yVL3660 (cdc13Ts)
plasmid# Mutation RT 30°C 32°C 28°C 30°C 32°C 33°C
pvL399 Empty vector  ++ +H+ ++ H ++ +
pvLEe321 WT Pol12 -+ Raad - e ++ +
pCS5 198 R556E +H Raad +H+ o ++ +
pC5 199 R559E Rass Raad ++ o +? +
pMAM280 Q566E +H Raad +H+ o ++ +
pMAM281 Q566K + Raad ++ o ++ +
pCS 200 R568E +H Raad +H+ o ++ ++
pMAM225 P575E Rass Raad ++ o ++ +
pMAM226 P575K +H+ +H+ ++ +H+ + +
pMAM282 P575E +H +H ++7 o +
pMAM283 P575K +H +H ++7 o ++ +
pMAM284 R579E +H +H ++7 o ++ +
pCs 201 D613K +H +H +H+ o ++ +
pMAM285 L612E +H +H ++ H + +
pMAM286 Le12K + Raad ++ o + +
pMAM287 Y616E +H +H ++ H + -
pMAM288 Y616K +HH ++H + +H + -
pMAM289 L619E +HH ++H + +H + +
pMAM290 Le19K + Raad ++ o ++
pCs 202 E621K +H +H ++ H + +f-
pMAM291 V623E +H+ ++H +H e + -
pMAM292 V623K +HH ++H +H+ +H + -
pCs 203 D629K + Raad ++ o ++ +
pCs 204 E636K +H Raad +H+ o ++ ++
pMAM294 Le36K + Raad ++ o ++ +
pCS 205 R642E +H Raad +H+ o ++ +
pMAM295 VB42E +H+ -+ +H+ o ++ +
pMAM296 Ve42K +H Raad +H+ o ++ +
pMAM297 R656E Rass Raad ++ o + +
pMAM298 Y664E +H Raad ++ o ++ +
pMAM299 Y&54K + Raad ++ o ++ +
pMAM300 D673K +H Raad +H+ o ++ +
pMAM301 E675K +H +H ++ H + +
pMAM302 D676K +HH ++H +HH +H? TP +? -
pMAM303 Y&89E + +H ++ o ++ +
pMAM304 Y&89K +H Raad +H+ o ++ +
pCS 206 HB692K +H +H ++ H + +
pCs 207 HE692E +H +H +H+ o ++ ++
pCS 208 N693K Rass Raad ++ o ++ ++
pCSs 209 NG93E +H+ +H+ +H+ + ++ + +
pCs 211 RE6S7E +H +H ++ H + +
pCs 212 RE9IE +H Raad +H+ e aad ++ +
pC5213 D701K +H Raad +H+ o ++ +
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The ODP (Overexpression Dominant positive) phenotype

The goal of the ODN assay is to uncover separation-of-function mutants that, when
overexpressed, overwhelm the protein of interest’s partner binding sites against WT. Although
proving to be fruitful when studying essential proteins, we also encountered many mutants that
resulted in the opposite growth rescue of the sensitized strain at non-permissive temperature.
This ODP (Overexpression Dominant positive) phenotype was seen even in some of the original
Pol12 mutants. For example, disrupting its KKRK nuclear localization partially rescues the TS of
Pol175, but not Cdc1375, compared to the empty vector growth. This puzzling observation argues
that presence of extra Pol12 in the cytoplasm may increase viability, as the endogenous version
of the protein is still capable of localizing properly. However, the levels of viability are very
similar to the cells transformed with the overexpression vector expressing WT Pol12. Therefore,
another possibility is that the mutant is still partially or fully able to localize to the nucleus and
perform similar functions as WT. Additional experiments without endogenous expression of WT

Pol12 are needed to gather more information about the source of the rescued viability.

32°C

Empty

pol12-
KKRK115-118AAAA |

Pol12

Figure 2.12: Disruption of the Pol12 nuclear localization motif KKRK rescues viability in a
Pol1™S strain

Poll™ was transformed under selective marker pressure with an overexpression 2 micron (2u) vector
including the content indicated on the left side. Two independent colonies were grown, replica gridded at
different dilutions and grown for 3 days at increasing temperatures reducing viability of the strain
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Similarly, inactivating one of the putative phosphorylation sites Pol12-T190 by mutating
it into Alanine results in an ODP phenotype in PolI™ (Figure 2.13). This puzzling observation
argues that the increased presence of inactive Pol12 could improve viability. One possibility is
that Pol12 naturally competes or interacts with another protein, such as a DNA damage response
factor, and disrupting that balance improves viability. Based on previous literature about the two
complexes, t-RPA’s Stnl could be that protein. To illustrate, a member of the laboratory has also
observed a set of unique Replication Protein A (RPA) mutants that are able to rescue the TS
phenotype of Cdc13™ (Moeller et al. in preparation). Similarly, some knock-outs of DNA repair
proteins have been shown to rescue that temperature sensitivity (Paschini et al., 2012). It has
long been suggested that, based on their structural similarities, RPA and t-RPA might compete at
telomeric single-stranded DNA and such rescue could be the manifestation of a switch in that
competition equilibrium. Further data looking at the possible relationship between polymerase

alpha-primase, RPA and t-RPA will be discussed in chapter 5.
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Figure 2.13: Disruption of the Poll12 suspected phosphorylation site T190 rescues viability
in a Pol1™S strain

Poll™ was transformed under selective marker pressure with an overexpression 2 micron (2u) vector
including the content indicated on the left side. Two independent colonies were grown, replica gridded at
different dilutions and grown for 3 days at a gradient of increasing temperatures reducing viability of the
strain
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Many of the ODP mutants localize close to residues showing an ODN phenotype when
substituted. This observation is expected as since some separation-of-function mutations disrupt
interactions, others may facilitate them. In fact, this feature has been characterized and used to
generate more stable interactions to be studied biochemically (Rao et al. 2014). For example,
R329, one of the residues predicted to be a part of the Po/l-Poll2 interface and mapping with
surface 3, gives in fact a strong ODP phenotype when swapped to glutamic acid in Cdci13™

(Figure 2.14). Unlike previous alleles, this one does not rescue Pol11S. However, all other alleles

are expected to alter the expression or localization of the protein rather than protein interactions.

Pol12

Empty

pol12-R329E

Figure 2.14: Mutation of the suspected residue playing a role in the Pol1-Pol12 interaction
increases viability in a Cdc13"S strain

Cdc13™ was transformed under selective marker pressure with an overexpression 2 micron (2u) vector
including the content indicated on the left side. Two independent colonies were grown, replica gridded at
different dilutions and grown for 3 days at a gradient of increasing temperatures reducing viability of the
strain
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Another cluster of two residues shows a clear ODP phenotype with Cdc13™

only. This
duo maps close to surface 3 that shows an ODN phenotype in the same strain. Similarly, both
polar residues flanking another predicted probable phosphorylation site S290 have a strong ODP
phenotype when mutated onto negatively charged Glutamic acid, but not positively charged
Lysine (Horn et al. 2014) (Figure 2.15).

As phosphorylation adds a negative charge to the target amino acid, it is possible that
those mutations mimic a phosphorylated state (Peariman et al. 2011). Furthermore, the predicted
kinases responsible for the post-translational modification of S290 are Mecl and Tell. Both

these proteins are essential players of replication and telomere homeostasis, respectively. The

assay is therefore potentially powerful enough to be able to detect putative phosphorylation sites.

L+ Q291

Figure 2.15: Localization of phosphorylable residue serine 290 and neighboring
Glutamines on the surface of Pol12

Crystal structure by Klinge and Pellegrini (PDB 3FLO) was visualized on Pymol. Residues of surface 1,
2 and 3 are indicated in red, green and magenta, respectively. Residues of the expected interface of Poll2
with Poll are represented as yellow cartoon. Residues giving an ODP phenotype in cdcl13™ are indicated
in white whereas the putative phosphorylation site is shown in orange
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Discussion: ODN assay limits

As powerful as the ODN assay can be, it has factors and limitations to be considered.
First of all, there are inherent hurdles arising from the nature of the assay itself. For example,
although the point of the use of the 2 micron (2u) vector is to overflow the cells with the mutated
version of the gene of interest to outcompete the endogenous WT one, the actual copy number of
the plasmid is fairly variable. This feature is particularly noticeable with mutants with a strong
defect, as colonies transformed synchronously may have variable sizes or levels of growth
defects rendering them hard to rate and compare. To counter this, it is recommended to
consistently pick the biggest colonies plated. Furthermore, the assay is performed with each
mutant as a duplicate (two colonies from the same transformation) to generalize results.

Another limitation arising from the use of the 2u plasmid is the fact it can give a
phenotype with a WT protein. Although our laboratory successfully screened over a dozen
essential proteins with the ODN assay, it has for example not been possible to analyze Cdc13
because of the lethality resulting from the overexpression of the WT protein. Other ones can also
show a slight rescue or defect through overexpression of a given protein of interest. To take this
into account, the assay includes a positive control plasmid expressing the WT protein for its
mutants to be compared to.

One last limitation arising from the nature of the assay is the specificity of surface
residues giving a phenotype with sensitized strains. As observed with Pol12, surface 2 only has
an ODN phenotype with Poll™ whereas surface 3 adds to the Cdc13™ defect and hadn’t been
detected with the original pilot. Analysis of the protein, although thorough, could potentially
have missed other residues important for different pathways the protein could be involved in,

such as DNA damage response.
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Another aspect to consider is the nature of the disruption of the mutated residues itself.
Indeed, they can either abrogate the binding ability of the protein to a partner or alter a potential
catalytic activity, either partially or completely. These different alterations will have different
phenotypes through the ODN assay. Given the basal expression of the endogenous protein, a
mutant that partially alters a binding site will outcompete the WT copy and create a phenotype.
A catalytically inactive protein will also outcompete the WT copy and hog its ligand, disrupting
an essential activity that will result in a nearly or fully lethal phenotype. Yet, an allele with a
completely disrupted binding ability will not be able to compete with the endogenous protein and
might not give a phenotype. Although possible, essential interactions between the two proteins
rarely rely on a single amino acid. However, the protocol of extensively mutating conserved
residues of a gene would presumably pick up neighboring ones that disrupt the interaction
indirectly and/or to a milder extent.

Finally, the assay frequently uncovers temperature sensitive alleles. The matching
mutated residues are often partially buried from the surface and result in an unfolding of the
protein at higher temperatures. Therefore, it will show a growth phenotype independently of the
strain it is tested in. Discovery of TS alleles can be a useful tool to look at consequences of a

global disruption of a protein or for use as a sensitized strain.

Data from this chapter is currently in preparation to be published (Meunier and Lundblad,

in preparation). The dissertation author was the primary researcher and author of this material.
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CHAPTER 3:
A polymerase alpha-primase complex-
wide interface performs a novel function
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Abstract
Viability studies of the Poll12 alleles found by ODN argues that surfaces 1 and 3 might

perform a similar essential function specific to t-RPA. This function may be distinct from that of
the interface of the protein with Poll. A broader look at the whole complex through
Banavarovskiy and colleagues’ crystallography work placed both of those surfaces on an
interface where the DNA strand transfers from primase to polymerase during replication. After
expanding the ODN protocol to the other three subunits of the complex, several mutants in Pril,
Pri2 and Poll with a similar sensitivity to the Cdcl3 temperature sensitive strain were found.
Most of those mutants cluster within that same interface and are expected to play a role in either
the primase-polymerase cohesion or active sites of the complex. Therefore, the cohesion of the

entire complex is expected to be important for a novel function pertaining to t-RPA.
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The Loss-of-function (LOF) assay

What lead to believe surfaces found through the ODN assay encompass distinct
separation-of-function alleles is their specific phenotype with different TS strains. Surface 1 and
surface 2 residues give a significant growth defect in a polymerase alpha defective strain,
whereas surface 1 and 3 mutants are sensitive to a disruption of t-RPA. Furthermore, although
screening the protein surface pretty extensively, the residues cluster into distinct groups, all
around the predicted Poll-Poll2 interface. Various residues from that predicted interface
themselves group with the different surfaces found based on their phenotype and localization,
although expected to perform the same function.

In order to investigate whether the alleles are indeed separation-of-functions, we studied
changes in viability by combining mutations from these distinct surfaces using a Loss-Of-
Function (LOF) approach. This assay, testing for changes in viability, has been traditionally used
in place of the ODN assay as a reverse genetics screening tool. It involves a knock-out strain of
the gene of interest, complemented by a covering WT version of said gene if essential, like
Pol12. It is based on the use of 5-Fluoroorotic Acid, a drug that kills cells containing the URA3
marker as it metabolizes it into a toxic component. As URA3 is contained within the WT Pol12
covering plasmid, exposure to the compound forces cells to shuffle it off, leaving only the
mutated version to be expressed in a second plasmid. Whether the mutation is viable in vivo will
determine whether the strain survives on 5-FOA.

Yet, when studying essential proteins, this assay doesn’t distinguish between separation-
of-function mutations and those creating an unfolded protein, as both result in a loss of essential
functionality when solely expressed in the host cell. Nevertheless, it can be a powerful secondary

method to assess whether a separation-of-function allele previously found through ODN would
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result in cell lethality in vivo. Furthermore, as the mutated protein is expressed in the cell at basal
levels through a centromeric (CEN) promoter unlike the ODN approach, its effects faithfully

mimic those of the same mutation integrated onto the genome with much less work.

Material and methods: LOF
All LOF analyses were performed in yVL4931 (MATa ura3-52 lys2-801 trp-Al his3-

A200 leu2-Al poll2-A::KAN complemented with pVL7267 (CEN URA3 Pol12)) and yVL4921
(MATa ura3-52 lys2-801 trp-Al his3-A200 leu2-Al pri2-A::KAN complemented with pVL7266
(CEN URA3 Pri2)).

Missense mutations in Pol12 and Pri2 were introduced by Quickchange mutagenesis into
pVL7270 (CEN LEU2 Pol12) and pVL7269 (CEN LEU2 Pri2) respectively, and checked by
sequencing. A standard LiAC transformation protocol was used to introduce plasmids
individually into yeast alongside pVL399 as a negative control and pVL7270 or pVL7269 as a
positive control. Cells were plated on YPD (Yeast Extract Peptone Dextrose) minus Leucine and
Uracil (-Leu -Ura) petri dishes, grown in duplicates overnight on YPD-Leu-Ura liquid media and
gridded simultaneously on -Leu-Ura plates as a control and YPD-Leu +5-Fluoroorotic Acid (5-

FOA) plates in serial dilutions for readability.

All ODN analyses were performed in two temperature sensitive strains, yVL4119 (MATa
ura3-52 trp1-289 ade2-101 tyrl gal2 canl his3 poll-15 leu2A::NAT) or yVL3660 (MATa ura3-
52 Iys2-801 trp-Al his3-A200 leu2-Al cdcl3-F684S barlA::cNAT). Missense mutations in

Pol1/Pril/Pri2 were introduced by Quickchange mutagenesis into pVL6511 (2p LEU2 ADH-
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Pol12), pVL6303 (2u LEU2 ADH-Pril) or pVL6443 (2u LEU2 ADH-Pri2) respectively and
checked by sequencing. The rest of the protocol is described in chapter 2.

Table 3.1: List of plasmids used for the LOF assay of Pol12 and Pri2

Plasmid # Content

pVL7266 CEN URA3-PRI2

pVL7267 CEN URA3-POL12

pVvL7270 CEN LEU2-PRI2

pVvL7270 CEN LEU2-POL12

pVL7495 CEN LEU2-pri2-Y397A

pVvL7499 CEN LEU2-pol12-R248E

pVL7505 CEN LEU2-pol12-R322E

pVvL7934 CEN LEU2-pol12-R248E+R322E
pVL7968 CEN LEU2-pol12-L254A+F574A+P575A
pVL7969 CEN LEU2-pol12-R299E+E319K+R329E
pVvL7974 CEN LEU2-pri2-C336A

pVvL7975 CEN LEU2-pri2-C417A

pVvL7976 CEN LEU2-pri2-C434A

pVvL7977 CEN LEU2-pri2-C474A

pVvL7978 CEN LEU2-pri2-C336A+C474A

Table 3.2: List of plasmids used for the ODN assay of Poll, Pril and Pri2

Plasmid # Content

pVvL6511 2u LEU2 ADH-POL1
pVL6303 2u LEU2 ADH-PRI1
pVvL6443 2u LEU2 ADH-PRI2
pVL7956 2u LEU2 ADH-pol1-R1366E
pVL7957 2u LEU2 ADH-pol1-F1463A
pVL7958 2u LEU2 ADH-pri1-D111A
pVL7959 2u LEU2 ADH-pri1-D113A
pVL7960 2u LEU2 ADH-pri1-D314A
pVL7961 2u LEU2 ADH-pri2-Y397A
pVL7962 2u LEU2 ADH-pri2-H401A
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Results: LOF assay of combination of Pol12 ODN mutants

A first step to the experiment was to check that no individual Pol12 alleles were lethal.
Indeed, the key of the ODN assay includes endogenous expression of Pol12 by the cells, which
prevents unfolded proteins from giving a phenotype. Therefore, severe mutations resulting in
lethality by themselves might still have shown as viable through ODN although they presumably
would not have shown a significant phenotype. 40 of the most notable alleles previously found
were tested for LOF and found to be viable. We then looked at combinations of two strongest
mutants from each individual surface by putting them onto the same Pol12 gene on the plasmid
containing the LEU2 marker. Once again, all of those combination alleles were viable.

For comparison, we used data from the Klinge lab to identify residues that are most likely
to interact with Poll. This interaction is essential for the integrity of the catalytic and B subunits
of all polymerases (Garcia et al., 2004). Without it, defects in DNA Replication result in cell
lethality (Dua et al., 1998). Impairment of multiple residues characterized by Klinge and
Pellegrini as being a part of the interface with Poll, represented by the triple mutant poll2-
R299E+E319K+R329F, was viable. In contrast, makeshift generation of a strongly impaired
surface interaction with the zinc finger of Poll, characterized by the triple mutant poll2-
L254A+F574A+P5754, resulted in lethality (Figure 3.1). Therefore, as hypothesized in Chapter
2, either the residues disrupt the interface of Pol12 with more than just Poll, or they disrupt it to

a lesser, still viable degree by themselves.
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Figure 3.1: Disruption of some parts of the Pol1-Pol12 interface is lethal by LOF

(Left) A Poll2 Knock-out strain with covering CEN-URA3-Poll2 plasmid (yVL4931) was transformed
with variants of CEN-LEU2 plasmids with the content indicated. Cells were grown and viability was
compared on -Leu -Ura for control and -Leu 5-FOA for shuffling off the covering plasmid.

(Right) Localization of the residues mutated on the crystal structure of Poll2 interacting with Poll is
indicated with arrows in comparison to surfaces 1, 2 and 3 found by ODN and previously described in
red, green and magenta respectively (PDB 3FLO)

Finally, we combined mutants from different surfaces to address whether this might have
an additive effect resulting in lethality. This would argue that those surfaces have a moderate
effect on a redundant function. Indeed, if surfaces perform distinct functions, their combination
would not have an additive effect as they moderately impact different functions and pathways.
The combination of surface 1’s poll2-R248E and surface 3’s poll2-R322FE was the only double
mutant allele tested that resulted in lethality (Figure 3.2). This data, in addition to their common
ODN phenotype with Cdc13™, leads us to believe these two surfaces may in fact be a single

interface playing an important role pertaining to t-RPA and/or telomere homeostasis.
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Figure 3.2: Combination of alleles of surfaces 1 and 3 found by ODN is lethal by LOF

A Poll2 Knock-out strain with covering CEN-URA3-Poll2 plasmid (yVL4931) was transformed with
variants of CEN-LEU?2 plasmids with the content indicated on the left. Cells were grown and viability was
compared on -Leu -Ura for control and -Leu 5-FOA for shuffling off the covering plasmid.

Analysis of Poll subunit

A more recently published crystal structure that will extensively be used for this portion
of the chapter allows to map Pol12 residues within the entire Human polymerase alpha-primase,
or primosome (Baranovskiy et al., 2016). According to it, surface 1 and 3’s clustered in a cleft in
the middle of all 4 subunits. In order to address whether the function performed by the Pol12
surfaces also involves other subunits of the complex, we repeated the ODN experiment with a
library of Poll alleles generated with a similar strategy as described above (Figure 3.3). It
included mutants of the highly conserved very C-terminal region of the protein, as well as known

active site residues.
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Figure 3.3: Poll C-terminal sequence alignment and conservation throughout 14 yeasts
species

Highly Conserved and strictly conserved residues are highlighted in light grey and dark grey,
respectively. Amino acids missing for a particular species compared to S. cerevisiae are indicated with a
dash. Alignment was done using Macvector

Both areas tested showed a clear ODN phenotype with Cdcl3". This data argues that the
interface found in Poll2 extends to the C-terminal domain of Poll and that the polymerase
function is impaired by those alleles. Yet, upon testing poll-RI1366F, an allele expected to
disrupt the Pol1-Pol12 interaction according to Klinge and Pellegrini, no ODN phenotype was
observed (Figure 3.4). It is possible that this simple substitution is not enough to generate a

phenotype. However, several single mutants of Pol12 showed a distinct growth defect through
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that same assay and strain. This result therefore presumably argues that the loss of activity of the
complex is distinct from the polymerase subunit's integrity.

As described by Klinge and colleagues with the help of an existing Archea’s crystal
structure, the interface is located between two openings, one going through primase and the other
going through the polymerase subunits. It is thought to be where the DNA strand goes through in
order to be replicated (Firbank et al., 2008). Interestingly, the possibility of an interface with
DNA was already suggested in chapter 2 through the simple observation that most Poll12
residues with an ODN phenotype with Cdc13™ were in majority the result of a swap from a
positive onto a negatively charged residue, therefore potentially generating repulsion between the
mutated surface and negatively charged DNA strand.

Yet, one of the Poll mutants also highlighted by the ODN assay was poll-F14634, main
allele of a publication arguing for its crucial importance for the polymerase-primase interaction
(Kilkenny et al., 2012) (Figure 3.4). Indeed, Poll is thought to interact with Pri2 through the
latter’s very N-terminal region, while its C-terminal domain contains an iron sulfur cluster
important for the priming process and interaction with the catalytic subunit Pril. Therefore, the
polymerase-primase cohesion might also specifically be what is disrupted by those alleles and
the interface, beyond Poll, should therefore also extend to the primase half of the complex.

Complete data of the Poll ODN analysis is summarized in Table 3.3.
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Figure 3.4: Disrupting the interaction of Poll with Pri2, but not Poll2, results in an ODN
phenotype in a Cdc13™ strain
A cdcl3™ strain (yVL3660) was transformed with derivatives of overexpression 2u plasmids with Poll
(pVL6511) or empty vector (pVL399), as indicated on the left side. Cells were grown, gridded and replica
plated at increasing temperatures for viability comparison
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Table 3.3: Summary of ODN results of Poll alleles in Cdc13™S
Viability is represented with the following nomenclature:
++++: increased viability / +++: viable / ++: slightly impaired /
+: clearly impaired / +/-: almost inviable / -: inviable / n.t.: not tested

yVvL3660 (cdc13™)
plasmid # mutation 30°C 32°C 33°C
pvL399  Empty vector 4+ +++ ++
pvL6511 WT Poll ++4 ++ +

pMAM716 E702K e "
pMAM717 M703E - ++ +
pMAM719 R793E - + +/-
pMAM732 D864A - ++ ::
pMAM720 R885E - ++ +
pMAM734 E888K +? +? +-?
pMAM735 D889K - -|+|- ++
pMAM736 D891K - ++ +
pMAM737 E892K + =

pMAM740 L893K -I+|- +? +-?
pMAM742 V896K - -+

pMAM738 E900K - o

pMAM721 V957K . = +
pMAM722 N958K +H? +? +-?
pMAM723 Y962K . ++

pMAM724 K964E s i +
pMAM743  Y962E+K964E - 3 +/-
pMAM745  K1365E - + +/-
pMAM725  R1366E . ++ B
pMAM727  K1447E . ++ B
pMAM731  D1458K s - +/-
pMAM726  F1463A EEt 3 +/-
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The ODN assay on Pril uncovered an extensive surface necessary for DNA priming

Both primase subunits Pril and Pri2 were mutated and analyzed with a process similar to
that of the polymerase heterodimer. In the case of Pril, 84 out of its 409 amino acids were tested
for ODN, with roughly half of those giving a clear phenotype. A first patch of three residues
located at the very N-terminal extremity of the protein maps as a novel surface with a clear ODP

phenotype in Cdcl13™

. However, this region is fairly poorly conserved between yeast and human
primases. Two lysines of a neighboring area have a clear ODN phenotype with Pol//™ and
Cdc13™ when swapped to a negative charge. Interestingly, both of these residues stick out from
the surface of the protein. A third cluster located ahead of the active site in the sequence has an
ODN phenotype with Cdci3™ and maps at the suggested interface with Poll in Humans
(Kilkenny et al., 2013). One particular residue, K98, is at the tip of that interface but also shows
an ODN phenotype with Pol1™ in contrast with the rest of the surface, but in accordance with
the previously described lysine pair. Whether they highlight various degrees of importance
within a single interface or pertain to two distinct ones is unclear. It is worth noting that yeast
studies argue against a direct interaction between Pril and Poll and suggest that the connection
between primase and polymerase happens solely through the Pri2 subunit.

Several residues located throughout the sequence and expected to affect the catalytic
activity of Pril by altering its DNA binding ability have an ODN phenotype with both strains
and map around the catalytic site. Actual substitutions of the active site residues result in near
lethality even at semi-permissive temperature in the Poll mutant strain, but not necessarily in the
Cdc13 one. In fact, only one of the 3 aspartic acids that constitutes the active site has a similar

phenotype in Cdc13™ (Figure 3.5). The reason for this disparity has yet to be determined, as

studies argue for loss of priming abilities when mutating any of those residues (Kilkenny et al.,
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2013). Interestingly, no residues expected to connect Pril with Pri2 were found through that
assay. There are also no crystal structures available in yeast that include both subunits
interacting. Therefore, all surfaces found on Pril were summarized in Table 3.4 mapped on a

crystal structure of the protein alone (Figure 3.6).

Empty

pri1-D314A

pri1-D111A

pri1-D113A
Pri1
Cdc1378
Figure 3.5: Disruption of active site residues of Pril gives a differential ODN phenotype in
pol1™s and cdc13™S

A poll™ (yVL4119) and cdcl3™ strain (yVL3660) were transformed with derivatives of overexpression 2u
plasmids with Pril (pVL6303) or empty vector (pVL399), as indicated on the left side. Cells were grown,
gridded and replica plated at increasing temperatures for viability comparison

Histidines 186 and 323, located next to the active site, have a similar near-lethal
phenotype in both strains when mutated to Alanine and have been shown to also disrupt the
protein priming abilities (Vaithiyalingam et al., 2014). However, such growth defect observed
even at permissive temperature argues that the phenotype might not be dependent on the

sensitized strain but just the result of a near complete disruption of the essential function of Pril.
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Overall, all residues important for primase activity gave an ODN phenotype in both Pol/l/™® and
Cdc13™, whereas residues thought to be responsible for the protein interaction with Poll mostly
only had an ODN phenotype with the latter. Complete data of the Pril ODN analysis is

summarized in Table 3.5.

Active site

90 degrees

clockwise

Interface with Poll Interface with Pri2

Figure 3.6: Crystal structure of Pril with the different surface found by the ODN assay
Pril surface residues are colored in green. Surface residues with an ODN phenotype are highlighted in
colors as described in Table 3.4 and their predicted functions are indicated with arrows. PDB 4LIM

Table 3.4: Data summary of surfaces found on Pril by the ODN assay

Surface # ODN pol1-ts? | ODN cdc13-ts? Function

Surface 1 no obpP ?

Surface 2 YES YES ?

Surface 3 no? YES Interface with Poll
YES YES DNA binding Domain

Surface 5 YES YES? Active site

Surface 6 YES YES Essential priming residues
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Table 3.5: Summary of ODN phenotypes of Pril alleles
Viability is represented with the following nomenclature:
++++: increased viability / +++: viable / ++: slightly impaired /
+: clearly impaired / +/-: almost inviable / -: inviable / n.t.: not tested

yvL4119 (poll-ts) yVL3660 (cdcl3-ts)
plasmid # Mutation RT 30°C 32°C 30° 32° 33°
pvL399  Emptyvector -+ A 4+ 4+ +
pVvL6303 WT Pril H H+ . H +
pEDN 13 D14K 4 + (+) +++ ++ +
pMAM1 E16K 44 et +++ bt +44
pMAM2 K20E 44 44 +++ +++ +
pMAM3 S521E 44 et +++ +++ +4
pMAM4 521K 44 4+ ++4+ +++ +
pEDN 14 K26E +++ +/- - 4+ + +/-
pEDN 15 K37E 4+ +f- - +4++ +++ +f-
pMAMS S39E 4+ 4+ +4+ ++ +
pMAM124 S39K 4 +H+ +++ + +f-
pMAMEBE R40E 44 et +++ +++ +
pEDN 16 D41K 4 4+ +++ +4+ +/-
pEDN 17 R52E 4+ (+) (+) 4+ + +-
pMAM125 S53K ++ SN e bt +++ +
pMAM126 S53E 4+ A +++ + +-
pMAM127 G54E 4+ . +4+ + +
pMAM7 Y56E 4+ ++ 4/ +4++ + +/-
pMAMS Y56K 4 =+ 4f- +++ + +/-
pMAM9 R58E 44 4+ 44 +++ ++
pMAM128 NGOE 4+ =+ +4+ + +
pMAM129 NE6OK s (SN +4+ +++
pEDN 18 D67K 4+ ++ (+) +++ ++ +
pEDN 19 K69E 4+ ++ (+) +++ + +/-
pMAM130 N76E +++ +H+ +++ ++ +
pMAM131 N76K 4 e +++ -t +4+
pEDN 20 R79E 4+ +/- +++ -t +
pEDN 21 EB1K 44 ++ (+) ++4+ ++ +
pMAM132 K88E ERNS ET = Y bk + +
pMAM133 R91E e+ +H+ +++ +/- -
pMAM134 E92K 44 ++ H7? 44 +/- -
pMAM135 R93E 4+ 4+ +++ +/- -
pMAM136 T95E 4+ =+ +4+ +/- -
pMAM137 T95K 4 e +++ -t +
pEDN 22 K98E 4+ +/- - e+ +/- -
PMAMI10 D111A + + +/- 447 +4++7? +?
PMAM11 D113A ++ +  +f-? +++ ++ +
pMAM138 R121E 44 et +++ 4+ +
pPMAM139 Q128E FHE bR R 4 o +
pMAM140 Q128K b HH e e +
pMAM141 K132E 4+ e +4+ +++ +
pEDN 23 K135E 44 4+ + +++ +++ +
pMAM142 K142E 4 HH+ +++ ++ +
pMAM143 R149E 4 [ +++ ++ +
pMAM144 E150K 44 et +++ 4+ +
pMAM145 D151K 4 e +++ -t +
pMAM146 F152E 4+ e +4+ +++ +
pMAM147 F152K 4+ 4+ +4+ +++ +
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Table 3.5: Summary of ODN phenotypes of Pril alleles (cont.)

yVvL4119 (poll-ts) yVL3660 (cdc13-ts)
plasmid # Mutation RT 30°C 32°C 30° 32° 33°
pVvL399 Empty vector ++ +HH +H+ +H+ +
pvLE303 WT Pril o+ Ee = Y 4 4+ +
pMAM148 H168A + + +f- 4+ +/- -
pMAM149 D173K +++ +H+ +++ +H+ +
pMAM150 K174E +++ bt 4+ +++ +
pMAM151 R175E +++ i+ 4+ +++ +
pMAM152 R184E +++ i+ 4+ +++ +
pMAM153 N186E +++ +H+ +++ 4 +
pMAM154 N186K +++ +H+ +++ +++ +
pEDN 24 D189K +++ 4+ + +4+ -+ +
pEDN 25 R197E +++ + {+) 4+ ++ +/-
pMAM155 R197E et bt b 44 ++ +
pMAM156 N19BE +++ +++ ++4 ot +
pMAM157 N19B8K +++ +++ ++4 ot +
pMAM158 K201E +++ +++ +44 +4+ +
pEDN 26 R207E +++ ++ {+) 4 o+ +
pMAM159 H210E +++ +++ +44 +4+ +
pMAM160 H210K b At b 4 ek +
pEDN 27 R215E Ht At + At +++ +
pEDN 28 E231K Ht At + At +++ +
pMAMI161 E231K et bt 444 4t +
pEDN 29 K259E +H+ 44 4+ pa +
pMAM162 R268E et bt 444 ++ +
pMAM1E3 5269E et bt 444 4t +
pMAM164 5269K et bt 444 4t +
pMAMI1E5 K271E et bt 444 4t +
pMAM166 E272K +++ +H+ +++ +++ +
pEDN 30 K273E +++ 4+ +H+ -+ +
pMAMI167 N275E +++ +H+ +++ +++ +
pMAM168 N275K +++ +H+ +++ 4 +
pEDN 31 D278K +++ +4+ +++ -+ +
pEDN 32 D299K +++ +4+ +++ -+ +
pEDN 33 K301E +++ +4+ +++ -+ +
pEDN 34 D303K 4+ +4+ 4t ++ +
pEDN 35 K312E +++ mold (+) 44 + +/-
PMAM12 D314A + + - ++7 +-? -?
pEDN 36 E316K +++ mold (+) 44 +++7 +?
pMAM169 K319E +++ 44 + 44 + +/-
pMAM170 H323A + +/- - +4? P i
pMAM171 L324E ++ 4+ + 44 ++ +
pPMAM172 L325E + + /- +++ + =
pMAM173 K326E + + +- 4 +? -?
pMAM174 H332A et +++ 4+ + +/-
pEDN 37 N337K +++ ++4 + 4t 4 ++
pEDN 38 N337E +++ ++ {+) 4t ++ +
pMAM175 K353E +4+ +++ 444 ++ +
pMAM176 E360K +++ +++ ++4 ot +
pMAM177 E362K +++ +++ +44 +4+ +
pMAM178 T370E +++ +++ ++4 ++ +/-
pMAM179 T370K +++ +++ H44 +4+ +
pEDN 39 E372K b 4 + 4+ e ++
pMAM180 Q380E Ht 4+ 444+ +++ ++ +
pMAM181 Q380K et bt 444 4t +
pMAM182 K388E et bt 444 + +/-
pEDN 40 E390K +H+ +++ (4) 44 o o
pEDN 41 R396E 4+ 4t 4t ++ +



The ODN assay on Pri2 highlighted two distinct binding sites with Poll

Analysis of Pri2 was also a fruitful process. We created 185 single substitutions
throughout the 528 amino acids making up the whole protein. A first patch of N-terminal

residues shows an ODN phenotype only in Cdcl3™

. This surface isn’t part of the Human
primosome crystal structure except for one residue, the Human equivalent of Pri2-R39, and maps
at an interface of Pri2 and Poll. This result matches all previous observations arguing that
disruption of the primase and polymerase subunits is linked to this phenotype.

The second surface area arising from the assay was at its C-terminal region, a known
DNA binding domain. Mainly through its iron-sulfur (Fe-S) cluster made out of 4 Cysteines, it
facilitates the RNA primer synthesis and transfer of the hybrid helix to the polymerase half of the

complex. Interestingly, no ODN phenotype was observed in Cdc13™

when mutating single
Cysteine residues from the iron sulfur cluster (Figure 3.7). Indeed, it has been shown that this
feature of the protein isn’t needed for its interaction with polymerase (Kilkenny et al., 2013).
Furthermore, mutants of the Fe-S cluster residues are viable in a LOF assay whereas alleles of

some other important residues with a Cdc13™

ODN phenotype are not. Yet, is it possible that the
4 cysteines have a redundant effect and it has been shown that no significant viability defect
arises from single substitutions (Liu et al., 2015).

Beyond the lack of results with the Fe-S cluster of Pri2, several residues have been
identified in that area as playing a crucial role for DNA replication. In particular, Y397 has been

shown to be essential both in Yeast and Humans for its redox properties (O Brien et al., 2018).

Unlike mutants of the Fe-S cluster, pri2-Y397A4 is lethal as LOF (Figure 3.8).

57



-Leu -Ura -Leu + 5-FOA
c @8
ey o5
@D IPO O &
i2-C434A
> ee s afle o e
. ® & & RO O
pri2-C474A j
e RPO®O D
pri2-C336A o9 VRO 0 #
QS E PO @ B
pri2-C417A ® Y LB0@ B
Q9 R ANO & B
. 2% ~>HNO O ®
Pri2
> T80 O #

Figure 3.7: Single substitutions of the essential Pri2 iron-sulfur (Fe-S) domain are viable in
vivo

A Pri2 Knock-out strain with covering CEN-URA3-Pri2 plasmid (yVL4921) was transformed with
variants of 2u-ADH-LEU?2 plasmids with the content indicated on the left. Cells were grown and viability

was compared on -Leu -Ura for control and -Leu 5-FOA for shuffling off the covering plasmid at 30°C.
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Figure 3.8: Unlike mutants of the Fe-S cluster, pri2-Y397A is inviable through LOF
Strains prepared and treated as described previously were streaked on -Leu 5-FOA plates for viability
comparison to WT Pri2 at 30°C

Similarly, neighboring H401 has been among the first residues identified as giving the
protein its essentiality (Francesconi et al., 1991). Both highly conserved, they are thought to be
direct points of contact with the DNA strand and help it move through the complex (Sauguet et
al., 2010). For these residues, we opted for a mutation into a non-polar alanine rather than a
charge swap strategy to most efficiently abrogate their potential function without rendering the
allele completely inviable. Both pri2-Y3974 and pri2-H4014 had a similar extreme growth
phenotype in Cdcl13™ even at semi-permissive temperature. Although this result could relate to
their overall importance for viability, independently of the nature of the sensitized strain and
similarly to the Pril catalytic site, such intense growth phenotype wasn’t observed in Poll’®,

although a mild yet noticeable ODN phenotype was noted (Figure 3.9). Therefore, their essential
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function seems to be distinct from that of polymerase alpha-primase and linked to telomere

homeostasis and t-RPA.

Empty
pri2-Y397A
pri2-H401A

Pri2

Empty

® 9000006600
% *|0 0 ® & & @

pri2-Y397A

pri2-H401A

Figure 3.9: pri2 residues Y397 and H401 perform an essential function through t-RPA

A poll™ (yVL4119) and cdcl3™ strain (yVL3660) were transformed with derivatives of overexpression 2u
plasmids with Pri2 (pVL6443) or empty vector (pVL399), as indicated on the left side. Cells were grown,
gridded and replica plated at increasing temperatures for viability comparison
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Table 3.6: Summary of ODN phenotypes of Pri2 alleles
Viability is represented with the following nomenclature:
++++: increased viability / +++: viable / ++: slightly impaired /
+: clearly impaired / +/-: almost inviable / -: inviable / n.t.: not tested

yVL4119 (pol1-1) yVL3660 (cdel3-ts)
plasmid # mutation RT 30°C 32°C 30 32 33
pVL399  Emptyvector  ++ H+ +* +H+ +H

pvle443 WT Pri2 +H+ ++ - -

pEDN 57 R3E n.t. ++ ? i ++ +/-
pEDN 58 K6E n.t. ++ ? i +HH+ +
pMAM13 K6E +H+ ++ +HH+ i + +
pEDN 59 R7E n.t. +++ +HH+ i + +
pEDN 60 RBE n.t. +++ ++ i + +f-
pEDN 61 R12E n.t. +++ +HH+ i +Ht +
pEDN 62 K13E n.t. ++ + o+ ++ +
pEDN 63 E39K n.t. ++ + o+ ++ +
pMAM14 D63K +HH+ ++ +Ht o+ ++ +
pMAM15 Le4E +H ++ +HH+ i +H+ +
pMAM16 E6IK +H ++ +HH+ i +H+ +
pMAM17 I70E +H ++ +HH+ i +H+ +
pMAM18 T71E +H ++ +HH+ i +H+ +
pMAM19 T71K +H ++ +HH+ i +H+ +
pEDN 64 E73K n.t. ++ + 4t +H+ +
pMAM20 Q74E +HH+ ++ +HH+ 4t +H+ +
pMAM21 Q74K +HH+ ++ +HH+ 4t +H+ +
pEDN 65 E76K n.t. +++ + ++ +H+ +
pMAM22 I77E +HH+ +++ +H+ ++ +H+ +
pEDN 66 D81K n.t. +H+ + ++ +H +
pMAM23 D81K +H +++ +H ++ ++ +
pEDN 67 R82E n.t. +H+ + ++ +H +
pEDN 68 E8BK n.t. +H+ +H ++ +H +
pMAM24 E8BK +H +++ +H ++ +H +
pEDN 69 E90K n.t. +H+ + ++ +H +
pMAM25 E90K +HH +++ +H+ ++ +H+ +
pMAM26 S91E +HH +++ +H+ ++ +H+ +
pMAM27 S91K +HH +++ +H+ ++ +H+ ++
pEDN 70 RISE n.t. +++ +HH ++ +H+ +
pMAM28 R95E +++ +++ +++ e+ ++ +
pEDN 71 K97E n.t. ++ + e+ ++ +
pMAM29 K97E +++ +++ +++ e+ ++ +
pEDN 72 E101K n.t. ++ +++ e+ +++ +
pEDN 73 E103K n.t. ++ +++ e+ +++ +
pEDN 74 K107E n.t. ++ + e+ +++ +
pMAM30 K112E +++ +++ +H+ +++ +H+ +
pEDN 75 R124E n.t. +++ + +++ +H+ +
pEDN 76 K125E n.t. +++ + +++ +H+ +
pEDN 77 K126E n.t. ++ + ++ +H +
pEDN 78 H131K n.t. ++ +H ++ +H +
pEDN 79 H131E n.t. ++ +H ++ +H +
pEDN 80 R135E n.t. ++ +H ++ +H +
pEDN 81 R140E n.t. ++ + ++ +H +
pMAM31 K142E +H +H+ +H ++ +H +
pEDN 82 E143K n.t. ++ + ++ ++ +
pEDN 83 R145E n.t. +H+ +H ++H +Ht +
pMAM32 R145E +H+ +H+ +H ++ +Ht +
pMAM33 E146K +H+ +H+ +H ++ +Ht +
pMAM34 K147E +H +H+ + ++ +H+ +
pEDN 84 R150E n.t. Rand + ++ +H+ +
pMAM35 R150E +H +H+ +H ++ +H+ +
pEDN 85 E152K n.t. Rand + ++ +H+ +
pEDN 86 K157E n.t. Rand +H ++ +H+ +
pMAM36 K157E +H ++ +H+ ++ +H +
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Table 3.6: Summary of ODN phenotypes of Pri2 alleles (cont.)

yVvL4119 (pol1-1) yVL3660 (cde13-ts)

plasmid# mutation RT 30°C 32°C 30 32 33

pVL399  Empty vector ++ +H ++ e ++ +
pVle443 WT Pri2 +H+ +H +H +H -+ +
pEDN 87 R159E n.t. +t +H+ ++ ++ +
pMAM37 R159E +H +Ht +H+ ++ ++ +
pMAM38 F160E +H+ i+ ++7 ++ ++ +
pMAM39 F160K +H+ i+ ++7 ++ ++ +
pMAM40 D167K +H+ +t +H +t ++ +
pEDN 88 Q168K n.t. ++ +H+ e+ +++ +
pEDN 89 Q168E n.t. ++ +H+ e+ +++ +
pMAM41 T168E +++ +++ + 4+ +++ +
pMAMA42 T169K +HH+ +++ - 4+ ++ +
pMAMA43 K170E +HH+ +++ - 4+ ++ +
pMAM44 F171E +HH+ +++ - 4+ ++ +
pMAMA4S F171K - + - 4+ ++ +
pMAM46 N185E ++ ++ - 4+ -+ +
pMAMAT N185K ++ ++ +HH+ +++ 4+ +
pEDN 90 E186K n.t. +++ +++ n.t. n.t. n.t.
pMAM48 E187K - ++ - 4+ -+ +
pEDN 92 K188E n.t. +t +H+ ++ ++ +
pMAMA49 K188E +H +Ht +H+ ++ ++ +
pMAMS0 E211K +++ ++ + 4+ ++ +
pEDN 93 E212K n.t. +t +H +t ++ +
pMAMS51 E212K +++ +++ + 4+ +++ +
pEDN 94 R215E n.t ++ ++ e+ ++ +
pEDN 95 E222K n.t +t ++ +++ + +
pEDN 96 K226E n.t +t +HH+ +++ + +
pEDN 97 E230K n.t. +H +HH+ 4 ++ +
pMAMS2 E234K - + - 4+ ++ +
pMAMS3 L235E +++ +H - 4 ++ +
pEDN 98 R239E n.t. +++ + e ++ +
pMAMS4 L240E +++ ++ ++ e +++ +
pMAMSS K244E +++ +H ++ +Ht +++ +
pMAMSE D245K +H +Ht +H+ ++ ++ +
pMAMS8 Y247K +++ ++ +* 4+ ++ +
pMAMS9 Q254E +H +Ht +H+ ++ ++ +
pMAMBO Q254K +H+ +t +H +t ++ +
pEDN 100 Q255E n.t. +t +H +t ++ +
pMAMB1 Q255E +H+ +++ ++ e+ ++ +
pMAMB2 Q255K e+ 4+ e+ +++ +++ +
pEDN 101 E262K n.t. +H+ ++ +++ ++ +
pMAMB3 E262K +HH+ +++ - 4+ ++ +
pMAMEB4 K266E +++ +H+ +HH+ 4 ++ +
pMAMES K273E +++ +H+ +HH+ 4 ++ +
pMAMEE Q276E +++ ++ ++ +++ + -
pMAME? Q276K +++ ++ ++ +++ + -
pMAMBS R280E + +++ + + + -
pMAMB9 N282E + +++ - 4+ + +
pMAM70 N282K +H +Ht +H+ ++ ++ +
pMAM71 E283K +++ ++ + 4+ ++ +
pEDN102 D284K n.t. + + +Ht ++ +
pEDN 103 D285K n.t. + + +Ht ++ +
pEDN 104 R286E n.t. +++ ++ +++ +++ +
pMAM72 R286E ++ +++ +H+ e+ +++ +
pMAM73 N292E +HH+ +++ - 4+ ++ ++
pMAM74 N292K +HH+ +++ - 4+ ++ +
pMAMTS H293E +++ +H+ +HH+ 4 ++ +
pMAM76 H293K - 4+ +
pMAMT? L294E +++ +H - 4 ++ +
pMAM78 K338E - + ++ 4+ ++ +
pMAM79 N339E + +++ - 4+ + +
pMAMBO N339K + +++ - 4+ + +
pMAMB1 E342K +++ ++ + 4+ ++ +
pMAMB2 K345E +++ +++ + 4+ ++ +
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Table 3.6: Summary of ODN phenotypes of Pri2 alleles (cont.)

yVL4119 (pol1-1) yVL3660 (cdcl3-ts)

plasmid # mutation RT 30°C 32°C 30 32 33

pVL399  Empty vector ++ +H+ + +H B +
pvL6443 WT Pri2 ++ H +HH +H+ L +
pMAMESE3 K346E +H +Ht +Ht +H+ ++ +
pMAMS4 N347E ++ +H +H 4+ 4+ +
pMAMSS N347K + ++ +HH +H +H+ +
pMAMBGE H348E +H+ +H +Ht +H +++ +
pMAMBSE7 H348K + ++ +HH +H +H+ +
pEDN 107 R351A n.t. +t +H ++ ++ +
pMANMSESE R351A +++ ++ +H+ 4+ ++ +
pEDN 108 Y352A n.t. +t +f-7 ++ + -
pMAMSES ¥352A ++ +H ++ 4+ + -
pMAMS0 R355A +H+ +H + 4+ + -
pEDN109 R355A n.t. +t +H ++ 4+ +
pEDN 110 K363A n.t. +t ++ ++ ++ +
pMAMI1 K363A +H+ +H ++ 4+ ++ +
pMAMI2 D370K ++ +H +H 4+ 4+ +
pMAMI3 E379K ++ +H +H 4+ 4+ +
pMANMI4 E378K +H+ +H ++ 4+ 4+ +
pMAMI5 E389K ++ +H +H 4+ 4+ +
pMAMIE K390E ++ +H +H ++ ? ?
pMAMST F391E ++ +H ++ ++ ? ?
pMAMSE F391K +H+ +H ++ 4+ ? ?
pEDN 111 K393A n.t. +t ++ ++ 4+ +
pEDN 112 ¥Y395A n.t. +t ++ 4+ + -
pMAMI9 ¥Y395A +H+ +H +H +H ? ?
pEDN 113 ¥Y397A n.t. +t +H ++ 4+ +
pMAM100 ¥Y397A ++ +H + ++ ? ?
pMAM101 R400E +H+ +H ++ +H + +f-
pEDN 114 H401A n.t. ++ +f-7 ++ + +/-
pMAM102 H401A ++ ++ + 4+ + +/-
pMAM103 E406K +H+ +H ++ +H ? ?
pMAM104 R40SE ++ +t +? i + +-
pMAM105 N411E ++ +H +H 4+ ++ +
pMAM106 N411K +++ ++ ++ 4+ 4+ +
pEDN 115 Y412A n.t. +t ++ ++ ++ +
pMAM107 Y412A ++ +H +H 4+ ++ +
pMAM108 D416K +H+ +H +HH 4+ 4+ +
pMAM109 H418E ++ +H +H 4+ 4+ +
pMAM110 H418K ++ +H +H 4+ 4+ +
pMAMI111 S422E +H+ +H +HH 4+ 4+ +
pMAM112 S422K ++ +H +H 4+ ++ +
pMAM113 K423E ++ +H +H 4+ 4+ +
pEDN 116 R425E n.t. +Ht + 4 4+ +
pEDN 117 R428E n.t. +t ++ ++ ++ +
pMAM114 R428E ++ +H ++ 4+ ++ +
pMAM115 Y431E ++ +H +H 4+ 4+ +
pMAM116 Y431K +H +Ht +H ++ =+ +
pEDN 119 R437E n.t. +++ + +H H+ ++
pMAM117 R437E ++ +H +H 4+ 4+ +
pEDN 120 D438K n.t. +Ht ++ +H+ ++ +
pMAM118 D438K ++ +++ +? +H + +
pMAM119 E442K ++ +H +H 4+ ++ +
pMAM120 R443E +H +H +H +Ht ++ +
pMAM121 S460E ++ +H +H 4+ 4+ +
pMAM122 S460K ++ +H +H 4+ 4+ +
pEDN 121 D4B3K n.t. +t +H +H +++ +
pMAM123 D4B63K ++ +H +H 4+ 4+ +
pEDN 122 E469K n.t. +++ +HH +H H+ ++
pEDN 123 K476E n.t. it +H+ ++ 4+ +
pEDN 124 E479K n.t. +++ + +H H+ ++
pEDN 125 H499K n.t. +t +H ++ 4+ +
pEDN 126 H4399E n.t. +Ht + 4 4+ +
pEDN 127 ES05K n.t. +t +H ++ 4+ +
pEDN 128 R506E n.t. +t ++ ++ 4+ +
pEDN 129 R508E n.t. +H ++ 4+ ++? -7
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Conclusion: Mapping of ODN residues on the Human primosome crystal structure

The ODN assay successfully highlighted clusters of residues in each of the 4 subunits of
polymerase alpha-primase. The alleles found include most of the complex known functions by
encompassing the active sites of Pril and Poll as well as several interfaces between primase and
polymerase. Most of those mutants cluster within a common complex-wide interface of the
Human primosome structure solved by the Tahirov lab, as do the novel Pol12 surfaces 1 and 3

(Figure 3.10).

Figure 3.10: Representation of the human primosome with localization of the ODN
residues and hypothesized DNA strand path

Human equivalents of Poll, Poll2, Pril and Pri2 are shown in blue, dark blue, green and dark green,
respectively. Surface residues with an ODN phenotype with cdc13™ on Poll, Pril and Pri2 are indicated
in yellow, gray and orange, respectively. Surface residues with an ODN phenotype with cdc13™ on Poll2
are indicated in red and magenta in accordance with previous figures. Black arrow represents the path
that the lagging strand is expected to go through during replication. PDB 5SEXR
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In particular, Pol12-R248 and Pol12-R322, uncovered for their phenotype with cdci13™

in surfaces 1 and 3, respectively, when mutated, are well exposed within that cleft (Figure 3.11).

pol12-R322

pol12-R248E

- f~-." - - Y

Figure 3.11: Close up of the openings going through polymerase alpha-primase and
localization of surface residues with an ODN phenotype

Human equivalents of Poll, Poll2, Pril and Pri2 are shown in blue, dark blue, green and dark green,
respectively. Surface residues with an ODN phenotype with cdc13™ on Poll, Pril and Pri2 are indicated
in yellow, gray and orange, respectively. Surface residues with an ODN phenotype with cdc13™ on Poll2
are indicated in red and magenta in accordance with previous figures. PDB SEXR

The only ODN residues not visible within that complex-wide interface are Pril’s active
site and Pri2’s known DNA Binding Domain and Fe-S cluster (Figure 3.12). The prior is located
on the opposite side of the protein, at the entrance side of the cleft. The latter overlaps with an
interface with Poll (Figure 3.13). One possible explanation for its phenotype could be found by
looking at the dynamics of the Human primosome structure. This interface is independent from
the characterized one between the N-terminal of Pri2 and C-terminal of Poll. It has been shown
that, as the polymerase alpha-primase complex is highly flexible throughout the replication

process, so is the interface between Poll and Pri2 (Nunez-Ramirez et al., 2011, Baranosvkiy et
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al., 2016). In the earlier steps of priming, Pri2 stands in the way of polymerase to keep it from
elongating incomplete RNA primers. Then, the N-terminal Pri2/C-terminal Poll separates,

facilitating the active site of polymerase contact with the primed DNA strand.

180 degrees

ﬁ

Pri2 Fe-S Cluster

Figure 3.12: Representation of the human primosome rotated 180 degrees compared to
Figure 3.10 with localization of the ODN residues

Human equivalents of Poll, Poll2, Pril and Pri2 are shown in blue, dark blue, green and dark green,
respectively. Active site of Pril and the Fe-S cluster of Pri2 are indicated with arrows. PDB SEXR

The availability of the Human primosome structure also allows to place the Poll™
sensitive-only ODN Pol12 surface 2 within the complex. It shows those residues as also being a
part of an interface with Poll’s amino acids ~1140 to 1145. Whether this interaction is constant,
transient or an artifact has yet to be determined. Because of its lack of ODN phenotype in
Cdc13™, mutants from surface 2 were only further investigated as a control that the phenotypes
observed in the other surfaces are specific to their sensitivity to t-RPA defects. One specific

synthetic phenotype pertaining to that surface only will also be discussed in chapter 5.
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pol12-N312

90 degrees

clockwise

pri2-Y397

pri2-H401

Figure 3.13: Representation of the human primosome with surface 2 residues of Pol12 and

Pri2 that interact with Poll
Human equivalents of Poll, Poll2, Pril and Pri2 are shown in blue, dark blue, green and dark green,

respectively. Surface residues of Poll2 with an ODN phenotype in poll™ and of Pri2 with an ODN
phenotype in both poll™ and cdc13™ are indicated with arrows. PDB SEXR

Data from this chapter is currently in preparation to be published (Meunier and Lundblad,

in preparation). The dissertation author was the primary researcher and author of this material.
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CHAPTER 4:
Phenotypic characterization
of the ditferent Poll2 surfaces
found by the ODN assay
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Abstract

We investigated the nature of the defects generated by the Pol12 mutants found by the
ODN assay. Although all viable in vivo, they resulted in a disruption of telomere homeostasis
with a striking elongation phenotype for both poll2-R248E and poll2-R322E, alleles
representative of surfaces 1 and 3 previously suspected to perform a similar function. In contrast,
poll2-D303K of surface 2 has WT-looking telomeres on a Southern blot assay. A closer look
into individual telomeric ends of those mutants through the use of TeloPCR shows that, although
overall longer, many of those sequences are also much shorter than average, even considered
critically short, a phenotype thought to trigger cell cycle arrest and DNA damage checkpoints.
Furthermore, the profile of those elongated telomeres mutants closely resembles those of t-RPA
mutants, arguing once again that the two complexes may act together towards a pathway that,

when disrupted, gives rise to this striking phenotype.
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Introduction: Yeast telomeres and t-RPA mutant telomeric defects

Based on the growth phenotype of Poll2 mutants in a t-RPA defective strain and
evidence of the genetic and biochemical interaction between the two complexes, it seemed
obvious to look at possible changes in telomere homeostasis arising from disruptions of the
surface of the protein. To test Poll2 alleles for telomere-related phenotypes, we used the
previously described Loss-of-function (LOF) strategy, with the same goal of testing a broader
number of mutants without needing to integrate them onto the genome. Indeed, all of those
individual mutations were found to be viable through LOF. Furthermore, the selection marker-
based feature of the assay allows to maintain expression of WT Pol12 in the strain up until
testing, ensuring that telomere homeostasis is maintained. Once shuffled off, the sole leftover
expression of the mutated copy of the gene will potentially alter telomere homeostasis in a cell
cycle dependent manner. Therefore, strains are successively streaked-out three times before
analyzing telomeric DNA in order to let the mutation be expressed for roughly 60 to 75
generations (Joseph and Hall., 2004).

Telomeres are naturally variant, but have an overall stable average length specific to each
species. In S. cerevisiae, the average telomere length is around 300to 350bp, as observed by
Southern Blot (Wellinger and Zakian, 2012). This particular assay yields an image of telomeres
with several bands corresponding to two main kinds of elements. The first, X elements, is a
group of subtelomeric DNA with a typically set length for each of the chromosome ends. They
are not affected by the end-replication problem but could potentially be altered if the replication
fork isn’t performing at optimal capacity. The other, Y’ elements, include telomeric extremities

that may strongly vary, both from replication defects and their physical localization at the
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extremity of chromosomes. Y’ elements therefore typically have a much broader band than X
elements, highlighting this variation, even in WT strains.

Mutants of t-RPA have shown three different kinds of telomeric defects. The original
allele that led to the discovery of Cdcl3 showed a progressive shortening of telomeres. This
senescence phenotype served as proof that the t-RPA complex plays an essential role in
telomerase function (Lendvay et al., 1996, Nugent et al., 1996). In contrast, forcing the
interaction between Cdcl3 and telomerase subunit Est2 by fusing the proteins resulted in an
elongation of telomeres, arguing that the role of t-RPA in recruiting telomerase is normally
regulated (Evans and Lundblad, 1999). A second category of Cdcl3 defects results in a
shortening of telomeres without senescence of the cells (Meier et al,, 2001). This observation
supports the idea that it also interacts with other regulators playing a role in telomere
recruitment. Finally, a subset of Cdc13 mutants elongates telomeres, a defect thought to be
linked with an impaired negative regulating function of the protein (Chandra et al., 2001).
Therefore, Cdc13 is thought to either positively or negatively regulate telomerase recruitment
with different domains and under various conditions. Interestingly, overexpressing Stnl
normalizes telomere length of the last category of mutants, arguing that Cdc13 alone might have
a different role than within the t-RPA complex. Mutants of Stnl themselves showed to have
overwhelmingly elongated telomeres (Grandin et al., 1997, Grandin et al., 2000). Finally,
although less studied, Tenl TS alleles have the same long-telomere phenotype (Grandin et al.,
2001). Therefore, the nature of the defect in telomere homeostasis can give an indication of the

possible role of the protein involved.

71



Material and methods: Southern Blot

All strains used for the assay were derivatives of yVL4931 (MATa ura3-52 lys2-801 trp-
Al his3-A200 leu2-Al poll2-A::KAN, complemented with pVL7267 (CEN URA3 Pol12)) and
yVL3734 (MATa ura3-52 lys2-801 trp-Al his3-A200 leu2-Al rifl-A::KAN) transformed with
various alleles of pVL7270 (CEN LEU2 Pol12) as described in chapter 3. Strains were grown in
duplicates overnight in 2mls of Yeast Extract Peptone Dextrose (YPAD) after being streaked-out
3 times. Cells and nuclei were lysed and genomic DNA was extracted to be digested with Xhol.
The samples were run on an 0.8% gel, transferred on Nitrocellulose membrane and probed with a

2P telomeric probe. After the appropriate washes, the blot was exposed to film and developed.
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Table 4.1: List of plasmids used for Southern blot analysis and ODN assay of the Poll2-

R248 variants

Plasmid # Content

pVvL399 2u LEU2 ADH

pvL6321 2u LEU2 ADH-POL12
pVvL7267 CEN URA3-POL12
pVvL7270 CEN LEU2-POL12

pVvL7274 CEN LEU2-pril-K98E
pVvL7277 CEN LEU2-pri2-F391K
pVL7376 2u LEU2 ADH-pol12-R248E
pVvL7499 CEN LEU2-pol12-R248E
pVvL7501 CEN LEU2-pol12-D262K
pVvL7502 CEN LEU2-pol12-G327K
pVvL7503 CEN LEU2-pol12-D303K
pVL7505 CEN LEU2-pol12-R322E
pVvL7507 CEN LEU2-pol12-R329E
pvL7927 2u LEU2 ADH-pol12-R248A
pVvL7928 2u LEU2 ADH-pol12-R248Q
pVvL7934 2u LEU2 ADH-pol12-R248S
pVvL7979 CEN LEU2-pol12-M250E
pVL7980 CEN LEU2-pol12-Q252E
pVL7981 CEN LEU2-pol12-Q252K
pVvL7982 CEN LEU2-pol12-Q255E
pVL7983 CEN LEU2-pol12-Q255K
pVL7984 CEN LEU2-pol12-5258K
pVL7985 CEN LEU2-pol12-E319K
pVL7986 CEN LEU2-pol12-P575E
pVL7987 CEN LEU2-pol12-P575K
pVL7988 2u LEU2 ADH-pol12-R248M
pVL7989 21 LEU2 ADH-pol12-R248N
pVL7990 2u LEU2 ADH-pol12-R248T

Results: Southern Blot analysis of Pol12 mutants

Because of their strong ODN phenotype, high conservation throughout species and
likeliness to be important for the protein interactions based on the nature of the amino acids and
localization on the primosome crystal structure, we selected poll2-R248E, poll2-D303K and
poll2-R322F to represent surfaces 1, 2 and 3, respectively. These mutations, among additional
ones further described below, were expressed by exposure to 5-FOA to shuffle off the WT
Pol12-containing covering plasmid, streaked for ~75 generations and ran through the Southern

blot process to be analyzed. Control strains include WT, as well as a subset of the suspected
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Pol12 residues involved in the interface with Poll. Surfaces 1 and 3 mutants showed a striking

elongation of telomeres. In comparison, surface 2 mutants seemed to mimic WT (Figure 4.1).

pol12-R322E
pol12-D303K

Pol12
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Figure 4.1: Southern blot analysis of Pol12 alleles of surfaces 1, 2 and 3 in comparison to

WT shows different telomere length phenotypes
LOF assay monitoring telomere length of poll24 yeast strains bearing single-copy plasmids expressing
mutations or WT Poll2 as described at the top. Blot was cropped for result clarity

For both pol12-R248E and poll2-R322FE, main mutants representative of surfaces 1 and
3, the bottom edge of the band barely overlapped with the top part of a neighboring WT strain
band, suggesting that even their shorter specimens are longer than most WT ones. This does not
however show that this increase is specifically located at telomeric extremities as the internal,

telomeric sequence packed X elements are also affected. It could instead be the sign of a

dysregulation of all highly repetitive, difficult to replicate sequences throughout the genome, of
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which telomeres are the most prominent example. Although surface 2 mutants don’t display any
visible increase in telomere length, it does not necessarily mean that telomeres weren’t affected,
as will be discussed below. Yet, the lack of visible elongation in contrast with the other two
mutants argues that a different pathway might be affected, in accordance with previous results.

In addition to the main residues, the ODN assay highlighted a single substitution in Pol12
originally thought to have an ODN phenotype with both Poll™ and Cdci13™. This residue,
poll2-D262K, maps within surface 3, and matches the phenotypes of the cluster. Yet, it shows
by Southern blot analysis an extreme elongation phenotype, different from its neighboring pol/12-
R322F but strikingly similar to mutants of two subunits of the t-RPA complex Stnl and Tenl
(Gelinas et al., 2009, Xu et al., 2009) (Figure 4.2). A closer look at the structure argues that this
residue destabilizes the protein and renders the allele temperature sensitive. Indeed, expression of
the mutant by itself and not in a sensitized TS strain also results in a temperature-dependent loss
of viability. This mutant illustrates how the degree of disruption of Poll12 directly correlates to
telomere elongation. Whether this extreme lengthening is the direct cause of lethality or simply a

side effect of disrupting an essential pathway beyond survival has yet to be understood.
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pol12-D262K
Pol12

pol12-R322E
pol12-G327K

Figure 4.2: Southern blot analysis of a TS allele of Poll2 in comparison to mutations of

ODN-found surface 3 shows different levels of telomere elongation
LOF assay monitoring telomere length of poll24 yeast strains bearing single-copy plasmids expressing
mutations described above.

For confirmation of the ODN assay results that distinguish novel Poll2 alleles from
characterized ones, we included the alleles characterized by Klinge and colleagues as being
responsible for the interaction of Poll2 with its partner Poll (Figure 4.3). Non-polar residues
were swapped onto both charges to investigate whether it may result in a differential phenotype.

As shown in Figure 4.2, po/12-G327K shows the same elongated telomere phenotype as poll2-
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R322E. However, none of the other alleles do, although Pol12-M250 and Pol12-E319 become
slightly longer than WT when mutated. These residues localize close to surface 1 and 3,
respectively. Highly conserved Pol12-P575 shows no elongation phenotype when mutated onto
either a positively or negatively charged residue. This allele was previously discussed for its
ability to disrupt the interface between Poll and Poll2 causing inviability when combined with

substitution of neighboring residues. Therefore, disrupting the interaction of the two proteins

pol12-M250E
pol12-Q252E
pol12-Q252K
po/ 12-Q255E

pol12-Q255K
po/ 12-S258K
pol12-E319K
pol12-R329E
pol12-P575E
pol12-P575K

Pol12
Pol12
Pol12
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results in a different telomere length phenotype than some of the residues found by ODN.
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Figure 4.3: Southern blot analysis of mutants of residues thought to be important for the
interface of Pol12 with Poll did not show a telomere elongation phenotype

LOF assay monitoring telomere length of poll24 yeast strains bearing single-copy plasmids expressing
mutations described above.
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Tracking the telomeric elongation phenotype of Poll2 mutants over generations

Although a typical Southern Blot analysis is done on strains streaked out to 3X to allow
ample time for any change in telomere homeostasis to take place, we wanted to address whether
the elongation phenotype observed in poll2-R248E and poll2-R322F happened progressively or
as the result of a sudden event. In order to do so, we gathered, prepared and analyzed telomeric
DNA of both strains in duplicates from “0X” (straight out of frozen glycerol) to 5X (5 successive
streak-outs), in parallel to WT. Both mutants showed a linear increase of their telomeric DNA
after each streak-out (Figure 4.4). Therefore, the telomere elongation phenotype is progressive,

not random and cell-cycle dependent.

'$11 050808

Pol12 pol12-R248E pol12-R322E

Figure 4.4: The telomere elongation phenotype of Pol12 alleles is progressive
LOF assay monitoring telomere length of poll24 yeast strains bearing single-copy plasmids expressing

mutations described above. Strains were analyzed from frozen into glycerol (0X) for 5 successive
streaked-outs (1X -> 5X).
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This assay was designed with the assumption that 5 successive streak-outs might be
enough generations to reach telomere homeostasis of those mutants. However, as shown by
Meier and colleagues, some mutants might need more time to attain their modified telomere
homeostasis, up to 225 generations or ~11 streak-outs (Meier et al., 2001). 1t is therefore difficult
to conclude whether Poll2 alleles reached an equilibrium or physical limitation at 5X.
Interestingly, every strain including WT showed a broadening of their Y’ elements band over
generations, a result presumably representative of the various events that may shorten or elongate
the ends even in WT. Finally, it is important to note that the mutant strains already showed an
elongation of their overall telomere length at “0X”. This result can be explained by the fact that
the strains were grown in liquid media overnight in order to create the frozen glycerol vial used
for this experiment, which involved several rounds of cell cycle. Even though the covering
plasmid with WT Poll2 was still present, the one containing the mutant version was also
expressed at a basal level mimicking what a diploid heterozygous strain would look like.
Therefore, the effect of the mutant isn’t linked to its overexpression and the presence of WT
Pol12 isn’t enough to preserve telomere homeostasis, arguing that it doesn’t outcompete the

mutant. Furthermore, it does not behave as a recessive allele compared to WT.

Additive effect of the telomere elongation phenotype of Poll2 in the absence of negative

telomerase regulator Rifl

Changes in telomere homeostasis can result in either telomere shortening (stable or
senescent) or telomere lengthening depending on the allele tested which can give an indication of

the pathway they might be involved in. Elongated telomeres have been reported with many
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mutants, most of which are non-essential genes thought to play a role in physically binding and
protecting telomeres. Mutants in all 3 subunits of t-RPA, as well as novel alleles of primase
found by ODN, have exhibited “long telomeres” mutants arguing that all those distinct alleles

may work together, in accordance with results described in Chapter 3 (Figure 4.5).

pril-K98E
pri2-F391K

Figure 4.5: Primase alleles show a similar elongated telomere phenotype

LOF assay monitoring telomere length of prild or pri2A yeast strains bearing single-copy plasmids
expressing mutations described above compared to WT
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Among the non-essential genes resulting in telomere elongation when depleted is Rifl,
which is thought to specifically localize at telomeric sequences in order to protect them from
degradation (Hardy et al., 1992). Because the absence of this protein results in an increase in
telomere length, it has been hypothesized that Rifl, alongside other telomere binding proteins,
act to repress telomerase recruitment and/or activity. This long-standing “protein-counting”
model argues that telomere length directly correlates with the amount of factor bound (Marcand
et al., 1997). Therefore, the shorter the telomere, the more likely telomerase will act on it as the
amount of factors bound is low. This strategy is important not only not to waste energy
elongating telomeres that aren’t critically short, but also as the amount of the enzyme present in a
cell isn’t enough to elongate every telomeric end after each round of replication (Mozdy and
Cech, 2006). However, recent data from our laboratory has demonstrated that telomerase acted at
the same likelihood at shorter and longer telomeres, in opposition with this model (Paschini et
al., 2020). 1t is therefore possible that Rifl inhibits telomerase through different means.

In order to assess whether Pol12 mutants and rif14 disrupt the same pathway giving rise
to elongated telomeres, we combined both defects. If they are, one can expect the double mutant
to show the same phenotype as each single allele. Although literature recorded growth reduction
of rifi4 with alleles of Poll2 and Pri2, such phenotype was not observed with poll2-R248E
possibly because of the separation-of-function nature of the allele, in opposition to previously
characterized TS ones (Anbalagan et al, 2011). Yet, Southern Blot analysis showed that
telomere elongation of both single defects was additive in the context of the double mutant strain
(Figure 4.6). This result argues that Pol12 and Rifl may act in two distinct pathways that both

result in telomere elongation when depleted.
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pol12-R248E/rif1A
pol12-R248E
pol12-R248E/rif1A
pol12-R248E

Figure 4.6: Rifl and Pol12 influence telomere length through distinct pathways
LOF assay monitoring telomere length of riflA (yVL3737), poll2A (yVL4931) or a combination of the
two yeast strains bearing single-copy plasmids expressing mutations described above compared to WT.

Discussion: limitations of Southern Blot analysis and emergence of the TeloPCR assay

Although widely used, Southern blot analysis of telomeric DNA has drawbacks that can
limit the amount of data obtained. First of all, the nature of the assay can exclude readings of
critically short telomeres. Indeed, the signal is proportional to the amount of telomeric probe
bound to the DNA. Therefore, shorter DNA might not be visible next to longer strands. This

issue is particularly relevant in strains resulting in a drastic increase in telomere length, such as
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Pol12 mutants. Getting the appropriate and/or multiple exposure(s) to limit this issue can be a
delicate process as the developing step of the protocol is extremely time sensitive.

Similarly, size variations might be difficult to detect. Although telomeric repeats
themselves are a few hundred base pairs long, the entire Y’ element is much longer, over 1kb.
The agarose gel density can make it impossible to see small changes that are still an indication of
impaired telomere homeostasis or WT-length telomeres that are abnormal.

Finally, the nature of the telomere itself cannot be analyzed through this assay. More
specifically, as the probe hybridizes to the C-strand, information regarding the single stranded G-
tail, as well as possible changes in telomeric sequence or conformation cannot be recovered.
Therefore, study of any changes in the length and/or nature of the single stranded telomeric tail is
impossible through Southern Blot.

For these reasons, we added a telomere PCR (TeloPCR) based assay adapted in the
laboratory (Bennett et al., 2016). This protocol indiscriminately isolates and amplifies hundreds
of copies of a given telomeric end from a single colony. Products are subsequently cloned onto a
vector to be sequenced. The resulting data can be sorted by length, creating a TeloPCR “profile”.
Such profiles vary greatly from strain to strain. They can be characterized by both the average
telomere size, as well as the degree of variability from that mean. Our original WT strain was
extensively sequenced to create baseline TeloPCR profiles for several distinct telomeric ends,
mainly chromosome VI-R and I-L (Paschini et al., 2020). Although matching the average length
of ~300bp described in the literature, the degree of variation and amount of “critically short”
telomeres present even in a WT cell brings in a new vision to telomere homeostasis.

As the assay involves cloning of the PCR products, there was a specific hurdle pertaining

to long-telomere strains that needed to be addressed. Indeed, there is an experimental limit for
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the size of the insert that can be inserted into the vector needed to sequence it. Therefore, the risk
was that the longest specimens might fall through during the process. To work around this, we
created variants of a chosen ODN mutant pol/2-R248E. The goal of such a process was to find
an allele with a milder phenotype while staying representative of the impaired function of that
residue. This strategy was in part inspired by a similar approach of the Wuttke laboratory
working on Cdc13 and its ability to bind to DNA (Glustrom et al., 2018).

We created six variants of the original charge swapped residue, with substitutions into
amino acids of different natures. The resulting alleles showed a wide range of severity of ODN
phenotypes, ranging from the most intense being the pol/l2-R248E charge swap, to the mildest
being the pol/12-R248M allele (Figure 4.7).

The poll12-R248A4 allele was selected for a pilot study because of its mild yet noticeable
phenotype. We analyzed its telomere length through Southern Blot and found that the overall
length was close to WT, bypassing the limitations described above and allowing further analysis
by TeloPCR with the expectation of still observing impaired telomere homeostasis (Figure 4.8).
A similar result was observed with pol//2-R322E compared to poll2-R3224, arguing that the

defect is linked to the nature of the modified amino acid.
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Figure 4.7: ODN analysis of variants of Pol12-R248 in a cdc13™S strain shows a variety of
growth phenotypes

Strains with a cdcl3™

mutation were transformed under selective marker pressure with an
overexpression 2 micron (2u) vector including the content indicated on the left side. Two independent
colonies were grown, replica gridded at different dilutions and grown for 3 days at permissive (28°C) and
non-permissive (32°C) temperatures.
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pol12-R248A
Pol12

Pol12

Figure 4.8: The alanine variant of key Pol12 residues does not exhibit elongated telomeres

Mutations were integrated using the pop-in pop-out method described in Chapter 5 (poll2-R248E =
yVL5025, poll2-R322F = yVL5026, poll12-R2484 = yVL5524, poll2-R322A4 = yVL5525), streaked-out 3
successives times alongside WT (yVL2967) and prepared as described in Material and methods
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Material and methods: TeloPCR

All strains used for the TeloPCR assay had their mutation integrated to the genome using
the pop-in pop-out method described in chapter 5. The resulting strain of interest is spread on a
solid Yeast Peptone Adenine Dextrone (YPAD) media from a 40% glycerol solution stored at -
80°C. Once grown at 30°C for ~72 hours, a single colony is picked and re-streaked on similar
media in order to generate several distinct colonies sharing the same original founder cell. A
subset of them (typically 8 to 12) are then grown individually in liquid YPAD media overnight.
Cells are pelleted and their DNA is extracted and purified. Using ~150ng of template, the
chromosome I left (I-L) telomeric end of each sample is amplified with Taq polymerase after
addition of a C-tail using Terminal transferase (TdT) in sterile conditions. A second round of
Ethanol-based purification concentrates the PCR product of which half is TA-cloned using the
Thermo Fisher Scientific TA Cloning™ Kit and lab-made CaCl, E. coli competent cells. Clones
are picked by blue-white color selection using X-Galactose and grown in prewarmed Luria-
Bertani (LB) media with Carbenicillin (50mg/L) overnight to amplify the DNA. After a final
round of DNA extraction using Qiagen’s QIAprep Spin Miniprep Kit, samples are diluted at

~100ng/ul to be sent to sequencing by EtonBio with the universal M13-F40 primer.
Table 4.2: List of strains used for the TeloPCR studies

All strains were derived from yVL2967 and have the background genotype ura3-52 lys2-801 trp-Al his3-
A200 leu2-A in addition to the described point mutation

Strain # Genotype
yvL2967 WT

yvL5524 pol12-R248A
yvL5684 pol12-D259K
yvL5782 pol12-R248Q
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Results: Analysis of the pilot TeloPCR profile of pol12-R248& variants

Eight individual colonies with a common founder cell of genotype po/l2-R2484 were
selected and their DNA amplified by PCR side by side with a WT strain for comparison. Prior to
moving on to the cloning steps, they were run on a 2% agarose gel to check the nature and rough
size of the telomeric PCR product. Every colony showed a single loose band around 500bp, with

a range of up to ~200bp of variation in lengths (Figure 4.9).

#1 2 3 4 5 6 7 8 9 101112

#1: size marker

#2: WT

#3 to #9: pol12-R248A
#10: WT

#11: negative control

-
-
-
-
-
-

#12: size marker

Figure 4.9: TeloPCR pol12-R248A4 samples run on a 2% agarose gel
Sul of the PCR product with the indicated template genotype was run for 2 hours at 100V on a midi 2%
agarose gel alongside 5ul of 100bp size marker. Negative control = PCR sample with no template

Such variation is expected as individual colonies formed from one common cell that may
have undergone different random events of replication fork stalling, DNA damage and
telomerase action throughout cell cycles. Yet, as expected from previous results, every colony
had an overall elongated telomere length, compared to a WT strain PCR product of ~400bp.

In order to ensure the final result to be as representative of the overall strain changes as

possible, the TeloPCR profile of poll2-R2484 was constructed by combining data of two
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independent rounds of PCR using a DNA template extracted from four colonies, with a total of
145 sequences processed and sorted. The colonies were chosen based on band intensity and
cleanliness of the PCR product for cloning efficiency, as well selecting bands representative of
the total range of sizes found over all original colonies.

With an average length of ~340bp compared to ~310bp for WT, the teloPCR profile of
poll2-R248A only showed a slightly elongated telomere phenotype, as previously observed by
Southern blot (Figure 4.10). There is no obvious t-DAM (telomeric Deviation Away from the
Mean), factor determined by counting the percentage of sequences that are more than 100bp
longer or shorter than average. Yet, telomeres that are more than 100bp shorter than average
were overall shorter in poll2-R2484 samples compared to WT. This result goes against the
protein-counting model and argues that the mutation does not solely result in elongated

telomeres as observed through the Southern blot data.
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200bp  300bp 400bp 500bp  600bp

100bp

Figure 4.10: TeloPCR profile of pol12-R2484 compared to WT
n=145 sequences from poll12-R248A4 (yVL5524) were individually processed and sorted by length in blue.
Black curve represents the outline of a control WT (yVL2967) teloPCR profile of n=240 sequences

generated by members of our laboratory (Paschini et al., 2020)
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A second variant chosen to be analyzed was poll2-R248Q. Based on the previously
shown ODN assay result, this variant has a phenotype intensity closest to pol/l2-R248E. We
therefore expected this allele to show a more dramatic TeloPCR profile than poll2-R2484, with
the possibility of missing some of the longest telomeres due to the experimental constraints of
the assay previously described. To generate this profile, 127 samples were analyzed from two
independent rounds of PCR protocol on three different colonies. The average of 475bp is over
50% longer than the ~310bp of WT. Telomere lengths varied from 80bp all the way up to 670bp,
which is over twice the size of an average telomeric end. Strikingly, the profile appears to have
two distinct slopes. Roughly two thirds of the samples are very tightly distributed between 400bp
and 600bp, whereas the rest shows samples erode from 300bp all the way down to 100bp and
below (Figure 4.11). There are several possible hypotheses to justify the obvious lack of samples
ranging between 300 and 400bp, which would typically make up the majority of the samples of a
WT strain. Firstly, the number of sequences could be too small and have fortuitously not covered
this range. For comparison, the WT strain profiles were made using for about 250 samples. Yet,
this seems unlikely as it would have necessitated over 20 additional samples to make the profile
one even slope. Secondly, this could have been the result of a human error, either during PCR
and/or sequencing. One again, this is unlikely as this profile was constructed from two distinct
PCRs from which samples were sequenced not all at once to rule out the possibility of such
issues. Therefore, the most likely explanation is that this gap is the result of the disruption of
telomere homeostasis arising from the mutation. Whether there is a threshold length over/under

which telomeres are recognized and treated differently is a possibility to be explored.
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Figure 4.11: TeloPCR profile of pol12-R248Q compared to WT

n=127 sequences from poll2-R2480 (yVL5782) were individually processed and sorted by length. Black
curve represents the outline of a control WT teloPCR profile of n=240 sequences generated by members
of our laboratory (Paschini et al., 2020)
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Analysis of TeloPCR profile of surface 3’s pol12-D259K

The choice of the allele poll2-D259K to represent surface 3 for this assay was made
based on the combination of its strong ODN yet mild Southern blot telomere length phenotypes.
131 samples were generated and sorted based on a similar experimental approach as described
above. Lengths range from 60bp up to just over 700bp, with an average of around 350bp (Figure
4.12). Unlike poll2-R248Q, samples are distributed evenly, creating a clear t-DAM phenotype as
there is ample variation from the mean. Although close to WT overall, a majority of the mutant
telomeres were over or under more than 100bp from average. Finally, over 10% of them were
below 100bp, a length that would be considered “critically short” in the field (Chang et al., 2007,

Teixeira 2013).

Study of telomerase action on telomeric ends of a poll2-R2480 strain

The TeloPCR assay has a lot more potential than just sorting telomere populations by
length. In fact, aligning sequences allows to identify points of divergence that arose from natural
and/or accidental events triggering telomerase recruitment. Indeed, telomerase adds GT repeats
in a slight degenerative fashion (Singer & Gottschling, 1994). This approach allows to sort
sequences by length of non-divergent repeats and possibly identify correlation between the event
position and likelihood/level of telomerase action. The TeloPCR profile of pol12-R2480Q was re-
sorted based on non-variant telomeric sequence length only (Figure 4.13). As previously argued
by our laboratory, this order shows that telomerase does not act preferentially at shorter
telomeres when an event occurs, although it seems more likely to elongate them more than

longer non-divergent sequences.
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Figure 4.12: TeloPCR profile of pol12-D259K compared to WT
n=131 sequences were individually processed and sorted by length. Black curve represents the outline of
a control WT teloPCR profile of n=240 sequences by members of our laboratory (Paschini et al., 2020)
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Figure 4.13: TeloPCR of pol12-R248Q sorted by non-variant telomeric length
Sequences that are from the founder cell are represented in blue. Sequences that are the result of
telomerase action are represented in green
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Conclusion: the TeloPCR profile of Pol12 mutants resemble that on a t-RPA mutant

A TeloPCR profile shows the status of telomere homeostasis of a given strain. It gives us
information about the average telomere length but also the degree of variation from it. It also is
able to efficiently depict critically short telomeres that might be the cause for many cell cycle
defects. Data of the different Pol12 alleles described above are summarized in Table 4.3. Each of
those mutants show an increase in average telomere length, but also a broader variation of
lengths and, most importantly, a significant increase in the amount of critically short telomeric
ends present in the cells.

Interestingly, comparison of poli2-D259K’s profile with cdci3-F5394, courtesy of
members of our laboratory, shows a striking overlap (Figure 4.14). This observation may argue

that both defects act towards the same pathway on telomere maintenance.

Data from this chapter is currently in preparation to be published (Meunier and Lundblad,

in preparation). The dissertation author was the primary researcher and author of this material.

Table 4.3: Comparison of data from the different teloPCR presented in this chapter or by
our laboratory (Paschini et al., 2020)

Total Average | % sequences with % <100bp
Genotype
sequences | length t-Dam phenotype sequences
WT 240 ~310bp ~20% ~2%
pol12-R248A 145 ~340bp ~27% ~5%
pol12-R248Q 127 ~475bp ~35% ~5%
pol12-D259K 131 ~350bp ~60% ~11%
cdc13-F539A 251 ~290bp ~80% ~14%
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100bp  200bp  300bp  400bp 500bp 600bp

Figure 4.14: Comparison of the TeloPCR profiles of Pol12 and t-RPA mutants shows a
striking overlap

The TeloPCR profile of cdcl3-F539A4 is colored in dark blue over poll2-D259K, colored in light blue.
The WT teloPCR outline is represented in black
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CHAPTER §:
Poll12 genetically interacts
with t-RPA to regulate
telomere length homeostasis
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Abstract

We integrated key mutants of polymerase alpha-primase using the pop-in pop-out
method, coupled with a known modified restriction enzyme digestion pattern for easy
genotyping. Mutants of Pol12 combined with alleles of primase showed two distinct categories
of double mutants. The first one, which is inviable, highlights a complex-wide essential function.
The second category, which shows no additive phenotype, argues for a distinct function of Pri2
through its Fe-S cluster. Those Pol12 alleles were overwhelmingly synthetic lethal with defects
of every subunit of t-RPA. This lethality seems to be linked to the binding ability of the latter
complex to telomeres, as it shows to be influenced by RPA. Interestingly, some of the Poll2
alleles showed sensitivity for non-essential gene knock-outs. Among those is Okazaki fragment
processing endonuclease Rad27, for which the knock-out-related phenotypes are rescued by
poll12-R248E. This result allowed for exploration of which pathway this rescue stemmed from.
We found that Poll2 seems to act to repress DNA damage checkpoint activation that would

trigger repair of poorly processed lagging strand intermediates.
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Introduction: epistasis principle

Saccharomyces cerevisiae is a convenient model organism to easily generate double
mutants for analysis. Indeed, the species has two mating types, a and alpha, that can be combined
into a diploid in a matter of hours. The resulting cell is able to go through meiosis under deprived
nutritional conditions, segregating its genome randomly into 4 haploid spores to ensure survival.
Physically separating the spores is an easy process done by microscopy after partial digestion of
the tetrad wall, or ascus. If combining two single mutant parents, the odds of obtaining a double
mutant daughter cell is 1/4 for each sporulated diploid cell.

When two individual mutations disrupting the same pathway are combined, they can
result in a demultiplied effect on the resulting strain. For example, if two proteins act
redundantly towards an essential function, single disruptions might have little to no effect,
whereas the double mutant will be lethal. This synthetic effect, defined as epistasis, is the basis
of many studies aimed at testing whether different mutants act together. Although the effect
differs depending on the relationship and nature of the two genes mutated, it has shown to be a
powerful genetic tool throughout fields and decades as researchers discovered that there were
most often several genes responsible for a pathway to be functional. This is particularly the case
for pathways essential for viability such as DNA replication and damage repair. S. cerevisiae is
widely considered a simplified yet informative model to study those pathways.

Most of the experiments previously described involved mutations contained in plasmids
expressed onto either WT, TS mutant or Knock-out (KO) strains to allow for processing of a
high number of mutants. For simplicity of obtaining double mutants without having to ensure
maintenance of plasmid(s), key mutations of Pol12 found in chapter 2 were integrated into the

genome using the pop-in pop-out method, in order to be crossed with alleles of interest with the
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goal of confirming the suspected interaction with polymerase alpha-primase and t-RPA (Scherer
and Davis, 1979). Similarly to the LOF assay, this technique involves the use of a plasmid
containing the mutation to be integrated with a URA3 marker. This construct is linearized and
integrated onto the genome by homologous recombination under the selection pressure of
growing the strain on a media lacking Uracil. Once “popped-in”, exposure to 5-FOA forces
shuffling out of the plasmid with a set odd of leaving the mutation inside the genome. In our
laboratory, each mutation is paired with an additional silent mutation adding or removing a given
restriction site, allowing for easy identification of the allele in sporulated cells by PCR and

diagnostic digestion with a restriction enzyme (Figure 5.1).

WT gene before pop-in Mutated gene after pop-in
oligo .
— X% % @ =5 S —
Restriction sites “oligo Mutation Silenced
restriction site
]PCR amplification j
X X ® X

Digestion
+ agarose gel WT MT

Figure 5.1: Design strategy to identify mutated alleles using restriction enzymes

A restriction site is added or removed with a silent mutation by Quickchange mutagenesis in proximity to
the mutation to be integrated into the genome. When genotyping a strain for the given mutation, the gene
area is PCR amplified and digested by said restriction enzyme with a different digestion pattern between
WT and mutant.
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Materials and methods: pop-in pop-out

All strains constructed by pop-in pop-out were derived from opposite mating types

yVL2967 (MATa ura3-52 lys2-801 trp-Al his3-A200 leu2-Al) and yVL4963 (MATa ura3-52

lys2-801 trp-Al his3-A200 leu2-Al) transformed with derivatives of integrative plasmid
Ylplac211 cloned with a gene of interest (Gietz and  Sugino, 1988).

Table 5.1: List of the strains used for epistasis and Southern blot analysis in this chapter
All  strains are derivatives of yVL2967 (ura3-52 Ilys2-801 trp-Al  his3-A200 leu2-Al)

yVL # Mutation Mate type
2967 WT a
4963 WT alpha
5025 poll2-R248E alpha
5026 poll2-R322E alpha
5524 poll2-R2484 alpha
5525 poll2-R3224 alpha
5027 poll2-D303K alpha
4729 poll-1 a
5042 pril-E1520 a
4946 pril-K98E a
4949 pril-D438K a
4256 cdcl3-Y556A+Y5584 a
4648 cdcl3-Y556A+Y5584 alpha
4642 stnl-W466E a
5333 rpal-K95E a
5791 tenl-E91K a
5184 rpal-K45E a
5498 csm3A a
5649 rad274 a
5795 poll2-R248E + rad27A a
4094 exolA a
3736 rad5lA a
3737 rad52A a
4881 rad9A4 a
5268 radl7A a
5502 mecl A+ smllA a
5499 ctf4A a
5244 rad53-E365K a
5727 tofl A a
5019 mrclA a
3815 est2A a
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Results: Epistasis analysis of Poll12 alleles with mutants of polymerase alpha primase complex

A first step in establishing the novel Poll2 mutants into a pathway is to confirm their
ODN phenotype with a Poll TS strain once integrated into the genome. The main three alleles
found by ODN, poll2-R248E, poll2-D303K and poll2-R322E were integrated as being
representative of the phenotypes of surfaces 1, 2 and 3, respectively. They were initially crossed
with poll-1, allele of the catalytic polymerase subunit (Pizzagalli et al. 1988). The choice of this
TS strain allows to compare the viability difference of the double mutant at permissive and non-
permissive temperatures. For epistasis analysis, strains of opposite mating types bearing each of
the two mutations to be combined were crossed for 4 hours before being microscopically picked
and grown to a diploid colony. Cells were then transferred in a sporulation media deprived of
nutrients for 48 hours to force meiosis. Fully sporulated tetrads were microscopically separated
on YPD solid media to be grown. All the steps were performed at low permissive temperature to
avoid impairments and loss of viability from the pol/-1 TS mutation. Spores were then grown
and gridded in serial dilutions at various temperatures to detect growth changes before being
genotyped using the strategy described above. TS allele poll-1 was genotyped by patching
spores at 37°C, a fully non-permissive temperature that results in complete inviability.

All three Poll12 mutants showed an additive phenotype to po/l-1. However, the effect
was much more prominent with pol/l2-R248E and poll2-R322E as the double mutant was almost
inviable even at room temperature (Figure 5.2). This result highlights previous observations
arguing that TS mutants such as po/l-I could have a mild defect even at fully permissive
temperatures (Paschini et al., 2012). It argues that the two proteins act redundantly for an

essential function of the complex but that po//2-D303K is either not as severe, or that it pertains
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to a different function performed by the two proteins that isn’t as sensitive to an impaired Poll.

Previous ODN and Southern blot analysis results argue for the latter hypothesis.

pol12-R248E

pol12-R248E + pol1-1
pol12-R322E + pol1-1 |

pol1-1

pol12-D303K

pol12-D303K + pol1-1

pol1-1

Figure 5.2: Epistasis analysis of Pol12 mutants with a TS allele of Poll
Spores of the indicated genotype were grown at room temperature for 5 days, transferred to YPAD liquid
media and replica-plated at various temperatures.

poll12-R248E and poll2-R322E were then tested with alleles of primase to investigate
whether that essential function is specific to polymerase alpha or extends to the whole complex
as argued by the ODN data. We first used pri2-E152Q, another TS allele expected to destabilize
the protein (Francesconi et al., 1991). For this analysis, plates were grown at non-permissive

temperature and growth differences were observed by colony size. We also crossed them with

separation-of-function alleles of both subunits of primase found by ODN, represented by pril-
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K98E and pri2-F391K. Finally, pri2-D438K was selected for its sensitivity to cdc13™S, proximity
to the Fe-S cluster and long telomere phenotype as seen by Southern Blot.

Both Pol12 alleles looked synthetically lethal with the first two primase strains. However,
a closer look at microcolonies showed that pri2-E152Q/poll2-R248E double mutants

consistently arrested within the first cell division, whereas pri2-E1520Q/poll2-R322E could

progress for a few more cell cycles (Figure 5.3).
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Figure 5.3: Epistasis analysis of pol12 mutants with a TS allele of Pri2
(4) Schematic representation of the process to generate double mutants (B and C) Dissected spores were
grown on YPAD media for 5 days and genotyped for poll12-R248E and poll2-R322F, respectively (D and

E) pictures of a subset of double mutant microcolonies were taken using a Zeiss Axioskop 50 with a Nikon
Digital Sight DS-5M camera
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Whether this difference in length of viability argues for two distinct functions or two
levels of severity of impairment of a single function is unclear. Therefore, epistasis studies will
continue to be done in parallel for poll2-R248E and poll2-R322E to try and gather further
evidence for either hypothesis.

In contrast with the previous result, pri2-F39/K had no visible additive growth
phenotype with poll2-R322F, whereas the combination with pol/l2-R248E resulted in lethality.
Although belonging to the different subunits of primase, Pril-K98 and Pri2-F391 are both
predicted to support the cohesion between primase and polymerase. Yet, as detailed in Chapter 3,
it has been suggested that Poll binding with the latest is transient and only happens during the
priming phase of lagging strand, which could explain the differential result between the two
Pol12 alleles. Finally, neither strain showed an epistasis effect with pri2-D438K, as neither did
pril-K98E. This observation goes in the direction of previous observations arguing that the Fe-S
cluster of Pri2 encompasses a distinct function from the cdc13™ ODN alleles found in primase
and polymerase alpha. However, it is also plausible that its effect simply isn’t strong enough to
visibly affect viability. Data from epistasis analyses within polymerase alpha-primase mutants is

summarized in Table 5.2.
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Table 5.2: Summary of epistasis analysis of combined polymerase alpha-primase mutants

found by ODN
Additive growth defect is represented by crosses with the following nomenclature: -: no additive
phenotype / +: slight additive phenotype / ++: clear additive phenotype / +++: synthetic lethality / n.t.:
not tested
Mutant Expected disruption Epistasis with Epistasis with | Epistasis with
tested pol12-R248E poll12-R322E pol12-D303K
poli-1 Unstable protein (TS) +++ +++ ++
pril-K98E primase-polymerase +++ +++ n/t
pri2-E152Q Unstable protein (TS) +++ ++ ++

primase-polymerase

+4++ -
(early replication only?) n/t

pri2-F391K

pri2-D438K Fe-S cluster? - - n/t

Epistasis analysis of Poll2 alleles with t-RPA mutants

The obvious next candidate for epistasis analysis was the t-RPA complex. As having
been the main focus of study of several collaborators inside and outside our laboratory, many
alleles of Cdc13 and Stnl were available from targeted mutagenesis studies. Yet, no similar
studies had been performed on Tenl so far, although this subunit is also essential. Beyond
containing an interface with Stnl, other functions of the protein not pertaining specifically to
telomeres but affecting the whole genome have been suggested. Generation of novel Tenl alleles
and additional epistasis analyses of the protein will be discussed in detail in Appendix A.

Mutants of Cdc13 selected to be crossed disrupt the protein’s DNA binding domain
(DBD) to various degrees (Glustorm et al., 2018). These mutations are thought to alter the
replication related function of the protein rather than its protective binding feature on telomeres
(Langston et al., 2020). Little to no additive effect was observed with po/12-D303K and mutants
of Cdc13 DBD (cdci3P?P), in accordance with previous results. However, when combined with
poll12-R248E and poll2-R322E, cdcl3”PP mutants were synthetically lethal (Figure 5.4).

Therefore, Pol12 is necessary for viability when Cdc13 binding ability to DNA is compromised.
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These Poll2 alleles were uncovered because of their ODN phenotype with Cdcl3"5.
Another TS allele of Cdcl3 allowed for the discovery of Stnl, as the overexpression of the
protein suppressed its growth phenotype at non-permissive temperatures (Grandin et al., 1996).
We therefore wanted to address whether the synthetic lethality observed between Poll2 and
cdc13PBP could similarly be rescued by overexpression of Stnl. Yet, it isn’t the case, possibly
arguing that Pol12 may act together with Stnl. As a result, mutants of Pol12 would prevent Stnl

from rescuing Cdcl3™5.

<> cdc13PBD <> cdc13pBD

[ | cdc13080 + pol12-R248E [ ] cdc13P80+ poi12-R322E

Figure 5.4: Combination of DNA binding Domain mutants of Cdc13 and Poll2 alleles
showing an ODN phenotype in Cdc13™ is synthetically lethal in vivo

6 tetrads from each combination were dissected vertically and grown on YPAD media at 30°C for 5 days
and genotyped for Poll2 and Cdcl3. Double mutants are indicated with a square shape

Several other mutations of Cdc13 were identified through their synthetic lethal phenotype
with a deletion of Yku70, arguing that their role at telomeres is distinct from long telomere
alleles such as cdci3-1 (Chandra et al., 2001). Indeed, Yku proteins play an important role in

binding telomeres and recruiting telomerase (Gravel et al., 1998, Lemon et al., 2019). As these

mutants exhibit a different telomere length phenotype from Poll2 ones, we wanted to confirm
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that these were indeed affecting telomeres through different pathways. The lack of synthetic
effect of Pol12 alleles with yku704 confirms this assumption that the synthetic lethal phenotype
of Poll2 alleles with Cdcl3 is linked to a replication defect rather than a lack of physical
protection of telomeres.

A similar synthetic lethal phenotype was also observed with Stnl and Tenl mutants
(Figure 5.5). For the former, most mutations localize on its winged Helix-Loop-Helix domain
(Stn1™HH - thought to play a role in both interacting with Cdc13 and DNA. For the latter,
mutations were found on the OB-fold domain (Ten1°®) making up the majority of the protein,

and for which the only known role is to allow interaction with Stnl.

slolole
. . . cdc13PBD + pol12-R248E

ooo -
. . . stn1wHLH + pol12-R248E

oog -
. . - ten1°8 + pol12-R248E

Figure 5.5: Epistasis analysis of poll12-R248FE with mutants of the t-RPA complex shows
broad synthetic lethality
Tetrads were dissected and grown on YPAD media at 30°C for 5 days before being photographed and

genotyped. Spore genotype is indicated on the right of the pictures

109



All the mutations of t-RPA that are synthetically lethal with poll/2-R248E and poll2-
R322F pertain to either the complex integrity or its binding ability to DNA. Therefore, Poll12
plays an essential role in either facilitating or compensating for a lack of proper localization of t-
RPA that results in elongated telomeres.

Because of their synthetic lethal phenotype, those double mutants cannot be further
studied for characterization of the essential function they disrupt. Therefore, we repeated crosses
with alanine mutant versions of the Pol12 allele rather than charge swaps. Indeed, as shown in
Chapter 4, these had a milder set of phenotypes. As expected, the alanine version attenuated the
growth defect of the double mutants to close to WT levels (Figure 5.6). This result illustrates the
advantages of straying away from the typical mutagenesis strategy onto alanine, as well as brings

up the idea of a “dial” combination strategy for synthetically lethal double mutants.
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cdc13DBDz cdc1 3DBD2
cdc13PED2 + pol12-R248E cdc13PB02 + pol12-R248A
stn1WHLH2 Stn1wHLH2

stn1*HLH2 + nol12-R248E stn1wHLH2 + pol12-R248A

Figure 5.6: Alanine variants of Pol12 alleles show a milder synthetic phenotype with t-RPA
mutants compared to charge swap

4 tetrads from each combination were dissected vertically and grown on YPAD media at 30°C for 5 days
before being photographed and genotyped for Poll2 and Cdcl3 or Stnl
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Epistasis analysis of Poll2 alleles with RPA mutants

All t-RPA subunits include at least one Oligosaccharide-Binding (OB) fold domain. This
structure is thought to allow specific binding to DNA, RNA and/or proteins (Brennan, 1993,
Theobald et al., 2003). Interactions within the complex also happen through parts of their
respective OB-folds (Sun et al., 2009). In fact, the OB-fold organization dictates the protein
interactions (Lin et al., 2008, Mason et al., 2013). Many of the t-RPA mutants studied in this
chapter affect those structures, highlighting their importance for the telomere homeostasis
function of the complex. OB-folds are a feature conserved from the Replication Protein A (RPA)
complex, single stranded DNA binding complex also independently present on the replisome in
S. cerevisiae (Flynn and Zhou, 2011). Beyond this particular domain, the overall structural
similarities between the RPA and t-RPA complexes have been striking (Gelinas et al., 2009).
Evidence of an overlapping role has also been shown. Indeed, Rpal can recruit telomerase
subunit Estl in a similar fashion as Cdc13 (Schramke et al., 2004). Furthermore, the ~100bp N-
terminal area of Rpal has been characterized early on as stimulating activity of polymerase
alpha, in a similar fashion to how t-RPA was originally discovered (Goulian et al. 1990, Kim et
al., 1996, Braun et al., 1997). Yet, the existence and conservation of both complexes all the way
up to Humans argues that they each may have evolved to perform distinct functions,
characterized by a difference in preferential DNA sequence binding (Gelinas et al., 2009). Yet,
antagonistic phenotypes have also argued that the two complexes might physically compete at
the telomeres (Flynn et al., 2012, Grandin and Charbonneau, 2013, Moeller et al., in
preparation). Given the extreme synthetic phenotype of Poll2 mutants with t-RPA, we
investigated whether a similar result could be observed with mutants of equivalent domains of

the RPA proteins.
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One of the original alleles discovered in Rpal, Rpal-D223Y, showed to be synthetically
lethal with a temperature sensitive allele of Poll12, pol12-100 (Smith et al., 2000). Interestingly,
the mutation is not part of the region of the protein that stimulates polymerase alpha’s activity.
Instead, this mutant disrupts the binding of the protein to ssDNA (Audry et al., 2015). However,
the short telomere phenotype of this allele does not match what has been observed with Pol12
and t-RPA alleles, arguing that it may result in lethality through a different process. Furthermore,
similarly to cdci3-1, this Rpal allele is genetically linked to the action of Yku proteins, with
which no synthetic effect has been observed when combined with Pol12 mutants. Finally, the TS
nature of the pol/l2-100 allele does not exclude that the synthetic lethality phenotype is linked to
another function of the protein from the one studied in this thesis, or its overall instability.

A point mutant of the N-terminal region of Rpal, rpal-t1l, sequenced as rpal-K45E,
was uncovered by EMS mutagenesis and characterized by its sensitivity to DNA damage agents
(Umezu et al., 1998). This phenotype was also observed in another allele from that same study
affecting L221, a neighboring residue of the Rpal-D223Y allele described above. Yet, rpal-tl1
showed once again no synthetic effect with our Pol12 alleles.

ODN analysis of the N-terminal of Rpal performed by another member of the laboratory
uncovered additional residues with a similar phenotype pattern to rpal-t11. Surprisingly, one of
those alleles, rpal-K95E, exhibited long telomeres whereas rpal-t11 telomeres were roughly of
WT length (Figure 5.7). Although having no synthetic effect with Pol12 mutants, this strain
alone has poor viability and highlights an essential function of Rpal pertaining to telomeres.
Further studies of Rpal were performed and will be discussed in Appendix B in the context of

DNA damage response pathways.
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WT
rpal-t11
rpa1-K95E

Figure 5.7: Similarly to Pol12, Rpal alleles show different telomere length phenotypes as
shown by Southern Blot

Strains of the indicated genotype were streaked-out 3 successive times alongside WT (yV02967) and
processed as described in Chapter 4

That same ODN screening of Rpal that uncovered Rpal-K95E also found further alleles
in the middle ssDNA binding domain of the protein. These alleles have the ability to rescue
Cdc13PBP mutants, a feature arguing one again for a competition of binding of the two proteins
at single stranded telomeric sequences. Given the extreme opposite phenotypes observed
between poll12-R248E and RpalPBP with Cdc13PBP mutants, we investigated the effect of
combining all 3 mutants within a strain. Interestingly, the triple mutant colonies were viable.
This argues that the deadly defect of poll12-R248E with Cdc13PBP could be the result of a failure
of t-RPA to bind to telomeres against RPA. A similar rescue was observed with a Tenl allele

that has a moderate growth phenotype with po/l2-R248E (Figure 5.8).
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. . . pol12-R248E + cdc130803
n n n pol12-R248E + cdc13P80+ rpg 108D

u n u pol12-R248E + ten198
c n n pol12-R248E + ten1©8 + rpa1PBD2

Figure 5.8: Some rpalPB? mutants can rescue the synthetic growth phenotype of t-RPA
mutant combinations with poll12-R248E
Tetrads were dissected and grown on YPAD media at 30°C for 5 days before being photographed and

genotyped. Spore genotype is indicated on the right of the pictures

However, other mutants of Rpal and Rpa2 showed the opposite worsening phenotype
with similar combinations of pol/l2-R248E and t-RPA mutants (Figure 5.9). This result may be
the manifestation of an overall lack of protection of single stranded DNA because of RPA not
being compensated by binding of t-RPA. Overall, there seems to be a subtle balance between t-

RPA and RPA binding that Pol12 plays a role in.

u n n u pol12-R248E + ten198
- . . . pol12-R248E + ten1°8 + rpa1PBD3

- n - n pol12-R248E + cdc13PBD
BB BB poi12-R248E + cdc1380 + rpa2pe0

Figure 5.9: Other rpal®®? and rpa2PB®Pmutants worsen the synthetic growth phenotype of
t-RPA mutant combinations with pol12-R248E

Tetrads were dissected and grown on YPAD media at 30°C for 5 days before being photographed and
genotyped. Spore genotype is indicated on the right of the pictures
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Epistasis analysis of Poll2 alleles with non-essential genes

Crosses with poll2-R248E were repeated with multiple non-essential genes, with a
particular focus on DNA damage repair and checkpoint proteins. Indeed, the suspected common
role of both polymerase alpha-primase and t-RPA in the C-strand fill-in mechanism as well as
their elongated telomere phenotype may argue for a defect dependent on those proteins for
survival. This screen looked for obvious changes in viability of the double mutant and uncovered
two main alleles.

A first gene was detected for its synthetic effect with poll2-R248E when knocked-out. It
encodes for Csm3, a known replication factor with a role in signaling stress and damage through
the DNA replication checkpoint pathway (Xu et al., 2004). It was originally characterized in a
genome-wide screen looking at cell cycle defects and was therefore named for its importance on
chromosome segregation during meiosis (CSM) (Rabitsch et al, 2001). Interestingly, the
synthetic growth defect of csm34 was also observed in poll/2-D303K as the double mutant was

inviable. In contrast, po/12-R322E showed no additive phenotype (Figure 5.10).

pol12-R248E x csm3A pol12-R322E x csm3A pol12-D303K x csm3A

Figure 5.10: Pol12 alleles sensitive to PolI™ depend on Csm3 for viability
4 tetrads from each combination were dissected vertically and grown on YPAD media at 30°C for 5 days
and genotyped for Poll2 and Csm3. Double mutants are indicated with a square shape
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Interestingly, knock-out of Csm3 does not result in elongated telomeres when analyzed
by Southern blot (Figure 5.11). This result is in contrast to synthetic defects observed with t-
RPA and polymerase alpha-primase alleles. Furthermore, its lack of additive growth phenotype
with poll12-R322E, highlighted in the ODN assay for its sensitivity for cdc13™ only, argues that
the reduced viability is linked to the essential function of Pol12 in DNA replication. Indeed,
csm3A has shown impaired growth when combined with TS alleles of both polymerase alpha

and primase (Costanzo et al., 2010, Dubarry et al., 2015).

Figure 5.11: Southern blot analysis of Csm3A shows a telomere length similar to WT
Csm34 (yVL5498) was streaked-out 3 successive times alongside WT (yVL2967) and processed as
described in Chapter 3
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Proteins of the CSM family are all non-essential and only Csm3 physically interacts with
the replication fork (Calzada et al., 2005). Their non-essentiality argues for either a degree of
redundancy or alternative existing pathway that keeps the cell from death when disrupted.
However, high-throughput studies have identified many other factors of the replication fork that
show a synthetic effect with csm34, rendering further experiments complicated. However, no
synthetic effect was observed with knock-outs of either of its main known interacting partners
Mrcl and Tofl with poll2-R248E and poll2-D303K (Dubarry et al., 2015). Therefore, the

growth defect might be linked to a distinct function of the protein yet to be investigated.

Epistasis analyses of poll12-R248F have so far only given synthetic growth defects with
very specific strains of t-RPA and the replication fork factor Csm3. However, a striking synthetic
rescue phenotype was observed when combined with a knock-out of Rad27 (Figure 5.12). This
gene encodes a nuclease necessary for DNA damage repair and normal processing of lagging
strand Okazaki fragments (Goulian et al., 1990, Reagan et al., 1995). Interestingly, rad274 gives
rise to elongated telomeres, potentially arguing that it pertains to a similar regulating pathway as
Pol12 (Gatbonton et al., 2006).

Although playing a role in an essential step of lagging strand replication and resulting in
temperature and DNA damage sensitivity, budding yeast Rad27 is disposable whereas its Human
equivalent, FEN1, is essential (Zheng et al., 2011). Indeed, the endonuclease role of Rad27
shows some redundancy with Dna2, although the latter also carries additional essential functions

(Budd and Campbell, 1997, Ayyagari et al., 2003). That same endonuclease function is also
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partially complemented by Exol, another exonuclease known for its ability to resect single-

stranded telomeric sequences (7Tran et al., 2002, Sun et al., 2003).

rad27 4
rad274
pol12-R248E
30°C 37 °C
LIXXIX Y,
XN K XY
rad274 '

(X XX K B
XXX X E®
100000 5

rad27a L X X X X X5
229 0.0 0 0w
10900 2
0OmJ 10 mJ

Figure 5.12: poll12-R248E rescues both the temperature and DNA damage sensitivity
defects of a rad274 strain

Strains of the indicated genotype were gridded in Y5 serial dilutions on YPAD plates and grown under
different conditions of temperature or ultraviolet (UV) DNA damage inducing exposure for 3 days
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The rescue of its DNA sensitivity is specific to Rad27 as poll2-R248E alone shows no particular

resistance to Ultraviolet (UV) or Hydroxyurea (HU)-induced DNA damage (Figure 5.13).

uv: O0mJ

VDOOE .
(XX KE X W
(XXX X X
( EX N X X

pol12-R248E

pol12-R322E

Pol12

pol12-R248E
pol12-R322E

Pol12

Figure 5.13: Pol12 alleles found by ODN did not show sensitivity to DNA damaging agents
by themselves

Strains of the indicated genotype were gridded in ¥ serial dilutions on YPAD plates and grown under
different conditions of DNA damage inducing UV exposure or presence of Hydroxyurea (HU) for 3 days

Unlike the previous crosses widely resulting in lethality, the strong viability of this
double mutant allowed for further analyses. We sought to understand which pathway is being
rescued by poll2-R248E in the absence of Rad27. In order to do so, we established a list of

alleles shown to be synthetically lethal with rad274 to be tested as a triple mutant strain. Indeed,
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such additive phenotype with Rad27 argues that both genes either act redundantly or towards
alternate pathways necessary for survival. We therefore generated a subset of those double
mutants strains and studied whether addition of the Poll2 allele rescued their synthetic lethal
phenotype.

As a control, we generated a poll2-R248E, rad274, exolA strain. As described above,
Rad27 and Exol have a partial redundant endonuclease function and their combined knock-out is
expected to be lethal, also some double knock-out spores turned out to be slightly viable.
However, the triple mutant was consistently clearly viable and healthier than those double
mutants (Figure 5.14). This result argues that Pol12 acts to repress the pathway arising from
improper Okazaki fragment processing by endonucleases. However, the triple mutant colonies
were consistently smaller than WT, which can either be the result of other non-viability
threatening defects resulting from either mutant, or simply the result of slower growth from
having to activate alternate pathways to bypass the absence of Okazaki fragments processing.
Defects in Dna2 were not tested because the gene is essential for viability although separation-
of-function alleles have been characterized (Budd et al., 2000). However, these alleles argue that

the nuclease function of Dna2 itself is essential to viability (Lee et al., 2000).

exo1A

rad274 + exo14

pol12-R248E + rad274 + exo14

-
K
*

Figure 5.14: Disrupting Poll2 improves viability in the absence of Okazaki fragment

processing endonucleases
Spores of the indicated genotype were grown for 5 days before being genotyped and photographed

121



Since unprocessed Okazaki fragments would be recognized as DNA damage, we then
investigated the impact of disrupting factors that would typically bind to exposed DNA.
Combination of rad27A with either rad514 or rad524 is inviable (Tishkoff et al., 1997). Indeed,
Rad51 physically binds to single-stranded DNA and acts with Rad52 to trigger repair by
homologous recombination (Mortensen et al., 1996). This method of strand repair is thought to
be the main and only way for cells to correct unprocessed Okazaki fragments. To our surprise,
poll12-R248F is able to slightly but consistently rescue the lethal combination of rad274 with
rad514 but not rad524 (Figure 5.15). One possible explanation for the lethality of the latter
triple mutant strain could be explained by the observation that unprocessed binding of Rad51 to
DNA by Rad52 creates a toxic filament structure (Veaute et al., 2003). However, there is also
evidence that Rad52 influences alternative methods of DNA repair, independently of Rad51

(Symington, 2002). The details of these differential results have yet to be investigated.

« A0

e | |1
rad274 + rad514 + pol12-R248E . . - -

Tl
rad524 + rad27.4 + pol12-R248E . . . .

Figure 5.15: Disrupting Poll12 improves viability in the absence of processing of Okazaki
fragments and Rad51, but not RadS2
Spores of the indicated genotype were grown for 5 days before being genotyped and photographed
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Finally, we combined pol/l2-R248E and rad274 with DNA damage checkpoint genes
knock-outs. It has been shown that activation of the checkpoint as a result of the detection of
damaged DNA is necessary for cell survival (Paulovich et al., 1998, Loeillet et al., 2005). This
cell arrest depends on several proteins, among which Rad9, Rad17 and Rad24. The combination
of either protein with rad274 is once again lethal (Paulovich et al., 1997). A viable triple mutant
was observed for both rad94 and radl74, while rad244 was not tested but expected to give a
similar result (Figure 5.16). Interestingly, rad244 had previously been studied in our laboratory
for its ability to rescue the lack of essential Cdcl13 or Stnl (Paschini et al., 2012). Whether it
could rescue the synthetic lethality phenotype of Pol12 and t-RPA alleles described above has
yet to be determined but would argue that the lack of genetic interaction between the two

complexes results in DNA damage checkpoint activation.

rad94 + rad274

rad94 + rad274 + pol12-R248E

rad174 + rad274

rad174 + rad274 + pol12-R248E

ol L
B0
s i
*]e

Figure 5.16: Disrupting Poll12 improves viability in the absence of processing of Okazaki
fragments and key DNA damage checkpoint proteins
Spores of the indicated genotype were grown for 5 days before being genotyped and photographed
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Additional alleles of genes also known for their importance in DNA repair were also
found to be viable as a triple mutant. The list includes meclA (solely viable with smliA), ctf44
(but not ctfi84), and a well characterized DNA repair defective allele of Rad53. However,
poll2-R248E also rescues the growth defect caused by rad53-21 alone in the presence of Rad27

(Figure 5.17). This confirms that Pol12 inhibits a DNA repair-related pathway.

Boon -
n n n n rad53-21 + pol12-R248E

. . . . rad274 + rad53-21
n . n rad27.4 + rad53-21 + pol12-R248E

Figure 5.17: Disrupting Poll12 improves viability of a DNA damage repair impaired allele
of Rad53 both in the presence and absence of Rad27
Spores of the indicated genotype were grown for 5 days before being genotyped and photographed

Interestingly, lack of Csm3 rescues both rad274 and the double mutant poll2-
R248E/rad27A although showing a strong decrease in growth with poll2-R248E alone, as
described above (Figure 5.18). This puzzling result may argue that Csm3 acts with Rad27
downstream from Poll12. However, this result was not observed with a knock-out of Tofl or
Mrcl, main partners of Csm3 (Bando et al., 2009). Therefore, this genetic interaction might be
linked to a specific function of the protein although the number of spores analyzed was very
limited. The use of separation-of-function alleles of Rad27 might help unravel that function

(Karanja and Livingston, 2009).
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csm34 + pol12-R248E
rad27 4

rad274 + csm34

SO0
Oo0a

rad274 + pol12-R248E

n u rad27.4 + csm34 + pol12-R248E

Figure 5.18: The intriguing epistatic relationship between Pol12, Csm3 and Rad27
Spores of the indicated genotype were grown for 5 days before being genotyped and photographed

Data pertaining to triple mutant viability analysis are summarized in Table 5.3.

Table 5.3: Summary of the rescue status of typically synthetic lethal double mutant
combinations with rad274 when adding pol12-R248E

Pol12-R248E + rad27A Rescue?
combined with

CctfaA Yes
Ctf18A No
Ddc1A No
ExolA Yes
MeclA (sml1A) Yes
Mre11A No
Rad9A Yes
Rad17A Yes
RadS0A No
Rad51A Yes
Rad524A No
Rad53-21 Yes
Srs2A No
ToflA No
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Epistasis analysis of the influence of Poll2 on senescence of est2A

We sought to investigate whether poll2-R248E modifies the senescence speed of a
telomerase null strain. Indeed, a mutant that accelerates or slows the rate at which cells with no
active telomerase senesces indicates how the protein is part of a pathway that shortens or
lengthens the telomeres, respectively (Ballew and Lundblad, 2013). To replicate the absence of
telomerase, we generated a knock-out of Est2, one of the subunits of the enzyme. Once
generated, double mutant cells were propagated for ~75 generations in parallel to est24 single
mutants for blind senescence rate comparison, using a colony growth rating scale ranging from 5
(like WT) to 1 (fully senesced).

We found that pol12-R248FE accelerates the senescence rate of est24 during the first ~ 25
generations, although the relative senescence ratio of the double mutant compared to est2A only
reduces as cell division progresses (Figure 5.19). This result could argue that Pol12 normally
slows replicative senescence, but does not play a direct role in telomerase recruitment. One
hypothesis to explain this trend can be found by observing individual telomeric ends through the
TeloPCR assay, as detailed in Chapter 4. Indeed, although Pol12-R248 mutants exhibit overall
elongated telomeres, they also generate an increased amount of critically short ends. These could
be the result of increased major loss of telomeric repeats and will likely be subject to senescence
after fewer cell cycles if not compensated. For comparison, Ballew and Lundblad analyzed the
senescence rate of a knock-out of Tlcl, RNA template of telomerase, combined with well
characterized alleles rifi4 or rif24 that also exhibit elongated telomeres. They found that,
although Rifl does not influence the rate of senescence, Rif2 acts to slow it by repressing the

DNA double-strand break repair complex MRX (Gobbini et al., 2016). As described previously,
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data indicates that Pol12 might have a similar repressing action on the DNA damage checkpoint,

which would be impaired by pol12-R248E, independently of Rifl.

Data from this chapter is currently in preparation to be published (Meunier and Lundblad,

in preparation). The dissertation author was the primary researcher and author of this material.
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Figure 5.19: Statistical analysis of the senescence rate of est2A in the presence or absence of
poll2-R248E

(A) The average growth score between 1 (inviable) and 5 (like WT) was recorded for n=45 individual
spores genotyped for est2A::KAN through 3 successives streak-outs (1X to 3X). At 3X, spores were
genotyped for poll2-R248F by PCR and restriction enzyme digestion. Scores were averaged for both
est24 n=20) and est24 + poll2-R248E (n=25) (B) Average senescence score of the double mutant was
subtracted with the average score of est2A only for each 1X - 3X streak-outs. A negative score is
indicative of accelerated senescence of the double mutant strain
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Figure 5.19 (cont.)
(C) Distribution of the viability scores of 1 to 5 of est24 (n=20) and poll12-R28E + est24 (n=25) at each
streak out 1X to 3X. Scores were normalized using percentages to compare the two genotypes
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CHAPTER 6:
Pol12 physically interacts
with t-RPA to regulate
telomere length homeostasis
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Abstract

We tested the less characterized N-terminal region of Pol12 and showed it did not play a
role in the protein interaction with Poll. However, the presence of highly conserved residues and
motifs argues that it performs another function that has yet to be investigated. On the other hand,
poll2-R248E was shown to be essential for the protein interaction with t-RPA subunit Stnl.
Once again, the details of this interaction are unclear. Particularly, previous studies have
highlighted a physical interaction between the two complexes through Poll and Cdcl3.
Therefore, whether those interactions are direct or indirect is unknown. Furthermore, the
localization of poll12-R248E and a published Poll2 allele that lost interaction with Stnl argues
that the mutants found might in fact disrupt the interaction with Stnl but only because the
interaction with Pol12 and Poll is lost. Therefore, whether the two complexes interact through
one or more regions has not been resolved yet. Studies of additional mutants found by ODN or
high-throughput analyzes such as Mass spectrometry could help understanding the physical
dynamics between polymerase alpha-primase and t-RPA. Furthermore, it could help find
potential new partners of the protein, using for example mutants found in Surface 2 by ODN or

1solated mutants of Pol12.
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Introduction: existing evidence of physical interactions between polymerase alpha and t-RPA

The link between polymerase alpha-primase and t-RPA has long been suggested. Indeed,
most of the ~300bp of telomeric sequences are duplicated normally by the replication machinery.
If active, telomerase can then be recruited at the end of a newly replicated telomere by t-RPA to
further elongate its G-rich telomeric strand. Filling of the complementary C-strand depends on
the action of polymerase-alpha primase. Disruption of either complex results in a similar
elongated telomere phenotype that may arise from a defect in C-strand fill-in. It is therefore
believed that the two complexes interact genetically but also physically.

Direct interaction between t-RPA and polymerase alpha was first characterized by the
Zakian laboratory (Qi and Zakian, 2000). This study defined a function for the N-terminal of
Poll as a direct interface with Cdc13. Interestingly, mutations disrupting the interaction of Poll
with either primase or Cdcl3 as well as impairment of its catalytic domain all resulted in
elongated telomeres, in a fashion dependent on telomerase (Adams and Holm, 1996). Finally, it
also highlighted a possibly overlapping interface of Cdcl3 with Poll and Estl, a subunit of
telomerase. Further studies later confirmed the plurality of interacting partners of the protein,
while narrowing down the interface area to its 250bp N-terminal OB-fold region (Hsu et al.,
2004). Eventually, a crystal structure of the Cdc13-Poll dimer was generated (Sun et al., 2011).
However, none of the mutations found, although for some almost fully abrogating the Poll-
Cdc13 interaction in vitro, showed to be lethal. Since the essential function of Cdc13 pertains to
telomere maintenance, given how overexpression of Estl specifically rescues cdcl3-1 growth
defects, they argued that its interaction with Poll wasn’t the sole link between the two

complexes.
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As the interest for polymerase alpha and its importance for telomere homeostasis grew,
the Shore laboratory generated a novel non-TS allele in Poll2 (Grossi et al., 2004). Although
exhibiting elongated telomeres, the point mutation did not generate overall replication defects
seen in Poll TS alleles. In contrast to the previous study, this separation-of-function mutant is
inviable when specifically combined with TS alleles of the t-RPA subunit Stnl. Additional
studies confirmed that the two proteins interacted independently of Cdc13 and through the N-
terminal half of Pol12. Whether this interaction occurs with the N and/or C-terminal half of Stnl
has been subject to debate (Petreaca et al., 2006, Puglisi et al,. 2008, Lue et al., 2014). This
synthetic lethal effect is not observed with more severe alleles of polymerase alpha, arguing that
this interaction pertains to a distinct essential function indirectly regulating telomere
homeostasis. Grossi and coworkers brought up the hypothesis that Pol12 and Stnl may need to
interact in response to DNA damage signals, as data from Chapter 5 similarly suggested.
However, further work has shown that their interaction was necessary for a mechanism able to
partially bypass the absence of Cdcl3 with an overexpression of Stnl-Tenl (Petreaca et al.,
2006).

Therefore, although characterized, many details of those interactions with t-RPA and
polymerase alpha remain unclear. In particular, studies of interactions of Pol12 only used a broad
truncation of the protein in half. Although most of the alleles found in the protein localize
between amino acids ~250-350, there are several conserved residues ahead of that area that play
a significant role, as described in Chapter 2. In particular, we wanted to investigate whether the
N-terminal of Pol12 played a role in its interactions. We also wanted to confirm our hypothesis
that all the phenotypes observed throughout Chapter 2 through 5 argue that poll2-R248E

disrupts the protein interaction with Stnl.

133



Material and methods: Western Blot

Whole-cell extracts of WT and mutants were prepared from two independent 200 ml
YPAD liquid cultures (OD ~0.8-0.9) and processed in parallel. Cells were pelleted at low
temperature, washed in TMG200 buffer (10 mM Tris-HCI pH 8, 5% glycerol, ImM MgCl2,
200mM NaCl) with protease inhibitors, and resuspended in 1 ml of the same buffer. Extracts
were prepared by grinding this suspension in a mortar with liquid nitrogen until the suspension
formed a fine powder. Extracts were thawed and clarified by doing two 15 min cold spins at max
speed. Supernatants were mixed with Tween 20 to a final concentration of 0.1% and subjected to
IP by incubation with anti-Flag M2 affinity gel (Sigma), in TMG200 buffer with protease
inhibitors for 2 hours at 4°C on a roller. Beads were washed in TMG200 + 0.5% Tween 20, and
eluted for 4 min at 99°C with SDS loading buffer. Inmunoprecipitated proteins were run on a
6% (for detection of Estl, Est2, or Poll), 10% (for detection of Stnl) or 16% (for detection of
Pol12) SDS-PAGE and once transferred to nitrocellulose membranes, probed with antibodies
anti-myc 2272 (Cell Signaling Technology) at 1:1000 or anti-Flag F7425 (Sigma) at 1:10,000
dilution, followed by anti-rabbit HRP conjugate (Promega) at 1:10,000. Chemiluminescence
(ECL) was used for antibody detection using film.

Table 6.1: yVL strains used in this chapter
All strains are derivatives of AVL78 (leu2 trpl ura3-52 GAL+ prb- prc- pep4-3)

Strain ID Biochemistry construct(s)

yMAM384 Pol1-13Myc-kanMX6 | Pol12(1-244)-FLAG {in 2u LEU2 ADH plasmid)
yMAM386 Pol1-13Myc-kanMX6 | Pol12(1-215)-FLAG {in 2u LEU2 ADH plasmid)
yMAM388 Pol1-13Myc-kanMX6 | Pol12(1-122)-FLAG {in 2u LEU2 ADH plasmid)
yVL3382 Pol12-myecX13::KAN -
yVL3383 Pol12-myeX13 Sin1-G8-FLAG3

yVL3528 Est1-G6-myci2 (FLAG)3-myec12-G6-Est2
yVL5678 pol12-R248E-mycX13 Stn1-G8-FLAGS3
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Results: Studying the interaction of N-term truncations of Pol12 with Poll

Truncations were designed to optimize peptide stability by identifying conserved areas to
stop protein expression after. We designed three versions of the truncated protein, including

amino acids 1 to 122, 210 and 241 of the S. cerevisiae Pol12 gene, respectively (Figure 6.1).

10 66
S. cerevisiae - SGSIDVITH RRQTH
S. pamassus = SGSIDVITH| RRQTH
S. bayanus - -MSGSIDVITH KRQTH
S. castellii ----MSALDAKQFVTQ) NSKHETQTEFTIKNLDQFKQFLEMHQMERQANAN- - - - - -
Kazachstania africana -nvsnunsuu IVSR TLNNE
A. gossypii 2 VMSLDGGV DANG
K. lactis - HNKDKYAVNSYSDQILQEFKDYIMQQMERKVNTS -~ -~~~
Kazachstania naganishii nvqoonuvs INGKHETSTE
Z roxii nvxuixvv ngxusxuu -------
K. polyspora GHTKELIDOQ TKLNQKNLESYKDFLBQQVENRAQQI-------
Torulaspora delbrueckii - __ . __ MR EAGDPETFSA- - LONLMDILHAL T IEDLHIKIMBOMS - - YQKREKSTOLSSENLEQFKQYLQQVENKAAQA- - - - -- -
C. glabrata TVDGELITOEMPEAREASTASI- -LESLMKLHSLOVEELYIRIMEQRS - - YORHEKQTOLNLKNLDSFKEFLMQQIERKALQY -~ - - - - -
Tetrapisispora phaffii sFKEELlE -------
C. albicans --MTVTDEFKKQVSKTIPKTOLSDDEYI-KLHQSELOLFNKSHMDDIFVERESH- -NITEVKEDLDLNLSNEIRFQGYLMTKLANNSTPV -~~~
C. tropicalis --MPISEEFKTEVGS
150 168 178 180 198

S. cerevisiae HG;PFSLSDSKQTYNVGSEAETNEKGNSSLKLEFTPGHAEDAVGDSAPLS
S. parassus = HGRPSSLSDSKKTYNVGSEVETNGRGNSSLKLQFTPGVSEDAGVDNGPLS
S. bayanus - HGAPSSLSDSKKPYTAGSEVETNGNGDSSLKLEFTPGVPEGKEDNKFPPS
S. castellii - ———— SSVTSSTEKSNLKLEFKDEPTAAIKSEIHEEEV
Kazachstaniaafricana ~  TTSNTSNSVPTAKKPKNIRPLTANSSLFGFNIPK- - - TP ILTRKRKIE - o - oo ooo oo DGNDSKNIKLEF
A. gossypii SHGAGHGSGAKLPRPLRATGGS -SEFGYGSSPR--SSNVREMREDVE - -« == - oo emmcooei i iiiiaiaaaaas LHSDRDSP
K. lactis -IanPsxusiI ------------------------------------ TPTEASKVSP
Kazachstania naganishii SIKTGNTSLP - - - -SADGSSSKLHFIKTEGET
Zroxii 0000 --PTTENHTNVAREEEPVRSVNGEE TEEELEVSK- - - R MNDE - - - - - - - - ---ccccccccccccccccacacacccacaaaaann L-E
K.polyspora .. ASSSNVHSSGVKPKIVKPIGSSPSLFGFNIPK- - - TPTLKKRKLNVE -« -cvcvmmmm e e cccmecaeaannnn DSNGGSVSNTSSK
- el 85 - e e NYQDTEAGSKLEFSQGP
C.glabrata = __BSASRKTGPMKKNKVVRGSTNN-SAFGFSIPN---TPTIKKRKLQVSE - - - < - oo ccoccmemmeememen SSTKKENGHENSLHFSEGTSVER
Tetrapisisporaphaffi . . SNTSNVTSSGLKSKII---GSSPSLFGFNSPR---TPIIKKRKLNES ------
C.albicans  KTRDTIGSTSNREQFRTV---DNH---HL--==---~-TPQEKKRKFEON---------vvvvvveeee-TPEFKTPAGIPV-vvevrooomnnmnn=
C.tropicais @ KiIKDGITLGGENKRLRRNNNELS - - - - SBGHERS - - - P YERRKED DB - - - - < - - - - - = o oo oo oo oo mmcceceeme————oo-

200 278 2860
S. cerevisiae HAKSSDAKTPGSSTFQTPTINTE TT-------moemmmmmman NENVGLLSTEEPSYNQUKVE
S. pamassus HAKGSDAKTPGSSTFQTPT NgNVGLVSTKELSSNQ KVE
S. bayanus -AKSLNVNTPNPSTFQTPT NASVGLDSTEELPPSEMRVE
S. castellii PSRDSLDNSTESIANVSVKTET| -LDLNAQDGKKIRIS
Kazachstania africana SQDENNSMNSEVSIKNEISTGH vquexssuonnrvsx
A. gossypii GPPSSPVGHTSVFSDAGPGF ----DFDSDHQ
K. lactis SAANSTSILNTSPSVTTPT
Kazachstania naganishii svsoxnxsenusxussui
Z roxii SDGKSKSSPLHFSTTPLSANSTHEGP - - -------- DLNSMAAIPSQDDIQS
K. polyspora Lsssmnunnnnsesoir NIMNSSILELGSOVIATTPAPLKSSHES
Torulaspora delbrueckii SEDNINKENELSHGNADTSHMST] ---LQEDSEKRMN
C. glabrata TQQLGSSPLLNSDANRDVGV IDPNVETATKNMS
Tetrapisispora phatfii SPSMTGSTQI--NLPSDITV
C. albicans SSPTTDYETANNTFVGLTTNGT] ----QLPEGKTFRLSTNFS
C. tropicalis GSNGLNTTPDFKTPMAYGVTSSHGA- ----ELPEDRPFKLATNFE

Figure 6.1: Alignment of the N-terminal region of Pol12 throughout 15 yeasts species

The localization of the truncations at amino acids 122, 210 and 241 is indicated in green, blue and red,
respectively. Highly conserved amino acids are indicated in light grey. Strictly conserved amino acids are
indicated in dark grey.
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The shortest construct contains a sequence that is overall fairly conserved without
significant addition of residues throughout species. It includes a nuclear localization motif and
several strictly conserved individual or paired residues which could also constitute potential
motifs for binding or modifications. The intermediate sized truncated N-terminal Pol12 includes
T177, T185 and particularly T190, a potential phosphorylation site that gives a strong ODP
phenotype in poll™ when disrupted. Interestingly, the predicted kinase responsible for this
modification is of the Cyclin-Dependent Kinases (CDK) family (Horn et al., 2014). Among
those proteins is Cdkl, which has been thought to play a crucial role in telomere homeostasis
(Liu et al., 2014). Finally, the bigger truncation includes almost the entire N-terminal area of
Pol12 that has no existing crystal structure.

As those truncations wouldn’t be viable in vivo, the strain analyzed still contains WT
Pol12 and the constructs are expressed through an overexpression plasmid, similarly to the ODN
process. Each of the three constructs yielded moderately stable peptides with sizes matching their
respective sequence length. Yet, they showed a total absence of interaction with Poll (Figure
6.2). This result argues that amino acids 1-240 of Pol12 are not enough for the polymerase alpha
heterodimer cohesion. This result does not exclude the possibility of an experimental flaw as this
pilot experiment lacked a full Pol12 construct as control. Furthermore, this construct showed
signs of degradation that could be the result of an unstable peptide. However, the presence of the

Est1-Est2 control bands rules out the possibility of an immunoprecipitation issue.
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Figure 6.2: Poll does not interact with the N-terminal of Pol12

Strains of the indicated construct were immunoprecipitated for FLAG with a Myc co-
Immunoprecipitation. Expected localization of the proteins is indicated with arrows. Expected
localization of Poll is indicated with a red outline
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Poll2-R248 1s important for the interaction of the protein with Stnl

We next wanted to address whether poll2-R248E impacts the interaction of Pol12 and
Stnl. Indeed, its elongated telomere phenotype matches that of the characterized separation-of-
function poll2-216, shown to disrupt that binding (Grossi et al., 2004). This allele contains a
point mutation in G325. Although half buried, this residue maps under surface 3’s R322 and
V326, and next to one of the predicted Poll-Poll12 important interface residues G327 (Klinge et

al., 2009) (Figure 6.3).

G325 V326

Figure 6.3: pol12-216 allele mutation localizes with surface 3 residues found by ODN
Crystal structure by Klinge and Pellegrini (PDB 3FLO) was visualized on Pymol. Residues of surface 3
are indicated in magenta. Residues of the expected interface of Poll2 with Poll are represented in
yellow. G325 Residue mutated in poll2-216 is represented in light pink.
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The introduction of charge swap poll2-R248E significantly reduced the protein binding
to Stnl (Figure 6.4). Although it hasn’t been verified whether the mutation might render the
peptide unstable, the presence of a clear single band as well as previous studies have argued that
ODN alleles expressed stably folded proteins consistently (Lubin et al., 2013). The Pol12-Myc-
containing plasmid itself was successfully tested by previous members of the laboratory. This
result confirms that pol12-R248 is important for the protein’s binding with Stnl, although the
experiment does not elucidate whether the interaction is direct or indirect. Furthermore, this
argues that surfaces 1 and 3 both play a role in the interaction between Pol12 and Stnl, for which

there has been conflicting data discussed in chapter 5.

(FLAG);-myc,,-Est2

Estl-(myc), | +
Stn1-(FLAG), + |+ | +| + | + | +
Pol12-(myc),; + + + + +
pol12-R248E-(myc),;

Pol12 : Ezﬁ
4 Est2
Stn1

Figure 6.4: poll12-R248E disrupts the interaction of the protein with Stnl

Strains of the indicated construct were immunoprecipitated for FLAG with a Myc co-
Immunoprecipitation. Expected localization of the proteins is indicated with arrows. Expected
localization of Stnl is indicated with a red outline
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Conclusion and future directions

The results presented in this chapter bring up numerous questions and additional
experiments that would be needed in order to get a better understanding of the mode of binding
of Poll2. First of all, our results argue that the first 240 amino acids of the protein don’t
contribute to its binding to Poll. These residues have so far been excluded from crystal structure
studies that could help give this region a function through possible known secondary structures.
Furthermore, it is overall fairly conserved and contains several suspected phosphorylation sites.
It is believed that those sites are phosphorylated following binding of Poll and Pol12 (Ferrari et
al., 1996). Therefore, it is possible that this step is a precursor for binding to another protein that
has yet to be determined. As the two bigger truncations gave rise to some proteomic degradation,
it seems unlikely that those alleles could be studied in vivo.

The same lack of answer comes from the western blotting analysis of pol//2-R248E and
Stnl. Indeed, this residue is located at the edge of the protein’s suspected interface with Poll as
is pol12-216, the original allele used to characterize the interaction. Although we were not able
to replicate the experiment using poll12-R322F because of construct issues, we would strongly
expect to see a similar loss of interaction with Stnl, in accordance with previous results and
extreme proximity of the residue with pol/l2-216. There are several scenarios of which proteins
are directly binding to explain this result. It seems unlikely that Poll and Poll2 would not
directly interact as their dimerization is needed for the polymerase function to take place,
although there is in fact only one high-throughput study looking at their direct interaction in vitro
in yeast (Yu et al., 2008). The existence of a co-crystal structure of both proteins constitutes the
strongest argument for their direct interaction, although downsides and possible artifacts of such

an assay were highlighted in Chapter 2. Therefore, the most likely hypothesis is that the Pol12
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interaction with Poll is necessary for that with Stn1. One experiment to investigate this would be
to test the Poll immunoprecipitation levels of pol12-R248E. It is worth noting that many mutants
from every other subunit of the complex with a specific ODN phenotype in a cdcl3™ strain
pointed at areas that are important for the primase cohesion with Poll. Interestingly, past studies
have argued that Pol12 isn’t necessary for that complex formation (Brooke and Dumas, 1991).
Thus, another question to address is whether that more global cohesion of the complex may be
important for the interaction between Pol12 and Stnl. Finally, it would be interesting to test
whether the disruption of that interaction has consequences on that of Poll with Cdc13. Indeed,
studies have shown that the subunits Stnl-Tenl may exist independently of the third t-RPA
subunit, even able to partially perform the complex function at telomeres in its absence. Whether
the interaction between Cdc13 and Stnl depends on polymerase alpha would reshape the basis of
the complex’s function at telomeres. Finally, the differential phenotypes observed for poli2-
D303K make it an interesting candidate for testing. Indeed, its localization and strong ODN

phenotype with a poll™

strain make it likely to disrupt the interaction between the two proteins.
However, whether it also disrupts that with Stn1 or not could help us distinguish between a direct
and indirect contact of the two proteins. Possible scenarios of the interaction between polymerase
alpha-primase and t-RPA are shown in Figure 6.5.

In addition to unraveling the interaction specifics of polymerase alpha and t-RPA,
investigating whether Pol12 mutations may destabilize the binding to other factors could be
useful to understand the possible multiple protein functions affected. A classical approach to
such a question would be to perform a mass spectrometry experiment. As these usually yield a

very high number of candidates with lots of artifacts, it is best to compare the hits of a mutant

allele to those of the WT protein. There are several likely proteins and complexes suggested to

141



interact with Poll12 specifically. Among those is Ctf4, early characterized as POB1 (Polymerase
One Binding) for its ability to bind polymerase alpha (Miles and Formosa, 1991). This protein is
thought to be the link between this complex and several others who play a crucial role in
replication fork integrity. Ctf4 was also highlighted as one of the factors who’s synthetic lethality
with rad274 is rescued by poll2-R248E in the previous chapter. A similar comparative mass
spectrometry experiment of Pol12 with mutations that mimic either the presence or absence of
phosphorylation through its N-terminal Tyrosines could also yield novel candidates and broaden

the function of the protein to other pathways.

Data from this chapter is currently in preparation to be published (Meunier and Lundblad,

in preparation). The dissertation author was the primary researcher and author of this material.
A ' B '

Figure 6.5: Possible interactions for Poll, Pol12, Cdc13 and Stnl

(A) Poll2 interacts with Stnl directly and independently of Poll,

(B) Poll2 interacts with Stnl indirectly and dependently of Poll, Stnl and Poll don’t interact
(C) Poll2 interacts with Stnl indirectly and dependently of Poll, Stnl and Poll interact

(D) Poll2 interacts with Stnl indirectly and dependently of Poll, through another factor
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CHAPTER 7:
Conclusion
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A novel interface of polymerase alpha-primase plays a role in telomere homeostasis with t-RPA

Polymerase alpha-primase had long only been known for its lagging-strand replication
function within the replisome. Evidence slowly built up for a similar replication function of the
complex, possibly independently of some or all of the replisome, taking place at the newly
replicated telomeres. This mechanism is intended to counter the end-replication problem induced
by that same complex that results in a progressive shortening of telomeres. It is thought to
involve t-RPA, and previous proofs of physical interactions between polymerase alpha’s Poll
and Pol12 with t-RPA’s Cdc13 and Stnl, respectively, were uncovered. However, the exact
interface of Poll12 responsible for this interaction with Stnl was never investigated, and, more
generally, no real function for the essential protein was argued since.

Using the ODN assay that was perfected in our laboratory, I extensively mutagenesized
the surface of Poll2. It highlighted residues that show a sensitivity to a t-RPA defect. Most of
those residues happened to cluster around the predicted interface of Pol12 with its main catalytic
partner Poll. Pursuing our study to the rest of the complex showed that this sensitivity extends to
every subunit of polymerase-alpha primase. Therefore, this entire complex is genetically
involved with t-RPA. A closer look at the phenotypes of mutants of those residues showed a
striking elongation of the telomeres, although this phenotype was overshadowing a matching
increase of the critically short telomeres amount in the cells. Such a phenotype has been similarly
observed in t-RPA mutants. Indeed, combination of key Pol12 alleles found by ODN with known
t-RPA mutants resulted in synthetic lethality. Using biochemistry, we found that this lethality
was the result of a loss of interaction between Poll2 and Stnl. This indicates that both

complexes interact to work within a similar pathway.
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Disrupting the interaction between Pol12 and Stnl does not influence levels of fork collapse

There are two possible pathways in which polymerase alpha-primase and t-RPA might
need to interact. Our laboratory recently published data arguing that t-RPA plays a key role
during DNA replication with the machinery. On the other hand, the evidence for a post
replicative pathway taking place to elongate the telomeres piles up. Thanks to another assay
developed by a previous collaborator, we were able to conclude on the question. Indeed, we have
the ability to monitor fork collapse levels to determine which factors play a role in that process.
However, because of the synthetic lethality phenotype widely observed between mutants of
Pol12 and all three subunits of t-RPA, we had to select mutants of Cdc13 resulting in a very mild
disruption of the DNA binding ability of the protein in order to obtain a viable double mutant.
Analysis of fork collapse levels of the resulting strain showed no significant increase compared
to the single mutants. Therefore, the most likely explanation for the phenotypes observed is that
they’re acting towards a similar pathway independent of the replication fork and that affects

telomere homeostasis.

The C-strand filling mechanism: existing data

Evidence of a mechanism for telomere processing by polymerase alpha distinct from the
replication machinery arose in early 2010’s (Price et al., 2010, Chow et al., 2012), although the
independent process of C-strand fill-in was long described (Price et al., 1994, Fan and Price,
1997, Reveal et al., 1997). 1t highlighted the recruiting role of t-RPA, as the two complexes had
been found to physically interact. More recently, data argued for a particular role for Stnl and
Tenl in the process (Feng et al., 2018). This result goes with previous work hypothesizing that
Cdc13 was partially dispensable by polymerase alpha-primase binding to telomeres alongside

Stnl, although the DNA binding domain involved is unclear (Petreaca et al., 2006). The dual
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role of Cdcl3 at recruiting telomerase and acting on the C-strand fill-in process would explain
that mutants of the protein were found having opposite telomere defects. In contrast, every
mutant found in Stnl and Tenl showed the same elongated telomere phenotype as observed with
alleles of polymerase alpha-primase, arguing for a common role. Indeed, if telomerase
recruitment is unaffected but C-strand fill-in is impaired, the result will be an elongated but
single stranded telomere. This hypothesis is confirmed by the observations that the elongation is
solely dependent on telomerase, and that the action of single-stranded exonuclease on t-RPA

mutant telomeres cleaves them back to WT levels.

Evidence of a link between C-strand fill-in and DNA damage checkpoint/repair

The synthetic lethality phenotype of combinations of mutants of polymerase alpha-
primase and t-RPA is expected to be the result of an activation of the DNA damage checkpoint.
Indeed, loss of any checkpoint protein has been shown to bypass growth defects in Cdc13 DBD
mutants (Zubko et al., 2004, Paschini et al., 2012, Holstein et al., 2017). In parallel, we showed
how poll2-R248E is able to partially rescue the deadly defect induced by a lack of proper
processing of Okazaki fragments and impaired DNA damage checkpoint. Therefore, Poll2
normally acts to repress a parallel DNA repair pathway. The role for this protein in damage
processing has long been suggested, as its very first allele was characterized by an increased
level of unresolved Holliday Junctions (Zou and Rothstein, 1997). This result argues that Pol12
normally acts to either solve those structures or prevent their formation altogether. It has also
very recently been argued that the Human equivalent of Pol12, POLA2, played a helping role in
double strand break (DSB) repair (Dang and Morales, 2020). The two main repair mechanisms

for such type of damage are specifically controlled at telomeres (Doksani and de Lange, 2014).
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When triggered, they involve formation of a Holliday Junction. Therefore, it seems plausible that
Pol12 acts to repress activation of those pathways. Whether it is linked to its binding properties
to t-RPA or an independent function has yet to be investigated. Yet, it seems clear that such
checkpoint activation is the result of increased single-stranded DNA resulting from an impaired

C-strand fill-in.

Model

All the data described above allowed for generation of a model linking polymerase alpha-
primase and the t-RPA complex in the context of C-strand fill-in. Under normal conditions,
Cdc13 binds to the newly replicated single-strand G-rich overhang (Figure 7.1A). It has the
ability to recruit telomerase through direct binding with its Estl subunit (Figure 7.1B).
Telomerase generates de novo telomeric repeats onto the G-rich strand and it then either released
or displaced by polymerase alpha-primase, with data arguing that Cdc13 binds both Estl and
Poll through the same region (Figure 7.1C). Once together, t-RPA and polymerase alpha-
primase allow for the complementary C-strand fill-in (Figure 7.1D) until reaching the double-
stranded telomeric region (Figure 7.1E). As generation of the C-strand goes against the natural
directionality of the machinery and similarly to lagging strand replication, the product includes
RNA-DNA hybrids that have to be processed through action of endonuclease and ligase (Figure
7.1F). The whole processed results in an elongated telomere in comparison to that resulting of

regular replication.
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Figure 7.1: Schematic representation of t-RPA, telomerase and the polymerase alpha
primase interactions during the C-strand fill in process

A/ After the replication fork machinery has finished lagging strand replication, Cdcli3 is bound to the
single-stranded telomeric end and recruits telomerase Estl, B/ Telomerase elongates the single-stranded
G-rich strand, C/ Poll removes telomerase from binding to Cdcl3 and brings the t-RPA complex
together, D/ Polymerase alpha primase performs 3’ to 5’ C-strand fill-in with Okazaki fragments

(represented in red), E/ Endonucleases and ligase process the Okazaki fragments , F/ Final elongated
telomere
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Mutations of subunits of the complexes that are important on C-strand fill-in have distinct
consequences on telomere length. Literature on Cdc13 alleles show that depending on the region
of the protein that is altered, telomeric length will either be shortened or elongated. Such
phenotypes argue for two altered stages of C-strand fill-in process. In the first case scenario,
short telomeres could be the representation of a lessened successful recruitment of telomerase by
Cdcl13. In the other case scenario, elongated telomeres are the consequence of an impaired C-
strand fill-in. Indeed, studies have shown that those telomeres are in fact single-stranded.
Whether this impairment is the result of a disruption of the t-RPA-polymerase alpha binding

integrity through Cdc13 and Poll has yet to be investigated (Figure 7.2).
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Figure 7.2: Schematic representation of t-RPA with a Cdc13 mutant, telomerase and the
polymerase alpha primase interactions during the C-strand fill in process

A/ After the replication fork machinery has finished lagging strand replication, Cdcli3 is bound to the
single-stranded telomeric end and recruits telomerase Estl, B/ Telomerase elongates the single-stranded
G-rich strand, C/ Poll cannot bind to Cdc13 but is still partially able to bind to single-stranded DNA, D/
Polymerase alpha primase performs 3’ to 5° C-strand fill-in with Okazaki fragments (represented in red),
E/ Endonucleases and ligase process the Okazaki fragments , F/ Final elongated telomere

151



Endonuclease
+ Ligase

152




Data discussed throughout this thesis described newly generated Pol12 alleles thought to
disrupt the protein interaction with Stnl. Mutations of both protein result in an increase in
telomere length with the prediction that those repeats are single-stranded. Therefore, similarly to

some Cdc13 mutants, it argues for a defect in the C-strand fill-in (Figure 7.3).
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Figure 7.3: Schematic representation of t-RPA, telomerase and the polymerase alpha
primase with a Pol12 mutant interactions during the C-strand fill in process

A/ After the replication fork machinery has finished lagging strand replication, Cdcl3 is bound to the
single-stranded telomeric end and recruits telomerase Estl, B/ Telomerase elongates the single-stranded
G-rich strand, C/ Pol12 and Stnl cannot bind but Poll can still bind partially Cdcl3, D/ Polymerase
alpha primase performs 3’ to 5’ C-strand fill-in with Okazaki fragments (represented in red), E/
Endonucleases and ligase process the Okazaki fragments, F/ Final elongated telomere
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One of the most striking phenotypes of those novel Pol12 alleles is the synthetic lethality
observed when combined with mutants of each of the subunits of t-RPA. Based on the
localization of the various mutants involved in those inviable strains, this result argues that the
interaction between t-RPA and polymerase alpha-primase needed for the C-strand fill-in to occur
normally involves several points of contact. For example, combinations of Cdc13 and Poll2
mutants results in a lessened or completely abrogated interaction between the two complexes
(Figure 7.4). Complete lack of C-strand fill-in leaves excess single-stranded DNA that is

detected as DNA damage and triggers cell arrest through checkpoint.
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Figure 7.4: Schematic representation of a t-RPA’s Cdc13 and polymerase alpha primase’s
Pol12 synthetically lethal double mutant

A/ After the replication fork machinery has finished lagging strand replication, Cdcl3 is bound to the
single-stranded telomeric end and recruits telomerase Estl, B/ Telomerase elongates the single-stranded
G-rich strand, C/ Poll cannot bind to Cdcl3 and Poll2 cannot bind to Stnl, D/ C-strand fill-in cannot
take place, [E/ unprocessed single-stranded DNA activates DNA damage checkpoint
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Similarly, combination of Pol12 and Stnl mutants is inviable. This result argues that Stnl
and/or Tenl are essential for the C-strand fill-in process (Figure 7.5). Indeed, there are no
evidence that Tenl interacts with t-RPA through Cdc13, and its presence would therefore be
dependent on Stnl’s Whether either of the two proteins is important for stability or plays a
specific role in the process is unclear. However, lethal combination of Tenl and Pol12 mutants

brings novel information in which Tenl is essential as well for the process (Figure 7.6).
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Figure 7.5: Schematic representation of a t-RPA’s Stn1’s and polymerase alpha primase’s
Pol12 synthetically lethal double mutant

A/ After the replication fork machinery has finished lagging strand replication, Cdcl3 is bound to the
single-stranded telomeric end and recruits telomerase Estl, B/ Telomerase elongates the single-stranded
G-rich strand, C/ Stnl cannot bind to either Cdcl3 nor Poll2, D/ C-strand fill-in cannot take place, E/
unprocessed single-stranded DNA activates DNA damage checkpoint
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Figure 7.6: Schematic representation of a t-RPA’s Ten1’s and polymerase alpha primase’s
Pol12 synthetically lethal double mutant

A/ After the replication fork machinery has finished lagging strand replication, Cdcl3 is bound to the
single-stranded telomeric end and recruits telomerase Estl, B/ Telomerase elongates the single-stranded
G-rich strand, C/ Tenl cannot bind to Stnl, D/ C-strand fill-in cannot take place, E/ unprocessed single-
stranded DNA activates DNA damage checkpoint
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Applications to Humans diseases

Telomere homeostasis is crucial for survival as it protects coding DNA of the linear
chromosomes from degradation. Yet, they naturally shorten overtime, as cells majoritarily lack
active telomerase (Collins and Mitchell, 2002). The likelihood of developing one of many
neurodegenerative diseases also increases with age. Whether short telomeres are the cause, a
consequence or simply correlate with the appearance of such pathologies have been subject to
debate (Eitan et al., 2015). However, it is widely understood that the chances of accumulating
deleterious mutations increase overtime, especially when critically shortened telomeres become
unable to perform their protective function. The chances of developing cancer also closely relate
to age as each round of cell cycle is susceptible to generate oncogenic mutations. Cancerous cells
divide uncontrollably and at a much faster pace than regular cells. In the very vast majority of
cancers, telomerase has been hijacked and re-activated (Kim et al., 1994). This prevalence varies
slightly depending on the type of tissue affected, correlating with data arguing that telomere
length is tissue specific (Friedrich et al., 2000). Indeed, various types of tissues are exposed to
various additional environmental and epigenetics factors that also influence genome stability.

Polymerase alpha is a central player of cancer biology. Its action during lagging strand
replication makes it a possible culprit for novel mutations, especially considering its lack of
proofreading ability and error rate of 1/10,000 (Kunkel, 2004). Yet, beyond its role in DNA
replication, this thesis highlighted its importance in telomere homeostasis through interaction
with t-RPA during C-strand fill-in. The elongated nature of the telomeres arising from mutants of
those complexes does not match the short telomeres phenotype often used as a biomarker for
diseases. Furthermore, their single-strandedness makes them susceptible to telomere fusion

between chromosomes, with grim potential consequences during mitosis. Finally, increasing
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evidence for a role of Pol12 and its Human equivalent in controlling mutation prone DNA repair
pathways demonstrates how the protein participates in genome stability at many levels.
However, possibly because of the lack of recognition of its impact, research of potential disease-
causing alleles of the protein has been limited.

Telomere syndromes, or telomeropathies, are inherited diseases linked to the presence of
extremely short telomeres. They mainly result from mutations of telomerase or components of
telomeric-bound proteins, named shelterin in humans. Although the homologs of t-RPA subunits
are distinct from shelterin, mutations of CTCI1, equivalent of Cdcl13, and STNI are a known
cause of several telomeropathies such as Coats Plus and Dyskeratosis congenita (Chen et al.,
2013, Ganduri and Lue, 2017). Similarly to observations done in S. cerevisiae, human STNI
plays a role in stimulating the activity of polymerase alpha-primase that is disrupted in those
disease-causing alleles. Therefore, it is likely that reciprocal mutants on POLA2, the human
equivalent of Pol12, exist but haven’t been investigated yet.

On the other hand, defects of POLAI, catalytic subunit of polymerase alpha and human
equivalent of Poll, are a known cause of a syndrome causing immunodeficiency, X-linked
reticulate pigmentary disorder (Starokadomskyy et al., 2016). More recently, another disease-
causing intellectual disability has been suggested to be the result of a mutation altering the
splicing of POLA1 (Esch et al., 2019). Both of those pathologies are X-linked, in accordance
with the localization of the gene on chromosome X, rendering its identification easier as several
men of the same family are likely to be affected. However, they’re not considered
telomeropathies. In contrast, cases of X-linked dyskeratosis congenita have also been found but
were solely linked to a mutation in DKC1, named after the defect it creates when altered

(Townsley et al., 2014). Interestingly, it is suggested that diseases caused by mutations of
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POLAT1 are the result of an impaired interferon production resulting in immunodeficiency. This
phenotype brings up a whole new function of the protein in the immune system that has yet to be
investigated further but does not seem to involve POLA2. Although mostly unknown as disease-
causing alleles, POLA?2 is increasingly studied as a cancer biomarker. An allele of the protein,
resulting in altered localization of the protein in the cytoplasm rather than the nucleus, has been
shown to correlate with a better prognosis in patients with non-small cell lung cancer (Mah et al.,
2014). This result is also interesting from a genetic standpoint as the single substitution
responsible for mislocalization maps next to a suspected phosphorylation site, away from the
protein interface with its catalytic partner. It was later shown that normally localized POLA2
interferes with a commonly used drug for that type of cancer, and is therefore a biomarker to take
into account (Koh et al., 2016). Finally, recent work identified POLA?2 as a collateral target for
another type of drug used for that same kind of cancer, once again highlighting its potential as a
biomarker for drug efficiency (Kim et al., 2020). However, as the protein is needed for
replication in every cell, it does not constitute an ideal therapeutic target, in contrast to

telomerase that is inactive in most somatic tissues but active in most cancers.
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APPENDIX A:

Genetic analysis of Tenl,
subunit of the t-RPA complex
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Introduction: Tenl

The t-RPA or CST complex is made out of 3 subunits: Cdc13, Stnl and Tenl. Whereas

the first two have been extensively studied, knowledge about Tenl is comparatively limited. It is
an essential small protein originally discovered for its ability to rescue TS mutants of Stnl.
Although Tenl overexpression doesn’t rescue cdcl3-1 unlike overexpression of Stnl does, its
combination with overexpressed Stnl rescues the growth defect greatly more than Stnl alone
(Grandin et al., 2001). The two proteins have been shown to directly interact (Gao et al., 2007,
Paschini et al., 2010). When disrupted, Tenl shows an elongated telomere phenotype, similarly
to Stnl and a subset of Cdc13 DBD mutants (Xu et al., 2009). More recently, a specific function
of Stnl-Tenl has been suggested as necessary for recruitment of Polymerase alpha-Primase
during the C-strand fill-in process, independently of telomerase action (Feng et al., 2018). It has
also long been suggested that Tenl performs essential functions independently of the t-RPA
complex (Kasbek et al., 2013). Such a function could possibly be attributed to the Transcription
process through RNA polymerase II as of recent data (Calvo et al., 2019).

Our laboratory successfully identified many alleles of t-RPA subunits Cdc13 and Stnl by
targeted mutagenesis as described throughout this thesis. The decision to study Tenl arose for
several reasons. First of all, the role of Tenl in and outside of the context of t-RPA is still
unclear. Furthermore, to this day, all existing alleles of Tenl were generated through random
mutagenesis although crystal structures of the peptide have been readily available both in various
yeast species and Humans (Sun et al., 2009, Bryan et al., 2013, Ge et al., 2020). Most recently,
collaboration work between the Cech and Wuttke laboratories even produced a complete

structure of CST, the Human equivalent of t-RPA (Lim et al., 2020). Finally, its physical and
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genetic proximity to Stnl and long telomere phenotype makes it a strong potential interacting
partner to Pol12.

Choice of residues to mutate on Tenl was made by using a combination of sequence
alignments throughout 27 species of yeasts, with the help of a C. tropicalis structure to identify
surface and interface residues with Stnl (Figure A.1). Since this study, a similar crystal structure
of the complex in K. Lactis has been published (Ge et al., 2020). Tenl is a notably short yet very
conserved protein of only 160 amino acids. Therefore, one might expect most of the sequence to
be important for its function(s) and potentially lethal if disrupted. Furthermore, although being
successful with most essential proteins, the ODN assay could not yield results with Cdc13 as
overexpression of the protein affects viability. Overexpression of Tenl has also been shown to
have an effect on t-RPA binding abilities. For these reasons, the use of a LOF assay using a

basal-expressing centromeric (CEN) promoter was preferred.

Material and methods: Tenl

13 mutant alleles of 10 residues located throughout the sequence of Tenl were generated
and tested for LOF. All Loss-of-function (LOF) analyses were performed in yVL2082 (MATa
ura3-52 lys2-801 trp-Al his3-A200 leu2-Al tenl-A::KAN, complemented with pVL1808 (CEN
URA3 Tenl)). Missense mutations in Tenl were introduced by Quickchange mutagenesis into
pVL3779 (CEN TRPI Tenl) and checked by sequencing. A standard LiAC transformation
protocol was used to introduce plasmids individually into yeast alongside pVL399 as a negative
control and pVL3779 as a positive control. Cells were plated on YPD (Yeast Extract Peptone

Dextrose) minus Tryptophan and Uracil (-Trp -Ura) petri dishes, grown in duplicates overnight
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on YPD-Trp-Ura liquid media and gridded simultaneously on -Trp-Ura plates as a control and
YPD-Trp +5-Fluoroorotic Acid (5-FOA) plates in 's serial dilutions for readability.
For epistasis analyses, mutations were integrated into the genome using the pop-in pop-

out method as previously described.

Table A.1: List of plasmids used in this appendix

Plasmid # Content

pVL399 2u LEU2 ADH

pVL3779 2u LEU2 ADH-TEN1
pMAMG629 2u LEU2 ADH-tenl1-S2E
pMAMG630 2u LEU2 ADH-ten1-D7K
pMAMG631 2u LEU2 ADH-tenl-R41E
pMAMG632 2u LEU2 ADH-ten1-R43E
pMAMG633 2u LEU2 ADH-ten1-R47E
pMAMG634 2u LEU2 ADH-ten1-D50K
pMAMG635 2u LEU2 ADH-tenl1-D50A4
pMAMG636 2u LEU2 ADH-ten1-F51E
pMAMG637 2u LEU2 ADH-tenl-F51A4
pMAMG638 2u LEU2 ADH-tenl-E91K
pMAMG639 2u LEU2 ADH-ten1-D110K
pMAMG640 2u LEU2 ADH-tenl-E127K
pMAMG641 2u LEU2 ADH-tenl-E127A4

Table A.2: List of strains used in this appendix
All strains are derivatives of yVL2967 (ura3-52 lys2-801 trp-Al his3-A200 leu2-Al)

yVL # Mutation Mate type
2082 Tenl A (CEN-URA3-Tenl) a
2967 WT a
5025 poll2-R248E alpha
5026 poll2-R322E alpha
5027 poll2-D303K alpha
5788 tenl-F51F a
5791 tenl-E9IK a
5796 teni-D7K a
5797 tenl-D50K a
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Figure A.1: Tenl sequence alignment and conservation throughout 27 yeasts species.

Highly Conserved and strictly conserved residues are highlighted in light grey and dark grey,
respectively. Amino acids missing for a particular species compared to S. cerevisiae are indicated with a
dash. Alignment was done using Macvector.
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Results of the Loss-of-function (LOF) screening of Tenl

Out of the ten residues of Tenl tested, only four were viable through LOF when mutated,
whereas six were inviable (Figure A.2 and Table A.3).

Table A.3: Summarized results of the Loss-of-function viability status of novel Ten1 alleles
Strains were tested on -Trp 5-FOA at 30 and 34°C to identify possible TS alleles. Viability was

tracked with the following nomenclature: -: inviable, +/-: sick, +: viable
Viability at
Tenl allele 30°C 34°C
S2E : -
D7K +/- +/-
R41E - -
R43E - -
R47E - -
D50K + +
D50A +
F51E +/- +/-
F51A + +
E91K + +
D110K - -
E127K - -
E127A - -

Among those are residues known or suspected to be important for the interaction between
Tenl and Stnl. This observation of a majority of alleles being inviable is fairly expected given
the highly conserved nature of the protein, as well as the fact these mutants weren’t tested for
ODN prior. Indeed, one can expect many of those alleles to affect the essential function(s) of
Tenl, which would result in cell death. All of the inviable mutants localized at the interface of
Tenl and Stnl, although another allele was found away from it. This result either argues that

there is another essential interface of the protein besides its binding to Stnl, or that the interface
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extends beyond what the crystal structure captures. A known allele previously detected in our

laboratory, Ten1-D138, also localized at that interface as expected (Paschini et al., 2010).
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Figure A.2: Loss-of-function testing results of the novel Tenl mutants

A Tenl Knock-out strain with covering CEN-URA3-Poll2 plasmid (yVL4931) was transformed with
variants of CEN-LEU?2 plasmids with the content indicated. Cells were grown and viability was compared
on -Leu -Ura for control and -Leu 5-FOA for shuffling off the covering plasmid.
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Every viable allele mapped on the surface away from the interface with Stnl but did not
cluster in a particular area of the protein. It is possible that, although highly conserved
throughout species, some of these mutants do not perform any essential or particular function. It
is also possible that they also disrupt the protein interaction with Stnl but to an extent that isn’t
inviable. Their extremely long telomeres as seen by Southern Blot analysis supports the latest

idea as it matches a similar phenotype seen in Stnl and Pol12 mutants (Figure A.3).

ten1-D7K

ten1-D50K
ten1-D50A
ten1-F51E
ten1-F51A
ten1-E91K

Figure A.3: Viable Tenl alleles have extremely elongated telomeres
LOF assay monitoring telomere length of tenlA yeast strain (yVL2082) bearing single-copy plasmids expressing
mutations described above.
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When mapped on the crystal structure of K. lactis, every single inviable allele of the Tenl
homolog localized on a five-sheet beta-barrel formed by the peptide (Figure A.4). The two
viable but sick residues when mutated immediately flank that secondary structure that is a part of
the protein’s OB-fold. This result highlights its importance for the function of Tenl, presumably
through interaction with Stnl. In contrast, the four previously found TS alleles of Tenl are
complex to characterize (Xu et al., 2009). Indeed, one of them is made out of a buried residue
and presumably is truly TS. Yet, for the other three, evidence has shown that they might actually
be partial loss-of-function mutants (Paschini et al., 2012). However, they’re made out of
combinations of several substitutions which, although all surfaces, make it hard to pinpoint
which are responsible for the defect. Finally, and fascinatedly, their fourth allele encodes for a
premature STOP codon resulting in the truncation of an entire a-helix that interacts with Stnl. It
includes E127 and D138, two residues shown by our laboratory to be essential for the proteins to
interact. How this mutant could be viable is unclear, although it may argue that another part of

the surface can take over the essential interaction with Stnl.

Figure A.4: Representation of the novel Tenl alleles on the K. Lactis crystal structure

Stnl and Tenl are represented in orange and cyan, respectively. Alleles that are inviable through LOF
are indicated in red whereas viable mutants are indicated in green. A previously characterized residue
known for its importance in the interaction with Stnl is highlighted in yellow. Estimated truncation area
of the TS tenl-106 allele from Nugent and coworkers is shown in light cyan. PDB: 6LBU

175



Results of the epistasis analysis of Tenl

The inviable alleles were not pursued further as they logically cannot be successfully
integrated into the genome. For mutants that were viable through LOF, the possibility that they
might result in a severe defect could also make them inviable or temperature sensitive once
integrated into the genome. Particularly, two of the mutants, ten/-D7K and tenl-F51E, were
shown viable but sick and had the longest looking telomeres when run on a Southern blot. The
F51A variant was viable and healthy on the LOF assay, therefore highlighting the idea of a
greater defect on the surface when introducing a negative charge through tenl-F51E. We
selected the sicker allele to be integrated, as it could potentially yield more noticeable
phenotypes. Furthermore, its immediate proximity to the sequence and structure to another viable
allele, tenI-D50K, as well as to the essential beta-barrel structure, renders the area particularly
interesting for further studies.

All 4 viable alleles were successfully integrated using the standard pop-in pop-out
protocol without giving an obvious or TS phenotype on their own, arguing against the possibility
of an unstable protein. Those newly generated strains were crossed with key alleles for epistasis
analysis. The initial goal of the experiment was to address whether the specific striking additive
phenotype observed by poll2-R248E with mutants of Cdc13 and Stnl could be generalized to all
subunits of the t-RPA complex. As expected, their combination with The Pol12 defect resulted in
a similar phenotype, with a viability of the double mutants ranging from sick to lethal after a
couple cell divisions, in accordance with the severity of phenotypes observed for the individual
Tenl alleles when tested for LOF (Table A.4). This result argues that the viable allele found by

LOF do affect an important function of the protein.
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Table A.4: Size of the double mutant combinations of Pol12 and Ten1 alleles found
Pictures of 4 double mutant spores of the indicated single mutant crosses are shown. n.t. = not tested

Mutant ten1-D7K ten1-D50K tenl-F51E ten1-E91K
weno: EEEEOOOUNNENENEE
pol12-R322E
pol12-D303K n.t.

The variation of synthetic growth phenotype varied between poll2-R248E and poll2-
R322F for each of the Tenl mutants. Ten/-F51FE was the most severe allele as its combination
with either does not give rise to visible colonies. Yet, a closer look at the nature of the
microcolonies of the double mutants shows that poll2-R248E’s stopped growing at no more than
5 cell divisions whereas poll2-R322’s consistently divided a few more times, although never

enough to be visible after 5 days of growth (Figure A.5).
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Figure A.5: Mutants of Ten1 are synthetically lethal with cdc13™S-sensitive Pol12 alleles
Dissected spores were grown on YPAD media for 5 days and genotyped for (A) poll2-R248E and (B)
poll2-R322E respectively (C and D) pictures of a subset of double mutant microcolonies were taken

using a  Zeiss  Axioskop 50 with a  Nikon  Digital Sight DS-5M  camera

However, the double ten/-E9IK and poll2-R248E barely formed visible colonies
whereas tenl-E91K and poll2-R322E grew to almost WT size (Figure A.6). This result may
argue for a distinct function of Tenl being altered compared to the previous allele. Indeed, this
residue is the only one not closely located to the beta-barrel structure of the protein, although
being a part of a helix thought to be important for the OB-fold stability (Bryan et al., 2013). This
result cannot be due to an experimental error in strain-making as all individual mutants were

previously tested and showed different growth phenotypes compared with the double mutants.
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Figure A.6: Size comparison of the combination of tenI-E91K with Pol12 alleles
Spores of the indicated genotype were grown for 5 days before being genotyped and photographed

Finally, although close in size, the double mutants of Ten/-D50K crossed with both
Pol12 alleles were very irregular in shape compared to that with poll2-D303K. This phenotype
could possibly be the sign of an uneven, chaotic cell cycling happening in the cells. It has indeed
been shown that the genotype can influence colony morphology. This feature has even been used
as a selection tool for genetic suppressor screenings (Granek and Magwene, 2010, Furukawa,
2011). However, this allele of Tenl, as well as the others, showed no effect with rad274, arguing
for a distinct function from pol/l2-R248E that is able to rescue the knock-out through activation

of the DNA damage checkpoint repair pathway.
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APPENDIX B:
Genetic analysis of Pol30,
processivity factor of the replisome
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Introduction: PCNA

Proliferating Cell Nuclear Antigen (PCNA) is a ring-shaped complex that surrounds the
DNA strand and guides the fork machinery throughout replication. In S. cerevisiae, it is made out
of a homotrimer of Pol30 (Bauer & Burgers, 1990). PCNA is essential, highly conserved up to
Humans, and thought to have important functions in recruiting proteins necessary for DNA
replication and repair (Maga and Hubscher, 2003). It is indeed necessary for activation of post-
replicative repair processes, which happens among others when Okazaki fragments aren’t
processed properly (Nguyen et al., 2013, Becker et al., 2015). The protein is post-translationally
modified through ubiquitination, sumoylation and/or acetylation of well characterized residues in
order to perform its post-replication DNA damage protein recruitment function (Stelter and
Ulrich, 2003). Although not a direct player of telomere homeostasis, it is known to interact with
factors resulting in elongated telomeres when disrupted (Adams and Holm, 1996, Johnson et al.,
2016). According to recent studies, this phenotype is also thought to be linked to a defect in
stress response (Henninger et al., 2020, Shen et al., 2021).

Yet, similarly to Pol12 and Tenl, the rest of the surface stays fairly unexplored. To this
day, there are a few studies looking at surface residues of the protein beyond the post-
translationally modified ones, while mostly focusing on DNA damage defects (4yyagari et al.,
1995, Lau et al., 2002, Bowman et al., 2004, Halmai et al., 2016, Jiang et al., 2019). We
therefore wanted to investigate whether the ODN assay could yield novel or known alleles of the
protein that could help us understand its function within the replication fork and how it may

impact telomere homeostasis.
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Material and methods: Pol30

Table B.1: List of plasmids used for the ODN assay in this appendix

Plasmid # Content

pVL399 2u LEU2 ADH

pYL6304 2u LEU2 ADH-POL3(0

pBMB68 2u LEU2 ADH-pol30-E3K
pBMB76 2u LEU2 ADH-pol30-R61E
pMAMA47S 2u LEU2 ADH-pol30-K107R
pMAMA477 2u LEU2 ADH-pol30-K164R
pMAM686 2u LEU2 ADH-pol30-D41A4
pBMB75 2u LEU2 ADH-pol30-D41K
pMAMG687 2u LEU2 ADH-pol30-D42A
pMAM470 2u LEU2 ADH-pol30-D42K
pMAM471 2u LEU2 ADH-pol30-D41A+D42A
pMAMA478 2u LEU2 ADH-pol30-L126A+11284
pMAM479 2u LEU2 ADH-pol30-P2524 K253 A
pMAMS596 2u LEU2 ADH-pol30-K20A4
pMAMS94 2u LEU2 ADH-pol30-K134
pBMB78 2u LEU2 ADH-pol30-K77E
pMAMS98 2u LEU2 ADH-pol30-K146A4
pBMBB89 2u LEU2 ADH-pol30-DI124K
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Table B.2: List of strains used for epistasis analysis in this appendix

Strain # Mutation Mate
type
yMAM360 cdc9-1 alpha
yMAM392 pol30-D41A a
yMAM393 pol30-D42K a
yMAM394 | pol30-D41A+D42A a
yMAM396 pol30-D42A a
yVL2967 wT a
yVL3584 ticlA alpha
yVvL3737 rad52A a
yVL4649 cdc13-YYAA a
yVL4940 pol32A a
yVL5025 pol12-R248E alpha
yVL5026 poll12-R322E alpha
yVvL5027 pol12-D303K alpha
yVL5184 rpal-tll a
yVvL5411 cdc2-2 a
yVvL5429 pol30-R61E alpha
yVL5430 pol30-K164R alpha
yVL5548 pol30-K20A a
yVL5550 cdc2-2 alpha
yVL5552 pol30-R61E a
yVL5558 pol30-K20A alpha
yVL5562 pol30-K164R a
yVL5648 rad27A alpha
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Results of the ODN assay on Pol30

A pilot study performed in our laboratory in 2012 looked at 100 mutants of the 258
amino acids protein using the ODN assay with a cdc2-2 TS (cdc2™) strain. Cdc2 is a subunit of
the polymerase delta complex, main partner of Pol30 during lagging strand replication (Bauer &
Burgers, 1990). Polymerase delta is thought to take the place of polymerase alpha-primase to
elongate Okazaki fragments using its proofreading activity (Waga and Stillman 1998, Stodola
and Burgers, 2017). Using this strain for the ODN assay therefore highlighted potential mutants
of Pol30 playing a role in lagging strand replication and possible related defects. It is worth
noting that overexpression of Pol30 slightly impaired growth. This observation can be explained
by its binding affinity for DNA, which may turn the protein into a physical obstacle when
present at very high quantities in the cells. As detailed in chapter 2, analysis of ODN phenotypes
is made in comparison to a control strain that overexpresses the WT protein for that reason.

The assay identified seven residues with a strong ODN phenotype in cdc2™ when
mutated. All of them are located on the outer ring or side of the homotrimer. The list includes
K164, sole ubiquitination site and unarguably the most characterized residue of the protein
(Hoege et al., 2002). In contrast, another known post-translationally modified residue, K107, did
not give such a phenotype when mutated. This result argues for distinct functions linked to those

kind of post-translational modifications (Figure B.1)
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Figure B.1: Mutant of the outer ring of PCNA show an ODN phenotype with cdc2™

Strains with a mutation of Cdc2 inducing a temperature-sensitive (TS) phenotype were transformed under
selective marker pressure with an overexpression 2 micron (2u) vector including the content indicated on
the left side. Two independent colonies were grown, replica gridded at different dilutions and grown for 3
days at a gradient of increasing temperatures reducing viability of the strain.

The assay also found a residue of the Inter-Domain Connecting Loop (IDCL), through
which most proteins, including Cdc2, are thought to interact with PCNA (Eissenberg et al.,
1997). A closely located loop made of two arginines appears to be necessary for the complex

recruitment by Replication Factor C (RFC) and was also highlighted by this assay (Bowman et
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al., 2004). Interestingly, those two residues seem to give a different phenotype depending on the

nature of the substitution (Figure B.2).
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Figure B.2: IDCL residues D41 and D42 show opposite phenotypes with cdc2™ depending
on the nature of the mutation

Strains with a mutation of Cdc2 inducing a temperature-sensitive (TS) phenotype were transformed under
selective marker pressure with an overexpression 2 micron (2u) vector including the content indicated on
the left side. Two independent colonies were grown, replica gridded at different dilutions and grown for 3
days at a gradient of increasing temperatures reducing viability of the strain.
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Similarly, neighboring published allele po/30-L126A4-11284 gave an ODP phenotype in

cdc2™

. These mutants have since been characterized as pertaining to the same function in
stabilizing the genome (Brothers and Rine, 2019). This is in contrast with another characterized

double mutant, pol30-K2524-P253A4, which although thought to play a similar role showed no

ODN phenotype in that strain (Figure B.3).

Pol30

L126A+I128A

P252A+K253A

Figure B.3: Phenotype of characterized Pol30 alleles in cdc2™S
Strains with a mutation of Cdc2 inducing a temperature-sensitive (TS) phenotype were transformed under

selective marker pressure with an overexpression 2 micron (2u) vector including the content indicated on
the left side.

Finally, a cluster of three polar residues known to disrupt gene silencing was highlighted
(Kondratick et al., 2018). Every key residue found by this ODN assay was able to be placed on

the existing yeast structure (Figure B.4).
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90 degrees
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anticlockwise

Figure B.4: Localization of the mutant showing an ODN phenotype in cdc2™S
Each Pol30 molecule of the PCNA homotrimer is colored in a different shade of green. PDB# 3K4X

Following the promising pilot results, study of Pol30 was extended to additional residues
in 2015 to be tested in a cdc9™ allele. Cdc9 encodes DNA Ligase I, an enzyme that fuses the
processed Okazaki fragments into the continuous replicated lagging strand (Johnston and
Nasmyth, 1978). Study of new Pol30 alleles highlighted a novel cluster, located on the inner ring
of the trimer. Those residues showed a striking ODP phenotype, rescuing the temperature
sensitivity nature of the sensitized strain. In Particular, it identified lysines K13, K20, K77 and
K146 that are highly conserved up to Humans and directly interacts with the negatively charged
DNA that PCNA surrounds (McNally et al., 2010). One particular residue, K20, has since been

9TS

described as being acetylated and, because of its phenotype with cdc9’>, was selected for further

studies (Billon et al., 2017) (Figure B.5).
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Figure B.5: Mutations of inner ring lysine residues rescue the TS phenotype of cdc9™s
Strains with a mutation of Cdc9 inducing a temperature-sensitive (TS) phenotype were transformed under

selective marker pressure with an overexpression 2 micron (2u) vector including the content indicated on
the left side.

For comparison, none of the alleles found colocalized with the predicted Pol30-Cdc9
interface located at the C-terminal of the sequence, arguing that their effect pertains to DNA
binding abilities rather than direct protein interaction (Vijayakumar et al., 2007). Interestingly,
another lysine K107 was identified as giving a similar rescue phenotype in Cdc9 mutants
(Nguyen et al., 2013). This particular residue isn’t a part of the K. lactis crystal structure of
PCNA, possibly arguing that it is on a highly mobile portion of the surface. Although not being a
part of the inner ring of the complex, it localizes on the S. cerevisiae structure fairly close to the
other lysines and could therefore possibly perform a singular function (Figure B.6). On that
same crystal, the DNA strand that PCNA surrounds appears to directly interact with that area.
Therefore, this function could be to bind DNA or help proteins bind to the DNA. Details of the
residues found by ODN are detailed in Table B.3. Complete list of residues tested and their

phenotypes can be found in Table B.4.
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45 degrees
——
clockwise

Figure B.6: Localization of the residues rescuing cdc9™ on PCNA, in comparison to the

DNA strand and known residues interacting with Cdc9
Each Pol30 molecule of the PCNA homotrimer is colored in a different shade of green. DNA strand is
represented in orange. Known residues are indicated on the left structure. Residues with an ODN

phenotype in cdc9™ are indicated on the right structure. PDB 3K4X
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Table B.3: Summary of the ODN assay on Pol30 and expected localization of the residues
Phenotypes were summarized using the following nomenclature:

no: no difference in growth phenotype compared to positive control (strain overexpressing Pol30)

n.t.: not tested

ODN: overexpression of the mutant results in lessened viability compared to positive control

ODP: overexpression of the mutant results in increased viability compared to positive control

Allele P;e:::gge P;e:::gge Localization

E3K ODN no Outerring
R61E ODN no Outerring
D63K ODN no Outerring
K107R no n.t. Outerring
K164R ODN n.t. Outerring
P252A D253A no n.t. Outerring
K13A n.t. ODP Inner ring
K20A ODP ODP Innerring
K77R no ODP Innerring
K146A no ODP Inner ring

ODP ODP IDCL

ODN n.t. IDCL

D124K ODN ODN IDCL

ODP n.t. IDCL
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Table B.4: Complete list of ODN assay results in Pol30

Plasmid #

pVL399
pVL6304
pBMB 68
pMAMA466
pBMB 69
pMAMA467
PNAE 1
pNAE 2
pBMB 70
pMAMS594
pBMB 71
pMAMS595
pBMB 72
pBMB 73
pMAMS596
pBMB 74
pMAM563
pNAE 3
pNAE 4
PNAE 5
pMAMS564
pBMB 75
pMAMA470
pMAMA471
pMAMS565
pNAE 6
pNAE 7
pBMB 76
pMAMA468
pBMB 77
pMAMA469
pNAE 10
pNAE 9
pMAMS566
pBMB 78
pMAMS597
pMAMA72
pMAMA473
pBMB 79
pMAMS567
pMAMS568
pBMB 80
pNAE 12
pNAE 11
pBMB 81
pMAMS569
pMAMS570
pBMB 82

Mutation
empty vector
WT Pol30
E3K
E3A
K5E
E3A + K5A
E7K
E8K
K13E
K13A
R14E
R14A
D17K
K20E
K20A
D21K
Q29K
K31E
E32K
D33K
136E
D41K
D42K
D41A D42A
R44E
E51K
ES5K
R61E
R61A
D63K
R61A D63A
HE4E
HE4K
T67E
K77E
K77A
R8OE
R80A
D86K
T89E
T89K
D93K
N94E
N94K
D97K
1100E
L102E
E104K

RT
++
++
++
++
++
++

n.t.
n.t.

++

n.t.

++

n.t.

++
++

n.t.

++

n.t.
n.t.
n.t.
n.t.
n.t.

++
++

(+)

n.t.
n.t.
n.t.

++
++
++
++

n.t.
n.t.
n.t.

++

n.t.

++
++
++

n.t.
n.t.

++

n.t.
n.t.

++

n.t.
n.t.

++
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28°

++
++
+
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Table B.4: Complete list of ODN assay results in Pol30 (cont.)
yVL4088 (cdc9t)

Plasmid #
pVL399
pvL6304
pMAMA474
pMAM475
pBMB 83
pBMB 84
pMAMS71
pBMB 85
pMAMS73
pBMB 86
pBMB 87
pBMB 88
pBMB 89
pMAMA478
pMAMS74
pMAMS75
pMAMS76
pMAMS77
pBMB 20

pBMB 91
pMAM598
pBMB 92
pMAM579
pMAM580
pBMB 93
pMAM477
pMAM481
pBMB 94
pBMB 95
pMAM582
pMAM583
pMAM584
pMAM585
pMAM586
pPMAM587
pMAM588
pBMB 96
pMAM599
pMAM589
pMAM590
pMAM591
pMAM592
pMAM593
pMAM480
pMAM481
pMAM479
pBMB 98
pBMB 99
pBMB 100
pBMB 101

Mutation
empty vector
WT Pol30
E104A D105A
K107R
D109K
R110E
1111K
E113K
5115P
K117E
D120K
D122K
D124K
1126A L128A
K127R
E129K
E130K
T136E
E143K

K146E
K146A
D150K
N159K
M161K
K164E
K164R
T166E
K168E
D174K
S177E
S179E
1181E
K196A
E198K
D204K
T206K
K210E
K210A
R224E
R228E
D240K
F245E
F245K
F248A F249A
A251V
P252A K253A
K253E
D256K
E257K
E258K

=
]

b EEFEFEEREER]
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Results of the epistasis analysis of Pol30

The ODN assay highlighted four categories of residues on the surface of Pol30. The first
category is located throughout the outer ring of the trimer, and contains residues known to be
post-translationally modified. The second cluster is also on the outer ring but thought to play a
distinct role in gene silencing. A third category of mutants alters the Inter-Domain Connecting
Loop (IDCL) that is used for interactions with several proteins, such as RFC, through a
recognition motif. Finally, a group of lysines cluster on the inner side of the ring-shaped complex
where it interacts with DNA.

A representative subset of those residues found on Pol30 were integrated into the genome
using the previously described pop-in pop-out protocol in order to be tested for epistasis analysis

275 in order to

with key mutants. Strains were initially crossed with polymerase delta mutant cdc
confirm the phenotypes found by the ODN assay. As expected, alanine mutants of the IDCL
aspartic acids were synthetically lethal with the TS mutation. This result illustrates how
important the PCNA-Cdc2 interaction is for viability. In fact, the IDCL is close to the C-terminal
residues of Pol30 thought to be necessary for both proteins to interact. However, a single specific
charge swap of the area, pol30-D42K, gave an opposite rescue phenotype (Figure B.7). This
switch highlights the crucial importance of the residue, although whether it influences the
interaction directly or indirectly is unclear.

Residues of the N-terminal outer ring cluster gave a similar synthetic lethal phenotype
when disrupted. In fact, most of those allele combinations were fully lethal even at permissive
temperature. Therefore, both regions of the proteins genetically interact towards a similar

essential pathway. Interestingly, mutations of the inner ring residues rescued the TS phenotype,

although to a lesser degree than pol/30-D42K. This observation potentially indicates that the
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DNA strand and Cdc2 sterically impede each other in vivo. Finally, mutation of ubiquitinated
K164 had no synthetic effect although showing an ODN phenotype with the same strain,
indicating that the result might have been linked to the overexpression of the mutated protein.
For example, one could hypothesize that po/30-K164R accumulates on the DNA while not being
able to activate post-replication repair processes, hindering viability, similarly to the
overexpression of WT Pol30. Indeed, the residue is a target of polyubiquitination, degradation

signal for the proteasome (Haracska et al., 2004).

D cdc2TS + D : cdc2TS +

pol30-D41A pol30-D42A

30°C

cdc2's

cdc2™S
pol30-D42A

cdc2™S

cdc2's
pol30-D42K

Figure B.7: IDCL residue D41 gives various phenotypes based on the nature of its mutation
(Top) 4 tetrads of cdc2™ crossed with pol30-D414 (Left) or pol30-D42A (Right) were dissected vertically
and grown at 30°C for 5 days before being photographed. Double mutant spores are indicated with a
square. (Bottom) Spores of the indicated genotype were grown at room temperature (23°C) before being
gridded and replica plated at serial dilutions and temperature
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Pol30 mutant strains were also tested with a knock-out of non-essential Pol32. This gene
encodes for one of the three subunits of polymerase delta, alongside Pol31 and Cdc2.
Dispensability of a subunit is a surprising feature for the polymerase family. Its main role is to
bind PCNA, and combinations of pol324 with some Pol30 mutants is inviable (Johansson et al.,
2004). This epistasis analysis may therefore allow to identify additional areas of Pol30 that are
essential for that interaction. Interestingly, Pol32 is also thought to interact with polymerase
alpha through Poll, and its absence leads to elongation of the telomeres, a phenotype extensively
described throughout this thesis.

Interestingly, mutants of the IDCL that were lethal with cdc2™ showed no synthetic
phenotype with pol324. However, in complete opposition to the previous results, the pol30-
D42K variant was close to inviable with the knock-out (Figure B.8). This striking result might
indicate that the rescue phenotype of cdc2™ by pol30-D42K might depend on the presence of
Pol32. This hypothesis could be tested by generation of the triple mutant. Similarly, mutants of

the N-terminal gene silencing cluster did not have an additive phenotype with po/324.

: pol32A + E : pol32A + : pol32A +
pol30-D41A pol30-D42A pol30-D42K

Figure B.8: IDCL residues had opposite phenotypes with pol32A compared to cdc2™
3 tetrads of pol324 crossed with mutants of Pol30-D41 and D42 were dissected vertically and grown at
30°C for 5 days before being photographed. Double mutant spores are indicated with a square.
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Similar results were observed with two TS mutant strains of Cdc9, which encodes for
Ligase 1. This argues that the lowered interaction between PCNA and the DNA strand may
facilitate protein interactions with the IDCL. In fact, epistasis analysis with several strains tested
showed an additive growth defect with mutants of the PIP-box interacting domain found in the
IDCL. Furthermore, they were also sick when combined with rad274, an endonuclease that
works with Cdc9 to process Okazaki fragments, as previously described (Karanja and
Livingston, 2004).

Another notable result was found when crossing the Pol30 alleles with rfal-t/1. This
previously characterized allele of the main subunit of Rpal is thought to also play a role in DNA
repair pathways. Mutants of the N-terminal cluster of the outer ring of PCNA show a clear
growth defect with the RPA allele. With that allele, mutation of K164 but not K107 was also
sick. The exact same phenotype was observed with rad524 arguing that both alleles may pertain
to the same pathway. Finally, the triple mutant was inviable, arguing for a possible redundancy

of the proteins within an essential pathway (Figure B.9).

: pol30-R61E + rfat1-t11

<> - rad524 + rfa1-t11

O : pol30-R61E + rad52A + rfa1-t11

Figure B.9: Triple epistasis analysis of pol/30-R61E with rad524 and rpa-t11

5 tetrads of diploid cells containing pol30-R61E, rfal-t1l and rad524 were dissected vertically and
grown at 30°C for 5 days before being photographed. Mutant spores genotype are indicated with various
shapes.
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Interestingly, this surface of Pol30 is mainly characterized by its ability to bind chromatin
assembly factor Pop2 (Zhang et al., 2000). Its disruption results in a newly discovered impaired
gene silencing linked to the lack of proper chromatin assembly (Kondratick et al., 2018, Janke et
al., 2018, Brothers and Rine, 2019). On the other hand, RPA and Rad52 closely interact for
homologous recombination (Sugiyama et al., 1998). The only existing evidence linking the two
processes suggests the existence of a shared unknown pathway (Schild 1995). Whether PCNA is
the link between the two processes for that unknown pathway has yet to be further investigated.

Finally, strains were tested on their influence on the senescence rate of a t/c/A strain.
Surprisingly, strains that had shown opposite phenotypes with other mutants showed a similar

acceleration of the senescence rate of the double mutant (Figure B.10).
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HticlA wmtlclApol30-K20A

mtlclA wmtlclApol30-D41A+D42A

1X 2X 3X

Figure B.10: Comparison of the average senescence rate of tlc1A in the presence or absence
of (Top) pol30-K20A or (Bottom) pol30-D41A+D42A

The average growth score between I (inviable) and 5 (like WT) was recorded for n=40 (Top) and n=40
(bottom) individual spores genotyped for ticiA::KAN through 3 successive streak-outs (1X to 3X). At 3X,
spores were genotyped for Pol30 by PCR and restriction enzyme digestion. Scores were averaged for
both ticiq n=27) and tlcid + Pol30 mutant n=13)
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Interestingly, mutants of the N-terminal outer cluster and post-translationally modified

residue K164 did not show such phenotype (Figure B.11).

Mticla wtlelApol30-R61E

1X 2X 3X

mticlA wtlc1Apol30-K164R

1X 2X 3X

Figure B.11: Comparison of the average senescence rate of ticl1A in the presence or absence
of pol30-R61E (Top) or pol30-K164R (Bottom)

The average growth score between 1 (inviable) and 5 (like WT) was recorded for n=52 (Top) and n=48
(Bottom) individual spores genotyped for ticiA::KAN through 3 successive streak-outs (1X to 3X). At 3X,
spores were genotyped for Pol30 by PCR and restriction enzyme digestion. Scores were averaged for
both ticld (n=36 (Top) and n=33 (Bottom)) and tici4 + pol30-R61E (n=16) or pol30-K164R (n=15)
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Overall, the ODN assay highlighted many residues, some of which were already
characterized, whereas others hadn’t been discovered at the time. Epistasis analysis of Pol30 has
brought up many hints as to what functions the different key residues and surface of the complex
might perform. These functions ensure that the replication fork travels through the DNA strand
smoothly. However, it also showed to have an impact on telomere length. As some mutants of
Pol30 result in a premature senescence, it implies that Pol30 acts to positively regulate telomere
length, although this regulation is presumably indirect. Indeed, mutants of Pol30 themselves do
not show an obvious telomere homeostasis dysregulation that may have been observed in t-RPA

or polymerase alpha-primase (Figure B.12).
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pol30-E3K

pol30-R61E
pol30-E3K+R61E
pol30-K77E
pol30-K107R
pol30-K164R
pol30-D63K

Figure B.12: Mutants of Pol30 do not show an obvious change in overall telomere length, as
shown by Southern blot
Mutants of Pol30 or WT strains (yVL2967) are described above the blot.
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Furthermore, mutants of those two complexes were crossed with key Pol30 alleles and
did not show any significant growth differences. Therefore, it seems likely that this impact on
telomere length is linked to the ability of the complex to interact with proteins that can help
maintain homeostasis. Among those candidates are several proteins responsible for DNA damage

processing. Epistasis analyses with those candidates are summarized in Table B.S.

Table B.5: Summary of epistasis analyses of Pol30

I::’r:i::: Mutant Cdc2™ pol32A Cdc9™ | rad27A | Rpal-til ticiA
DNA contact pol30-K20A Rescue | Noeffect | Rescue | Noeffect | Noeffect | Senesces faster
Lethal No effect Lethal sick Senesces faster
Protein contact Lethal No effect Lethal sick Senesces faster
Rescue Lethal No effect No effect
Gene silencing pol30-R61E Lethal No effect Lethal No effect sick No effect
DNA repair pol30-K164R No effect | No effect | No effect | No effect sick No effect
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