UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Functional Analysis of CDC13 Regulation in Budding Yeast

Permalink
https://escholarship.org/uc/item/7x01z8d1

Author
Small, Vanessa Yolanda

Publication Date
2010

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7x01z8dr
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Functional Analysis of CDC13 Regulation in Budding Yeast

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Cell, Molecular, and Developmental Biology
by
Vanessa Yolanda Small

December 2010

Dissertation Committee:

Dr. Constance Nugent, Chairperson
Dr. Katherine Borkovich

Dr. Jeff Bachant



Copyright by
Vanessa Yolanda Small
2010



The Dissertation of Vanessa Yolanda Small is approved:

Committee Chairperson

University of California, Riverside



ACKNOWLEDGEMENTS

I would like to thank Connie for her support and patience throughout the years.
I appreciate her advice and help during my Ph.D training. I also would like to thank
Jeff Bachant and Katherine Borkovich for serving on my guidance committee and my
dissertation committee. I would like to thank Charles Chuang, Holly Eckelhoefer, and
Phoebe Chiu for their work on the projects presented in this dissertation. I would like
to thank all the members in Nugent lab and the Bachant lab. They have been my
family here in Riverside, and have made my graduate experience a memorable one.

I want to thank my family members and friends that have supported and
encouraged me through all these years. I would like to say a special thanks to my
mother Violet Small, my sisters Karlita and Francine, and my best friend Wynette
Venkersammy for being always there for me. Your love and support has been
invaluable during my graduate school career.

Some of the text and figures in this dissertation is a reprint of material that has been
published in : Small, V., Chuang, C., & Nugent, C. (2008). Rad24 truncation, coupled
with altered telomere structure, promotes cdcl3-1 suppression in S. cerevisiae. Cell

Cycle, 7(21), 3428-3439.

iv



ABSTRACT OF THE DISSERTATION

Functional Analysis of CDC13 Regulation in Budding Yeast

by

Vanessa Yolanda Small
Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental
Biology

University of California, Riverside, December 2010
Dr. Constance Nugent, Chairperson

Telomeres are DNA-protein complexes that maintain the integrity of linear
chromosomes.  Telomeres protect the chromosome ends from being recognized as a
DNA double strand break by the DNA damage checkpoint, and prevent chromosome
rearrangements. Hence, telomeres are crucial to defending against genomic instability,
a hallmark of cancer cells. The work presented in this dissertation will focus on the
regulation of activities involving the essential telomeric DNA binding protein Cdcl3.
In S. cerevisiae, the single-strand telomere binding protein Cdcl3 is important for
protecting chromosome ends. Previous studies indicate a role for Cdcl3 in both
telomere end protection and recruitment of telomerase to the telomere. The role of
CDC13 in telomere end protection has been elucidated using the temperature sensitive
allele, cdci3-1. In cdcl3-1 mutants the C-rich telomere strand is lost when cells are
grown at high temperatures. The accumulation of single-stranded DNA at the
telomere leads to a DNA damage checkpoint response and loss of cell viability. We

describe a screen conducted to identify activities involved in telomere C-strand loss,



in which we identified two novel alleles of RAD24. Rad24 is an alternate Rfc1 subunit,
and functions to load the 9-1-1 checkpoint clamp onto sites of DNA damage. In each
rad24 allele, the transposon used in the screen is inserted within the RAD24 coding
region and results in production of two amino terminal truncations of Rad24. Here,
we show that an intact Rad24 amino-terminus is necessary for its checkpoint function.
The rad24-2 allele increases the frequency of obtaining cdcl3-1 cells capable of
growth at high temperatures. This rad24-2 allele combined with acquired telomere
amplification facilitates growth of cdcl3-1 cells at high temperatures. The next
work presented is an analysis of a Cdkl-mediated phosphorylation of Cdcl3 on
residue T308. Strains with a T308 A mutation at that phosphorylation site had short
telomeres, suggesting a role for the Cdkl- mediated phosphorylation of Cdcl3 at
T308 in telomerase recruitment. In the final work, we describe an analysis of the
interactions between Cdc13 and the DNA polymerase a complex. The association of
Cdc13 with Poll, the catalytic subunit of the DNA polymerase a complex is proposed
to recruit the conventional DNA replication to participate in C-strand synthesis of the
new G-rich strand extended by telomerase. We demonstrate that the Poll and Cdcl13
as well as Pol12 and Stnl interact directly, and loss of these interactions using the
poll-236 and poll2-40 alleles results in elongated telomeres. Thus, the data shown
here will provide insight on how Cdc13 functions both to protect chromosome ends

and to facilitate telomere replication.
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Chapter 1- Introduction
Discovery of telomeres - Historical overview

Telomeres are comprised of repetitive G-rich sequences which associate with
specific proteins to form specialized protein- DNA structures at the ends of linear
chromosomes (Blackburn, 2000). The early experiments of Barbara McClintock and
Hermann Mueller were some of the first to demonstrate the presence of specialized
structures which stabilized chromosome ends. Barbara McClintock observed that the
ends of broken chromosomes can fuse together to form ring chromosomes. She found
that these fused chromosomes would undergo subsequent breakage-fusion-bridge cycles
that would further perpetuate the loss of chromosome integrity. Terminal regions were
not observed at the chromosome fusion site, suggesting that the free ends of linear
chromosomes are somehow protected from these fusions. (McClintock, 1942). Her
contemporary, Herman Mueller mutagenized Drosophila chromosomes using x-rays and
discovered that he could not recover induced chromosomal rearrangements at the
chromosome end. He proposed that the free ends of chromosomes, which he termed
telomeres, contained an essential gene that could not be lost (Mueller, 1938). They both
concluded that the ends of linear chromosomes have properties which allow them to be
distinguished from DNA double-strand breaks (DSBs) (Mueller, 1938, McClintock,
1942). Their experiments were the first to suggest the idea that telomeres act as
chromosome caps, protecting chromosome ends from nucleolytic degradation, end to end

fusions and inappropriate recombination.



Since the initial observations made by McClintock and Mueller, telomeres have
been shown to provide several functions. This introduction chapter will cover telomere
composition and structure, as well as telomere length regulation. This chapter will also
discuss the roles that telomeres play in blocking the chromosome end from being
recognized by the DNA damage checkpoint, and facilitating complete DNA replication,
thereby maintaining the chromosome integrity.

Telomere Sequences are evolutionarily conserved

Understanding the function of telomeres was initiated with the cloning of the
Tetrahymena telomeres in the 1980s. Experiments were conducted in which a linearized
plasmid that only contained an autonomous replicating sequence (ARS) and a LEU2
nutritional marker was ligated to purified terminal fragments of Tetrahymena rDNA
chromosomes and then transformed into yeast cells (Szostak, 1982). Normally, these
linearized plasmids are retained at a very low frequency. However, once Tetrahymena
rDNA chromosome end fragments were added to the linearized plasmids, they were able
to stabilize the linear pieces of DNA, demonstrating the capping function of telomeres.
This capping function was specific to the sequence added to the linearized plasmid, since
a LacZ hairpin structure created at the end of the linear plasmid did not stabilize it
(Szostak, 1982). This experiment also suggested that telomere sequence was
evolutionarily conserved among different species because the linearized plasmid was
stable in yeast although it had Tetrahymena telomeres. Tetrahymena telomere fragments
were also sequenced and revealed to consist of repetitive sequences were made up of

CCCCAA/GGGGTT repeats (Szostak, 1982). Consistent with the results from the



Blackburn lab, it was later found that telomeres from different Tetrahymena species were
also able to stabilize yeast linear plasmids (Pluta et al., 1984).

Yeast telomeres were subsequently cloned, sequenced and also found to be
composed of C;3A repeats (Shampay, 1984). This discovery led to the hypothesis that
telomeric sequences and their function are evolutionarily conserved amongst different
species (Shampay, 1984). Further supporting this hypothesis, the sequencing of
telomeres in ciliates and mammals showed that they too were composed elements made
up telomeric repeats, which were ToAGs in mammals and T4G4 in Oxytricha nova
(Allshire et al., 1989, Cross et al., 1989, Klobutcher et al., 1981).

Discovery of Telomerase

The first evidence for enzymatic activity that synthesizes the telomere was
identified in Tetrahymena by the Blackburn lab a few years after their initial sequencing
of telomeres (Greider, 1989). This group found that TTGGGG repeats were able to be
added to a G-rich telomeric fragment when it was incubated with an enzyme found within
Tetrahymena cell extract, although a priming template was not present, which suggested
that the enzyme contained its own template. In addition, they showed that this enzyme
activity was associated with an RNA fragment which was essential for it’s activity
(Greider and Blackburn, 1989). Eventually they were able to determine the sequence of
the RNA, which contained a 5’-CAACCCCAA-3’ motif. This suggested a mechanism in
which the enzyme telomerase acts to replicate telomeric DNA using an internal RNA
motif as a template to synthesize short DNA sequences (Greider and Blackburn, 1989).

Sequencing of the RNA templates in Euplotes, yeast and humans further supported this



template mechanism (Lingner and Cech, 1994, McEachern and Blackburn, 1995, Singer
and Gottsching, 1994, Feng et al., 1995). Therefore, the telomerase enzyme is understood
to act as a reverse transcriptase by synthesizing short G-rich DNA sequences, using its
own internal RNA subunit as a template to catalyze the addition of these telomeric
repeats at the 3’ overhang (Lingner et al., 1996, Lingner et al., 1997b).
Telomerase Function

In order to further understand telomerase composition and function, a genetic
approach was taken to uncover genes responsible for telomerase activity in vivo. A
genetic screen in Saccharomyces cerevisiae was used to identify mutations that cause the
expected phenotypes for a telomerase-deficient strain, such as progressive telomere
length shortening and cell senescence. These genetic screens in the yeast led to the
identification of four EST (Ever Shorter Telomeres) genes that displayed these
telomerase-deficient phenotypes when they were mutated (Lundblad, 1989, Lendvay et
al., 1996). In Saccharomyces cerevisiae, the components of the telomerase
ribonucleoprotein (RNP) enzyme complex are encoded by the RNA subunit, 7LC! as
well as EST1, EST2, and EST3 (Singer, 1994, Lingner et al., 1997, Hughes et al., 2000).
EST4 was later found to be an allele of the essential gene CDCI/3, and is not a
component of the telomerase complex (Nugent et al., 1996).

TLC1, which encodes the RNA template used for telomeric repeat synthesis, was
discovered in a screen for suppressors of telomeric silencing. The telomeres in ticiA
mutants gradually shortened as cells grew through progressive generations, which

eventually led to a decrease in cell viability (Singer, 1994). Mutations that altered the



RNA template encoding by 7LCI were incorporated into telomeric DNA in vivo,
demonstrating that 7LC/ encodes the telomerase RNA that determines the yeast
telomeric DNA sequence. TLCI/ was later found to interact with ESTI, through co-
immunoprecipitation experiments, further implicating 7LCI as a component of the
telomerase enzyme in yeast (Steiner et al., 1996).

ESTI was the first gene identified in screens for components of the telomerase
enzyme, and initially was proposed to provide the telomerase catalytic function
(Lundblad, 1989; Lundblad, 1990). Although, ESTI! and TLCI were required for
telomerase activity in vivo, telomerase activity assays demonstrated that ES7/ was not
necessary for telomerase catalytic activity in vitro, suggesting that EST/ was not the
catalytic subunit of telomerase (Cohn, 1995). Estl associates with the telomeric ssDNA
binding protein, Cdcl3, and this Estl-Cdcl3 interaction is thought to facilitate
recruitment of telomerase to the telomere (Virta-Pearlman et al., 1996, Qi and Zakian,
2000, Evans and Lundblad, 2002, Pennock et al., 2001). Yeast studies have also shown
that Estl activates telomerase DNA extension activity in vitro, consistent with the model
that ESTI functions as a telomerase accessory factor. Immunodepletion of Est2-HA from
yeast cell extracts abolished telomerase activity in vitro, suggesting a direct catalytic role
for Est2 (Counter et al., 1997). Sequence homology between the reverse transcriptase
motifs from Euplotes p123 and EST2, along with the result that telomerase activity was
abolished in vitro in the est2-A strain, led to the conclusion that ES72 encoded the
catalytic subunit of telomerase necessary for proper telomerase function (Lendvay et al.,

1996, Cohn and Blackburn, 1995, Lingner et al., 1997a). Est3 also performs a regulatory



role, as it is also crucial for telomere replication in vivo but not for catalysis in vitro
(Lingner et al., 1997a). Est3 is found to associate tightly with telomerase and more
recently has been suggested to be in involved in regulating telomerase nucleotide addition
(Hughes et al., 2000a, Lee et al., 2010). The fourth gene identified, £S7T4 was found to
be an allele of the essential gene CDC13, which encodes a single-stranded telomere DNA
binding protein that has a role in telomerase recruitment, as well as an essential function
in telomere end protection (Nugent et al., 1996). Hence, Est2 and Tlcl comprise the
catalytic core of the telomerase enzyme, while Estl, Est3, and Cdcl3 are regulatory
factors for telomerase (reviewed in Blackburn, 2000).

Co-immuprecipitation experiments demonstrated that Tlcl binds both Estl and
Est2 through distinct regions. Est2 binds directly to the central core of Tlcl, independent
of Estl (Livengood et al., 2002). Estl also binds Tlc1 through a separate bulged stem-
loop structure (Livengood et al., 2002, Seto et al., 2002). Accordingly, interaction
between Estl and Est2 require Tlcl, consistent with the idea that there are separate
binding sites on Tlcl for these two subunits (DeZwaan, 2009). Estl has been shown to
interact with Cdc13, and this interaction has been implicated in recruitment of telomerase
to telomeres (Chandra et al., 2001, Nugent et al., 1996, Qi and Zakian, 2000). Est3
requires the Est2 subunit for telomerase association, suggesting that Est2 and Est3
interact with each other directly (Hughes, 2000a, Lee, 2010). Thus, Est3 associates with
telomerase through its interaction with Est2 (Hughes et al., 2000a, Friedman et al., 2003,
Lee et al., 2010). After recruitment to the telomere, the telomerase enzyme adds

telomeric repeats to the 3’G-rich strand at chromosome ends (Taggart et al., 2002).



Human telomerase contains the essential RNA component A/TERC (hTR), which
is analogous to budding yeast TLC/ and serves as a template for telomeric DNA
synthesis (Cong et al., 2002). The reverse transcriptase activity is provided by the
catalytic protein hTERT and is analogous to yeast Est2 (Harrington et al., 1997, Cong et
al., 2002). A human EST homolog, hESTIA, was shown to be associated with active
telomerase and is proposed to be involved in telomerase regulation as well (Reichenbach
et al., 2003). Fission yeast Schizosaccharomyces pombe also contains a telomerase
enzyme complex with similarities to both budding yeast and human telomerase proteins.
Reverse transcriptase motifs in yeast EST2 and Euplotes p123 were used to identify
homologs in fission yeast S. pombe and resulted in identification of the telomerase
reverse transcriptase, Trtl (Nakamura et al., 1997). Subsequent studies have
demonstrated that a functional homolog of budding yeast EST/, exists in fission yeast
(spEstl) and it is involved in telomerase recruitment and activation (Beernink et al.,
2003). More recently, the S. pombe telomerase RNA, Terl, was identified and shown to
be immunoprecipitated with both Trtl and Estl (Webb and Zakian, 2008). Thus, the
telomerase holoenzyme is conserved between highly diverse eukaryotes.

Telomerase Recruitment and Regulation

Yeast telomeres contain approximately 250 to 350 bp of TG,.3 repeats which are
maintained by telomerase (Shampay, 1984). It has been shown in yeast that telomerase
does not act on every telomere in each cell cycle, but instead, preferentially extends short
telomeres (Teixeira et al., 2004). When telomeres become critically short, they are no

longer perform their capping function and fail to protect the chromosome end from being



recognized as a DNA double strand break, which results in activation of the DNA
damage checkpoint (Blackburn, 2000, Enomoto et al., 2002, d'Adda di Fagagna et al.,
2004). In fact, several of the components of the DNA damage checkpoint response
pathway, such as Tell and Mecl, are needed for telomere maintenance (Ritchie et al.,
1999, Bertuch and Lundblad, 1998). Mutating the genes encoding DNA damage response
kinases TELI and MECI (the ATM/ATR homologs in budding yeast), causes telomeres
to become short, resulting in increased telomere fusions (Craven et al., 2002). In
addition, meclA tellA double mutants undergo progressive telomere shortening and
eventually senescence, suggesting a role for these checkpoint genes in proper telomere
length maintanence (Ritchie et al., 1999). However, telomere length is shorter in te// than
in mecl cells, suggesting a more primary role for Tell in telomere maintenance.
Consistent with this, Tell is required for normal association of Estl and Est2 with
telomeres, whereas Mecl is not (Goudsouzian et al., 2006).

Not surprisingly, components of the DNA non- homologous end joining pathway,
such as the MRX (Mrell, Rad50, Xrs2) complex, are also required for telomere
maintanence. Tell and the MRX complex are found preferentially associated with short
telomeres (Sabourin et al., 2007, Hector et al., 2007). Tell is thought to interact and
phosphorylate MRX subunits, which can then promote generation of the 3’ overhang
(Lisby, 2004, Mantiero et al., 2007). Processing of a 3’ overhang facilitates association
of telomerase with the chromosome end (Mantiero et al., 2007). The telomere association
of Cdcl3, a single-stranded DNA-binding protein that specifically binds TG-rich

telomeric repeats, peaks in late S phase which coincides with the appearance of long 3’



overhangs and initiates a cascade of events leading to telomerase activation. It has also
been reported that MRX contributes to the establishment of telomere ssDNA overhang
formation in S phase (Larrivée et al., 2004). Accordingly, both Tell and the MRX
complex increase the efficiency of telomerase association with telomeres (Takata et al.,
2005, Goudsouzian et al., 2006). The cell cycle dependent association of Estl or Est2
with telomeres is decreased in fe/l-A or mrell-A cells, suggesting that these proteins
function in telomerase recruitment (Takata et al., 2005, Goudsouzian et al., 2006).

The role of Cdcl3 in telomerase recruitment was elucidated using the cdci3-2
allele, which was identified by it’s EST phenotype (ever shorter telomeres) consisting of
progressive telomere shortening and delayed senescence (Nugent et al., 1996). Cdc13 has
been shown to interacts with Estl through coimmunoprecipitation experiments (Qi and
Zakian, 2000). The cdcl3-2 mutant allele exhibits a phenotype similar to telomerase
deficient cells, which is thought to be due to the disruption of the interaction between
Cdc13 and Estl necessary for telomerase recruitment (Pennock et al., 2001, Nugent et al.,
1996). ChIP analysis from several groups has been used to assess the association of Estl
and Est2 with telomeric DNA (Taggart et al., 2002, Chan et al., 2008). Estl has been
found to associate with telomeres primarily during S phase, with a reduction in Estl
association observed when cells are in G1 (Chan et al., 2008). Est2 has been found to
remain associated with telomeric chromatin throughout the cell cycle, with a peak
association observed during late S phase which correlates with a peak in Estl association
with the telomere as well (Taggart et al., 2002). The peak of Est2 localization was found

to be reduced in a recruitment defective cdcl3-2 mutant during late S phase, suggesting



that the recruitment of telomerase to telomeres in S-phase is dependent on the Cdc13-
Estl interaction (Taggart et al., 2002). This dependency on Cdcl3 for localization is
only specific for S phase, while G1 localization of Est2 is dependent on the association
between yKu80 and Tlcl. It has been demonstrated that telomerase can be recruited to
the telomere end through an interaction between Ku80 and the stem loop of 7LCI by
ChIP (Peterson et al., 2001, Stellwagen et al., 2003). The Ku pathway in G1 and the
Cdc13 pathway in S-phase have been reported to be the only two major recruitment
pathways by which telomerase is recruited to telomeres in budding yeast (Chan et al.,
2008).

A different regulatory pathway is proposed for long telomeres, in which a
counting mechanism is used. Rapl is a double stranded DNA binding protein, which was
found to associate with telomeric chromatin in vivo through chromatin
immunoprecipitation experiments (Conrad et al., 1990). Rapl binding to double-
stranded DNA is thought to promote a fold-back loop structure through it’s interaction
with Rifl and Rif2 (Levy and Blackburn, 2004). It has been reported that disruption of
Rifl function resulted in telomere elongation and deletion of both R/FI and RIF2
resulted in a dramatic telomere lengthening. In addition, overproduction of either RI/F']
or RIF2 decreased telomere length (Hardy et al., 1992, Wotton et al., 1997). Hence, the
formation of a higher heterochromatin structure mediated by Rap1, Rifl and Rif2 acts to
inhibit telomere elongation by blocking access to the telomere end by telomerase
(Marcand et al., 1997, Krauskopf et al., 1998). Previous studies conducted by the Shore

lab in which an internal telomeric DNA seed adjacent to an induced DNA double strand
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break (DSB) was acted on by telomerase demonstrated that targeting the Rapl carboxyl
terminus to the telomere seed reduced its length. Furthermore, the reduction in
elongation was proportional to the number of Rap1 proteins targeted, such that increased
Rap1 protein correlated with telomere shortening (Marcand et al., 1997). Targeting Rifl
and Rif2 to regions adjacent to the telomeric repeats also caused telomere shortening
proportional to the number of tethered Rifl or Rif2 molecules, further supporting a
Rap1/Rif1/Rif2 counting mechanism that negatively regulates telomere length (Levy and
Blackburn, 2004). rifl-A4 and rifi-A4 cells have telomeres that are more frequently
elongated by telomerase during a cell cycle, suggesting that the Rap1/Rif1/Rif2 complex
mediates the ability of telomerase to elongate telomeres (Teixeira et al., 2004). As the
telomere shortens, fewer Rap1 binding sites exist to maintain the closed heterochromatin
structure, which results in an open chromatin structure that may be accessed by
telomerase. Taken together, these results demonstrate that Rapl associates with Rifl and
Rif2p to regulate telomere length (Marcand et al., 1997, Levy and Blackburn, 2004).
Telomerase- independent telomere lengthening

Adjacent to the terminal TG ;repeats of telomeres, there are Y' elements and X
elements, which are the more complex telomere-associated repeats (Figure 1-1). All
yeast telomeres have one X element, whereas Y' elements are found only at some
telomeres. Approximately two-thirds of the telomeres in haploid cells contain one or
more copies of subtelomeric Y' elements (Figure 1-1). Y'elements fall in two size classes,
long Y’s are 6.7 kb and short Y’ elements are 5.2 kb. Multiple Y' elements form directly

repeating arrays which are separated by short stretches of telomeric TG;.3 DNA. Lastly,
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all yeast telomeres contain an approximately 475 bp conserved ‘core’ X element. TG3
sequences are found between some X and Y’ elements (Figure 1-1) (Pryde et al., 1997).
In cells lacking telomerase, telomeres become critically short and cells eventually enter
crisis. Yeast cells can generate survivors at low frequency that maintain telomeres by a
recombination-dependent mechanism (Lundblad and Blackburn, 1993). Two types of
these survivors have been identified. Type I survivors amplify Y’ elements and type II
amplify the TG,.; repeats (Figure 1-1) (Chen et al., 2001). Both types of survivors are
dependent on RADS52, indicating the telomere maintenance in telomerase-deficient cells
requires homologous recombination. Two independent pathways defined by R4D50 and
RADS51 promote the generation of survivors. The RADS5I pathway involves RADSI,
RADS54 and RADS57 while the RADS50 pathway involves three subunits of MRX complex
RADS50, XRS2 and MREI1. Deletion of both RAD50and RADS51 prevents the generation
of survivors in telomerase deficient cells. Mutations inthe telomerase RNA, TLCI, were
combined with single and double mutations in the recombination pathways to investigate
the role of RAD59 and the RADS50 and RADS51 epistasis groups in telomere maintenance.
These experiments demonstrated that tlc/ rad50 and tlcl rad59 mutants generated
predominantly type I survivors, while the ticl rad51, ticl rad54,and ticl rad57 mutants
generated only type II survivors (Chen et al., 2001).
Telomeres prevent genome instability

Genomic instability refers to the accumulation of mutations and chromosomal
rearrangements which has been shown to promote genetic abnormalities, and play an

important role in cancer cell formation (Bailey and Murnane, 2006, Murnane, 2006).
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Loss of telomere function has been reported to have several different outcomes in various
model organisms, such as loss of the telomeric 3’- overhang, resection of the C-rich
strand, increased levels of recombination at chromosome ends, chromosomes fusion , cell
cycle arrest and cell death (Verdun and Karlseder, 2007) . For example, loss of TRF?2, a
mammalian duplex telomeric DNA binding protein with roles in telomere protection and
telomere length regulation, caused a significant increase in of telomere fusions in
mammalian cells (van Steensel and Smogorzewska, 1998). In human cells, removal of
TRF2 from telomeres resulted in deprotection of chromosome ends and premature
senescence (Smogorzewska and De Lange, 2002). In Saccharomyces cerevisiae, loss of a
single telomere causes a prolonged, but transient, cell-cycle arrest. However, cells
recovered from the arrest without repairing the damaged chromosome, with many cells
eventually losing the chromosome. Telomere elimination also led to an increase in
chromosome loss, demonstrating that yeast telomeres are also essential for maintaining
chromosome stability (Sandell and Zakian, 1993). Hence, telomeres are essential in
preventing chromosome ends from being recognized and processed as DNA double
strand breaks. In human cells, telomeres play a crucial role in protecting cells from the
chromosome instability that can promote tumor formation, further demonstrating the
importance of maintaining telomere integrity (Deng et al., 2008).
Telomere Chromatin Organization

Telomere end protection or capping is maintained through the interaction of the
linear ends of DNA with specialized proteins that bind and physically protect the

chromosome end. Telomere associated proteins which contributed to the capping
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function of telomeres were first studied in Oxytricha nova (O. nova). Experiments
demonstrated that a telomere end binding protein (TEBP) specifically bound single
stranded G4T4 repeats (Gottschling and Cech, 1984, Gottschling and Zakian, 1986, Price
and Cech, 1987, Horvath et al., 1998). O. nova TEBP is made up of a 56-kDa o subunit
that binds the single-strand telomeric DNA and a 41-kDa [ subunit that weakly binds
DNA but affects the ability of the a subunit to interact with the DNA. TEBP o/ forms a
stable complex with the telomeric DNA which both protects the DNA from nucleolytic
degradation and inhibits elongation by telomerase (Gottschling and Zakian, 1986,
Froelich-Ammon et al., 1998). The crystal structure of TEBP demonstrated that the 3'-
end of the telomeric DNA was buried within the protein complex, suggesting that the
TEBP proteins established telomere capping by physically sequestering the chromosome
ends (Horvath et al., 1998, Classen et al., 2001). Thus, the telomere structure discovered
in Oxytricha nova was the first evidence for a specialized chromatin structure established
by telomeric DNA binding proteins that promoted telomere protection and capping.
Mammalian telomeres form a t-loop structure

Studies in mammalian cells have suggested a different telomere structure, in
which the terminal G-rich single-stranded 3’- overhang invades the adjacent double-
stranded telomeric DNA, resulting in a lariat structure, known as a telomeric loop or “t-
loop” (Griftith et al., 1999) (Figure 1-2a). The displaced region is called the displacement
loop or “D-loop”, which is similar to the strand invasion structure found during
homologous recombination (Figure 1-2a). Experiments where telomere DNA sequence

from Hela cells was incubated with an E. coli single-stranded binding protein were
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performed to visualize the t-loop microscopically in vitro (Griffith et al., 1999). Hence,
the t-loop is proposed to be a structure which sequesters the chromosome ends to protect
them and provides a mechanism by which mammalian chromosome ends would be
protected (de Lange, 2004).

Several proteins associate with the T-loop to stabilize this structure at the
telomere, which together are termed the shelterin complex. In addition to promoting
telomere capping function, components of shelterin regulate telomere replication through
telomerase by both promoting and inhibiting telomerase activity (de Lange, 2005, Wang
et al., 2007, Palm and De Lange, 2008). The shelterin complex is comprised of TRFI,
TRF2, RAP1, TIN2, POTI1 and TPP1 (Figure 1-2b). This six protein complex contains
both double stranded and single stranded DNA binding proteins, which together, stabilize
and protect the chromosome end. Two shelterin subunits, TRF1 and TRF2, bind to the
double-stranded telomeric TTAGGG sequences. POT1 binds to single-stranded telomeric
DNA sequences. These three proteins are held together by TIN2 and TPP1, which
promotes formation of the shelterin complex (de Lange, 2009) (Figure 1-2b).

The first mammalian telomeric protein identified, TRF1, was purified based on its
affinity for double-stranded TTAGGG telomere repeats in vitro (Zhong et al., 1992,
Chong et al., 1995). TRF2 was identified as a TRF1 paralog in the protein database
(Bilaud et al., 1997, Broccoli et al., 1997). Both TRF1 and TRF2 form homodimers and
directly interact with telomeric DNA to promote formation of the t-loop (Bilaud et al.,
1997, Bianchi et al., 1997, Broccoli et al., 1997, Konig et al., 1998). In the human cells,

TRF1 binds the dsDNA via its MYB domains to facilitate t-loop formation (Bianchi et al.,
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1997, Konig et al., 1998, Hanaoka et al., 2005). TRF2 is proposed to stabilize the DNA
junction formed by the invasion of the 3’ overhang into the adjacent internal duplex
DNA, and has been shown to promote the generation of t-loop structures in vitro (Griffith
et al., 1999, Stansel et al., 2001, Yoshimura et al., 2004, Poulet et al., 2009) (Figure 1-
2b). Both TRF1 and TRF2 function to protect telomeres against checkpoint recognition
and recombination (van Steensel and Smogorzewska, 1998, Smogorzewska et al., 2000,
Martinez et al., 2009). Embryonic stem (ES) cells that were conditionally deleted for
TRFI were shown to have normal increased telomere-telomere fusions and multi-
telomeric signals, indicating that loss of TRF1 resulted in increased chromosomal
aberrations (Okamoto et al., 2008). Mouse embryonic fibroblasts deleted for TRF'I
showed a large increase in the DNA damage foci at telomeres, activation of ATM/ATR
checkpoint and cell cycle arrest, demonstrating that TRF1 protects telomeres from
eliciting a DNA damage response (Martinez et al., 2009). TRF2 is also essential for
telomere capping and conditional deletion of 7RF2 in mouse embryonic fibroblasts
(MEFs) led to chromosome end-to-end fusions and severe proliferative defects (van
Steensel and Smogorzewska, 1998, Celli and De Lange, 2005). Loss of TRF2 leads to
activation of the DNA damage checkpoint at telomeres in mouse or human cells with
DNA damage foci appearing at chromosome ends, indicating that TRF2 represses the
DNA damage checkpoint response at telomeres and protects chromosome ends from
being recognized as DNA double strand breaks (Celli and De Lange, 2005, Karlseder et
al., 1999, Takai et al., 2003). Both TRF1 and TRF2 are mammalian telomeric repeat-

binding factors that promote t-loop formation which protects the chromosome end, and
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hides the telomere terminus.

TRF1 was found to interact with TIN2 through yeast two-hybrid screens and a
TIN2 knockdown removed TRF1 from telomeres (Kim, 1999 et al., Ye et al., 2004b,
Palm and De Lange, 2008). However, it was later found that TIN2 interacts with TRF2
through co-immunoprecipitation, Far-Western assays, and two-hybrid assays.
Furthermore, TRF2 localization to the telomere is also reduced by a TIN2 knockdown,
indicating that TIN2 interacts with both TRF1 and TRF2 at the telomere (Ye et al.,
2004a). Reduction of TIN2 via siRNA knockdown promotes formation of abnormal
telomere structures and induces apoptosis in human tumor cells, indicating that TIN2 is
required to maintain chromosome integrity as well (Kim et al., 2008). TIN2 interacts with
TPP1 and POTI1, which is thought to facilitate the recruitment of the single-stranded
telomeric DNA binding proteins to telomeres (Liu et al., 2004a, Ye et al., 2004a).
Stabilization of telomeres is facilitated by TIN2 connecting TRF1 and TRF2 with TPP1

and POT1 (Liu et al., 2004a, Ye et al., 2004a, Palm and De Lange, 2008) (Figure 1-2b).

TRF2 was found to interact with RAP1 through yeast two-hybrid screens (Li et
al., 2000). RAP1, which does not directly bind DNA, associates with TRF2 to bind DNA
and regulate telomere length (Li et al., 2000). Although, loss of RAP1 did not cause
telomere fusions, or DNA damage foci, it was found that RAPI repressed telomere
recombination in TRF2 deficient mouse embryonic fibroblasts, suggesting that RAPI
functions at mouse telomeres to inhibit telomerase-independent telomere maintenance

(Sfeir et al., 2010).
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TPP1 (previously called TIN1, PTOP, and PIP1) and was discovered in searches
for proteins associated with TIN2 (Houghtaling et al., 2004, Liu et al., 2004b, Ye et al.,
2004b). The interaction between single stranded DNA and double stranded DNA binding
proteins in shelterin is bridged by TIN2 and TPP1 (Figure 1-2b). TPP1 forms a
heterodimer with POT1, and depletion of TPP1 prevents POT1a and POT1b localization
to telomeric, thus the TPP1-POT]1 interaction increases the affinity of POT1 for telomeric
single-stranded DNA (Guo et al., 2007, Wang et al., 2007, Xin et al., 2007). Knockdown
of TPPI in MEFs elicited a cell cycle arrest, cellular senescence, and a DNA damage
checkpoint response at telomeres (Guo et al., 2007). Hence, TPPI also functions in
promoting chromosome end protection in mammalian cells.

POT1 is a conserved single-stranded telomere DNA binding protein found in
humans that was identified based on sequence homology to S. pombe, POT1 (Baumann
and Cech, 2001, Palm and De Lange, 2008). POT1 binds the single-stranded telomeric
DNA 3’ overhang and interacts with the complex of shelterin proteins at the telomere
(Loayza and De Lange, 2003). TRF1 functions with POTI1, to negatively regulate
telomere length (Colgin et al., 2003, Loayza and De Lange, 2003, Kelleher et al., 2005) It
has also been shown that POT1 negatively effects telomerase activity in vitro and the
DNA binding activity of POT]1 is also required for telomerase inhibition (Kelleher et al.,
2005, Palm and DeLange, 2008). Knock out of human POTI leads to chromosome
fusion and genome instability (Veldman et al., 2004). Deletion of the two mouse genes,
POTla and POTIb, results in a DNA damage response, as evidenced by DNA damage

foci at telomeres (Hockemeyer et al., 2006). MEFs deleted for POTIla resulted in
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enhanced chromosomal instability, and tumor formation in a p53-deficient background,
demonstrating that POT/a is crucial for the suppression of tumor formation and telomere
integrity (Wu et al., 2006). Thus, POT]1 is the telomeric single-stranded DNA binding
protein necessary for chromosome end protection in mammalian cells.
Telomere structure in S. pombe

Telomeres in Schizosaccharomyces pombe associate with a protein complex that
is similar in many ways to the mammalian shelterin complex (de Lange, 2009). In this
complex, Potl associates with the TPP1 homolog, Tpzl (Miyoshi et al., 2008). The
double stranded telomeric DNA binding protein, Tazl, is similar to the human TRF
proteins and interacts with the conserved Rapl protein at fission yeast telomeres to
inhibit telomere recombination (Miller and Cooper, 2003, Ferreira and Cooper, 2001,
Subramanian et al., 2008). Pozl serves a function similar to Tin2 and connects the
Tpz1/Potl dimer to Tazl/Rapl, thus connecting the single-stranded and double-stranded
telomeric DNA regions (Miyoshi et al., 2008). Hence, telomere structure is understood to
be closely conserved with the human t-loop model.
Telomere structure in S. cerevisiae

The proposed telomere structure in S. cerevisiae is such that telomeric DNA is
bound by single-stranded and double-stranded telomeric DNA binding proteins which
facilitate the telomeric chromatin to “fold back”, and contact subtelomeric regions, thus
establishing a heterochromatin structure that functions to protect chromosome ends (de
Bruin et al., 2000, de Bruin et al., 2001) (Figure 1-3). Unlike the t-loop structure in

humans, the fold-back loop has not been visualized microscopically. Instead, the structure
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has been proposed from information gathered from genetic experiments testing the
activation or repression of genes proximal to telomeres (de Bruin et al., 2000, de Bruin et
al., 2001). These experiments showed that a gene with its own enhancer positioned
2 kilobases downstream, was only activated when the reporter was linked to a telomere,
suggesting that telomere looping had occurred (de Bruin et al., 2001).

Rapl is telomeric double stranded DNA binding protein in yeast that is thought to
mediate the “fold-back” structure. Rapl was first identified as a transcriptional regulator,
but was later found to associate with both telomeric DNA and subtelomeric chromatin in
vivo (Shore and Nasmyth, 1987, Conrad et al., 1990, Strahl-Bolsinger et al., 1997)
(Figure 1-3). The crystal structure of Rapl revealed that it can bind telomere C;;A
repeats through its two Myb -like domains to change the DNA conformation (Wright et
al., 1992, Konig et al., 1996, Del Vescovo et al., 2004). Some temperature sensitive
alleles of Rapl have been shown to cause telomere shortening, while other Rapl
mutations cause long telomeres, suggesting a role for Rapl in telomere length regulation
(Lustig et al., 1990, Krauskopf and Blackburn, 1998). This “fold-back” structure is also
thought to be vital to the counting mechanism which regulates telomere length as
previously discussed. The proposed "fold-back" model places the end of the telomere
inward toward the back onto the subtelomeric regions to form a heterochromatin
structure, thus capping the chromosome end and promoting a “closed” telomere state
(Strahl-Bolsinger et al., 1997, Grunstein, 1998) (Figure 1-3). As telomeres shorten,
Rap1 binding sites are lost, and the fold-back structure is disrupted into a more open state,

thus allowing telomerase access to the chromosome end (Marcand et al., 1997).
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The fold-back structure may promote telomere capping, as loss of Rapl function
through a conditional degron allele (rapi-4) led to telomere end to end fusions (Pardo et
al., 2005). In addition to Rapl, the Sir2, Sir3, and Sir4 may also facilitate higher order
telomere structure. Evidence to support this comes from the observation that Sir2, Sir3,
and Sir4 proteins are found at both telomeres and associated with histones in
subtelomeric regions (Strahl-Bolsinger et al., 1997). The Sir proteins that interact with
Rapl are also capable of contacting the subtelomeric nucleosomal arrays, promoting a
folded chromatin structure (Smith et al., 2003). This is consistent with the idea that the
Rapl and the Sir proteins bound to the terminal telomeric TG_; repeats "fold back" to
interact with internal histones, creating a higher order structure to protect the
chromosome end.

In S. cerevisiae, the 3’ G-rich overhang at telomeres is protected by a three
protein complex comprised of Cdc13—Stn1-Tenl, named CST (Petreaca et al., 2006, Gao
et al., 2007) (Figure 1-3). Cdcl13 is the telomeric single stranded DNA binding protein in
S. cerevisiae required for chromosome end protection (Garvik et al., 1995, Lin and
Zakian, 1996, Nugent et al., 1996). The role of CDCI3 in telomere end protection has
been elucidated using the temperature sensitive allele, cdci3-1. cdcl3-1 mutant strains
grow normally when kept at permissive temperatures of 25°C and below, however, when
raised to non-permissive temperatures, cells rapidly lose viability (Garvik et al., 1995;
Lydall and Weinert, 1995, Nugent et al., 1996). Analysis of cdci3-1 mutants grown at the
non-permissive temperature by two dimensional gel electrophoresis and quantitative PCR

amplification show that cdci3-1 cells accumulate single stranded DNA specifically on
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the 3° G-rich end, which extended up to 50 kilobases from the telomere (Garvik et al.,
1995, Booth et al., 2001). This single stranded DNA is a strong activator of the DNA
damage checkpoint, and cdci3-1 mutants arrest as large-budded cells, eventually leading
to cell death (Garvik et al., 1995, Lydall and Weinerrt, 1995, Nugent et al., 1996).
Hence, CDC13 functions to cap chromosome ends by protecting them from nucleolytic
degradation (Lydall and Weinert, 1995, Booth et al., 2001). Cdcl3 interacts with two
other proteins, Stnl and Tenl to protect the chromosome end (Grandin et al., 1997,
Grandin et al., 2001b). Stnl was isolated from a screen for high copy suppressors of the
cdcl3-1 allele, and permitted growth of cdcl3-1 cells at 30°C (Grandin et al., 1997).
Tenl was isolated in a separate screen as a high copy suppressor of stni-13, a
temperature sensitive allele of STN/ (Grandin, 2001). Mutant alleles of both stn/ and
tenl have been identified which acquire telomeric ssDNA and activate the DNA damage
checkpoint (Petreaca et al., 2007, Xu et al., 2009). Thus, it is proposed that Stnl and
Tenl form a complex with Cdc13 which functions to protect chromosome ends from
nucleolytic degradation and DNA damage checkpoint activation (Petreaca et al., 2006,
Xu et al., 2009, Gao et al., 2007).

The CST complex was initially thought to be unique to budding yeast, although
functionally similar to the POT1-TPP1 interaction found in mammalian cells. However,
recent studies have reported Stnl and Tenl homologs in several organisms that contain
POT1 complexes, and have implicated Stnl and Ten1 in telomere capping (Martin et al.,
2007, Song et al., 2008). In fact, a mammalian CTC1 (conserved telomere maintenance

component 1), STNI and TEN1 complex has been identified which was shown to bind to

22



single-stranded DNA as a trimeric complex and localize to telomeres in Hela cells
(Miyake et al., 2009). Loss of telomere protection as measured by DNA damage foci
demonstrated that STN1/POT1-knockdown cells had an increase in DNA damage foci
compared to either single knockdown, suggesting that POT1 and CST play redundant
roles in telomere protection. Potential structural similarities have been reported between
Stnl and Rpa2, a component of the replication protein A (RPA) complex (Gao et al.,
2007). Replication protein A (RPA) is a nonspecific ssDNA-binding complex comprised
of Rpal, Rpa2 and Rpa3 that mediates various DNA metabolic processes throughout the
genome (Wold, 1997). It was recently shown that the N-terminal OB fold-like domain of
Stnl was able to function in place of the Rpa2 OB fold (Gao et al., 2007). Similar to the
interaction between Rpa2 and Rpa3, the N terminus of Stnl interacts with Tenl in vitro
and in vivo (Sun et al.,, 2009). Furthermore, the human homolog of S7NI, initially
identified as OBFCI (OB Fold-containing Protein 1), has been found to associate with
telomeric ssDNA and the shelterin component, TPP1 (Wan et al., 2009). Taken together,
these suggest the CST complex may represent a telomere specific RPA complex that
functions in parallel to the POT1-containing complex, although the exact function of CST

at mammalian telomeres is not completely understood.

Comparison of end protection modes

The telomere structure discovered in architecture Oxytricha nova is the most basic
model for a specialized chromatin structure established by telomeric DNA binding
proteins that promotes telomere protection and capping. In this structure, the 3’-end of the

telomeric DNA is buried within the TEBP o/p protein complex to physically sequester
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the ends of the telomeric DNA within the protein complex, and in this way these proteins
protect the chromosome end. The telomere structure in human cells is similar to that
found in O.nova in that the chromomsome end is sequestered within a protein complex in
both organisms. However, the proposed “t-loop” structure in humans is more complex,
and dependent on the six protein shelterin complex to facilitate t-loop formation, instead
of a protein dimer. TEBP o/ is distantly related to Potl and its binding partner Tppl in
the shelterin complex, suggesting that the mechanism of telomere end protection has been
conserved evolutionarily (Baumann and Cech, 2001, Wang et al., 2007, Xin et al., 2007).

The fold-back model in yeast is a combination of the structures proposed for
Oxytricha nova and humans, in that the telomeric chromatin folds back to contact
subtelomeric regions and the terminal end is protected by the single stranded DNA
binding activity of Cdcl3 (de Bruin et al., 2001, de Bruin et al., 2000). The model
proposed for the telomere structure in S. cerevisiae is different from humans, in that the
most terminal 3’ end is not proposed to invade the duplex DNA, but instead contacts are
made by interacting DNA binding proteins.
G2/M DNA Damage checkpoint

In order to ensure proper transmission of genetic information and to guard against
heritable mutations, cells must be able to detect, respond to, and repair any DNA damage
that may cause genome instability. The appearance of DNA damage signals the cell to
arrest cell cycle progression at the G,/M checkpoint, giving the cell more time to repair
what might otherwise be a fatal DNA lesion (Weinert and Hartwell, 1988, Weinert and

Hartwell, 1993). The checkpoint pathways utilize three main groups of protein to
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translate a DNA damage signal into subsequent cell cycle arrest and repair of the
damaged DNA (Nyberg et al., 2002). The first group is sensor proteins which recognize
damaged DNA and their role is to initiate the downstream signal cascade. Transducer
proteins relay and amplify the damage signal from the sensors by phosphorylating other
downstream targets. Effector proteins are usually the most downstream proteins targeted,
and are regulated to convert the damage signal into forms of regulation that control
transduction, promote repair, and induce cell cycle arrest (Humpal et al., 2009, Harrison
and Haber, 2006).

In §. cerevisiae, arresting the cell cycle at G2/M in response to DNA damage has
been shown to be dependent on MECI, RADY, RAD24, RADI17, RAD53 and MEC3
(Lydall and Weinert, 1995, Lydall and Weinert, 1997). In budding yeast, the G2/M DNA
damage checkpoint response pathway is activated by the PI3-like kinase, Mecl after
initial processing at the site of a DSB (Weinert et al., 1994) (Figure 1-4). Single —
stranded DNA (ssDNA) is a potent activator of the DNA damage checkpoint and those
proteins which detect damage. Studiesin yeast have shown that the nuclease activities of
the MRX complex (MRE11, RAD50 and XRS2) and Exol are needed to create ssDNA at
a DSB (Nakada et al., 2004). Tell is a kinase that serves redundant roles with Mecl
(Sanchez et al., 1996, Mantiero et al., 2007). Tell localizes to DNA double strand breaks
via an interaction with the Mrel 1p/Rad50p/Xrs2p complex (MRX) (Nakada et al., 2003,
Falck et al., 2005). Tell has been shown to phosphorylate the MRX complex through its
interaction with Xrs2 to activate the downstream signal cascade necessary for arrest

(D'Amours and Jackson 2001). Furthermore, it was found that Mrell function was
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required for an effective cell cycle arrest response, suggesting that the MRX complex is
specifically required for the generation of ssDNA necessary for checkpoint activation in
respond to DSBs (Grenon et al., 2001). The ssDNA generated at a DSB does not remain
naked in the cell, but instead is bound by the ssDNA-binding protein complex called
replication protein A (RPA) (Wold, 1997).

Mecl plays an essential role in the DNA damage checkpoint response. Using a
system which generates a single site-specific double-strand break at the MAT locus, it
was shown via chromatin immunoprecipitation that Mec1 can recognize and directly bind
a DSB in yeast (Kondo et al., 2001, Melo et al., 2001, Dubrana et al., 2007). Mec1 kinase
activity requires the cofactor Ddc2, as Mec1 foci formation following DNA damage was
dependent on Ddc2 (Dubrana et al., 2007) (Figure 1-4). The binding of RPA to ssDNA at
a DSB is thought to be necessary for Mec1/Ddc2 recruitment. Accordingly, the Elledge
group has shown that decreasing RPA at an induced DSB reduced Ddc2 binding, despite
ssDNA being equivalent both with and without RPA (Zou et al., 2003b). In addition, the
yeast checkpoint deficient RPA mutant, rfal-t11, is defective in recruiting both Ddc2 and
Ddcl to ssDNA at DNA damage sites in vivo (Zou et al., 2003a, Zou et al., 2003b).
Mecl foci formation at an induced DSB and checkpoint activation was also diminished in
the rfal-tl1 strain, directly implicating RPA in Mecl-Ddc2 recruitment to a DSB
(Dubrana et al., 2007). The Mec1/Ddc2 complex has also been shown to localize to a
DSB using ChIP and immunofluorescence (Paciotti et al., 2000, Rouse et al., 2000, Melo
et al., 2001). Mecl association with a DSB has also been demonstrated not to be

dependent on either RADY or RAD24, suggesting that these proteins are recruited to a
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DSB independently of each other (Kondo et al., 2001, Melo et al., 2001) (Figure 1-4).
Hence, Mec1/Ddc2 kinase complex is thought to act as the central regulator of checkpoint
signaling, and is required for most known phosphorylation events that occur following

DNA damage, including the phosphorylation of key cell cycle targets (Weinert, 1998).

In addition to the Mecl/Ddc2 complex being recruited to DNA lesions, the
Rad24-RFC clamp loading complex is also recruited to DNA damage sites (Kondo et al.,
2001, Melo et al., 2001). During DNA replication, the processivity factor for DNA
polymerase is a doughnut-shaped homotrimeric complex termed the proliferating cell
nuclear antigen (PCNA) (Waga and Stillman, 1998, Majka and Burgers, 2004). PCNA is
loaded onto primed DNA by the replication factor C (RFC) complex, a heteropentamer
made up of RFCI1-5 that is aptly termed the “clamp loader” (Waga and Stillman, 1998,
Majka and Burgers, 2004). Rad24 interacts with the small subunits of the replication
factor C (RFC) complex (Rfc2, Rfc3, Rfc4, and RfcS) and forms a specialized complex
related to the RFC complex (Shimomura et al., 1998, Green et al., 2000, Naiki et al.,
2000). Ddcl, Mec3, and Rad17 are structurally similar to the proliferating cell nuclear
antigen (PCNA), and they form a trimeric doughnut-like clamp complex (Venclovas et al.,
2000). The Rad24-RFC clamp loader complex loads the Radl7/Mec3/Ddcl sliding
clamp onto sites of DNA damage (Melo et al., 2001, Majka and Burgers, 2003, Griffith et
al., 2002) (Figure 1-4). RPA has been also shown to stimulate the binding of the
checkpoint clamp loader complex DNA in vitro, suggesting that the Rad24-Rfc2-5 clamp
loader complex recognizes DNA damage by interacting with RPA-coated ssDNA to

associate with damage sites (Zou et al., 2003a).
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Several lines of evidence suggest that Mecl and Ddcl are recruited to sites near
the HO-induced DSB through distinct mechanisms (Kondo et al., 2001, Dubrana et al.,
2007). Mecl was shown to phosphorylate the Ddc1 and Mec3 subunits of the checkpoint
clamp and this phosphorylation was important for proper checkpoint function (Paciotti et
al., 2001, Paciotti et al., 1998). Ddcl phosphorylation after DNA damage was also
dependent on RAD24, suggesting that Ddcl functions downstream of both MECI and
RAD24 (Paciotti et al., 1998). Association of Ddcl with an induced DSB was detected in
rad9A mutants as well as in mecIA mutants. However, this association 1s lost in rad24A
or radl74 mutants, consistent with the observation that DDC/ functions in the same
checkpoint pathway as RAD24. Similarly, Mecl association with a DSB in a ddciA
mutant was not affected, indicating that the association of Ddcl to an induced DSB is
dependent on RAD24 and RADI7, but not on RADY9 or MECI (Kondo et al., 2001)
(Figure 1-4). After being loaded, the Ddcl/Radl7/Mec3 complex recruits Mecl
substrates, allowing Mec1 to phosphorylate targets of the DNA damage checkpoint signal
transduction cascade (Melo et al., 2001).

In addition to phosphorylation of the checkpoint clamp, Mec1 has been shown to
phosphorylate a conserved motif on histone H2A. Although, the motif itself is not
necessary for Mecl-dependent cell-cycle arrest, it is important for viability in the
presence of DNA damaging agents (Downs et al., 2000). Lastly, it has been
demonstrated that phosphorylation of H2A is required for efficient DNA double-strand

break repair by non-homologous end joining, suggesting that H2A plays a role in
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organizing chromatin structure in response to DNA damage to facilitate repair (Downs et
al., 2000).

Rad9 functions as a transducer protein to amplify the damage signal from the
Mecl and Tell upstream kinases to their downstream effector targets, such as Rad53 and
Chkl. After Mecl phosphorylates Rad9, Rad9 can associate with Rad53 which promotes
the autophosphorylation of Rad53 (Gilbert et al., 2001) (Figure 1-4). Phosphorylated
Rad53 dissociates from Rad9 and transmits the damage signals to further downstream
targets. Once Rad53 is activated it can phosphorylate downstream targets, such as Dunl,
which function to arrest the cell cycle and activate repair of DNA damage (Allen et al.,
1994). Rad9 activates a separate branch of the checkpoint response through association
with Chkl1, in response to DNA damage (Sanchez, 1999). After activation Chkl can
phosphorylate Pds1 directly which contributes to the Go/M cell cycle arrest (Sanchez et
al., 1999). Rad9 has been found to contain domains that specifically interact with Rad53
or Chkl, which permits Rad9 to modulate activation of two distinct signaling pathways
(Schwartz et al., 2002, Blankley and Lydall, 2004) (Figure 1-4).
Control of resection at native telomeres

Single-stranded DNA is also generated at the telomere in a cell cycle dependent
manner. Native telomeres of budding yeast end in a short 3° G-rich overhang of
approximately 10-15 nucleotides (Larrivée et al., 2004). During conventional
replication, lagging-strand synthesis occurs on the G-rich strand running 5’ to 3' toward
the end of the chromosome, and removal of the primer on the newly synthesized C-rich

strand will result in a short 3’ G-rich overhang. Leading-strand synthesis is thought to
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produce a blunt end, yet it has been reported that 3’ G-rich overhangs occur on both the
leading- strand and the lagging-strand ends of a linear plasmid (Wellinger et al., 1996).
In addition, these G- rich overhangs are detected in cells lacking telomerase activity,
suggesting that the blunt ends resulting from leading-strand synthesis are processed,
presumably by a nuclease, to generate 3’ overhangs (Dionne and Wellinger, 1996,
Wellinger et al., 1996). Yeast studies using native in-gel hybridization to detect
telomeric ssDNA have demonstrated that telomeres acquired longer 3’ G-rich overhangs
in late S phase, after conventional replication had occurred (Wellinger et al., 1993a,
Wellinger et al., 1993b). Inhibition of Cdk1 activity resulted in loss of ssDNA signal in
late S-phase at native telomeres, indicating that the nuclease activity which processes
native telomeres during late S-phase is regulated by Cdk1 (Vodenicharov and Wellinger,
2006). The MRX complex has been shown to play a role in the formation of this cell
cycle dependent 3° G-rich overhang. The G-rich overhangs in mrel 4 mutants were
found to be shorter in length, indicating that although the MRX complex contributes to
overhang formation (Larrivée et al., 2004).
Resection occurs at unprotected telomeres

Telomeres that become deprotected accumulate ssDNA damage, which is a potent
activator of the DNA damage checkpoint. CDC/3 functions to cap chromosome ends by
protecting them from nucleolytic degradation (Lydall et al., 1995, Booth et al., 2001).
Interestingly, when telomere capping activities are inactivated, such as in cdcil3-1
mutants, checkpoint genes have also been shown to play a role in single stranded DNA

generation at unprotected telomeres. rad94 and rad244 mutants are defective for cell
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cycle arrest in response to cdcl3-1 damage, yet RAD24 seems to contribute to ssDNA
production and RAD9 inhibits ssDNA production (Lydall and Weinert, 1995). Analysis
of single-stranded DNA accumulation using a filter-binding assay to detect telomeric
ssDNA demonstrated that the checkpoint gene RAD9 limits single-stranded production at
telomeres, as cdcl3-1 rad94 exhibit higher levels of ssDNA. R4D24 seems to contribute
to the excessive single-stranded DNA accumulation in cdcl3-1 cells, as cdcl3-1 rad244
exhibit lower levels of ssDNA (Lydall and Weinert, 1995). Furthermore, death of
cdcl3-1 rad9 cells is due to the degradation controlled by RAD24, since cdcl3-1 rad94
rad244 cells have better viability. In addition to Rad24, the exonuclease Exol,
contributes to telomeric ssDNA accumulation in cdc/3-1 mutants (Maringele and Lydall,
2002, Zubko et al., 2004). However, it has been shown that cdci3-1 rad244 exolA cells
still generated detectable levels of ssDNA at telomeres, indicating that additional
nuclease activity was present. Hence, it is proposed that the sliding clamp loaded by the
Rad24 complex is required to anchor a yet unidentified exonuclease, termed ExoX
(Zubko et al., 2004).
The end replication problem

Although telomeres and their associated proteins are required to maintain
chromosome end protection, it is necessary to allow telomerase access to the telomeric
DNA sequence in order to complete telomere replication. Hence, the telomeric chromatin
structures maintained throughout the cell cycle must be disrupted during DNA
replication. The known DNA polymerases all synthesize genetic information in the 5’to

3’ direction. They require a primer with 3’ hydroxyl group in order to synthesis the
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template. This primer then gets removed once synthesis has been primed and initiated.
Replication of linear chromosome ends becomes problematic for cells due to the priming
that is necessary in order to initiate synthesis (Watson, 1972, Olovnikov, 1973). In
theory, the leading strand can be continuously synthesized to the end of chromosome.
However, the lagging strand is synthesized in short, individually primed Okazaki
fragments. The RNA primers are removed, the resulting gaps are filled in by DNA
polymerase and the fragments are connected by DNA ligase. The removal of the most
terminal RNA primer leaves a single-stranded 3’ overhang at the chromosome end
(Chakhparonian and Wellinger, 2003). Hence, the daughter DNA synthesized by lagging
strand synthesis is shorter than parental DNA, while the daughter DNA synthesized by
leading strand synthesis is the same length as the parental template DNA and has a blunt
end. Processing of the blunt end resulting from leading strand synthesis to form a 3’
overhang will result in a chromosome end that is shorter than the original template (Cech
et al, 1997). Without a mechanism to compensate for the loss of sequence,
chromosomes will gradually lose terminal sequence as cells continue to proliferate. As
telomeres shorten, they lose the ability to provide a protective chromosome cap,
eventually leading to cell cycle arrest, chromosome instability or cell death
(Chakhparonian and Wellinger, 2003).
Timing of telomere replication

An evolutionarily conserved mechanism exists to compensate for this progressive
loss of terminal sequence, which is accomplished through the activity of the enzyme

telomerase (Blackburn, 2000). Semi- conservative replication is conducted during S
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phase of the cell cycle and initiation of replication is controlled in respect to both location
and time by replication origins, which contain autonomous replication sequence elements
(ARSs). Telomeric sequence has been implicated in determining the timing of activation
of subtelomeric ARSs. It has been shown that a circular plasmid containing telomeric
TG.; repeats and an ARS initiated replication early, but if the plasmid is linearized so
that it contains telomeres, the ARS fired late (Ferguson and Fangman, 1992). The
conserved subtelomeric Y' element contains its own ARS (Chan, 1983). Using density
transfer experiments and microarray analysis, it has been reported that this Y’ ARS
replicates in late S phase (Stevenson and Gottsching, 1999, Raghuraman et al., 2001).
Consistent with this, the Blackburn lab demonstrated that the Y’ ARS fires at the same
time as an established late firing origin, ARS50I, using two- dimensional gel
electrophoresis gel analysis (Makovets et al., 2004). Taken together, these results indicate
that telomeres are replicated late in S-phase, presumably after the majority of semi-
conservative replication has been initiated.

In addition, analysis of yeast telomere replication intermediates demonstrated that
the single-stranded G-rich 3’ overhang is extended up to 30 bases in late S-phase, after
the replication fork had reached the telomere (Wellinger et al., 1993a; Wellinger et al.,
1993b). These G-tails can still form in a cell-cycle- dependent manner in a telomerase
deficient cell, suggesting that an exonuclease resects the C-rich strands to generate
elongated 3’ overhangs late in S-phase (Wellinger et al., 1996, Dionne and Wellinger,
1996). These G-tails are thought to be a substrate that telomerase can act on to extend the

telomere end, which is subsequently filled in by the conventional DNA replication
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machinery (Lingner et al., 1995, Wellinger et al., 1996). Using non-denaturing Southern
hybridization and two-dimensional agarose gel electrophoresis, it was shown that
formation of an elongated G-tail on a linearized plasmid only occurred if the plasmid
contained an origin of replication (Dionne and Wellinger, 1998). These results suggest
that the generation of G-tails at the telomeres at the end of S-phase is dependent on the
passage of a replication fork (Dionne and Wellinger, 1998). Telomeres on a
minichromsome containing an ARS were found to be elongated by telomerase, while the
elongation of telomeres on a minichromosome lacking the ARS was suppressed, which is
consistent with the idea that replication fork passage promotes telomere extension by
telomerase (Dionne and Wellinger, 1998, Marcand et al., 2000). Taken together, these
data suggests a coordinated mechanism between conventional replication and telomere
replication by telomerase.
C-strand synthesis is coordinated between telomerase and DNA polymerase alpha
C-strand fill-in synthesis refers to the mechanism by which the conventional DNA
replication machinery, the DNA polymerase o/ primase complex, is used in telomere
replicationto generate the telomeric 5° C-strand once telomerase has extended the 3 G-
strand (Greider et al., 1996) (Figure 1-5). Studies using the ciliate Euplotes crassus
provide the first direct evidence for coordination between telomerase -dependent
extension of the G-strand with DNA polymerase o -dependent synthesis of the
corresponding C-strand. During the sexual stage of the life cycle in Euplotes, a large
amount of telomeres are generated without simultanecous DNA replication which

provided a unique opportunity to study the role of DNA polymerase in telomeric C-strand
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synthesis (Prescott, 1994). In these experiments, the DNA polymerase inhibitor
aphidicolin was used to inhibit DNA polymerase during the stage when de novo telomere
addition occurred. Cells treated with aphidicolin resulted in lengthening of G-strands and
an increase in heterogeneity of the C-strand length. Taken together, these results suggest
that G- and C strand synthesis are coordinated with each other, and this regulation
involves DNA polymerase a function (Fan and Price, 1997).

Furthermore, evidence supporting the coordination between G-strand and C-strand
synthesis has been provided by yeast studies conducted in the Gottschling lab. These
experiments take advantage of a system in which the ADE2 gene, a telomere seed
consisting of 81 base pairs of telomeric DNA repeats and a HO endonuclease cleavage
site adjacent to telomere seed were inserted into left arm of Chromosome VII. Cleavage
at the HO site exposes the telomere repeats, which can then be used by telomerase for de
novo telomere addition (Diede and Gottsching, 1999). Using conditional alleles for
essential replication proteins, these studies showed that in vivo telomere addition was
specifically dependent on the main replicative polymerases CDCI7/POLI (DNA
polymerase a catalytic subunit), POL2 (DNA polymerase d catalytic subunit), as well
as PRI2 (DNA primase subunit), as loss of these genes reduces the addition of telomere
repeats in vivo (Diede and Gottsching, 1999). These results indicate that the DNA
polymerase a-primase complex does indeed participate in telomerase-mediated telomere
addition and suggests that complete telomere replication requires telomerase to extend
the G-rich DNA strand and DNA polymerase o to subsequently synthesize the

complementary C-rich strand (Figure 1-5).
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In addition, mutations in replication components such as Cdcl7/Poll, Poll2
(regulatory B subunit of DNA pol a), or Cdc44/RFCI1 (large subunit of replication factor
C) have been shown to exhibit a telomere lengthening phenotype, suggesting that filling
in the complementary C-rich strand by DNA polymerase inhibits further telomere
elongation (Carson and Hartwell, 1985, Grossi et al., 2004, Adams et al., 1996). A
temperature sensitive allele of Poll, poll-17, has elongated telomeres which are
accompanied by an increase in the length of the G-strand overhang (Adams Martin et al.,
2000). It was also found that telomere addition required the activity of the cyclin-
dependent kinase, CDKI (Frank et al., 2006). Cdkl activity was required for the
generation of 3’ single-strand overhangs at both native and de novo telomeres. Thus,
Cdkl activity is proposed to control the timing of telomere elongation by regulating the
single-strand overhang at chromosome ends (Frank et al., 2006). Recent studies have also
implicated the Cdkl-dependent phosphorylation of Cdcl3 in the interaction between
Cdc13 and Estl, suggesting a role for Cdk1 in telomerase recruitment (Li et al., 2009).
Telomere capping proteins interact with telomerase and DNA polymerase alpha

In addition to the requirements for in vivo telomere addition, protein-protein
interactions have been uncovered which are thought to facilitate recruitment of both
telomerase and DNA polymerase a to the telomere (Shore and Bianchi, 2009). Disruption
of the interaction between the DNA replication machinery and telomere maintanence
proteins alters telomere length. Cdc13 has also been shown to interact with Poll, the
DNA Polymerase o catalytic subunit, as well as and Estl, the regulatory subunit of

telomerase through two-hybrid and biochemical techniques (Qi and Zakian, 2000).
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Telomere lengthening was observed in the poll-236 and cdcl3-50 alleles, which were
found to disrupt the Cdcl3-Poll interaction, suggesting that this interaction provides
negative regulation of telomere length (Qi and Zakian, 2000). This interaction is
proposed to be responsible for DNA polymerase a recruitment to the telomere to conduct
fill-in synthesis and inhibit further telomere elongation by telomerase (Qi and Zakian,
2000).

In addition, Stnl interacted with Pol12 through both yeast two hybrid and
biochemical assays (Grossi et al., 2004, Petreaca et al., 2006). Furthermore, poli2-216
stnl-13 double mutants are synthetic lethal, suggesting a potential functional interaction
between Stnl and Poll2 (Grossi et al., 2004). These associations between telomere
capping proteins and replication proteins further supports the idea that the Cdc13, Stnl,
and Tenl complex coordinately regulates telomerase access with recruitment of the DNA
polymerase a complex to the telomere to participate in fill-in synthesis of the C-strand
(Qi1 and Zakian, 2000, Chandra et al., 2001). Interactions between telomerase and DNA
polymerase o have been observed in organisms other than budding yeast as well.
Telomerase was shown physically associate with the lagging-strand replication machinery
through an interaction with DNA primase in Euplotes crassus (Ray et al., 2002). In
Schizosaccharomyces pombe, it was shown that mutations in the po/ a subunit of DNA
polymerase o caused telomerase dependent long telomeres (Dahlén et al., 2003).
Furthermore, DNA polymerase o was found to associate with telomerase in vivo,
although whether this interaction is direct is unknown (Dahlén et al., 2003). Taken

together, these data suggest that interactions between the DNA polymerase complex and
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telomerase together coordinate telomerase-mediated extension of the G-strand with fill-in
synthesis of the complementary C-strand.

As I’ve discussed in this overview, in budding yeast the Cdc13 protein has been
shown to play essential roles in capping telomeres and in recruiting telomerase during
telomere replication. However, how Cdcl3 modulates its various activities and its
functions in relation with Stnl and Tenl is not yet clear. The work presented in this
thesis will attempt to elucidate some of the key issues not yet understood about Cdcl13
function. Although it has been shown that Cdc13 protects the chromosome end from
degradation by nucleases, all the nuclease acitivites present at unprotected telomeres in
cdc13-1 cells have not yet been identified (Garvik et al., 1995, Lydall and Weinert, 1995,
Nugent et al., 1996, Booth et al., 2001). In Chapter 2, we describe a screen conducted in
an attempt to identify activities involved in telomere C-strand loss at uncapped telomeres
in cdcl3-1 cells. The screen resulted in the identification of two novel alleles of RAD24.
Each rad24 allele, results in the production of two amino terminal truncations of Rad24.
We show that an intact Rad24 amino-terminus is necessary for its checkpoint function.
The rad24-2 allele combined with telomere amplification facilitated the growth of cdc13-
1 cells at high temperatures and rad24-2 increased the frequency of obtaining
temperature resistant cdci3-1 cells.

Cdc13 facilitates the elongation of telomeres by telomerase through an interaction
with the telomerase subunit, Estl (Chandra et al., 2001, Taggart et al., 2002). Dr. Nugent
observed that Cdc13 was phosphorylated during late S-phase, the time when telomeres

are expected to be replicated. In Chapter 3, we focused on identifying the kinase
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responsible for this phosphorylation and determining its functional significance. We
demonstrate that Cdcl3 is phosphorylated by Cdkl on residue T308. Loss of the
phosphorylation site through a T308A mutation resulted in telomere shortening,
suggesting a role for the Cdk1- mediated phosphorylation in telomerase recruitment. The
phosphorylation of Cdcl3 also promoted interaction with the 14-3-3 protein, Bmhl,
which may be involved in regulating the protein stability of Cdc13.

In addition to interacting with telomerase, Cdc13 has been shown to associate
with Poll of the DNA polymerase a-primase complex. The Cdc13- Poll interaction is
thought to coordinate telomere extension of the G-strand by telomerase with fill-in
synthesis of the C-strand by DNA polymerase a. Furthermore, Stnl has been shown to
interact with the Poll2 subunit of DNA polymerase a as well (Grossi et al., 2004,
Petreaca et al., 2006). However, it has not been directly shown that the Cdc13- Poll and
Stn1-Pol12 interactions serve to recruit DNA polymerase a to the telomere. In Chapter 4,
we investigate the functional significance of the Cdc13- Poll and Stn1-Pol12 interactions
in telomere length regulation. We show that the interactions between Cdc13 and Poll and
between Stnl and Poll2 are direct. Analysis of a poll-236 poll2-40 double mutant,
which has both these interactions disrupted, shows that loss of the Cdc13- Poll and Stn1-
Pol12 interactions result in elongated telomere length, consistent with the idea that these
interactions negatively regulate telomerase extension length. The major conclusions from
the studies presented in this thesis supports the idea that Cdcl3 makes independent
contributions to both telomere end protection and telomere length regulation by forming

different protein complexes.
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Figure 1-1 Budding yeast telomeres contain conserved sequence. S. cerevisiae
telomeres contain approximately 250 to 350 bp of terminal TG;; repeats. All
yeast telomeres contain a 475 bp conserved X element. Approximately two-thirds
of the telomeres in haploid cells contain one or more copies of subtelomeric Y'
elements. TGj.3 sequences are found between some X and Y’ elements. In cells
lacking telomerase, telomeres become critically short and cells eventually enter
crisis. Yeast cells can generate survivors at low frequency that maintain telomeres
by a recombination-dependent mechanism. Two types of these survivors have
been identified. Type I survivors amplify Y’ subtelomeric elements and Type 11
amplify the TG,_; repeats.
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Figure 1-2 Mammalian Telomere Structure A. Mammalian telomeres are composed of
long stretches of the repetitive sequence TTAGGG that form a lariat structure, the t-loop,
which results from the strand invasion of the 3' single-stranded overhang into the adjacent
telomeric dsDNA region. This displaced region is referred to as the d- loop. B. The t-loop
is stabilized by the telomere-specific protein complex, shelterin. The shelterin complex is
comprised of TRF1, TRF2, RAP1, TIN2, TPP1 and POT1. TRF1 and TRF2 bind to the
telomeric dsDNA, while POT1 interacts with single-stranded telomeric DNA. TIN2 and
TPP1 connect POT1 to TRF1 and TRF2. TRF2 also bind Rapl. C. Shelterin binds the
majority of the double-stranded telomeric DNA, and POT1 associates with single-stranded
telomeric DNA either at the 3' overhang or in the D loop. Shelterin and the t-loop structure
together stabilize and protect the chromosome end from unwanted repair events
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Figure 1-3 Yeast Telomere Structure

In budding yeast, the telomeric DNA is packaged in a non-nucleosomal DNA—
protein complex. Duplex telomeric DNA is covered by of Rapl protein that
interact either with a Sir complex, which is involved in the formation of
subtelomeric heterochromatin, or with a Rif complex, which negatively
controls telomere elongation.
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Figure 1-4 DNA Damage Checkpoint

In S. cerevisiae, the Mec1/Ddc2 complex has also been shown to localizes to
a DSB following resection by MRX. The Rad24-RFC clamp loading
complex is also recruited to DNA damage sites and loads the sliding
checkpoint clamp onto sites of DNA damage. The Ddcl/Radl7/Mec3
complex recruits Mecl substrates, such as Rad9, allowing Mecl to
phosphorylate targets of the DNA damage checkpoint signal transduction.
After Mecl phosphorylates Rad9, Rad9 can associate with Rad53 which
promotes the autophosphorylation of Rad53.  Phosphorylated Rad53
dissociates from Rad9 and transmits the damage signals to further
downstream targets. Once Rad53 is activated it can phosphorylate targets
such as Dunl and Cdc5, which function to arrest the cell cycle and activate
repair of DNA damage. Rad9 activates a separate branch of the checkpoint
response through association with Chkl, in response to DNA damage. After
activation, Chkl can phosphorylate Pdsl directly, which contributes to the
G2/M cell cycle arrest.
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Figure 1-5 Telomere replication in budding yeast The telomere end is
processed by MRX complex. Cdc13 binding to the telomere blocks further
exonucleolytic degradation. Cdcl3 also recruits Estl, which activates
telomerase. Cdc13 and Stnl then recruit the DNA polymerase a. DNA
Polymerase o synthesizes the complementary C-strand, and acts as a
negative feedback loop on telomerase activity.
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Chapter 2
Rad24 truncation, coupled with altered telomere structure, promotes cdcl3-1

suppression in 8. cerevisiae
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Introduction

Telomeres are the physical ends of linear chromosomes, typically comprising
short repetitive G-rich sequences in association with specific proteins that promote
protection of the chromosome ends from nuclease degradation and fusion. Telomeres
also function to distinguish the chromosome end from a DNA double strand break. When
DNA damage in the form of DSB is detected, the cell usually responds by arresting cell
cycle progression and repairing the break. In Gj, telomeres that become uncapped are
repaired using non-homologous end joining (Ferreira et al., 2004). If deprotection occurs
in cells that are in S/G; phase, uncapped chromosome ends are degraded 5 to 3°, which
creates single-stranded regions that facilitate subsequent strand invasion and homologous
recombination (Vodenicharov and Wellinger, 2006). Extensive degradation and
inappropriate recombination often results in genomic instability due to loss of critical
genetic information from chromosome ends. Chromosome end to end fusions at
uncapped telomeres often lead to breakage-fusion-bridge cycles resulting in loss of
genomic integrity as well (McEachern and Haber, 2006, Murnane, 2006).

Cdc13 is critical for maintaining the proper capping function of telomeres in
budding yeast (Lin and Zakian, 1996, Nugent et al., 1996). It has been well documented
that at restrictive temperature in cdcl3-1 cells, the C-rich strand undergoes resection and
the terminal regions of chromosomes become excessively single-stranded (Garvik et al.,
1995; Lydall and Weinert, 1995; Lydall and Weinert, 1997). Two dimensional gel

electrophoresis and quantitative PCR analysis of cdc/3-1 mutants grown at the non-
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permissive temperature demonstrated that cdci3-1 cells accumulate single stranded DNA
specifically on the 3> G-rich end, which extended up to 50 kilobases from the telomere
toward the centromere (Garvik et al., 1995, Booth et al., 2001). Cdc13 protein prevents
this resection from occurring with the aid of Stnl and Tenl, which have been shown to
interact with Cdc13 (Petreaca et al., 2007, Grandin et al., 1997, Grandin et al., 2001b).
Stnl has been isolated from a screen of high copy suppressors of cdcl3-1, and allowed
growth of cdcl3-1 cells up to 30°C (Grandin et al., 1997). Tenl was isolated in a screen
as a high copy suppressor of the temperature sensitive stn/-13 allele and over expression
of Tenl enhances the ability of STN! to suppress cdc13-1 (Grandin et al., 2001b). Several
stnl and tenl mutants have also been found to exhibit single stranded DNA at telomeres
and arrest at the DNA damage checkpoint in a Rad9 dependent fashion similar to the
cdcl3-1 allele. Thus, it is proposed that Cdc13, Stnl and Tenl form the C-S-T complex
that mediates chromosome end protection, which may similarities with the single-
stranded DNA binding complex RPA (Gao et al., 2007).

To further understand how telomeres promote chromosome capping, it is
necessary to understand the activities that occur at the chromosome end when telomeres
become unprotected. The cell usually recognizes and processes uncapped telomeres as
DNA damage through the DNA damage response pathways, one of which is the DNA
damage checkpoint at G2/M. Recognition and processing of DNA double-strand breaks
is similar to the processing which occurs at uncapped telomeres (Lydall et al., 2003).

MRETI1 is a 3'-5" exonuclease and single-stranded endonuclease that together with

RADS50 and XRS2, comprises the MRX complex which has been shown to contribute to
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the processing of DNA ends at DSBs in mitotic recombination,and nonhomologous end
joining (NHEJ) (Paull et al., 1998, Haber et al., 1998). The MRX complex is required for
nonhomologous end-joining in yeast and mutations that abolish Mrell nuclease endo-
and exonuclease activities activity result in accumulation of unresected meiotic DSBs and
sporulation failure (Tsubouchi and Ogawa, 1998, Furuse et al., 1998, Moreau et al.,
1999). Although Mrell 3'-5" exonuclease polarity is opposite to the expected 5' to 3'
nuclease polarity necessary for DSB resection, NHEJ is defective in Amrell, Arad50,
and Axrs2 strains, and end-joining between linear DNA ends is reduced, indicating a role
for MRX in DSB processing (Moore and Haber, 1996, Boulton and Jackson, 1998). In
addition to DSB repair, the Mrell complex is required for checkpoint responses after
DSB induction, since Mrell function was specifically required for proper cell cycle
arrest in response to an induced DSB. This indicates that the Mrell complex is required
in the DSB processing that is necessary for proper DNA damage checkpoint activation
(Grenon et al., 2001, D'Amours and Jackson, 2001, D'Amours and Jackson, 2002). Null
mutations of rad50 and xrs2 result in slower resection of HO-induced DSBs, but they do
not abolish DSB processing, suggesting additional nuclease activities can act on DSBs in
vivo (Ivanov et al., 1994, Moreau et al., 2001).

MRX is thought to act in concert with other nuclease activities to process DNA
ends at DSBs. MRX allows resection of DSBs by acting in collaboration with the
endonuclease Sae2 protein (Clerici et al., 2005, Clerici et al., 2006, Lengsfeld, 2007). It
has also been reported that the processing of the DNA ends by exonucleases at a single

induced DSB was dependent on the activity of the major cyclin-dependent kinase in
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budding yeast, Cdk1 (Cdc28/CIb2 in yeast) (Ira et al., 2004, Huertas et al., 2008). Cdkl
activity is needed for DSB processing to phosphorylate Sae2 on Ser267, suggesting that
proper DSB resection is an important regulated step which requires several nucleases (Ira
et al., 2004, Huertas et al., 2008). Sae2 and MRX have been proposed to form an early
intermediate that initiates the 5’ degradation of a DSB end, which may then processed by
Exol to generate longer tracts of ssDNA (Mimitou et al., 2008, Zhu et al., 2008,
Mimitou et al., 2009). Exol is a 5’-3" dsDNA exonuclease and flap-endonuclease, which
exerts its nuclease function in the resection of DNA ends of DSBs, as well as in
mismatch repair and homologous recombination (Fiorentini et al., 1997; Tsubouchi et al.,
2000; Bolderson et al., 2010). Overexpression of EXOI was shown to partially rescue
the mitotic DNA repair defects of mrelIA strains, indicating that Exol is capable of
some DSB processing in the absence of MRX (Moreau et al., 2001). Furthermore, studies
in yeast have shown that the Mrel1 complex and Exol collaborate to create ssDNA at an
induced DSB ends and promote Mecl association with DSBs, suggesting that they are
involved in creating the ssDNA signal recognized by the DNA damage checkpoint
(Nakada et al., 2004).

Chromosome ends and DSBs are similar to each other in that both are resected by
5'-3" exonucleases to generate ssDNA overhangs (Wellinger et al.,, 1993). Native
telomeres of budding yeast end in a short 3> G-rich overhang of approximately 10-15
nucleotides for most of the cell cycle, but their length increases transiently in late S phase
during the time that telomere replication takes place (Larrivée et al., 2004, Wellinger et

al., 1993). The MRX complex has been shown to play a role in the formation of this cell
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cycle dependent telomeric 3’ G-tail overhang (Diede and Gottschling, 2001, Larrivée et
al., 2004) . The G-rich overhangs in mrel I4 mutants were shorter in length, indicating
that the MRX complex contributes to overhang formation (Larrivée et al., 2004).
However, disruption of MRX function does not completely abolish this G tail, suggesting
that redundant nucleolytic activities are involved in the processing of native telomeres
(Larrivée et al., 2004). Studies assessing resection of the C-rich strand at a short telomere
seed adjacent to an induced DSB was shown to be reduced in mrellA, sae24, and exolA
mutants (Bonetti et al., 2009). The cell cycle-dependent control generation of G-strand
overhangs formation and telomere elongation is mediated Cdk1, which targets Sae2 for
phosphorylation. Taken together, these results demonstrate that many of the same factors
that process the DNA ends of DSBs are also necessary for processing native telomere
ends (Vodenicharov and Wellinger, 2006, Frank et al., 2006, Huertas et al., 2008).
Although the Mrell, Rad50, Xrs2 (MRX) complex influences the processing of
DSBs, it is not required for resection occurring at uncapped telomeres in cdcl3-1 mutants
(Zubko et al., 2004, Foster et al., 2006). Exol has been shown to contribute to C strand
resection at uncapped telomeres role when cells are defective for telomerase or Cdcl13
function (Maringele and Lydall, 2002, Bertuch and Lundblad, 2004, Zubko et al., 2004).
In addition to regulating C-strand resection at both a DSB and native telomeres, Cdkl
has been shown to regulate degradation leading to loss of the C-rich strand in cdcl3-1
uncapped telomeres (Vodenicharov and Wellinger, 2006, Frank et al., 2006). Although

Sae2 has been identified as a Cdkl target which regulates resection at DSBs and
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telomeres, critical Cdk1-regulated activities that occur specifically at uncapped telomeres
in cdcl3-1 cells remain to be elucidated (Huertas et al., 2008, Bonetti et al., 2009).

In an attempt to identify genes responsible for the activities that occur at
telomeres that have become unprotected, we undertook a screen to identify extragenic
suppressors of the cdcl3-1 temperature sensitivity. At high temperatures, cdcl3-1 cells
accumulate single-stranded telomeric DNA damage which activates the DNA damage
checkpoint response and cells arrest at G2/M phase (Garvik et al., 1995, Lydall and
Weinert, 1995, Lydall and Weinert, 1997). Use of the conditional cdcl3-1 allele to
disrupt telomere capping is advantageous because its maximum permissive temperature
of 25°C is low, while the DNA damage checkpoint is activated at higher temperatures.
Loss of the DNA damage checkpoint acts as an extragenic suppressor of cdci3-1 cells
and the maximum permissive temperature is increased in the double mutants. Hence,
when the DNA damage checkpoint is inactivated, cdci3-1 cells can proliferate and
maintain viability at 30°C (Weinert and Hartwell, 1993, Lydall and Weinert, 1995,
Lydall and Weinert, 1997, Garvik et al., 1995).

In the screen for extragenic suppressors of cdci3-1, two classes of suppressor
mutations were expected. The first being mutations in genes that coded for the activities
which result in the accumulation of telomeric single stranded DNA in cdci3-1 cells, and
the second would be mutations in genes involved in the DNA damage checkpoint. It has
been proposed that Rad24, Radl17 and Mec3 controlled the activity of a 3' to 5'
exonuclease that degraded the C- strand since rad244 mutants had decreased ssDNA,

while Rad9 inhibited the exonuclease because rad94 cells accumulated ssDNA (Lydall
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and Weinert, 1995). Previous experiments have shown Exol (a 5’ to 3 exonuclease) and
Rad24 (the G2/M checkpoint clamp loader) to contribute to production of single-stranded
telomeric DNA in cdcl3-1 cells, since cdcl3-1 rad244 and cdcl3-1 exolA cells have
reduced subtelomeric single-stranded DNA (Lydall and Weinert, 1995, Maringele and
Lydall, 2002, Larrivée et al., 2004, Zubko et al., 2004). However, ssDNA was still
produced in cdcl3-1 rad244 exolA strains, suggesting additional activity occurred at
cdc13-1 uncapped telomeres which has been attributed to a yet unidentified nuclease
termed ExoX (Lydall and Weinert, 1995, Booth et al., 2001, Zubko et al., 2004).

A screen, using an mTn3-transposon insertion mutagenesis strategy, was
conducted before I joined the lab and resulted in identification of two alleles of the DNA
checkpoint clamp loader, R4D24. Rad24 replaces the RFCI1 subunit of the Replication
Factor C pentameric complex, to form the checkpoint clamp loader complex which binds
and loads the 9-1-1 checkpoint clamp (hRad9, hHusl, hRad) onto DNA lesions, thus
playing a key role in the DNA damage checkpoint (Majka and Burgers, 2003, Majka et
al., 2004, Green et al., 2000). In yeast, the 9-1-1 clamp is formed by Ddcl, Mec3, and
Rad17, which promotes checkpoint signaling and DSB repair activities (Jia et al., 2004,
Melo et al., 2001, Kondo et al., 2001). In each rad24 allele, a transposon inserted within
the RAD24 coding region resulted in the expression of different carboxyl terminal
portions of Rad24, in which the amino-terminus was truncated (rad24-2) or deleted
(rad24-3). Initial characterization of the rad24 alleles showed that rad24-2 was a
stronger suppressor than rad24-3, allowing growth of cdci3-1 mutants up to 36°C. The

rad24-3 allele, on the other hand, showed suppression phenotypically similar to rad24-4,
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allowing growth up to 30°C. The ability of rad24-2 to allow growth of cdci3-1 mutants
up to 36°C was interesting, and suggested that a truncated protein was produced from the
rad24-2 allele which provided a mechanism of suppression distinct from one occurring in
the rad24-4 and rad24-3 alleles, which only allow growth of cdci3-1 cells up to 30°C.
In this chapter, the hypothesis that the protein produced from the rad24-2 was
functionally distinct from Rad24 and the mechanism for the enhanced suppression of
cdcl3-1 by rad24-2 was investigated.

Here, we show that an intact amino-terminus is necessary for proper Rad24
checkpoint function. Upon further analysis of rad24-2, we found that the rad24-2 allele
alone was not sufficient to provide the extent of suppression that was previously observed
at 36°C, indicating that additional factors were modifying the suppression. Although the
initial cdcl3-1 rad24-2 strains grew at 36°C, the extent of suppression associated with
rad24-2 weakened in serial backcrosses, and cdcl3-1 segregants from these crosses
showed a modest increase in temperature resistance. Moreover, a RAD24 plasmid
suppressed the checkpoint defect in the initial cdcl3-1 rad24-2 strain, whereas the
temperature resistance was only partially suppressed. Our investigation into the
mechanism allowing the cdci3-1 rad24-2 cells to grow at 36°C suggests that the telomere
structure adopted in these strains contributes to the observed suppression phenotype. In
particular, we have found that the telomeric DNA in cdci3-1 rad24-2 cells is amplified
and more heterogeneous compared to wild-type telomeres. These data suggest that the
TGj.3 amplification observed in this strain contributes to the suppression phenotype.

Reconstruction of the rad24-2 allele in a strain with normal telomeres demonstrated that
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rad24-2 increased the frequency of obtaining cdcl3-1 cells capable of growth at high
temperatures relative to the rad24-4 allele. Our hypothesis is that the Rad24-2 truncation

protein affects telomere structure or recombination in a manner distinct from rad24-A.

Materials and Methods

Yeast manipulations

Standard techniques were followed in handling the yeast strains. Yeast strains used in this
study are listed in Table 1. Yeast plasmids and oligos used in this study are listed in Table
2 and Table 3, respectively.

Viability Testing

To plate dilutions of yeast cells, serial ten-fold dilutions of equivalent starting
concentrations of cell cultures were performed in micro-titer dishes, “stamped” onto solid
media, and grown at the indicated temperatures.

Strain construction

To epitope tag the wild-type and mutant Rad24 proteins; a cassette encoding 13 copies of
the c-myc epitope followed by the HIS3 gene from pFA6a-13MycHis3MX6 was PCR
amplified using oligos CO147 and CO148. The PCR product was integrated at the end of
the RAD24 open reading frame in wild-type (hC160), rad24-2 (hc341) and rad24-3
(hc342) haploid strains. Both Southern blot and PCR analysis were used to verify the
correct integration of the myc-13x sequence.

To re-create the rad24-2 allele, an 8.7 kb PCR fragment encompassing the transposon

integration sites within the rad24-2 ORF was amplified with the Expand polymerase mix
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(Roche) using the primers CO117 and CO118 (Primer sequences are shown in Table 2-
3). Genomic DNA from the strain hC647 was used as the template for the PCR.
Following transformation of the PCR fragment into cdc/3-1/+ diploids and selection on
Leu- media, the correct integrants were confirmed by PCR analysis.

Western Blot analysis

Rad24-myc13x, Rad24-2myc13x, and Rad24-3myc13x strains were incubated at 23°C in
YPD to an OD600 of 0.8 and protein extracts were prepared. For each sample, 300 ug of
protein was loaded on a 10% SDS-PAGE gel. After transfer, the membrane was probed
with a 9E10 a-myc antibody (Covance). The blot was then stripped and re-probed with a
a-tubulin antibody (clone YOL 1/34, Accurate Chemical and Scientific) as a loading
control. A wild-type strain (hC160) was used as the negative control.

RadS53 phosphorylation shift

For exposure to MMS, 50 mls of cells at OD600 0.5 were incubated in 0.1% MMS for 2
hours. For UV exposure, strains were spread on solid media in 150mm plates, exposed to
80J/m2 UV light using a UV Stratalinker 2400 (Stratagene), and after 30 min. recovery
the cells were harvested by scraping. The strains containing cdcl3-1 were shifted to 36°C
for four hours to induce DNA damage. Protein extracts were prepared by bead-beating
cells in 20% TCA. For each lysate, 300 ng was loaded on a 8% 30:0.39 acrylamide : bis-
acrylamide SDS-PAGE gel. After transfer, membranes were probed with a-Rad53 goat
polyclonal primary (sc-6749) antibody and bovine anti-goat secondary (sc-2350)
antibody (Santa Cruz).

Southern Blot analysis
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Yeast genomic DNA was isolated according to a previously published protocol
(Lundblad and Szostak, 1989). The DNA was digested overnight with either Xhol or with
Alul, Haelll, Hinfl, and Mspl. A conserved Xhol site is located within the subtelomeric
Y’ elements; the Alul, Haelll, Hinfl, and Mspl enzymes each have 4bp recognition sites
which are not present within the telomere repeat sequence. After running the digested
DNA on a 1.3% agarose gel and transferring to a nylon membrane (Hybond XL,
Amersham), a [32P] -dGT/CA probe or [32P] —Y’ probe was used to detect telomere
fragments.

Pulse Field Gel Electrophoresis

Agarose plugs containing the chromosomal DNA were prepared as described by the
manufacturer’s protocol (Bio-Rad) and resolved on a 1% agarose gel using the CHEF-
DR III system (Bio-Rad) at 5.5V/cm for 24 hours at 14°C, with an initial switch time of
60 seconds, and final switch time of 120 seconds. Standard southern blotting technique
probed with a [32P] -dGT/CA probe was used to analyze the chromosomes.
Temperature resistant colony analysis

Cultures were inoculated from single colonies, and grown 1-2 days at 23°C in YPD. Cell
density was determined using a hemocytometer. From each culture, a calculated 250 cells
were plated on YPD and incubated at 23°C, and either 500,000 cells were plated on YPD
and incubated at 36°C. Colonies were counted after 4 days of incubation. 27 independent
cultures were tested for cdcl3-1 rad24-4, and 31 cultures tested for cdcl3-1 rad24-2. The

strains tested were haploids from dCN318, dCN319, dCN343 and DVL202 diploids.
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Results
Two alleles of RAD24 were identified in a screen for extragenic suppressors of
cdcl3-1 temperature sensitivity.

When [ initially joined the lab, characterization of alleles identified in a screen for
suppressors of cdcl3-1 temperature sensitivity was being conducted. The purpose of this
screen was to identify the gene responsible for the single stranded DNA generated in
cdcl3-1 cells at elevated temperatures. The screen was conducted by Charles Chuang
and utilized a yeast genomic library containing mTn-lacZ/LEU?2 transposon insertions. A
linearized yeast genomic library containing random insertions of an mTn-lacZ/LEU?2
transposon was transformed into cdci3-1 cells and grown at the restrictive temperature of
30°C. Temperature resistant colonies were then mated with a wild-type haploid, and the
tetrads in which cdcl3-1 temperature sensitivity and the mTn-lacZ/LEU2 insertion were
tightly linked were further analyzed. The insertion site of the transposon was identified
by integrating a linearized plasmid into sequences within the transposon, and then
selecting for the URA3 marker on the plasmid. Sequences adjacent to the insertion site
were then recovered following ligation of genomic DNA fragments (Small et al., 2008).
Sequence analysis, also conducted by Charles Chuang, revealed that both the suppressors
contained the transposon inserted at different sites within the R4D24 coding region
(Small et al., 2008). The rad24-2 allele was a strong suppressor of temperature
sensitivity and permitted growth up to 36°C, while the other suppressor identified, rad24-
3, allowed growth up to 32°C (Figure 2-1). Previous studies have found that rad24-1 and

rad24-4 suppress cdcl3-1 up to 30°C, but neither allele provided the level of suppression
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observed in cdcl3-1 rad24-2 cells (Lydall and Weinert, 1995, Weinert et al., 1994).
Hence, it was important to determine the nature of the Rad24 protein being expressed
from these alleles.

When 1 initially started work on this project, the location of the transposon
insertion within the rad24-2 and rad24-3 alleles was known through sequence analysis,
but the effect of the transposon on Rad24 protein production was unclear. In the rad24-2
allele, the transposon is inserted following nucleotide 189 in the R4D24 open reading
frame (Figure 2-2a). The orientation of the transposon is reversed in rad24-3 and is
inserted after nucleotide 388 (Figure 2-2a). Rad24 contains a conserved AAA+ domain,
common to PCNA clamp loaders, located between amino acids 104-250, which is needed
for ATP binding (Figure 2-2a) (Naiki et al., 2000). Analysis of a Rad24-K115E mutant
shows that ATP binding is required Rad24’s checkpoint clamp loading function (Majka
et al., 2004). In both alleles, very short peptide fragments are encoded by RAD24 before
the gene is disrupted by the insertion. The rad24-2 allele encodes the first 63 amino
acids, while rad24-3 encodes the first 129 amino acids. The ability of cdci3-1 rad24-2
cells to grow at higher temperature than either the cdci3-1 rad24-3 strain or cdci3-1
rad24-A suggests that the rad24-2 allele provides suppression that is distinct from the
suppression provided by the null allele.

Our hypothesis was that sequences within the integrated transposon in rad24-2 or
rad24-3 could act as a promoter for transcription of the remainder of the R4AD24 gene,
allowing portions of the Rad24 C- terminus to be translated (Figure 2-2a). The first

methionine that could potentially initiate translation downstream of the transposon in the
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rad24-2 allele is at residue 95, and the first methionine downstream of the integration site
for rad24-3 is at residue 163 (Figure 2-2a) (Small et al., 2008). To test whether protein
was being expressed from the mutant alleles, a myc-epitope tag was integrated in-frame
at the RAD24, rad24-2, and rad24-3 C- terminus (Figure 2-2b). Interestingly, Rad24
protein was produced from both the rad24-2 and rad24-3 alleles (Figure 2-2b). The
presence of truncated proteins corresponding to the expected sizes for translated products
initiated at Met95 and Metl163 at approximately 62 kD and 55kD in rad24-2, and with
Met163 and Met178 at approximately 55kD and 53kD in rad24-3 suggest that sequences
within the transposon were able to act as a promoter for transcription from both
methionines for the remainder of the R4D24 gene following the insertion (Figure 2-2b).
Furthermore, the Rad24-3myc3x protein appears to be expressed at a lower level than the
Rad24-myc;3x and Rad24-2myc,3x proteins. Thus, the truncated protein being produced
from the rad24-2 allele could potentially account for the increased viability of cdci3-1
rad24-2 at higher temperatures.

The rad24-2 and rad24-3 alleles are both checkpoint deficient.

The larger Rad24 protein fragment produced from the rad24-2 allele keeps both
the AAA+ module between residues 104-250, and the hydrophobic clamp binding
domain between residues 166-170 fully intact (Figure 2-2a) (Majka and Burgers, 2004,
Venclovas et al., 2002). However, the protein fragment produced from the rad24-3 allele
was expected not to maintain proper RAD24 function, because the AAA+ motif was
disrupted in this mutant. Hence, our hypothesis was that the larger Rad24 protein

fragment produced from the rad24-2 allele, which included amino acids 95-659, would
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retain proper Rad24 function in checkpoint responses. Once it was found that truncated
proteins were being produced from the rad24 alleles, it was important to test whether the
rad24-2 and rad24-3 alleles retain normal Rad24 function in the DNA Damage
Checkpoint response. Therefore, we examined cell viability of these strains to determine
the ability of the rad24-2 and rad24-3 cells to repair DNA damage after exposure to
different DNA damaging agents. Both the rad24-2 and rad24-3 alleles are sensitive to
UV treatment, to the same extent observed in the rad24-A strain (Figure 2-3a). In
contrast to wild-type cells, each of the rad24 strains loses viability when exposed to
75mM hydroyurea (HU), with the rad24-2 strain showing slightly more sensitivity than
the rad24-A strain (Figure 2-3b). Lastly, wild-type cells exposed to 0.025% methyl
methanesulfonate (MMS) were able to maintain normal viability after 4 hours, while
rad24-2, and rad24-3 cells all rapidly lose viability similar to rad24-4 cells (Figure 2-3c).
Thus, rad24-2 and rad24-3 mutants behave similarly to rad24-4 cells, suggesting that
they are defective for checkpoint function.

Next we examined the DNA damage checkpoint activation by assessing the
response of the central checkpoint kinase Rad53 to multiple types of damage. After
activation of the S-phase or DNA damage checkpoint, Rad53 becomes phosphorylated
and displays a strong electrophoretic mobility shift (Alcasabas et al., 2001). It has
previously been shown that Rad53 phosphorylation is dependent on RAD9 and loss of
RAD24 function impairs the mobility shift of Rad53 (Pellicioli et al., 2001, Sanchez et
al.,, 1999).  Shifting cdci3-1 cells to 36°C leads to activation of the DNA damage

checkpoint as demonstrated by the strong Rad53 mobility shift that depends on RAD9
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(Figure 2-4a). In cdci3-1 rad244 cells, Rad53 phosphorylation is no longer detected.
This loss of Rad53 phosphorylation is also observed in the cdci3-1 rad24-2 and cdci3-1
rad24-3 strains (Figure 2-4a).

In addition, the checkpoint response of the rad24 strains to other types of DNA
damage was also examined, because the rad24 mutants may reduce the level of ssDNA in
cdc13-1, which could in turn reduce the damage signal to the checkpoint. After MMS or
UV treatment both the rad24-2 and rad24-3 strains respond similar to the rad24-A strain,
with a partial mobility shift of Rad53 (Figure 2-4b). Phleomycin is a DNA damaging
agent that catalyzes double-strand breaks (Nakada et al., 2003). Interestingly, Rad53
phosphorylation is observed in the rad9-4, rad24-A, rad24-2 and rad24-3 strains
following phleomycin treatment, suggesting that this type of DNA damage does not
specifically the DNA damage checkpoint and may also activate other checkpoints in
which Rad53 phosphorylated, such as the S-phase checkpoint (Figure 2-4c). Taken
together, these data indicate that rad24-2 and rad24-3 are both deficient for proper
checkpoint activation.

It has been previously shown that single-stranded DNA is reduced in cdci3-1
rad24-A cells grown at high temperatures, suggesting that Rad24 regulates an
exonucleolytic function at telomeres (Lydall and Weinert, 1995, Booth et al., 2001).
Although both the rad24-2 and rad24-3 alleles appear to be deficient for their DNA
damage checkpoint function, our hypothesis was that the rad24-2 allele was distinct from
the null allele and the phenotypically null rad24-3 allele with respect to regulating the

metabolism of telomere DNA. Hence, we tested whether the improved temperature

75



resistance of the rad24-2 strain correlated with changes in telomere structure such as the
amount of single stranded DNA, and telomere length. An in-gel hybridization analysis
done by Charles Chuang demonstrated that while the median accumulation of ssTG is
reduced in each cdcl3-1 rad24 strain relative to cdcl3-1, there is no difference among
the rad24-4, rad24-2 and rad24-3 strains (data not shown) (Small et al., 2008). Thus, our
comparison of single-stranded DNA among these strains does not reveal an obvious
suppression of the single-stranded DNA characteristic of cdcl3-1 strains correlating with
the temperature resistance observed in the cdc3-1 rad24-2 strain.

Under certain conditions, cells can survive in the complete absence of CDC/3
(Zubko et al., 2006, Larrivée et al., 2006, Petreaca et al., 2006). The ability of cells to
survive without Cdc13 is enhanced by the loss of DNA damage checkpoint function,
particularly in combination with deletions of genes encoding nucleases such as EXO1I,
which can contribute to telomere resection (Zubko et al., 2004, Zubko et al., 2006). In
addition, while telomere recombination per se is not sufficient for CDC/3-independent
growth, combined with checkpoint deficiencies, the ability to grow independently of
CDC13 function is likely to be stimulated (Larrivée et al., 2006, Petreaca et al., 2006).
Since our examination of the rad24-2 checkpoint and telomere resection phenotypes did
not reveal any substantial differences from the rad24-4 allele, we next analyzed the
telomere structure in cdcl3-1 rad24-2 mutants at the high temperatures, to test our
hypothesis that structural changes had occurred at the telomere that would account for
the increased temperature resistance of the suppressed mutant strain. First, we examined

the Xhol telomere restriction fragments in strains that were grown at either 23°C or at
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30°C (Figure 2-5a). The restriction enzyme Xho I cuts yeast DNA in the sub-telomeric Y'
repeat, generating a terminal restriction fragment in wild-type yeast strains of ~1.3 kb,
~350-500 bp representing the terminal poly TG ;.3 tract (Walmsley, 1985). Interestingly,
this Southern blot shows evidence of telomere repeat recombination in the strains that
were derived from the dCN149 cdcl3-1 /+ rad24-2 /+ diploid (Figure 2-5a). Not only are
additional restriction fragments observed in these strains but also the intensity of the
higher molecular weight restriction fragments is increased relative to the intensity of the
terminal telomere fragment (in brackets) (Figure 2-6a, rad24-2* and cdcl3-1 rad24-2*
lanes). There was no evidence for telomere rearrangements in the rad24-3 strains (Figure
2-6a, rad24-3 lanes). An additional outcross of the rearranged cdcli3-1 rad24-2 strain
resulted in telomere rearrangements not only in cdci3-1 rad24-2 cells, but also in
“wildtype”, rad24-2, and cdcl3-1 haploids derived from the same diploid strain
(dCN155) (Figure 2-6b, compare wildtype with wildtype*, rad24-2*, cdci3-1 rad24-2 *,
and cdc13-1%* lanes). The rad24-A strains show some amplification of a Y’ subtelomeric
element, but this amplification was present in the diploid that the rad24- A4 was originally
created in (data not shown). The telomeres in the cdci3-1 haploid used for the screen
show no evidence of recombination (Figure 2-7a, cdcl3-1 lane and Figure 2-12 right
panel, cdcli3-1 lane).

The pattern of telomere recombination in the rad24-2 strains is reminiscent of that
observed in strains that amplify their TGj.; repeats through a Rad50-dependent
homologous recombination pathway (Lundblad and Blackburn, 1993, Teng and Zakian,

1999, Grandin et al., 2001a, Chen et al., 2001). To show that longer tracts of telomere
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repeats are indeed present in the rad24-2 strains, the yeast genomic DNA was digested
with a combination of restriction enzymes (Alul, Haelll, Hinfl and Mspl) that cut
multiple sites within the telomere Y’ sequences but not within the TGj; repeat
sequences. The telomere repeats fragments observed in rad24-2 strains are distinct high
molecular weight species, in contrast to the shorter tracts of telomere repeats found in
normal wild-type cells (in brackets) (Figure 2-6a). Backcrossing the rearranged cdcl3-1
rad24-2 strain also resulted in amplified TG, _; repeats in wildtype, rad24-2, and cdci3-1
haploids from the same cross (Figure 2-6a, wildtype*,, rad24-2%*, and cdcl3-1* lanes).To
further characterize the telomeric amplification present in the rad24-2 strains, we
examined the Xhol telomere restriction fragments in strains that were grown at either
23°C or at 30°C and probed with subtelomeric Y’ probe. Wild-type telomeres exhibited
the expected sizes for long Y’ and short Y’ elements at 6.7 kb and 5.2 kb, respectively
(Figure 2-6b, wildtype lane). Southern blots show that the subtelomeric Y’ element
composition in rad24-2 strains was distinctly different from wildtype cells, and displayed
multiple additional Y’ bands, indicating amplification of Y’ elements had occured as well
(Figure 2-6b compare wildtype lanes to rad24-2* and cdcl3-1 rad24-2* lanes). Such
altered restriction fragment patterns of telomeric DNA are characteristic of those found in
telomerase deficient survivors, and in cdcl3-1 mec3- A or cdcl3-1 rad24- A exol- A
temperature resistant strains, suggesting the rad24-2 allele may promote the acquisition
of chromosomal alterations (Teng and Zakian, 1999, Foster et al., 2006, Zubko and

Lydall, 2006, Grandin et al., 2001).
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Finally, to assess whether the TGj; repeats amplification occurs across the
genome, we used pulsed field gel -electrophoresis (PFGE) to separate whole
chromosomes and then compared the intensity of telomere probe hybridization to the
chromosomes. A Southern Blot of the chromosomes with a telomere probe showed much
stronger hybridization to the chromosomes in the cdci3-1 rad24-2 strain as compared
with all of the other strains (Figure 2-7a). Ethidium bromide (EtBr) staining of the
pulsed-field gel did not show large differences in the total amount of chromosomal DNA
present in the gel, indicating that the TG-repeats are indeed amplified in the cdcl3-1
rad24-2 strain (Figure 2-7b). One of the cdcl3-1 rad24-2 samples also showed poor
resolution of its individual chromosomes on the EtBr stained gel, consistent with a
conclusion that the chromosomes have a recombination or replication structure that is
interfering with migration through the gel (Figure 2-7b). Once the blot was stripped and
probed with a subtelomeric Y’ probe, chromosomes in the cdcl3-1 rad24-2 strain
showed much stronger hybridization with to the Y’ probe compared with all of the other
strains, indicating that Y’ elements were amplified as well (Figure 2-7c). From these data
we conclude that the cdci3-1 rad24-2 strain, but not the cdci3-1 rad24-3 strain, has
amplified TG,3; repeats. Together, these data support the hypothesis that rad24-2
supports cdcl3-1 growth at higher temperatures than rad24-4 because rad24-2 promotes

the amplification of telomere repeats.
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Heritable telomere structure may promote temperature resistance of cdc13-1 rad24-
2 cells.

If the rad24-2 allele is sufficient to promote the growth of cdci3-1 at 36°C, then
following a cross of a temperature resistance cdci3-1 rad24-2 with a wild-type strain,
cdcl3-1 rad24-2 double mutant segregants should retain their ability to grow at 36°C.
Furthermore, it is expected that the resulting haploids from this diploid would inherit a
mix of normal and recombined telomeres from the parental strains. In order to test our
hypothesis that the inherited recombined telomeres contributed to the suppression of
temperature sensitivity in cdcl3-1 rad24-2 cells, we tested the temperature sensitivity of
the cdcl3-1 rad24-2 haploids in successive generations from back-crosses of the cdcl3-1
rad24-2 strain with a wild-type haploid (Figure 2-8a). Interestingly, the degree of
temperature resistance of the cdcl3-1 rad24-2 strains is diminished in each successive
cross. The cdcl3-1 rad24-2* strains from the first cross (from diploid dCN149) show
much better growth at 36°C than the cdci3-1 rad24-2*** haploids from the third
outcross, which even show reduced growth at 34°C. These data are consistent with the
interpretation that instead of rad24-2 being sufficient for cdci3-1 growth at 36°C, a non-
Mendelian factor, such as telomere amplification, improves the suppression mediated by
rad24-2.

Testing the hypothesis that telomere amplification contributed to the temperature
resistance of cdcl3-1 rad24-2 required determining the ability of telomere amplification
to promote growth of cdci3-1. Two approaches were taken to address this. First, the

ability of the cdcl3-1 haploids obtained from dCN149 to grow above the cdci3-1
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maximum permissive temperature of 25°C was tested. As shown in Figure 2-8b, after
propagating the cdcl3-1%* strains at 23°C and then plating serial dilutions at a range of
temperatures, there is a modest improvement in cdci3-1* growth at 28°C. The extent to
which the growth improved at 28°C was variable among the cdcl3-1* strains, and in no
case were the cells able to grow well above 28°C. In addition, the cdci3-1** strains
(from the second out-cross) did not show improved growth relative to cdcl3-1 strains
(data not shown).

To test the hypothesis that an altered telomere structure alone was sufficient to
promote growth of cdci3-1 cells, est24 type Il survivors were crossed to cdcl3-1 cells
and the ability of cdcl3-1 haploids segregants obtained from this diploid to grow above
the cdc13-1 maximum permissive temperature of 25°C was tested. Fast-growing colonies
of senescing telomerase defiecent cells were found to predominately generate type II
recombination survivors when grown in liquid cultures at high temperatures (Grandin and
Charbonneau, 2003). As shown in Figure 2-9a, propagating est24 strains to select for
fast-growing telomerase-deficient survivors resulted in an amplified telomeric repeats
structure characteristic of type II survivors. This est24 type II survivor strain was crossed
with a cdc13-1 strain that, once sporulated, gave rise to haploid strains that had inherited
mix of normal and recombined telomeres (Figure 2-9a). After cdci3-1* haploids from
that diploid strain were grown at 23°C to saturation in liquid media and serial dilutions
were plated at a range of temperatures, there was a modest improvement in cdcl3-1*
growth at 28°C (Figure 2-9b). This further demonstrates that altered telomere structure

alone can promote growth of cdcl3-1 strains at higher temperatures.
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The second approach was to test whether introduction of RAD24 on a CEN
plasmid into the cdcl3-1 rad24-2 strain was sufficient to fully complement the
checkpoint defect and temperature resistant growth in the strain. Significantly, while the
UV resistance of these cells improved to wild-type levels, a population of the cells
retained the ability to grow up to 30-32°C (Figure 2-10). Both of these experiments
indicate that the amplified telomere repeats do contribute to cdcl3-1 suppression,
consistent with the hypothesis that long or rearranged telomeres have a reduced
requirement for CDC13 capping function (Vodenicharov and Wellinger, 2006, Negrini et
al., 2007). While the telomere TG ; amplification in these strains is not sufficient to
mediate strong suppression of cdcl3-1, we conclude that it is likely to contribute to the
suppression observed in the cdci3-1 rad24-2 isolate.

Promotion of cdc13-1 suppression is similar in rad24-2 and rad24-A strains.

Since the amplified telomeres are heritable, recreating the rad24-2 allele in
diploids that have normal telomeres allowed us to test the hypothesis that the rad24-2
mutation itself promoted telomere recombination. Instead of mating, transformation of a
PCR fragment was used to construct the rad24-2 mutation in two diploid strains that are
heterozygous for cdci3-1 and have normal telomeres (dCN293, DVL144). A DNA
fragment encompassing the mTn3 insertion cassette and flanking rad24-2 sequences was
transformed into each diploid, replacing one RAD24 allele. The strains derived from the
re-created allele are denoted with an “R”. Examining the cdci3-1 rad24-2 R strains
obtained from these diploids reveals that their temperature sensitivity is similar to cdcl3-

1 rad24-A strains (Figure 2-11a). Therefore, the recreated rad24-2 allele is not sufficient
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for growth of cdcl3-1 cells beyond ~30°C. In addition, the rad24-2 and rad24-2R strains
are both as sensitive to UV damage as the rad24- A (Figure 2-11b), confirming that the
rad24-2 allele was responsible for the checkpoint deficient phenotype. Finally, unlike our
starting cdcl3-1 rad24-2 strain, the telomeres in the rad24-2 R strains from either yeast
background analyzed did not show evidence of TG-repeat recombination (Figure 2-12).
Thus, it is possible that the telomere recombination in the original isolate occurred
independently of the rad24-2 mutation.

Since rad24-2 R is not sufficient for cdcl3-1 growth at high temperatures, we
next tested the hypothesis that the frequency of obtaining temperature resistant cdcl3-1
colonies is increased in rad24-2 strains as compared to rad24- A strains. Using cdci3-1
rad24- A and cdcl3-1 rad24-2 R haploids that had never previously been exposed to
temperatures above 23°C, liquid cultures from single colonies were grown at 23°C, and
cells were plated at both 23°C and 34°-36°C. The plating efficiency at 23°C for each
culture was determined, and the fraction of cells capable of growth at 34°-36°C was
calculated (Figure 2-13). Interestingly, the analysis showed that, in comparison with
cdcl3-1 rad24- A cells, there is a small, but statistically significant, increase in the
fraction of cdci3-1 rad24-2 cells that are able to form colonies at high temperature.
Analysis of the telomeres in the temperature resistant (TR) colonies that arose did not
show evidence for immediate induction of a particular telomere rearrangement in the
rad24-2 strain concomitant with growth at high temperature (Figure 2-14). Similar to
previous observations with cdci3-1 rad24- A strains, many of the cultures showed no

apparent alteration in their telomere restriction fragments, and among the colonies tested,
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cdc13-1 revertants appeared rarely (data not shown) (Zubko and Lydall, 2006). However,
it remains possible that rad24-2 does alter telomere metabolism in a subtle way that our
experiments have not detected.

Discussion

In an attempt to identify genes involved C-strand degradation after telomere end
protection has been lost, a transposon mutagenesis screen was conducted for extragenic
suppressors of cdcl3-1 temperature sensitivity. Two new alleles of RAD24 were
identified, which both contained an insertion of the mTn3 transposon within the R4D24
coding region. Complete deletion of RAD24 has been previously shown to provide a
modest suppression of cdcl3-1 temperature sensitivity, due to inactivation of the DNA
damage checkpoint (Lydall and Weinert, 1995).

In addition to its role in the DNA damage checkpoint, Rad24 has been found to
also affect the amount of ssDNA that is generated in cdci3-1 cells, suggesting an
undefined role for the checkpoint clamp-loader complex in telomere resection (Lydall
and Weinert, 1995). The robust suppression of cdcl3-1 observed in our initial isolate of
cdcl3-1 rad24-2 suggested that the rad24-2 allele could potentially be used to give
insight into the activities that control telomere resection once capping has been lost in
cdcl3-1 cells. Unfortunately, when the rad24-2 allele was reconstructed in a naive
cdc13-1 strain that had not previously been exposed to high temperatures, we found that
the rad24-2 allele alone was not sufficient to promote cdci3-1 growth at 36°C.
Therefore, we conclude that our initial cdcl3-1 rad24-2 isolate had acquired an

additional alteration that allowed growth at higher temperature when combined with
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rad24-2. Consistent with this idea, consecutive outcrossing of our initial isolate revealed
an additional trait segregating through the cross in a non-Mendelian manner that could
influence the temperature sensitivity of cdc13-1 strains.

Loss of RAD24 has been previously shown to enhance the frequency of cdci3-1
cells becoming capable of forming a colony at 36°C, although lack of Rad24 does not
strongly suppress cdcl3-1 temperature sensitivity (Zubko and Lydall, 2006). The rate of
cdc13-1 temperature resistant colony formation is further enhanced by the absence of the
EXO1I, suggesting that reduced telomere resection promotes cdcl3-1 viability (Zubko and
Lydall, 2006). After prolonged propagation, telomeres in the temperature resistant cdc3-
1 rad24- A exol- A or cdcl3-1 mec3-A strains become rearranged, and contain a pattern
of restriction fragments that is observed in strains in which the TG,.; repeats have been
amplified (Zubko and Lydall, 2006, Grandin et al., 2001a). Intriguingly, the initial cdc13-
1 rad24-2 strain isolated from our screen had acquired similar telomere amplification,
and this rearrangement of the telomeric DNA contributes to the ability of these cells to
maintain viability at increased temperatures. Thus, the temperature resistance observed
in our initial cdci3-1 rad24-2 strain resulted from a fortuitous coselection of a clone with
both rad24-2 and telomere amplification. These amplified telomeres were then inherited
in the subsequent diploids that were created, and we show that it is likely that the altered
telomeres contribute to the cdci3-1 suppression.

Given these observations, a key issue that remains to be addressed is whether
rad24-2 is in any sense phenotypically distinct from a rad24-A allele. Examination of

naive cdcl3-1 rad24-2 strains, demonstrated that the rad24-2 mutation does not directly
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stimulate TG,.; repeat amplification. However, the finding that cdcl3-1 temperature
resistant colonies arise more frequently in rad24-2 strains compared to rad24-A strains
indicates that the rad24-2 allele is functionally distinct from the null, although in a
potentially subtle manner. Although the rad24-2 allele is recessive, the expressed protein
fragments may interfere with an aspect of telomere metabolism that increases the
likelihood of uncapped cdcl3-1 cells acquiring changes that allow it to grow at higher
temperatures. Multiple Rad24 protein fragments are potentially produced from the rad24-
2 locus, which includes the 63 amino acid N-terminal fragment, and carboxyl-terminal
fragments initiating from methionine 95 and 163. These carboxyl-terminal portions of the
protein are likely to be expressed from a transcript that is initiated by a promoter within
the transposon. The conserved AAA+ domain , which is necessary for ATP hydrolysis, is
predicted to be contained within the largest Rad24-2 fragment initiating at methionine 95,
but will be absent in the truncation product that starts with methionine 163. The ability of
either truncation to bind the checkpoint clamp, the RFC subunits, or to ATP has not been
tested. Even though these Rad24 truncations do not maintain their checkpoint function,
they could still potentially interfere with telomere processing and/or recombination
pathways. Loss of Rad24 function (rad24-4) has been shown to impair recombination
from templates with limited homology, which is likely related to the delayed processing
of DSBs in rad24-4 cells (Aylon and Kupiec, 2003).  Thus, the Rad24-2 protein
fragments may facilitate the acquirement of telomeric modifications that promote cdc13-

1 growth at elevated temperatures.
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Interestingly, a somewhat analogous Radl7 mutant was analyzed in Mus
musculus, where a mutation in the 5’ portion of the gene was shown to lead to the
production of a truncated protein lacking the 78 amino-terminal residues in the mice ES
cells, but not in the mRad17’*** MEFs (Budzowska et al., 2004). Alignment of the
mouse and yeast homologs reveals that this mRad17 mutant includes 42 additional amino
terminal residues as compared to the S. cerevisiae Rad24-2 A1-94 N-terminal truncation.
ES cells expressing this mutant protein were competent for the S and G, checkpoint
functions, but were sensitive to genotoxic stress. In addition, it was found that some DNA
repair processes were impaired, such as the homologous recombination processes
required for gene replacement (Budzowska et al., 2004). Based on these findings, a
further analysis of how Rad24 affects processing, and recombination of DNA ends

should be of considerable interest.
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30°C 32°C

Figure 2-1 Suppression of cdcl3-1 by truncated rad24-2 and rad24-3
alleles. Comparison of suppression of cdcl3-1 temperature sensitivity by
rad24-4, rad24-2 and rad24-3 compared at different temperatures. Cultures
were grown to saturation in YPD at 23°C and used to prepare tenfold serial
dilutions which were stamped onto YPD plates, and incubated at indicated
temperatures for three to five days. Strains: wild-type (hC160), cdcl3-1
(hC188), rad24-4 (hC344), rad24-A cdci3-1 (hC350), rad24-2 (hC340),
rad24-2 cdci3-1 (hC346), rad24-3 (hC342), and rad24-3 cdci3-1 (hC348).
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Figure 2-2 Truncated proteins are expressed from both the rad24-2 and rad24-3
alleles. A. Maps of Rad24 gene (upper panel), rad24-2 (middle panel) and rad24-3
(lower panel) alleles. For both alleles, the transposon is integrated at the endogenous
RAD24 locus within the coding region. The transposon is inserted following
nucleotide 189 in the rad24-2 allele and following nucleotide 388 in rad24-3. The
orientation of the transposable cassette is reversed in the two alleles. The rad24-2
allele is predicted to produce amino acids 1-63 from its native promoter; following
the transposon, it has the potential to translate from amino acid 95 to the end of the
protein, residue 659. The rad24-3 allele encodes amino acids 1-129 prior to its
disruption, with the potential to translate the remainder of Rad24 from residue 163.
B. Truncated proteins are expressed from both the rad24-2 and rad24-3 alleles.
Western blot of myc epitope tagged Rad24 proteins. 300 pg of each total protein
lysate was loaded on a 10% SDS-PAGE gel. Membranes were probed with a 9E10
a- myc antibody. The blot was then stripped and re-probed with an o - tubulin
antibody, as a loading control. The a - myc panel on the right is from a separate
experiment, where the amount of total protein lysate loaded was not equivalent. This
panel was not re-probed with a- tubulin. Strains: wild-type (hC160), RAD24myc18x
(hC770), RAD24myci8x cdcl3-1 (hC1073), rad24-2myci8x (hC771), rad24-
2mycl8x cdcl3-1 (hC1074), rad24-3myci8x (hC772), and rad24-3mycl8x cdcl3-1
(hC1075).
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Figure 2-3 The amino terminal portion of Rad24 is essential for its
checkpoint function. A. Sensitivity of rad24::mTn3 strains to UV irradiation is
similar to rad24-A. Strains were grown to saturation in YPD and ten-fold serial
dilutions were spotted onto YPD media. One plate was irradiated with 75 J/m* of
UV. Plates were incubated at 23°C for 5 days. B. Sensitivity of rad24::mTn3
strains to HU is similar to rad24-A. Strains were grown to saturation in YPD and
ten-fold serial dilutions were spotted onto YPD or YPD media containing 75 mM
hydroyurea.. Plates were incubated at 23°C for 5 days. C. Viability of rad24
mutant strains drops following exposure to 0.1% MMS. Data shown was provided
by Charles Chuang. Cells were arrested in G1 with alpha factor, and then released
into 0.1% MMS. At each time point, cells were plated for single colonies, which
were counted after 3 days at 30°C. Strains: wild-type (hC160), cdci3-1 (hC188),
rad24-4 (hC344), rad24-4 cdci3-1 (hC350), rad24-2 (hC341), rad24-2 cdcli3-1
(hC346), rad24-3 (hC343), and rad24-3 cdci13-1 (hC348).
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Figure 2- 4 Phosphorylation of Rad53 by DNA damage is diminished in all rad24
strains. A. rad24 alleles show similar deficiencies in Rad53 phosphorylation in
response to cdcl3-1 loss of function. Cells were grown at 23°C to an OD600 of 0.5,
then the culture was split, with half shifted to 36°C for 4 hours. The Western blot was
probed with anti-Rad53 (Santa Cruz). B. Phosphorylation of Rad53 by MMS and UV
damage is diminished in all rad24 strains. Western blot of Rad53 in untreated, MMS
treated (0.1 % for 2 hrs), or UV irradiated (80 J/m2) cells. All lanes were on the same
gel. C. rad24 alleles show similar abilities to phosphorylate Rad53 in response to
DNA damage caused by phleomycin treatment (0.1 % for 4 hrs). Cells were grown at
23°C to an OD600 of 0.5, then the culture was split, with half treated with phleomycin
for 4 hours. Strains: wild-type (hC160), cdci3-1 (hC188), rad9-4 cdci3-1 (hC400),
rad24-A cdcl3-1 (hC350), rad24-2 cdci3-1 (hC654), rad24-3 cdcl3-1 (hC665).
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Figure 2- 5 cdcl3-1 rad24-2 strains acquire amplified telomere repeats.

A. Southern Blot analysis comparing telomere restriction fragments from single and
double mutant rad24 strains grown at 23°C and 30°C. Genomic DNA was prepared
from the indicated yeast strains, digested with Xhol, fractionated through 1% agarose,
transferred to a nylon membrane, hybridized with a [32P]-dGT/CA probe, and
exposed on film. Strains marked with an asterisk are from the first outcross of the
original cdcl3-1 rad24-2 mutant isolate from dCN149. Data shown was provided by
Charles Chuang and Dr. Constance Nugent. Strains: wild-type (hC160), rad24-2*
(hC657), rad24-3 (hC343), rad24-4 (hC344), cdcli3-1 rad24-2* (hC654), rad24-3
cdcl3-1 (hC348) rad24-A cdcl3-1 (hC350), cdci3-1* (hC649). B. Southern Blot
analysis comparing telomere restriction fragments from single and double mutant
rad24 strains grown at 23°C and 30°C prepared as described in A. Strains marked
with asterisk are from the second outcross of the cdci3-1 rad24-2 mutant isolate
obtained from dCNI155 diploid strain. Strains: wild-type (hC160), wild-type*
(hC658), rad24-2* (hC657), cdcl3-1 rad24-2* (hC654, hC655), cdci3-1** (hC649,
hC653).
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Figure 2-6 cdcl3-1 rad24-2 strain has acquired telomere repeats reminiscent of
telomerase — deficient Type II survivors. A. Southern Blot analysis of yeast
genomic DNA digested with Alul, Haelll, Hinfl, and Mspl, Genomic DNA was
digested with a mixture restriction enzymes that each have 4-bp recognition
sequences which are not present in telomere repeats. The digested DNA was run on a
1.3% agarose gel, transferred to a nylon membrane and hybridized to a [32P]-
dGT/CA probe. The bracket indicates the terminal repeat fragment size in wild-type
cells. B. Southern Blot analysis comparing telomere restriction fragments from single
and double mutant rad24 strains grown at 23°C and 30°C. Genomic DNA was
prepared from the indicated yeast strains, digested with Xhol, fractionated through
1% agarose, transferred to a nylon membrane, hybridized with a [32P]-subtelomeric
Y’ probe, and exposed on film. Strains marked with an asterisk are from the second
outcross of the original cdcl3-1 rad24-2 mutant isolate derived from dCN155 diploid
strain. Strains: wild-type (hC160), wild-type* (hC658), rad24-2* (hC657), cdcl3-1
rad24-2* (hC654, hC655), cdcl3-1* (hC649, hC653).
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Figure 2- 7 Telomere repeat amplification acquired in cdcl3-1 rad24-2
strain is present on multiple chromosomes. Analysis of telomeric repeat
amplification by pulsed-field gel electrophoresis. Chromosomes of the
indicated strains were prepared for CHEF-gel analysis from strains that were
grown at 23°C. A. Southern blot of CHEF-gel, probed with [*’P]-dGT/CA. B.
Ethidium Bromide stained agarose CHEF-gel. C. Southern blot of CHEF-gel,
probed with [32P]-Y’ sequence. S. cerevisiae chromosome standards
(BioRad) were loaded in the first lane of the gel, with sizes indicated on the
left. CF refers to a chromosome fragment present in some of the strain
backgrounds used. Strains: wild-type (hC160), cdci3-1 (hC188), rad24-A
cdcl3-1 (hC350, hC351), cdcl3-1 rad24-2 (hC346, hC655), cdci3-1 rad24-3
(hC346, hC665).
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Figure 2- 8 Modifier of cdc13-1 growth inherited in cross.

A. cdcl3-1 rad24-2 mutants show decreased temperature resistance with each successive
cross. Haploid cdcl3-1 rad24-2 strains were obtained through dissection of diploids that
were created through serial matings of cdci3-1 rad24-2 with wild-type cells. Cultures of
the indicated strains were grown at 23°C, and ten-fold serial dilutions were then stamped
onto YPD, incubating for 3-5 days at the indicated temperatures. To denote the generation
from which a strain is derived, we added one asterisk to indicate the F1 generation, two
asterisks for the F2, etc. Strains were maintained at 23°C throughout the crosses. B.
cdcl3-1 strains from backcrossed diploids are less temperature sensitive. Strains were
grown at 23°C and serial 10-fold dilutions were stamped onto YPD plates, and incubated
at indicated temperatures. Plates were incubated 3-5 days before being photographed. The
two cdcl3-1* and cdci3-1 rad24-2* strains are independent spores from the first
backcross of cdci3-1 rad24-2 (dCN149). Strains: wild-type (hC160), cdci3-1 (hC188),
rad24-2 (hC340), cdcl3-1 rad24-2% (hC346), cdci3-1 rad24-2%* (hC1436, hC1437),
cdcl3-1 rad24-2*** (hC1438, hC1439), cdc13-1*(hC653, hC656).
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Figure 2- 9 cdci3-1 haploids from cdcl3-1 est24 type 1I survivor diploids have
acquired moderate temperature resistance.

A. Southern Blot analysis comparing telomere restriction fragments of cdcl3-1
haploids from a homozygous cdcl3-1 est2-A diploid strain grown at 23°C. Genomic
DNA was prepared from the indicated yeast strains, digested with X#ol, fractionated
through 1% agarose, transferred to a nylon membrane, hybridized with a [32P]- [32P]
dGT/CA telomere probe, and exposed on film. esz2-4 type II cells were crossed with
a cdcl3-1 to create the cdcl3-1 est2-A type 11 diploid strain (ACN497) shown. Strains
marked with an asterisk indicate the strains derived from the cdcl3-1 est2-A type 11
dCN497 diploid strain. B. Strains were grown at 23°C and serial 10-fold dilutions
were stamped onto YPD plates, and incubated at indicated temperatures. Plates were
incubated 3-5 days before being photographed. The cdcl3-1* strains are independent
spores from the cdci3-1 est2-A diploid. Strains: wild-type (hC160), cdci3-1 (hC188),
a/a cdci3-1 est2-A (ACN497), est2-A type 11 (hC2173), cdci3-1* (hC1823), cdci3-1*
(hC1824).
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Figure 2- 10 pRAD24 fully complements cdcl3-1 rad24-2 UV sensitivity but
not temperature resistant growth. wild-type, cdci3-1 , cdci3-1 rad24-A and
cdcl3-1 rad24-2 strains were transformed with either vector denoted as “V”
(pRS424) or pWL4 (RAD24 TRPI CEN) denoted as “C”. Serial 10-fold dilutions
were stamped onto Trp- media, with one plate exposed to 75 J/m2 of UV. Cells
were grown at the indicated temperatures for 3-5 days. The UV-exposed plate
was grown at 23°C. Strains: wild-type/pRS424 (hC2174), cdcl3-1/pRS424
(hC2175), cdci3-1 rad24-4/ pRS424 (hC2176), cdcl3-1 rad24-4/pWL4
(hC2177), cdci3-1 rad24-2%/pRS424 (hC2178), cdcl3-1 rad24-2% pWL4
(hC2179).
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Figure 2- 11 rad24-2 allele is not sufficient for cdc13-1 growth at 36°C.

A. Reconstructing the rad24-2 mutation in a strain not previously exposed to
high temperature reveals a similar extent of cdci3-1 suppression as mediated
by rad24-A. A region surrounding the mTn3 integration site in rad24-2 was
transformed into a cdcl3-1/+ diploid strain replacing one wild-type R4D24
allele. Strains marked with an “R” (reconstructed) were obtained from this
diploid (dCN343). Cells were cultured at 23°C, and ten-fold serial dilutions
were stamped on plates and incubated at the indicated temperatures. The
cells in the figure were on the same plates. B. rad24-2 R strains show similar
UV sensitivity as rad24-4. Serial 10-fold dilutions of the strains from (A)
were stamped onto plates, and exposed to 50 J/m2 of UV. Plates were
incubated at 23°C for five days. Strains shown: wild-type (hC160), cdci3-1
(hC188), cdci3-1 rad244 (hC350, hC351), cdci3-1 rad24-2 (hC346,
hC347), cdci3-1 rad24-2 R (hC1542, hC1544).
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Figure 2- 12 Telomeres in rad24-2 R strains do not show TG-repeat
recombination. Southern blot of telomere restriction fragments in the
recreated rad24-2 allele. Left panel shows reconstructed alleles derived
from dCN318 and dCN319 the CRY background. Right panel shows
haploid rad24-2 and cdcl3-1 rad24-2 strains were derived from dCN343,
in the W303 background. All strains were maintained at 23°C prior to this
experiment. Single colonies were inoculated in liquid YPD and grown to
saturation at either 23°C or 30°C. Genomic DNA was digested with X%ol
and fractionated through 1% agarose. Following transfer to a nylon
membrane the blot was probed with [32P]-dGT/CA and exposed to film for
1 day. Strains in CRY background: wildtype (CRY1), cdci3-1 (hC31),
rad244 (hC1506), cdci3-1 rad244 (hC1507), cdci3-1 rad24-2 (hC1508),
cdcl3-1 rad24-2 R (hC1509). Strains in W303 background: wildtype
(hC160), cdci3-1 hC188), rad24-2 (hC1543), cdci3-1 rad24-2 (hC1542).
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Figure 2-13 Promotion of cdcl3-1 suppression is increased in rad24-2
compared to rad24-A strains. Fluctuation analysis of cdci3-1 rad24-A and cdcl3-
1 rad24-2 R strains. Single colonies were inoculated into 5 ml of YPD, incubated at
23°C for 1-2 days, and cell density was determined using a hemocytometer. Cells
were plated at a density of 250 cells per plate at 23°C and 500,000 cells per plate at
34°-36°C. 27 cultures were tested for cdcl3-1 rad24- A, and 31 cultures were tested
for cdci3-1 rad24-2. The data was analyzed using an unpaired Student’s test with
Welch’s correction (calculated and plotted using with GraphPad Prism software).
The data set for the cdcl3-1 rad24-2 cells showed a higher level of variance than
the data set for the cdcl3-1 rad24-4 cells. The box plots are diagrammed with
whiskers that extend 1.5 times the interquartile range; the dots are the outliers.
Similar results were obtained for the naive cdci3-1 rad24-2R strains for the two
different genetic backgrounds that were tested. This data shows that the number of
cells that are able to form a colony at high temperature is significantly increased in
the cdci3-1 rad24-2 strain relative to the cdcl3-1 rad24- A strain. Strains: cdcl3-1
rad24- A (hC1507, hC350), rad24-2 cdci3-1 (hC1509, hC1542).
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Figure 2- 14 Telomeres in temperature resistant cdcl3-1 rad24-2 R
strains do not show TG-repeat recombination. Southern blot of telomere
restriction fragments in the recreated rad24-2 allele. Haploid cdci3-1
rad244 and cdcl3-1 rad24-2 temperature resistant colonies from the
fluctuation analysis shown in Figure 2-13 were inoculated in liquid YPD
and grown to saturation at 36°C. Single colonies of cdci3-1 rad244 and
cdcl3-1 rad24-2 strains were also grown at 23°C as a control. Single
colonies of wildtype cells were grown to saturation in liquid YPD at 36°C
as well. Genomic DNA was digested with X%ol and fractionated through
1% agarose. Following transfer to a nylon membrane the blot was probed
with [32P]-dGT/CA and exposed to film for 1 day. Strains: wildtype
(hC160), cdci3-1 rad244 (hC350), cdci3-1 rad24-2 R (hC1542).
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Table 2-1 Yeast Strains used in Chapter 2

Strain
CRY1

dVL 144

dVL 202

dCN 149

dCN 293

dCN 318

dCN 319

dCN 343

dCN 497

hC 31

hC 56

hC 160

hC 188

hC 340

hC 341

hC 342

hC 344

hC 346

hC 348

hC 350

Relevant Genotype
MATa ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

MATa/ o.cdcl3-1ts TRPI
CDCI3 trpl-Al
MATa/ o.cdcl3-1ts rad24-A::kanMX2 rad9-A::TRP1
CDC13 RAD24 RADY
MATa/o cdcl3-1ts rad24-2::LEU2
CDCI3 RAD24
MATa/o cdcl3-1ts
CDC13
MAT a/o. cdcl3-1ts rad24-A R ::kan MX2
CDCI3 RAD24
MAT a/o.cdcl3-1ts rad24-2 R:: LEU2
CDCI3 RAD24
MAT a/ o cdci3-1ts rad24-2 R:: LEU2 TRPI
CDC13 RAD24 trpl-Al
MAT a/ o.cdcl3-1ts est2-A ::URA3
CDC13 EST2
MATa cdcl3-1ts
ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100
MATo est24::URA3
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa cdcl3-1ts
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa rad24-2::LEU2 CF*
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATo rad24-2::LEU2 CF*
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa rad24-3::LEU2 CF*
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa rad24A::kanMX2
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa cdcl3-1ts rad24-2::LEU?2
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa cdcl3-1ts rad24-3::LEU?2
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
MATa cdcl3-1ts rad24-A: :kanMX2
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
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This study
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This study
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This study
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hC 351

hC 649

hC 654

hC 657

hC 658

hC 770

hC 771

hC 772

hC 1073

hC 1074

hC 1075

hC 1433

hC 1436

hC 1437

hC 1438

hC 1439

hC 1441

hC 1506

hC 1507

hC 1508

hC 1509

hC 1542

MATa cdcl3-1ts rad24-A: :kanMX2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1* CF*

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdci3-1 rad24-2%*:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa rad24-2%*:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo ura3-52 ade2-101 lys2-801 leu2-Al
A200* CF*

MATa RAD24-myc3,::HIS3

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo rad24-2myc 3. :HIS3

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa rad24-3myc; s, :HIS3

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1 RAD24-myc)s,::HIS3 CF*
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1 rad24-2mycs,::HIS3 CF*
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa. cdcl3-1 rad24-3mycs,::HIS3 CF*
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1 rad244%*: :kanMX2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1rad24-2%*:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1rad24-2**:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1rad24-2%**:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1rad24-2%**:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1rad24-3%*:: LEU2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa rad244 R::kanMX2

his3-A200

his3-A200

his3-A200

his3-A200

trpl-Al  his3-

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

MAT o cdcl3-1 rad244 R::kanMX2

ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

MATa rad24-2 R:: LEU2

ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

MAT o cdcl3-1rad24-2 R:: LEU2

ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

MATa cdcl3-1ts rad24-2 R::LEU?2

ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100
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This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



hC 1543
hC 1544

hC2173

hC2174

hC2175

hC2176

hC2177

hC2178

hC2179

hC2180

hC2181

hC2182

MATa rad24-2 R::LEU?2
MATa cdcl3-1ts rad24-2 R::LEU?2

ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

MATo est2A4::URA3 type 11 telomeres

ura3-52 ade2-101 Ilys2-801 leu2-Al trpl-Al his3-A200
MATa ura3-52 ade2-101 [lys2-801 leu2-Al trpl-Al his3-

A200/ pRS424

MATa cdci3-1ts/ pRS424

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1ts rad24-A: :kanMX2/ pRS424
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1ts rad24-A: :kanMX2/ pWL4
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1ts rad24-2::LEU2 / pRS424
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATa cdcl3-1ts rad24-2::LEU2 / pWL4
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
maracdcl3-1ts rad24-2 R::LEU?2

ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
maracdcl3-1ts rad24-2 R::LEU2/ pRS424
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al
MATo cdcl3-1ts rad24-2 R::LEU2/ pWL4
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

his3-A200

This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

CF*: [ura3:TRP1 SUP11 CEN4 D8B]; asterisk (*) indicates number of successive backcrosses. Strains

marked with an “R” (reconstructed allele) were obtained from diploids dCN 318, dCN 319 and dCN 343.

Table 2-2 Plasmids used in chapter 2

Plasmid Gene Reference
Longtine #12  pFA6a-13MycHis3MX6 (Longtine et al., 1998)
pRS424 2u TRPI T. Weinert
pWL4 PRS424-Ny1ivE RAD24 T. Weinert

Table 2-3 Primers used in chapter 2

Oligo  Sequence Reference
CO117 TTTCTCGAGTTGTCCTGTCTGAATGATATGGAT C. Nugent
CO118 TTTCTCGAGCTGCAGATTTCCTGGGGTTTTCTCGT  C. Nugent
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CO147 GCGCCAGTTATCAGTGAGTCCCTTTCAGATTCAG  C. Nugent
ATCTGGAAATACTC CGGATCCCCGGGTTAATTAA

CO148 AGATTTGTGTGGAATATTTCCTGGGGTTTTCTCGT  C. Nugent
CAAATTTAAAGAG GAATTCGAGCTCGTTTAAAC
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Chapter 3

Functional Analysis of Cdc13 Phosphorylation in Budding Yeast
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Introduction

Throughout most of the cell cycle, telomeres are maintained in a capped
conformation that prevents chromosome end fusions, inappropriate recombination, and
degradation. However, during DNA replication of the chromosome end the conformation
of telomeres must transiently open to allow the replication machinery and telomerase to
access the two parental DNA strands to copy the DNA and subsequently reestablish the
telomere cap after replication is completed (de Bruin et al., 2001, Loayza and de Lange,
2004). The structure at the telomere formed by telomeric DNA sequences and the
associated proteins are likely to be regulated in order to respond to changes that occur as
cells progress through the cell cycle. Exactly how activities at the telomere are controlled
through the cell cycle at the molecular level is not yet not completely understood.

In S. cerevisiae, Cdcl3 binds single-stranded telomeric DNA (ssDNA) and
functions in both telomere end protection and regulating telomerase activity (Chandra, et
al., 2001, Lin and Zakian, 1996, Nugent, et al., 1996). Cdc13 is required for chromosome
end protection only in proliferating cells, and not when cells are blocked in G; phase
(Vodenicharov and Wellinger, 2006). Accordingly, Cdc13 association with telomeres
varies through the cell cycle, with a peak in telomere association during late S phase,
corresponding to a time when telomeres are undergoing DNA replication (Chan, et al.,
2008, Diede and Gottschling, 1999, Marcand, et al., 2000, Taggart, et al., 2002). Cdc13
recruits telomerase to the telomere through association with Estl (Chan, et al., 2008,
Evans and Lundblad, 1999, Taggart, et al., 2002). Estl association with telomeres is cell

cycle regulated, with a peak association also occurring in late S phase through G2 phase
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(Osterhage, et al., 2006, Taggart, et al., 2002). Previous studies have shown that telomere
elongation by telomerase is restricted to late S to G2 phases as well (Diede and
Gottschling, 1999, Marcand, et al., 2000). The time when telomere elongation occurs
correlates with the binding of Estl and Cdc13 in late S and G2 phase, suggesting that the
assembly of a active telomerase complex at the telomeres is restricted to late S to G2
phases of the cell cycle (Taggart, et al., 2002). Interestingly, phosphorylated forms of
Cdc13 were observed during late S phase, accumulating until anaphase and in cells
arrested with nocodozole at G2/M phase (C. Nugent, data not shown). This
phosphorylation event of Cdc13 correlates with the time that telomerase is active at the
telomere (Diede and Gottschling, 1999, Marcand, et al., 2000, Vodenicharov and
Wellinger, 2006). These correlations suggest that Cdcl3 phosphorylation may be
functionally significant with respect to Cdc13 association at the telomere, or recruitment
of telomerase to the telomere.

Cdc13 contains several putative phosphorylation sites that could be targeted by
kinases in vivo. Initial experiments conducted by Dr. Nugent to identify the kinase
responsible for Cdcl3 phosphorylation ruled out several known kinases. The
phosphorylation shift of Cdc13 did not appear to be dependent on the kinase activity of
MECI, TELI, and RADS53, as the presence of the Cdc13 phosphorylation shift was not
affected in these mutant backgrounds (C. Nugent, data not shown). One kinase that
remained a potential candidate is the major regulator of the cell cycle, Cdkl1 (also called
Cdc28). Cdkl associates with various cyclins to control cell cycle progression by

phosphorylating various protein substrates (Ubersax et al., 2003). The CDK family of
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kinases has a preference for phosphorylation of serine in SP motifs or threonine in TP
motifs (Ubersax, et al., 2003). Seven of these motifs were identified in Cdc13. Cdcl13
contains one full Cdkl consensus phosphorylation site (S/T*-P-x-K/R) at T308, and six
additional minimal Cdkl consensus phosphorylation sites (T*/P or S*/P) located
throughout the protein at S110, S336, S460, S650, S708 and S711 (Figure 3-1a). Cdcl3
also contains a Mecl/Tell consensus site at S306, and it was previously reported that
Cdc13 was phosphorylated by Mecl1 at this site (Tseng, et al., 2006, Tseng, et al., 2009)
(Figure 3-1a). Interestingly, Cdkl activity has been implicated in the processing of
telomeric DNA. In budding yeast, the G-rich overhang to which Cdc13 binds is short
(about 13 bases) throughout most of the cell cycle but becomes longer (more than 30
nucleotides) around late S to G2 phases (Dionne and Wellinger, 1996, Larrivée, et al.,
2004, Wellinger, et al., 1993). It has been demonstrated that Cdk1 is required for the
generation of this extended 3’ single-strand overhang (Frank, et al., 2006, Vodenicharov
and Wellinger, 2006). Given the correlation between increased Cdc13 binding in late S-
phase and the requirement for Cdk1 to generate longer 3” single-strand overhangs during
late S to G2 phases, it is possible that Cdkl may be involved in regulating Cdc13’s
activities at the telomere. Thus, we were interested in whether Cdc13 may be directly
phosphorylated by Cdkl at one or more of the phosphorylation sites located within
Cdc13.

Here, the hypothesis that Cdk1 is responsible for phosphorylation of Cdc13, and
that this phosphorylation is relevant to how Cdc13 functions in telomere maintenance is

investigated. The functional relevance of the Cdc13 phosphorylation was studied through
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identification of in vivo phosphorylation sites and phenotypic analysis of telomeres in
yeast strains containing mutations at the phosphorylation sites. In this study, we
demonstrate that Cdc13 is a substrate of the Cdkl kinase. Cdc13 is phosphorylated at
threonine 308 in the telomerase recruitment domain and is a direct substrate for Cdkl as
demonstrated by an in vitro kinase assay. Phosphorylation defective mutants were shown
to have slightly shortened telomere lengths. Therefore, we suggest that Cdkl

phosphorylation of Cdc13 promotes telomere elongation by telomerase.

Materials and Methods
Yeast manipulations

Standard techniques were followed in handling the yeast strains. Genotypes of
yeast strains used in this study are listed in Table 3-1. Plasmids used in this study are
listed in Table 3-2. All yeast strains were cultured according to standard laboratory
protocols in YPD media (2% glucose, 1% yeast extract, 2% peptone) or selective
synthetic complete media (2% glucose, 1% yeast nitrogen base, supplemented with all
amino acids except those which were being selected for).
Plasmid Construction
Plasmids used in this study are listed in Table 3-2. To produce GST-cdcl3""*
(pCN470), the pCN335 plasmid (pedcl3 gmye-"""*) was digested with Xhol and Sacll
to release a 2301bp fragment containing the T308A mutation. Next, pPC19 (GST-
CDC13) was digested with Xhol and Sacll and the 6925bp fragment released from this

restriction digest was ligated to the 2301bp fragment from the pCN335 digest using T4
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Quick Ligase (New England Biolabs). To produce pASI-cdc13’? %4 (pCN473),

13034y was digested with Bsml and Mlul, which released

plasmid pCN335 (pcdci 3 5:myc-
a 518bp fragment containing the T308A mutation. pVL587 (pASI-CDCI3"*") was
digested with Bsml and Mlul and the 7894bp fragment released from this restriction
digest was ligated to the 518bp fragment from the pCN335 digest using T4 Quick Ligase
(New England Biolabs) A similar strategy was used to create pCN474 (pAS1-cdc13"*"’
§3064 13054y " 5CN339 (pedel 3 semye-""*) was digested with BsmI and Mlul and the
518bp fragment released containing both the S308A and T308A mutations was ligated to
the 7894bp fragment released from the Bsml and Mlul restriction digest of pVL587
(pASI-CDC13"%Y).
Site-directed mutagenesis

Site-directed mutagenesis was performed using the Quickchange Site-directed
mutagenesis Kit to create cdcl3%** mutation (Stratagene, La Jolla CA). Plasmid
pVL1086 was mutated with mutagenic primer CO191 to yield pCN335 (T308A).
Plasmid pVL1086 was mutated with CO195 to yield pCN339 (S306A T308A). Primers
used in this study are listed in Table 3-3. PCR reaction conditions were 95°C for 3 min,
30 cycles of 95°C for 1 min, 55°C for 1 min and 68°C for 6 min, followed by 68°C for 20
min. PCR products were digested with Dpnl to remove the parental DNA before being
transformed into XL10-Gold ultra competent cells (Stratagene). These cdcl3 mutants
were constructed and verified by Holly Eckelhoefer.

To generate the T711A mutation, plasmid pVL1086 was mutated using mutagenic

primers CO406 and CO407 and Phusion high-fidelity DNA polymerase (New England
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Biolabs) to create pCN461. The cdcl3%7% T304 77114 rinle mutant was created using
mutagenic primers CO406 and CO407 on pCN339 to yield pCN468. The mutagenic
primers used are presented in Table 3-3. PCR reaction conditions were 94°C for 3 min,
16 cycles of 94°C for 1 min, 45°C for 1 min and 68°C for 16 min, followed by 68°C for 1
hour. PCR products were digested with Dpnl to remove the parental DNA before being
transformed into chemically competent DHS5a cells. Mutations were verified by
restriction digests and sequencing.
Phosphorylation Shift

A 50ml culture of each strain with an O.D. 600 of .6 to .8 was arrested with 50 pl
of a Img/ml stock of nocodazole. Cells were then grown at 30°C to allow for G2/M
arrest. After 3 hours, cells were pelleted at 3,000g for 5 mins. Cell pellets were
resuspended in 300 pl 20% TCA supplemented with protease inhibitors (leupeptin,
aprotinin, benzamidine, PMSF, and pepstatin) and phosphatase inhibitors (NaF and
NaV). Cells were lysed by Biospec mini-bead beater with 5 times of 1 minute-beating. 2
minute incubation on ice was performed between each beating. Lysates were transferred
to new tubes by poking hole in the screw-cap tube and briefly spinning into new tubes.
Lysates were pelleted by 2 minute spinning at 12,000g in a cold centrifuge, and the TCA
supernatant was removed. The pellet was resuspended in 100 ul 1M Tris base, and 100 pl
Buffer A with protease inhibitors. 100 pl of 20% SDS and 60 pl 6x Laemmli Sample
buffer were added to each sample. 75 ul of each sample was heated for 5 minutes at

95°C, pelleted and was separated on a 6% 30:0.39 acrylamide/ bisacrylamide gel. After
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transfer, Western blots were probed with a 9E10 a-myc antibody (Covance). A wild-type
strain (hC160) was used as the negative control.
GST Fusion Protein Expression

GST-CDC13 (pPC19), GST-cdc13T3084 (pCN470), or GST (pPC20) plasmid
were transformed into BL21 E.coli cells. 5 ml cultures of cells carrying each plasmid
were grown at 37°C overnight and inoculated into 50 ml fresh LB medium next day.
After O.D. reached 0.3-0.4, cells were switched to 16°C. GST and GST-Cdcl3p
expression was induced by ImM IPTG (Fisher Scientific, Tustin, CA) for 8 hours.
Bacterial cells were pelleted in cold centrifuge at 3000g for 30 minutes. Pelleted cells
were resuspended in 1.5 ml lysis buffer (50 mM potassium phosphate, pH7.8, 400 mM
NacCl, 100 mM KCl, 10% glycerol, 0.5% Triton X-100 and 10 mM imidazole) and frozen
(-80°C) and thawed (37°C) for three times. Samples were then sonicated 12 seconds for
three times with a 2 minute incubation on ice between each sonication. After sonication,
samples were pelleted in the cold centrifuge at 12,000g for 20 minutes. 1ml of protein
supernatants was incubated with 25 pl Glutathione Sepharose 4B beads (Amersham) at
4°C for 30 min in LSBT buffer with protease inhibitors to purify GST proteins.
in vitro Kinase Assay
To obtain Cdk1/Clb2-HA complexes, 50 ml cultures of Clb2-HA cells (JBY12) were
arrested with nocodozole for 3 hours, and pelleted at 3000g for 5 minutes. Cells were
resuspended in 500 ul buffer A (25 mM HEPES at pH 7.5, 5 mM MgCl,, 50 mM KClI,
10% glycerol and 1% Triton-X) supplemented with protease inhibitors (leupeptin,

aprotinin, benzamidine, PMSF, and pepstatin). Samples were transferred to 2 ml screw-
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cap tube with 500 pl glass beads and lysed with a mini-bead beater (Biospec Products,
Bartlesville, OK) by 6 times of 1 minute-beating. Each sample was incubated for two
minutes on ice between each beating. Triton X-100 was added into the supernatant to the
final concentration of 0.5%. Lysates were transferred to new tubes by poking hole in the
screw-cap tube and briefly spinning into new tubes. Lysates were clarified by spinning
for two minutes at 12,000g in a cold centrifuge. Crude extracts were transferred into new
tubes and quantified using Bradford assay (Bio-Rad, Hercules, CA). Samples containing
Img of Clb2-HA protein extract, was incubated with 4ul of anti-HA (12CAS5; Roche,
Indianapolis, IN) at 4°C for 2 hours in 1 ml LBST buffer (20 mM HEPES-NaOH at pH
7.9, 100 mM NaCl, 2.5 mM MgCl,, 0.1 mM EDTA, 0.05% NP-40 and 0.2% Triton X-
100) with protease inhibitors. 40 ul Protein A/G beads (Santa Cruz Biotechnology) were
added and incubated at 4°C for two hours. Beads were washed in LSBT buffer and
resuspended in 40ul of cold Kinase Buffer (20mM Tris pH 7.5, 7.5mM MgCl,).

GST fusion proteins immobilized to GST beads were washed once with LSBT
buffer. GST pull-down products were then incubated at 37°C for 1 hour with 20ul of the
CIb2-HA IP bead-resuspension described above, 1ul 4mM ATP and lul y->-P ATP
(Perkin Elmer). 1ug histone H1 (New England Biolabs) was used as Cdkl1 substrate as a
positive control. Reactions were stopped by addition of 8ul of 6x LSB. Kinase reactions
were separated on a 10% SDS-PAGE gels and then analyzed by Western Blotting probed
with anti-GST (Amersham, Piscataway, NJ) before being exposed to a phosphoimager

screen for five days (Typhoon Imager).
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Viability Testing

To plate dilutions of yeast cells, serial ten-fold dilutions of cell cultures were performed
in microtiter dishes, “stamped” onto solid media, and grown at the appropriate
temperatures. To create strains with Cdc13 phosphorylation defective alleles, a cdci3-
A:kanMX2 (hC1238) strain carrying pCDCI3 (pVL438) marked with URA3 was
transformed individually with pedcl3™%* (pCN335), pedel3 5% %4 (pCN339),
pedel3"7 (pCN460), or pedel3 3300413084 7114 (,CN468) plasmids marked with LEU2.
Transformed cells were then struck out onto 5-FOA media to shuffle out complementing
CDC13 plasmid. 5 ml cultures of each strain were grown in —Leu media for 3 days.
Serial ten-fold dilutions were made of each strain in a 96-well plate, and stamped onto -
Leu plates. Plates were incubated at the indicated temperature for 3-5 days.

Southern Blotting

Genomic DNA was prepared as previously described (Lundblad and Szostak, 1989) from
a  cdcl3-A:-kanMX2/pCDC13  (hC1238), cdcl3-A:-kanMX2/pcdel3P%  (hC1233),
cdel3-A::kanMX2/ pedel3 54 B4 (nC1245), cdel3-A::kanMX2/ pedel3T
(hC1937), or cdcl3-A::kanMX2/ pedel3 53004 B304 1714 (p01936) strain.  Xhol digested
DNA was electrophoresed through 0.8% agarose gel and transferred to nylon membrane
(Hybond XL, Amersham, Piscataway, NJ). The membranes were probed with poly
dGT/CA, which was labeled with **P using the Megaprime DNA labeling kit to detect
telomere fragments (Amersham, Piscataway, NJ). The blots were then washed and

exposed to X-ray film.
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Two-hybrid Assay

pJ694A strain (MATa trpl leu2 ura3 his3 gal4A gal80A LYS2::GALI-HIS3 GAL2-
ADE2 met2::GAL7-lacZ) was used in two hybrid system. This strain uses three reporter
genes to test protein interaction (James et al., 1996). Strains transformed with either
pCDCI3™1 (pVL587), pCDCI3 81 T304 (,CN473), or pCDCI3 -1 5306473084
(pCN474) and BMHI (pVL1389) were propagated on selective media lacking leucine
and tryptophan. Cultures were grown in 5 ml -leu -trp media for 3 days, then 10-fold
serial dilutions were stamped onto -leu -trp, -leu -trp -ade, and -leu -trp -his plates
supplemented with 1 mM of 3-aminotriazole (3-AT), to analyze reporters. Plates were
incubated at 30°C for 3 days. The parallel experiment was performed in the positive
control, strains transformed with pTOP2 (pMN2) and pSGS! “*7*? (pMN4) (Watt, et al.,

1995).
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Results
Cdc13 phosphorylation is dependent upon Cdk1 consensus sites in vivo

Once it was determined that Cdc13 was phosphorylated, we wanted to examine
which sites were targeted by the kinase. Our hypothesis was that one or more of the Cdk1
consensus phosphorylation sites in Cdcl3 were targeted in vivo (Figure 3-la). To
determine if the Cdc13 electrophoretic mobility shift is the result of phosphorylation of
Cdc13 at one or more of the Cdkl consensus sites, we generated Myc-tagged CDCI3
alleles on plasmids with the phosphorylation sites mutated. Using site-directed
mutagenesis, we mutated the threonines and serines in the Cdklp consensus
phosphorylation sites to non-phosphorylatable alanine residues. SDS-PAGE and Western
blot analysis were used to analyze the various cdc/3 mutant proteins. A mutation in the
full Cdkl consensus site at threonine 308 was generated by Holly Eckelhoefer prior to
my working on the project. The T308 A mutation was also combined with a S306A
mutation at the Mecl/Tell consensus site to remove any potential contribution to the
mobility shift due to a phosphorylation event at the S306 site. 1 generated two additional
mutant alleles at the minimal Cdk1 consensus sites located near the Cdc13 DNA binding
domain at S708 and T711 once I started working on the project. These sites were chosen
first because they were adjacent to the region of Cdc13 that makes contact with telomeric
DNA. The phosphorylation site mutant plasmids were separately transformed into a
cdcl3A::LYS2/ pCDCI13-URA3 (hC1238) strain. In yeast, growth of cells expressing
URA3 is inhibited in the presence of the drug 5-Fluoroorotic acid, (SFOA). Therefore,

transformed yeast strains were struck onto plates containing SFOA to select for loss of
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the wild-type CDC13 complementing plasmid. These transformants were grown then to
log phase in -Leu media to select for the mutant plasmids. Compared to cells
transformed with a wild type CDC13-18xmyc plasmid, pcedc137"*18xmyc transformants
showed a loss of the electrophoretic mobility shift on Western blots (Figure 3-1b).
Individual S708A and T711A mutations generated at the minimal phosphorylation sites
had no effect on the Cdcl3 phosphorylation shift. Proper resolution of Cdcl3
phosphorylated species proved technically difficult, but we consistently saw loss of the
Cdc13 phosphorylation only when the T308 A mutation was present. This result suggests
that the threonine residue 308 is phosphorylated in vivo and contributes to the Cdcl3
phosphorylation shift we observed.
CDK1 phosphorylates GST-Cdc13 in vitro

The abolishment of the Cdc13 electrophoretic mobility shift in the T308A mutant
suggested that Cdc13 was phosphorylated at this site by Cdkl1 in vivo. However, it was
not clear whether Cdc13 was a direct substrate for Cdkl kinase activity. To determine
whether Cdcl3 is a direct substrate of Cdkl, we tested whether Cdkl could
phosphorylate Cdcl13 by conducting an in vitro kinase assay. We used purified
recombinant GST-Cdc13 from E. coli as a substrate for Cdk1 in our kinase assays (Figure
3-2a). GST-Cdcl3 and GST-Cdc13™%* was induced in BL21 E. coli cells with 200mM
IPTG for 8 hours to obtain sufficient levels of Cdc13 protein for use in our kinase assays
(Figure 3-2a). The GST-Cdc13 and GST-Cdc137** protein produced was purified from
bacterial lysate by incubation with GST beads. In order to obtain Cdkl activity, we

purified Cdkl protein from yeast extracts. Active Cdkl associates with the regulatory
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cyclin, CIb2, during G2/M (Miller and Cross, 2001). We used an epitope tagged version
of CIb2 to purify Cdkl activity from yeast extracts. Clb2-HA yeast cells were arrested in
G2/M with nocodazole, the time during the cell cycle where Cdk1-Clb2 complexes are
most abundant (Miller and Cross, 2001). Cdkl-Clb2-HA complexes were
immunoprecipitated with an anti-HA antibody from protein extracts of these cells and
incubated under in vitro kinase conditions in the presence of y-*>-P ATP and GST-Cdc13,
GST-Cdc13™%A GST or histone H2A (Figure 3-2b). The reactions were subjected to
SDS-PAGE and autoradiography (Figure 3-2b). GST-Cdcl13 was robustly
phosphorylated by Cdk1-CIb2, whereas neither GST alone nor GST-Cdc137%* proteins
showed any detectable phosphorylation by Cdkl. These data indicate that Cdcl3 is
indeed a direct substrate of Cdkl in vitro and the phosphorylation of Cdc13 by Cdkl1 is
abolished if threonine 308 is mutated. Taken together, we conclude that Cdkl
phosphorylates Cdc13 at T308 in vivo.
cde137%* mutants retain normal cell viability

If the in vivo function of the Cdk1-mediated Cdc13 phosphorylation is to regulate
recruitment of telomerase then it is possible that mutants defective for this
phosphorylation would exhibit a phenotype similar to, but not as severe as, a telomerase-
deficient strain. To test the hypothesis that the Cdkl phosphorylation of Cdcl3 is
involved in regulating Cdc13’s activities at the telomere, we first analyzed whether
mutations in these phosphorylation sites would affect the growth of yeast strains. To
identify a growth phenotype associated with the pedcl3™%**18xmyc allele we tested

whether this plasmid could complement a CDCI3 null mutant, cdcl3A::LYS2.
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cdcl3A::LYS2/ pCDC13-URA3 (hC1238) cells were transformed with pCDC1318xmyc -
LEU2 or pedel3P"18xmye -LEU2. In addition, two different mutant alleles were
transformed and analyzed for a change in cell viability phenotype: a Cdc]353004 T3084
mutant in which both the Mecl and Cdkl consensus sites are mutated to non-
phosphorylatable alanines (pedc13%%% %4 18xmyc), and a Cdc1353%04 TBATIHA pyytant
where the Mecl and Cdk1 consensus sites plus a minimal consensus site near the DNA
binding domain are mutated (pedcl35°%4 34 TTHA 1 exmyc). These mutants were used to
assess whether a decrease in cell viability phenotype would be observed when several
potential phosphorylation sites are removed. Telomerase-deficient cells usually senesce
after approximately 50-100 generations (Lundblad and Blackburn, 1993). Yeast cells
transformed with the mutant plasmids were grown on plates containing SFOA to select
for loss of the wild-type CDC13 complementing plasmid. Colonies that arose on SFOA
were grown in liquid —Leu media. Each passage of a single yeast colony allows for
approximately 25 generations (Lundblad and Blackburn, 1993). Although we did not do
successive streakouts of single colonies in this experiment, we estimate that the cells
would have likely gone through ~30-35 generations, enough to start to display a
senescent phenotype. 10-fold serial dilutions of these strains were stamped onto -Leu
selective plates to maintain selection for the transformed plasmid. pedcl37"18xmyc
was able to fully complement the CDCI3 null mutation, suggesting that the cdcl37"*
allele does not confer a senescent phenotype (Figure 3-3). Cdc13%%4 T3%4A apq
Cdc135300A TBOSATTHA pyytants also did not display any change in viability (Figure 3-3).

Therefore, although the T308 residue is necessary for the phosphorylation mobility shift
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observed on Western blots, mutation of this phosphorylation site does not result in
reduced viability with continued propagation that would be suggestive of senescence.
Cdc13 phosphorylation is not needed in the absence of Ku

The yKu70/80 heterodimer has been shown to bind telomeres in vivo and to make
contributions to maintaining both telomere integrity and telomere length that are distinct
from Cdcl3. In the absence of yKu70 or yKu80 function, telomeres are significantly
shorter than wild-type telomeres (Boulton and Jackson, 1996, Porter, et al., 1996), and
terminate with long single-stranded G-tails (Gravel, et al., 1998, Polotnianka, et al.,
1998). yKu80 has also been shown to interact with the telomerase RNA subunit, 7LC1,
and mutations in either TLCI (tlciA48) or yKUS0 (yku80-135i) that disrupt this
interaction eliminate Est2 association with the telomere in G1 and early S phase (Chan, et
al., 2008, Fisher, et al., 2004, Peterson et al., 2001, Stellwagen, et al., 2003). It has been
shown that the binding of Est2 to the telomere is eliminated when both the yKu80-Tlcl
and the Cdcl13-Estl recruitment pathways are abolished (Chan, et al., 2008). Taken
together, these data suggest that yKu70/80 functions in regulating telomere length by
promoting telomerase recruitment in a manner independent of Cdcl3. Importantly,
strains that lack either telomerase or Cdcl13-capping function are lethal when combined
with yku70A or yku80A (Nugent, et al., 1998), providing a way to test whether mutations
in cdcl3 affect either its roles in telomere length or integrity.

If the Cdkl-mediated phosphorylation of Cdcl3 is required for telomerase
recruitment, then it possible that telomere recruitment defects in yku804 cells would be

further compromised when the cdc13™7% allele is combined with the yku804 mutation,
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potentially causing a senescent-like phenotype. Here, we examined whether the cell
viability of yku804 mutants would be exacerbated by loss of the Cdkl-mediated
phosphorylation on Cdc13. In this experiment, yku804 cdci134/ pCDC13 double mutants

T308A
, and

were transformed with LEU2-marked plasmids encoding Cdc13myc, Cdc13myc
Cdc13myc 5% T%A - Transformed yeast cells were grown in liquid —Leu media to
maintain the transformed plasmid, and 10-fold serial dilutions of these cultures were
stamped onto -Leu selective plates (Figure 3-4a) and onto —Leu SFOA plates to select for
loss of the wild-type CDCI3 complementing plasmid (Figure 3-4b). Neither the
cde13% or ede13 577 %4 mutations reduced cell viability of the yku804 strain, as the
viability of the cdcl3 mutant alleles was similar to wild-type cells (Figure 3-4b). These
results suggest that loss of the Cdkl-mediated phosphorylation on T308 in Cdcl3 in
combination with yku80 does not result in reduced cell viability that would be suggestive
of a senescent phenotype.
Loss of Cdc13 phosphorylation causes modest telomere shortening

The cdci3-2 allele is thought to specifically affect the telomerase recruitment
function of Cdc13 since telomerase association with the telomere was reduced in cdci3-2
mutants (Chan, et al., 2008). Cells containing the cdcl3-2 mutation exhibit a telomere
replication defect and senescent phenotype similar to that of a strain that is deficient for
telomerase, indicating a role for Cdc13 in positively regulating telomere length (Nugent,
et al., 1996). To test the hypothesis that Cdkl-mediated Cdc13 phosphorylation was

involved in telomerase recruitment, we assessed whether telomere length was reduced in

the cdc137"** mutant by performing Southern blot analysis. A cdcI3A::LYS2 (hC1238)
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haploid yeast strain carrying a URA3 marked CDC13 plasmid was transformed with a
plasmid encoding either CDC13-18xmyc or cdc13™%**18xmyc. In addition, three different
mutant alleles were transformed and analyzed for a telomere length phenotype: a Cdc13
A mutant (pedcel37''418xmyc), in which one of the minimal Cdk1 consensus site near
the DNA binding domain is mutated, a Cdc13%*°* 3% mutant in which both the Mecl
and Cdk1 consensus sites are mutated (pedcl3% % 7% 18xmyc), and a Cdc13%2904 13084
1A mutant where the Mecl and Cdk1 consensus sites plus the minimal consensus site
were mutated. These mutants were used to assess whether a more severe telomere length
phenotype would be observed when several potential phosphorylation sites are removed.
Again, transformed strains were grown on plates containing SFOA to select for loss of
the wild-type CDCI3 complementing plasmid. The telomere length of cultures
inoculated from individual colonies was measured after successive streak-outs,
corresponding to approximately 25, 50, 75, and 100 generations.

Southern blot hybridization using a telomere probe showed that the single
mutation at residue T308 to A was sufficient to cause telomere shortening compared to
wild-type cells (Figure 3-5, compare CDCI3 lane to 73084 lanes). The cdcl3""
mutation resulted in telomere shortening of approximately 60 + 20 bp. This telomere
shortening had largely taken place by 25 generations following loss of CDC13 plasmid,
and telomeres do not become progressively shorter with increasing generations.
Moreover, the S306A T308A mutation conferred shorter telomeres as well, similar to the

short telomere lengths observed in T308A cells (Figure 3-5, compare S306A T308A with

T308A lanes). The telomeres in cdcl3 53954 30417114 (ols maintained telomere lengths
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similar to wild-type length (Figure 3-5, compare S306A T308A T711A with wild-type
lanes). The T711A mutation alone did not affect telomere length, as telomeres from
cde13"" mutants were similar in length to wild-type telomeres (Figure 3-5, compare
CDC1I3 lane to T711A4 lanes). Since the cdcl3™%** mutation results in telomere length
reduction in vivo, this suggests that the Cdk1-mediated phosphorylation at threonine 308
in Cdc13 may be necessary for normal telomere length regulation.
Cdc13 interaction with the 14-3-3 protein, Bmhl1, is phosphorylation dependent
Previously a yeast two-hybrid assay using the N-terminus of Cdc13 (Cdc13'*?)
was conducted to identify new Cdcl3 binding partners (C. Nugent). The portion of
Cdc13 used as bait in the screen contained the major Cdk1 phosphorylation site at T308.
The 14-3-3 protein, Bmhl, was found to interact weakly with Cdcl13 (Figure 3-6).
Budding yeast contain two 14-3-3 proteins, Bmhl and Bmh2, which specifically bind to
proteins involved in cell signaling, metabolism, and cell cycle regulation in a
phosphorylation-dependent manner (Bruckmann et al., 2007, Kakiuchi et al., 2007). To
further investigate the molecular function of Cdc13 phosphorylation, a yeast two hybrid
assay was used to determine whether the interaction with Bmhl was phosphorylation

31459 interaction with

dependent. Consistent with observations by Dr. Nugent, the Cdcl
Bmhl can activate all three two hybrid reporters (Figure 3-6). We observe an interaction
between pAS and Bmh1, suggesting that there was background activation of the reporters
in this assay. However, when the cdc137%** or the cdc13 5% 3%4 mutant was used as

bait, the observed Bmhl interaction was abolished, suggesting that the Cdcl13-Bmhl

interaction is dependent on Cdc13 phosphorylation by Cdkl1.
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Discussion

In an effort to determine the functional relevance of Cdc13 phosphorylation, we
sought to pinpoint the major Cdc13 phosphorylation site in vivo. We also wanted to
identify the kinase responsible for this phosphorylation event. Lastly, we attempt to
characterize any apparent phenotypes present in the phosphorylation defective mutants.
We demonstrate that Cdcl3 is phosphorylated by Cdkl invivo and the major
phosphorylation site is threonine 308. The T308 site is within the defined telomerase
recruitment domain of Cdcl3 (Pennock et al., 2001). We have observed the
phosphorylation to be cell-cycle dependent (C. Nugent, data not shown), which occurs
during late S to G2/M phase of the cell cycle. Consistent with our results, two other
groups observed that Cdcl3 is phosphorylated in late S and Cdkl mediates
phosphorylation in a cell-cycle dependent manner (Li et al., 2009, Tseng, et al., 2009).
Coincidentally, this window in the cell cycle corresponds to the time in which the
telomerase complex is recruited to telomeres (Taggart et al., 2002, Chan et al., 2008).

Previous studies of Cdcl3 phosphorylation demonstrated that Cdcl3 was
phosphorylated by Mec1/Tell at serine 306 (Tseng, et al., 2006). This site was a major
phosphorylation site for both the Mecl and Tell kinase, as a S306A mutation abolished
in vitro phosphorylation (Tseng, et al., 2006, Tseng, et al., 2009). This particular
modification of Cdc13 was hard to resolve with traditional SDS-PAGE, and was instead
analyzed using 2D gel electrophoresis (Tseng, et al., 2006). Consistent with this, we did
not observe any change in the electrophoretic shift of Cdcl3 when this S306

phosphorylation site was mutated in our lab. It has been proposed that the negative
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charges provided by the Mec1/Tell and Cdk1 phosphorylation events together provide an
optimal surface for Estl interaction, however this has never been actually shown (Tseng,
et al., 2009). Although the need for both Mec1/Tell and Cdkl1 phosphorylation events
together have not been shown to be required for Cdc13-Estl interaction, Tell has been
shown to be necessary for normal amounts of Estl and Est2 at telomeres, suggesting that
Tell may function in the recruitment of telomerase complex to telomeres (Goudsouzian,
et al., 2006).

Given that Cdc13 is phosphorylated at threonine 308 in vivo, we thought that this
phosphorylation may be needed for some aspect of Cdcl3’s function in telomerase
recruitment to the telomere. If this Cdkl-mediated phosphorylation was essential for
maintaining telomere length or integrity, then perhaps we would observe decreased

viability in our cdc137%

mutant, however this was not the case. Combining the T308A
nonphosphorylatable mutation with a serine 306 to alanine mutation at the proposed
Mec1 phosphorylation site or the threonine T711 to A near the DNA binding domain also
did not reduce cell viability. In addition, the cdcl3™"* did not appear to exarcerbate the
defects in yku804 cells, since yku804 cdc137"* double mutants maintain normal growth.

37394 mutation with

Consistent with these findings, it was shown that combining the cdcl
vku804 did not result in additive or synergistic telomere shortening (L1, et al., 2009).
Taken together, we conclude that Cdc13’s function in telomerase recruitment is not
completely disrupted by loss of the Cdk1- dependent phosphorylation at threonine 308.
Analysis of telomere length in the phosphorylation defective T308A mutant

revealed that these cells undergo modest telomere shortening. This reduction in telomere
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length suggests that the phosphorylation of Cdc13 may be important in the telomerase

S3064 T3084 T7114
3 cells

recruitment. In addition, we find that the telomeres in cdcl
maintained telomere lengths similar to wild-type length, suggesting that the T711A
mutation may rescue the telomere shortening. It is possible that the phosphorylation at
T711 affects negative regulation of telomerase, although in an otherwise wild-type strain,
it appears that this mutation is not sufficient to lead to telomere elongation. The cdci3-5
allele is a truncation that eliminates the portion of Cdc13 that interacts with Stnl, and has
been shown to result in telomere lengthening. The telomere elongation in cdcl3-5
mutants is proposed to be due to loss of the Cdcl3-Stnl interaction, which provides
negative regulation on telomerase (Chandra, et al., 2001). It is possible that the
phosphorylation on T711 may promote the interaction with Stnl. The Blackburn lab
published data suggesting that the role of Cdc13 T308 phosphorylation is to regulate the
recruitment of the telomerase complex to telomeres by competing with the Stnl-Tenl
complex during telomere elongation (Li, et al.,, 2009). It is possible that the
phosphorylation on T711 may promote the interaction with Stnl, thereby providing
negative regulation on telomerase. Accordingly, the Blackburn lab published data
suggesting that the role of Cdc13 phosphorylation is to regulate the recruitment of the
telomerase complex to telomeres by competing with the Stnl-Tenl complex during
telomere elongation (Li, et al., 2009). It would be interesting to test the model that two
different phosphorylation events are involved in the proposed toggling of Cdcl3
interactions with Estl and Stnl. It is possible that different phosphorylation events could

be involved in the model suggested by the Blackburn lab, with phosphorylastion at T308
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affecting Estl association and phosphorylation at T711 affecting Stnl association. Thus,
it would be good to test impact of the T711A mutation on the Cdc13-Stnl interaction. In
addition, it is not known whether Cdkl 1is the kinase responsible for T711
phosphorylation or if both the T308 and T711 sites are phosphorylated sequentially.
Hence, further characterization of the phosphorylation at T711 would be of interest.

Telomere elongation in the de novo telomere addition assay developed by Diede
and Gottschling requires a functional telomerase (Diede and Gottschling, 1999). De novo
telomere addition also requires the interaction between Cdcl13 and Estl, since cdcl3-2
cells are deficient in telomere elongation (Diede and Gottschling, 1999). Although we
found that cdc13™%** mutants have shorter telomeres, it has been reported that cdcl37"*
mutants can still perform de novo telomere addition despite loss of the phosphorylation at
T308, suggesting that the Estl present at the telomere in the T308A mutant is sufficient
for telomerase recruitment (Li, et al., 2009, Tseng, et al., 2009). The ability of the
cde13%74 394 o perform de novo telomere addition has not been tested and it would be
of interest to determine if this mutant is deficient for telomere addition. If the cdel3%%
13934 mutant would not be able to perform de novo telomere addition, then this would
support the idea that both the Mecl/Tell and Cdkl phosphorylation events together
provide an optimal surface for Estl interaction.

Lastly, we found that loss of Cdc13 phosphorylation affected its interaction with
the 14-3-3 protein, Bmhl. Previous studies using genomics and proteomics approaches

found that Bmhl is involved with the post-transcriptional regulation of several S.

cerevisiae proteins. These studies suggest a role for Bmhl1 binding in protein synthesis
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and degradation (Bruckmann, et al., 2007, Bruckmann, et al., 2004). Cdcl3
phosphorylation has also been implicated in regulating Cdc13 protein stability, since
cde13%4 cells treated with cycloheximide (to turn off the protein translation of Cdc13)
maintained a longer protein half life relative to wild-type or cdcl3”*” strains (Tseng, et

al., 2009). In addition, there was an increase in the levels of the Cdc1373084

protein even
without cycloheximide treatment at a nocodozole arrest, suggesting that the Cdcl3
protein is maintained in a cell cycle-dependent manner (Tseng, et al., 2009). Cdcl13
protein has been previously shown to be degraded rapidly (Vodenicharov and Wellinger,
2006). Thus, it is possible Cdc13 phosphorylation could regulate protein stability, with
the interaction between Cdc13 and Bmh1 reducing the stability of Cdc13.

The bmhiA mutation was identified as a genetic suppressor of the temperature
sensitive cdcl3-1 allele and allowed growth of cdc13-1 cells up to 27.5°C (Downey et al.,
2006). The cdci3-1 allele has been shown to decrease Cdc13 protein stability (Gardner,
et al., 2005). This suppression of cdci3-1 by bmhliA is consistent with the idea that Bmhl
may decrease the protein stability of Cdcl3. It is possible that the Cdcl3-Bmhl
phosphorylation dependent interaction plays a role in telomere length regulation. Hence,
it would be of interest to determine the effect (if any) that a bmhl4 mutation would have

73084
3

on telomere length in the cdcl mutant. The bmhlA alone does not change telomere

length (Grandin and Charbonneau, 2008). However, if Bmhl1 is directly involved in
Cdc13 protein degradation, then it is possible that the bmhlA mutation could restore the

73084
3

short telomeres in cdcl cells to wildtype length.
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Our data that the Cdc13-Bmhl interaction is dependent on Cdc13 phosphorylation
suggests that there may be a biological significance for Cdc13- Bmhl interaction, rather
than the relatively weak interaction being a false positive in the yeast two-hybrid assay.

37D wyas not tested in the yeast two hybrid

Although the phosphorylation mimetic cdcl
assay, it is unlikely that this change would restore interaction with Bmhl, since
replacement of threonine 308 with aspartic acid or with glutamic acid to provide a
negative charge similar to phosphorylation failed to rescue the telomere shortening
phenotype (Li, et al., 2009, C. Nugent, unpublished observations). This was taken to
mean that the phosphorylation itself, rather than the negative charge associated with the
phosphorylation event, was important for Cdc13 function. It is possible that this would be
the case for the phosphorylation-dependent interaction between Cdc13 and Bmhl. Future
work should be aimed at elucidating the exact molecular mechanisms by which the

Cdc13 association with Bmh1 (potentially at the telomere) is controlled throughout the

cell cycle.
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Figure 3-1 Cdc13 phosphorylation is dependent upon Cdkl1 consensus sites in vivo. A.
Schematic diagram of Cdc13 illustrates its domain structure and potential serine or threonine
(S/T) phosphorylation sites. The telomerase recruitment domain (RD) which includes amino
acids 190-340 and DNA-binding domain (DBD) which spans amino acids 557-694 are
shown. B. T308A is the major phosphorylation site of Cdcl3. Cdcl3myc and Cdcl3
phosphorylation site mutants were at G2/M with nocodozole for 3 hours. Cells were lysed in
20% TCA, separated on 6% 30:0.39 acrylamide/ bisacrylamide SDS—PAGE and analyzed by
Western blot analysis using with a-myc antibody. Hyper-phosphorylated Cdc13 are marked
with an asterisk. T308A mutation is sufficient to abolish Cdcl13 electrophoretic mobility
shift. The data in the top of panel B provided by Holly Eckelhoefer. The data in the bottom
of panel B shows data from two independent experiments. Bottom left panel shows 6 minute
exposure to film and bottom right panel shows 4 minute film exposure. Strains: CDCI3
(hC160), cdcl34::LYS2/ pCDC13myc (hC1238), cdc134::LYS2/ pedel3¥"Pmye (hC1240),
cdel34::LYS2/ pedel3¥ " mye (hC1239), cdcl34::LYS2/ pedel3™"*Pmye  (hC1236),
cdel34::LYS2/ pedel3P" mye (hWC1233), cdcl34::LYS2/ pedel3¥ " B mye (hC1245),
cdel34::LYS2/  pedel3¥ " myc  (hC1238 transformed with pedel3™"*  (pCN460),
cdel34::LYS2/ pedel 3T mye (hC1937).
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Figure 3-2 Cdc13 is phosphorylated by Cdkl1 in vitro.

Cdk1 phosphorylates GST-Cdc13 in vitro. A. IPTG induction of GST (pPC20), GST-
CDC13 (pPC19), GST-Cdc13™®* (pCN470) from BL21 cells. Strains were induced with
IPTG for 4 or 8 hours and 50ul of each sample was separated on 10% SDS-PAGE and
analyzed by Western blot with a-GST antibody. GST proteins were detected by a-HA
antibody after exposure to film for 4 minutes. B. Cdk1-mediated phosphorylation of GST-
Cdcl13 in vitro. CIb2-HA3 strain (JBY12) was arrested with nocodazole and Cdk1/Clb2-
HA3 complexes were immunoprecipitated from protein extracts using an a-HA antibody
(12CA5). 1ml of GST-Cdc13, GST-Cdc13T308A and GST protein produced after an 8
hour induction in BL21 cells were purified by pull-down with 25ul GST beads. GST-
Cdcl13, GST-Cdc13T308A or GST pull-down products, were then incubated at 37°C for 1
hour with 20ul of CIb2-HA IP, 1ul 4mM ATP and 1ul y->>-P ATP protein. These kinase
reactions were analyzed on 10% SDS—PAGE and western blotted with a- GST antibody.
Phosphorylated proteins were detected by autoradiography after exposure to
phosphoimager screen. Cdk1 substrate histone H1 was used a positive control. Top panels:
Autoradiograph after a 5 day exposure. Bottom panels: a- GST Western Blot showing the
amount of substrate proteins that went into the assay. Bottom left panel shows 6 minute
exposure to film and bottom right panel shows 2 minute film exposure.
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Figure 3-3 Viability of cdcI3 mutant strains compared at different
temperatures. Phosphorylation consensus site mutants retain normal
viability. Cultures were grown to saturation in —Leu media at 23°C and used
to prepare tenfold serial dilutions which were stamped onto-Leu plates, and
incubated at indicated temperatures for three to five days. Strains:
cdel34::LYS2/ pCDCI3 (hC1238), cdcl134::LYS2/ pedel3 P (hC1233),
cdel34::LYS2/ pedel3 574 %4 (WC1245), cdel34::LYS2/ pedel 35004 13054
7114 (hC1936).
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Figure 3-4 cdcl3 T304 does not decrease cell viability of yku804 mutants.
cdc13 phosphorylation mutants combined with yku804 retain normal viability at
different temperatures. Cultures were grown to saturation in —Leu media at 23°C
and used to prepare tenfold serial dilutions which were stamped onto -Leu plates,
and incubated at indicated temperatures for three to five days. B. Strains used in
A were stamped onto —Leu SFOA plates to select for loss of the complementing
CDC13 plasmid. Strain: yku804 cdc134/pCDCI13 (hC1165) was transformed
with pCDCI3 (pVL1086), pcdcl3 "% (pCN335), and pcdcl3 5304 13084
(pCN339). Wild-type was transformed with a -Leu vector plasmid (pRS415).
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Figure 3-5 Loss of Cdcl3 phosphorylation causes modest telomere
shortening. Southern blot analysis comparing telomere restriction fragments
from Cdc13 phosphorylation site mutant strains grown at 23°C. Yeast strains
were struck out from single colonies after loss of CDCI3 complementing
plasmid four successive times corresponding to approximately 25, 50, 75, and
100 generations. The blots shown are from two independent experiments and
both blots were exposed to film for 1 day. Genomic DNA was prepared from
the indicated yeast strains, digested with Xhol, fractionated through 1% agarose,
transferred to a nylon membrane, hybridized with a [32P]-TG ;.3 probe, and
exposed on film. Strains: cdcl34::LYS2/ pCDCI13 (hC1238), cdci3A4::LYS2/
pedel3 B (WC1233),  cdel3A::LYS2/  pedel3 5% 04 (hC1245),
cdel34::LYS2/ pedel3%004 PO TTHA - (WC1936), cdcl34::LYS2/ pedel3 7'M
(hC1937).
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Figure 3-6 The interaction between Cdc13 and the 14-3-3 protein, Bmhl, is
phosphorylation dependent. Yeast two-hybrid analysis demonstrates that the
14-3-3 protein, Bmhl interacted with Cdcl13'™° but not with the
phosphorylation defective Cdc13'*° T%A or Cde13'40 3064 T3A - ytants.
Bmhl is fused to the Gal4 activation domain (AD) and expressed from the
pACT2 vector. Cdc13 wild-type and phosphorylation mutants are fused to the
Gal4 DNA-binding domain and expressed from pAS1 vectors. All fusions are
under the control of the ADH1 promoter. A. Ten-fold serial dilutions of each
strain were plated onto media selecting for the two plasmids (-Leu -Trp) or for
the two-hybrid interaction (-Leu —Trp -Ade) or (-Leu —Trp —His+ 3AT). B.
Extracts were produced from strains shown in panel A expressing Cdc13'*,
Cdc13'0B3%A op Cde13!490 53064 T3BA and either the pAct2.2 vector alone or
Bmhl. Data are the average of five independent 3 -galactosidase measurements
from 5 different colonies tested. Error bars indicate standard deviation. Yeast
two-hybrid reporter strain (PJ694a) was transformed with combinations of the
following plasmids: pAS1 (Gal4 Binding Domain, GBD), pAct2.2 (Gal4
Activation Domain, GAD), pMN2 (Sgs1**"*2-GBD), pMN4 (Top2-GAD),
pVL587 (Cdc13'*°-GBD), pCN473 (Cdc13'*° 3%A_.GBD), pCN474 (Cdc13"
$0S306ATRA _GBD), pVL1389 (Bmh1-GAD).
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Table 3-1 Yeast Strains used in chapter 3

Strain Relevant Genotype Reference

hC 1 MATa cdcl3-A::LYS2 /pVL438 (CDCI3) Nugent Lab
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200

hC 5 MATa CDC1318xmyc::HIS3 Nugent Lab
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200

hC 160  MATa ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3- Nugent Lab
A200

hC 1165 MATa yku80A::KANMX cdcl3-A::LYS2/pVL438 (CDCI3) Nugent Lab
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200

hC 1233  MATa cdcl3-A::LYS2 /pCN335 (cdc137") HAE
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1236 MATa cdcl3-A::LYS2 /pCN336 (cdc137"P) HAE
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1239  MATa cdcl3-A::LYS2 /pCN337 (cde13¥") HAE
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1238 MATa cdcl3-A::LYS2 /pVL438 HAE
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1240 MATa cdcl3-A::LYS2 /pCN338 (cdc13%"P) HAE
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1245 MATa cdel3-A::LYS2 /pCN339 (cdcl3 5004 130%4) HAE
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1936 MATa cdcl3-A::LYS2 /pCN475 (cdcl3 5004 3084 17114) VS
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

hC 1937 MATa cdcl3-A::LYS2 /pCN461(cdci3 ') VS
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200 This study

JBY12 MATa CLB2:HA3 Bachant lab
ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100

PJ694a trpl-901 leu2-3,112 wura3-52 his3-200 gal4A galS80A James et.al

LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ

Table 3-2 Plasmids used in chapter 3

Genetics, 1996

Plasmid Gene Reference
pVL438  YCplac33-yaveCDC13 Lundblad
pVL587  pASI-4py CDCI3"! Nugent
pVL1086  pRS415-y4rveCDC13mycl8x Nugent
pVL1389  pACT2.2-puBMHI Nugent
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pCN335  pRS415-yarve cde137% myc18x HAE

pCN336  pRS415-nurive cdel37"P mycl8x HAE

pCN337  pRS415-yarve cde13%%* myc18x HAE

pCN338  pRS415-yrve cdel3%"P mycl8x HAE

pCN339  pRS415-yrve cdel 354 %4 e 18x HAE

pCN460  pRS415-pnurive cdel3 " mycl8x VS

pCN461  pRS415-xative cde1377M* myc18x VS

pCN468  pRS415-nypive cdel135 04 BOSATIHA e 18y VS

pCN470  pET101/D-TOPO-GST- cdcl13™" VS

pCN473  pAS1-spy CDC13!40 13084 VS

pCN474  pAS1-apy CDC 13450 S306A T3084 VS

pPC19  pETI101/D-TOPO-GST-CDCI13 Nugent Lab

pPC20 pETI101/D-TOPO-GST Petreaca et al.

pMN2 pAS1-spg TOP2 Bachant Lab

pMN4 p pACT2.2-4pSGSI#*7** Bachant Lab

Table 3-3 Primers used in chapter 3

Oligo Sequence Reference

CO191 CCTACATCCAGTCACAGGCGCCTGAAAGGAAAA HAE
CAAGC

CO192 AAATCCTACATCCAGTCACAGGATCCTGAAAGG HAE
AAAACAAGCGTAC

CO193 TCAAAATCCTACATCCAGGCCCAGACACCTGAA  HAE
AGGAAAA

CO194 AGCTCAAAATCCTACATCCAGGACCAGACACCT HAE

GAAAGGAAAACAA
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CO195

CO215

CO217

CO404

CO405

CO406

CO407

CAAAATCCTACATCCAGGCCCAGGCGCCTGAAA
GGAAAACAAGC

GAATTTAAATGAATGGCC

ATGGCAAGGAAAGACCCCC

AAAAAGGCGCCCACTACACCAGCTC

AGTGGGCGCCTTTTTTGGTTCATGC

CCACGGCGCCAGCTCTCGCAGAAC

CTGGCGCCGTGGGTGATTTTTTTG
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Chapter 4

Functional Analysis of Multiple Interactions between the C-S-T telomere
capping complex and DNA polymerase o
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Introduction

Telomeres must deal with specific challenges to ensure their efficient replication.
These challenges include the passage of a unidirectional replication fork, the conservative
synthesis of the C-strand that can occur after telomerase extends the telomere tract on
newly made leading DNA strands, and regulation of telomere length. Thus, telomeres are
crucial to the complete duplication of chromosome ends, which is necessary for the
maintanence of intact chromosomes.

Specialized mechanisms may be employed to help ensure passage of the
replication fork through telomere repeat sequences and promote complete replication of
chromosome termini. At most genomic loci, the unreplicated DNA located on the side
farthest away from a stalled replication fork can eventually be duplicated by a fork that
approaches from the opposite direction. However, when a replication fork stalls near a
telomere, telomere ends cannot be replicated by forks coming from the opposite direction
since there is no evidence that yeast replication can initiate at the very end of a
chromosome (Stevenson and Gottschling, 1999). The majority of telomeric repeats are
replicated by conventional semi-conservative replication which initiates at origins
internal to the telomeric repeats, with the C-strand being replicated by lagging-strand
synthesis and the G-strand being replicated by leading strand synthesis. Telomerase uses
its own internal RNA subunit as a template to catalyze the addition of telomeric repeats
to the newly synthesized leading strand (Lingner et al., 1996, Lingner et al., 1997b).
Telomere elongation by telomerase has been shown to occur in late S phase, the time

when semi-conservative replication is replicating the terminal regions of chromosomes,
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suggesting that complete telomere replication is a coordinated effort between DNA
polymerase o and telomerase (Marcand et al., 2000, Diede and Gottschling, 1999,
Wellinger et al., 1993b). Furthermore, analysis of yeast telomere replication
intermediates demonstrated that the single-stranded G-rich 3’ overhang is extended up to
30 bases in late S-phase, after the replication fork had reached the telomere, suggesting
that the formation of extended G-tails requires the passage of the replication fork
(Wellinger et al., 1993a, Wellinger et al., 1993b). Consistent with this idea, telomeres on
a minichromosome containing an origin of replication were found to be elongated by
telomerase, while telomeres on a minichromosome without an origin of replication were
not elongated by telomerase, suggesting that replication fork passage promotes telomere
extension by telomerase (Marcand et al., 2000, Dionne and Wellinger, 1998). Hence, it is
possible that interactions between DNA polymerase and telomerase facilitate passage of
the replication fork through telomere repeat sequences, and promote subsequent
extension of telomere repeats on the newly synthesized leading strand by telomerase.
Interactions between components of DNA polymerase and telomerase subunits are
proposed to facilitate fill-in synthesis of the complementary C-strand by DNA
polymerase, although the exact mechanism is not completely understood. The hypothesis
that telomere elongation is somehow coordinated with semi-conservative replication has
been proposed in several different organisms. Analysis of telomere elongation in
Euplotes has shown that an interaction between telomerase and DNA primase of the
DNA polymerase o- primase complex exists (Fan and Price, 1997). Furthermore,

inhibiting DNA polymerase function with aphidicolin during the time when bulk DNA
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replication was complete and only telomeres were being extended resulted in lengthening
of G-strands and an increase in heterogeneity of C-strand length. This result suggested
that G-strand and C-strand synthesis are coordinated with each other, and this regulation
involves DNA polymerase function (Fan and Price, 1997). In S. cerevisiae, analysis of
mutations in the replication components Cdcl17/Poll, Poll2 and Cdc44/Rfcl (large
subunit of replication factor C) has been shown to result in the accumulation of ssDNA at
the telomere and longer telomeres, suggesting that DNA polymerase fills in the
complementary C-rich strand and inhibits further telomere elongation (Carson and
Hartwell, 1985, Adams and Holm, 1996, Adams Martin et al., 2000). In S. pombe, the
DNA polymerase catalytic subunit, DNA polymerase a has been shown to interact with
telomerase during in S phase and G2 phase. In addition, the pola-13 allele which disrupts
the interaction with telomerase was shown to have long telomeres (Dahlen et al. 2003).
Similarly, loss of DNA polymerase o in mouse cells using a temperature-sensitive allele
of pola causes elongation of the G tail and lengthening of the telomere overall
(Nakamura et al., 2005). Taken together, these data suggest that uncoupling the
interactions between the DNA polymerase and telomerase affects telomere length and
this coordination between telomerase with the conventional DNA replication machinery
is evolutionarily conserved.

Cdc13 binds single-stranded telomeric DNA (ssDNA) in late S phase and
functions in regulating telomerase activity (Taggart et al., 2002, Lin and Zakian, 1996,
Nugent et al., 1996). The physical interaction between Cdcl3 and Estl facilitates

recruitment of telomerase to telomeres, which activates telomere elongation in late S
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phase (Chandra et al., 2001, Taggart et al., 2002, Chan et al., 2008, Evans and Lundblad,
1999, Bianchi et al., 2004). In addition to interaction with Estl, Cdc13 has been shown
by yeast two hybrid assays and co-immunoprecipitation experiments to interact with Poll
of DNA polymerase a (Qi and Zakian, 2000). POLI is an essential gene which encodes
the conserved, catalytic subunit of the DNA polymerase a-primase complex and is
required for proper DNA replication and cell cycle progression (Hartwell, 1973).
Mutations in CDCI13 (cdcl3-50) or POLI (poll-236) that reduced their interaction,
resulted in slight telomere lengthening, suggesting that the Cdc13-Poll interaction is
involved in regulating telomere length (Qi and Zakian, 2000). Thus, since Cdcl3 can
interact with both a component of the DNA polymerase a complex, and a component of
telomerase, it is possible that Cdc13 may be involved in the coordination between
telomerase and DNA polymerase a at the telomere.

It is hypothesized that once telomerase has extended the newly synthesized 3’ G-
strand, DNA polymerase a is recruited to the telomere via the Cdc13-Poll to synthesize
the complementary C-strand (Qi and Zakian, 2000). Cdc13 associates with the proteins
Stnl and Tenl to form a complex at the telomere that maintains telomere capping
(Grandin et al., 1997, Grandin et al., 2001). Stnl has been shown to interact with the
Pol12 component of DNA polymerase o (Grossi et al., 2004, Petreaca et al., 2006).
Pol12 is the conserved, regulatory B subunit of the DNA polymerase a-primase complex.
Pol12 does not contain enzymatic activity and has been implicated in stabilizing and
regulating the catalytic subunit, Poll (Brooke et al., 1991). The POLI2 gene is essential

and is required for DNA synthesis during DNA replication and correct progression
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through S phase (Foiani et al., 1994). Both genetic and physical interactions between
Pol12 and Stnl suggest that the Stnl- Poll2 interaction is functionally important at
telomeres (Grossi et al., 2004, Petreaca et al., 2006). Thus, the Cdc13-Poll and Stnl-
Pol12 interactions could potentially serve to coordinate DNA polymerase and telomerase
function at the telomere.

In order to determine the requirements for telomerase-dependent telomere
synthesis, a system was developed by the Gottschling lab which separates telomere
addition from normal semi-conservative replication during S-phase (Diede and
Gottschling, 1999). These studies show that in vivo telomere addition was specifically
dependent on CDCI7/POLI ( DNA polymerase a catalytic subunit), POL2 (DNA
polymerase o catalytic subunit), and PR/2 (DNA primase subunit), as loss of these genes
eliminates the addition of telomere repeats in vivo (Diede and Gottschling, 1999). These
results suggest that the DNA polymerase a-primase complex does indeed participate in
telomerase-mediated telomere addition, and may be required for fill-in C-strand synthesis
of newly synthesized telomeric repeats.

These observations lead to a particular problem that I have attempted to address
in this chapter, namely whether the interaction between Cdc13 and Poll is direct and
whether the Cdc13-Poll and Stnl-Pol12 interactions are required for telomere C-strand
synthesis. Although the significance of the interactions between the telomere capping
proteins, Cdc13 and Stnl, with the DNA polymerase a complex have been proposed, it
has not been directly shown that these interactions are required for C-strand fill-in

synthesis.  Therefore, further characterization of the Cdcl13-Poll and Stn-Poll2
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interactions is required in order to test the hypothesis that these interactions serve to
recruit the DNA polymerase o complex to the telomere following telomerase-mediated
extension. Here, we analyze the interactions between the C-S-T complex and the DNA
polymerase a complex. We determine that the Cdc13-Poll and Stn1-Poll2 associations
are direct. We examine the functional significance of the Cdc13-Poll and Stnl-Poll2
interactions through use of alleles that disrupt them. Loss of these interactions using the
poll-236 poll2-40 double mutant resulted in telomere lengthening. Thus, the data shown
here provides additional insight as to the role of the Cdcl3-Poll and Stnl-Poll2

interactions in the regulation of telomere length.

Materials and Methods

Protein Expression

GST-POL12 (pPC23), GST-CDC13 (pPC19), or GST (pPC20) plasmid was transformed
into BL21 E. Coli cells. BL21 chemically competent E. coli cells were thawed on ice and
Iul of the appropriate T7 based plasmid DNA was added to the cells. The cell mixture
was placed on ice for 20 minutes. The cells were heat shocked at 42°C for 30 seconds,
then placed on ice for 5 minutes. LB media was added to the cells and incubated at 37°C
for 60 minutes. Transformations were then spread onto LB and ampicillin plates and
incubated overnight at 37°C. 5 ml cultures of cells carrying each plasmid were grown at
37°C overnight and inoculated into 50 ml fresh LB medium next day. After cells reached
an O.D. of 0.3-0.4, GST protein expression was induced by ImM IPTG (Fisher

Scientific, Tustin, CA) and grown at 16°C for 18 hours.
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Bacterial cells were pelleted in a cold centrifuge at 3000g for 30 minutes. Pelleted cells
were resuspended in 1.5 ml lysis buffer (50 mM potassium phosphate, pH7.8, 400 mM
NaCl, 100 mM KCI, 10% glycerol, 0.5% Triton X-100 and 10 mM imidazole) with
protease inhibitors followed by three freeze (-80°C)/ thaw (37°C) cycles. Samples were
then sonicated 12 seconds for 10 times with 1 minute incubation on ice between each
sonication. After sonication, samples were pelleted in the cold centrifuge at 12,000g for
20 minutes. Supernatants were transferred to a siliconized tube and stored at -20°C.

To obtain Cdcl13-myc protein, a 50 ml culture of yeast cells was grown to an OD of .6
and pelleted at 3000g for 5 minutes. Pellets were resuspended in 500 ul buffer A (25 mM
HEPES at pH 7.5, 5 mM MgCl,, 50 mM KCI, 10% glycerol and 1% Triton-X)
supplemented with protease inhibitors (leupeptin, aprotinin, benzamidine, PMSF, and
pepstatin). 500 pl glass beads were added to samples, and cells were lysed by 1 minute
bead-beating 8 times with a 1 minute incubations on ice in between each beating
(Biospec Products, Bartlesville, OK). Lysates were clarified by 2 minute centrifugation
at 12,000g at 4°C. Crude extracts were transferred into new tubes and quantified using
Bradford assay (Bio-Rad, Hercules, CA).

in vitro Translation Reactions

TNT Quick Coupled transcription/translation system (Promega, Madison, WI) was used
for in vitro protein transcription and translation. The in vitro reaction contained 1 pl
plasmid DNA, 20 ul TNT Quick Master Mix, 2 pl nuclease-free water, lul PCR
Enhancer and 1 pl *°S-methionine (Amersham, Piscataway, NJ) and was incubated at

30°C for 90 minutes.
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GST Pull-down assays

One milliliter of clarified cell extracts containing bacterially expressed GST-Poll2,
GST-Pol12-40, GST-Cdc13, or GST were incubated with 25 pl Glutathione Sepharose
4B (Amersham, Piscataway, NJ) at 4°C for 30 min in LSBT buffer (20 mM HEPES-
NaOH at pH 7.9, 100 mM NacCl, 2.5 mM MgCl,, 0.1 mM EDTA, 0.05% NP-40 and 0.2%
Triton X-100) and then washed with LSBT buffer. GST-Poll2 immobilized to GST
beads was then incubated at 4°C for 2 hours with 1 mg yeast-cell lysates from Cdc13myc
strain (hC1871).

in vitro interaction assays were conducted by incubating the GST-Pol12, GST-Cdc13, or
GST proteins immobilized to GST beads with 5 ul of TNT reactions containing either
$33poll (pPC35), 5°Cdcl3 (pVL427), or ***Stnl (pPC7) at 4°C for 2 hours. Reactions
were washed once with LSBT buffer. Pull-down products were then subjected to SDS—
PAGE and analyzed by exposure to a film for five days followed by Western blotting
probed with anti-GST antibody (Amersham, Piscataway, NJ). ImagelJ software was used
to determine the **S-labelled protein signal present on the in the pull-down reactions.
Background signal was measured on an area on the film where *>S-signal was not present
and was subtracted from all values. The percent recovery was determined by dividing the
amount of *°S -signal present in the pull downs by the **S-labelled protein input signal.

Results from three independent experiments are shown.

Yeast manipulations

Standard techniques were followed in handling the yeast strains. Yeast strains used in this
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study are listed in Table 4-1. Plasmids used in this study are listed in Table 4-2. To plate
dilutions of yeast cells, serial ten-fold dilutions of equivalent starting concentrations of
cell cultures were performed in microtiter dishes, “stamped” onto solid media, and grown
at the indicated temperatures.

Viability Testing

Two milliliter cultures of the indicated strains were grown in YPD for 2 days. Serial ten-
fold dilutions were stamped onto YPD plates and placed at the appropriate temperature
for 2-3 days. poll-236 poll2A/pPoll 12 mutants were obtained from tetrad analysis of
dCN526. Cells were then transformed with the pol/12-40 plasmid (pPC64) and plated on -
His plates. Individual colonies were struck onto SFOA to shuffle out POLI2 plasmid
(pPC15) and obtain poll2A/ poli2-40 poll-236 double mutants. Strains: wildtype
(hC160), cdc17-1 (hC1199), poli-236 (hC1985), poll2-40 (hC1740), poll-236 poll2-40
(hC2293). Three different transformants for the poll-236 poll2-40 were struck out and
used for frogging. The first two are from transformants of dCN 526 1A, and the third is
from dCN 526 10D.

pedc13-50 (Qi and Zakian 2000) marked with TRP was transformed into cdc13-4 poll2-
A cells carrying pCDCI13-URA3 (pVL438) and either pPOLI2 (pPC65)or ppoll2-40
(pPC64) marked with HIS3. Transformed cells were grown in -trp-ura medium at 30°C
for 3 days. Serial 10-fold diluted cells were placed on -trp-ura or -trp 5-FOA plates.
Plates were incubated at the indicated temperatures for 3-5 days.

Survival assays after transient exposure to HU
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Cell survival was tested after HU exposure. Wild-type, rad53-21, cdcl7-1, poll2-40,
poll-236, poll-236 poll2-40, poll2-216 , and poll-236 poll2-216 were exposed to
200mM hydroxyurea (HU). At the indicated times, the percentage of cells able to form
colonies on plates lacking HU was determined. The average from 2 experiments is
plotted.

Telomere Southern blot

Yeast genomic DNA was isolated according to the established protocols (Lundblad and
Szostak, 1989). The DNA was digested overnight with Xiol. A conserved Xhol site is
located within the subtelomeric Y’ elements which release a terminal telomere fragment.
After running the digested DNA on a 1.3% agarose gel and transferring to a nylon
membrane (Hybond XL, Amersham), a [32P]- GT/dCA probe radiolabeled with 32P-
dCTP was made from telomeric DNA cut from pRW41 digested with BamHI and Xhol

and used to detect telomere fragments.
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Results
Cdc13 directly interacts with Poll, but not with Poll12, of the DNA polymerase o
complex

Previous studies have shown that Cdc13 associates with Poll through two-hybrid
interaction, as well as in co-immunoprecipitation assays (Qi and Zakian, 2000). These
studies have demonstrated that a physical interaction exists between Cdc13 and Poll, but
does not address whether this association is direct, as both were in vivo experiments that
could potentially include additional proteins. A study conducted by the Shore lab
observed an association between the regulatory subunit of the DNA polymerase o
complex, Pol12, and Stnl using a GST pull-down biochemical assay. In this assay, GST-
Pol12 fusion proteins were incubated with epitope tagged Stnl proteins from yeast whole
cell extracts, so the interaction could potentially have included additional proteins from
yeast lysates (Grossi et al., 2004). A study conducted previously in our lab showed that
the physical interaction that exists between Poll12 and Stnl is direct, using an assay in
which GST-Poll12 was incubated with radioactively labeled Stnl that was produced in a
rabbit reticulocyte lysate (Petreaca et al., 2006). Taken together, these data suggest that
multiple interactions may exist between telomere binding proteins and components of the
DNA polymerase o complex (Grossi et al., 2004, Petreaca et al., 2006). A summary of
these interactions are shown in Figure 4-1.

It is possible that the reported interaction between Cdc13 and Poll is established
via the direct interaction between Stnl and Poll12 (Petreaca et al., 2006). In order to test

the hypothesis that the observed interaction between Cdc13 and Poll is direct; we used an
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in vitro transcription and translation system to produce radio-labeled Poll for use in GST
pull-down reactions with Cdc13-GST. The presence of radio-labeled S**Poll signal in
the Cdc13-GST pull-down products indicates that these two proteins can interact with
each other directly in vitro (Figure 4-2a). The interaction between Poll and Poll12 was
used as a positive control (Figure 4-2a). Approximately 30% of *°S-Poll was observed in
GST-Cdc13 pull-down products as compared with 15% in the GST pull down (Figure 4-
2b). The difference in the amount of Poll in the GST-Cdc13 pull down compared with
the amount of Poll in the GST pulldown was found to be significant using a student’s t
test, and indicates that the Cdc13-Poll direct interaction is authentic. For each reaction,
we determined the amount of the GST proteins associated with the beads by probing the
blot with anti GST antibody (Figure 4-2a, bottom panel). Obtaining high levels of soluble
Cdc13-GST proved to be technically challenging, thus the amounts of Cdcl13-GST
protein and Pol12-GST protein are not equivalent. The amount of Cdc13-GST protein
was reduced relative to the amount of Pol12-GST protein present in the assay (Figure 4-
2a, bottom panel). Thus, these data demonstrate that the previously reported in vivo
Cdc13-Poll interaction is indeed direct.

To test the hypothesis that additional interactions exist between Cdcl13 and the
components of the DNA polymerase a complex, we used a GST pull-down assay from
yeast lysates to determine if there is an interaction between Cdc13 and Pol12. This assay
will allow us to determine if Cdc13 and Poll2 associate in the same protein complex,
however it does not address whether the interaction between Cdcl13 and Poll2 is direct.

We found that Cdc13myc from total yeast protein extracts was able to associate with
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Pol12-GST (Figure 4-3a). This result suggested that Cdc13 is able to associate in a larger
complex with Pol12 or that Cdc13 can also interact with Pol12.  poll2-40 possesses six
mutations spread throughout the POLI2 gene (N86S, K235R, F416L, N651D, T681A,
and N693S), and was characterized as having reduced interaction with both Stnl and
Poll (HC Chiu, Thesis Dissertation, Figure 4-4). Use of this allele which disrupts the
direct interaction between Stnl and Poll2 will allow us to determine whether any
interaction we observe between Cdc13 and Pol12 is bridged by the Stnl or Poll protein.
The levels of Cdc13myc were diminished in the GST-Pol12-40 pull-down compared with
the wild-type GST-Poll2 pull-down (Figure 4-3a). The result that Cdc13myc is not
pulled down by GST- Pol12-40, suggests that the interaction between Cdc13 and Poll2
may be bridged through Cdc13’s interaction with Stnl or Poll. To test the hypothesis
that the observed interaction between Cdc13 and Poll2 is bridged, we used the in vitro
transcription and translation system to produce >>Cdcl3 for use in GST pull-down
reactions with Pol12-GST. In these experiments Pol12-GST protein was incubated with
the radio-labeled 5**Cdc13 produced in rabbit reticulocyte lysate. The amount of Cdc13
able to associate with Poll2 was assessed by autoradiography. Approximately 10% of
533Cdc13 was observed in GST-Pol12 pull-down products, similar to the levels of Cdc13
observed when GST alone was used in the pull-down (Figure 4-3c). For each reaction,
the amount of the GST protein present in each reaction was determined by probing with
anti-GST antibody. The Western blot shows relatively equal Pol12 protein levels present

in each lane (Figure 4-3b, bottom panel). Hence, these results indicate that any interaction
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observed between Cdc13 and Pol12 was bridged through other proteins, and Cdc13 does
not interact directly with Pol12 in vitro.
The poll2-40 allele reduces direct interactions with both Poll and Stn1

It has been previously reported that the N-terminus of Pol12 interacts with Stnl
(Grossi et al., 2004) through yeast two hybrid and biochemical assays. Our lab has also
observed that the N-terminus of Stnl interacts with Pol12 directly (Petreaca et al., 2006).
To test the hypothesis that the observed Stnl-Poll2 interaction is direct, we again
employed the in vitro transcription and translation system to produce >**Stnl for use in
GST-pulldown reactions. As shown in Figure 4-4a, >°Stnl was able to interact with
GST-Pol12 robustly. About 70% of the 5°Stnl was observed in GST-Pol12 pull-down
products, which is higher than the ~ 45% 5**Poll observed in the GST-Pol12 pull-downs
(Figure 4-4b). Stnl exhibited non-specific binding and was able to associate with GST
alone as well (Figure 4-4a, b). The poll2-40 allele was used to further characterize
known Pol12 interactions (HC Chiu, Thesis Dissertation). *°Stnl was incubated with
GST-Pol12-40, and it was found that Stnl could interact with Pol12-40 (Figure 4-4a).
However, compared with the efficiency of the pull-down by GST-Poll2, reduced
amounts of >>Stnl were pulled down by GST-Pol12-40, such that 5*Stnl recovery
dropped from 70% to about 50%. (Figure 4-4 a, b). When Pol12-40 was used in the assay
with Poll, it was found that the Poll-Poll12 interaction was also disrupted. Reduced
levels of *S-Poll were observed in the GST-Pol12-40 pull-down compared to the wild-
type GST-Pol12 pull-down, with ***Poll recovery being decreased from 40% to about

25%, indicating that Pol12-40 reduces association with Poll as well (Figure 4-4a, b). The
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difference in the amount of Poll in the GST-Poll12 or in the GST-Pol12-40 pull down
compared with the amount of Poll in the GST pulldown was not found to be significant
using a student’s t test, and most likely due to the limited sample size. Despite this, these
observations suggests that Pol12-40 reduces direct associations with both Poll and Stnl,
confirming previous results from our lab (HC Chiu, Thesis Dissertation).  We expect
that the pol12-40 allele in combination with poll/-236, which disrupts interactions with
Cdcl13 (Qi and Zakian 2000), would substantially reduce the ability of the telomere
capping proteins, Cdcl13 and Stnl, to promote DNA polymerase o function at the
telomere (Figure 4-1). Thus, our next approach was to characterize the poll-236 poll2-
40 double mutant phenotypes to better understand the functional significance of the

interactions between Cdc13 and Poll and between Stnl and Pol12.

Characterization of poll1-236 poll12-40 double mutant

Point mutations in either Cdc13 or Poll that disrupt the Cdc13-Poll interaction
lead to a slight increase in average telomere length, but cause no other obvious
phenotypes (Qi and Zakian, 2000). Our lab has characterized the poll2-40 allele, as
having normal cell viability, and slight telomere lengthening, but with no accumulation of
telomeric single stranded DNA (HC Chiu, Thesis Dissertation). We introduced the poll-
236 mutant into our poll2-40 strain to create a poll-236 poll2-40 double mutant. If the
Cdc13-Poll and Stnl-Poll12 associations are only necessary for filling in the telomeric
C-strand after they are extended by telomerase, then the poll-236 poll2-40 double

mutant may have a phenotype similar to, but not as strong as, a telomerase-deficient
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strain due to gradual loss of telomere length. If, on the other hand, we find a more
severe phenotype, this could indicate that the mutations are compromising DNA
polymerase o function or that the Cdc13-Poll and Stn1-Poll12 interactions are needed to

facilitate C-strand synthesis more generally.

To determine if perturbation of the Poll-Cdcl13 and Poll12-Stnl interactions
would reduce the ability of Cdc13 and Stnl to promote DNA polymerase o function at
the telomere we examined cell viability, and telomere structure in the poll-236 poll2-40
double mutant. Indicated strains were grown until saturated in YPD liquid media and
serial dilutions were stamped onto YPD plates and grown at the indicated temperatures.
The poll-236 poll2-40 strains did not exhibit a senescent phenotype and exhibited logs
of growth similar to the wild-type strain (Figure 4-5). This result suggests that disruption
of the Cdcl13-Poll and Stnl-Poll2 interactions do not result in progressive loss of
telomere sequence, since these cells maintained normal viability. This data also suggests
that the essential function of DNA polymerase a is maintained in the pol/-236 poll2-40
double mutant because the combination of both alleles is not lethal to cell viability.
However, it remains possible that the poll/-236 and poll2-40 alleles compromise or alter
DNA polymerase a activity, extending the time its takes cells to complete S phase. Thus,
it would be of interest to conduct cell cycle progression experiments using FACS analysis
on this double mutant strain. If bulk DNA replication is compromised, then progression
of the poll-236 poll2-40  mutant through the cell cycle would likely be slower

compared to wild-type cells. If bulk DNA replication is normal in poll-236 poll2-40
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cells, then cell cycle progression of the double mutant should be similar in timing

compared to wild-type cells.

Although poli1-236 poll2-40 cells maintain normal cell viability, it is possible that
poll-236 poll2-40 cells may accumulate ssDNA due to defective C-strand fill in
synthesis. In this case, we may expect the DNA damage checkpoint to be activated. In
order to determine whether the DNA damage checkpoint was activated in the poll-236
poll2-40 double mutants, a budding analysis was conducted to look at cell cycle
progression. Cells were arrested with in G; with a-factor and released to determine
whether cells progressed normally through the cell cycle at 36°C or arrested at the DNA
damage checkpoint. Cells from the poll-236, poll12-40, and poll-236 poll12-40 appeared
to leave G; and progress through S phase with kinetics similar to wildtype cells. cdcl7-1
is a temperature sensitive allele of POLI allele (Carson and Hartwell, 1985). As
expected, about 60% of cdcl7-1 cells arrest as large-budded cells when grown at 36°C
(compare Figure 4-6e and f, squares). A slightly higher percentage (~20%) of pol1-236
poll2-40 cells were found to persist as large-budded cells compared to wildtype at 36°C
(Figure 4-6f, circles). This slight delay in cell cycle progression suggested that the DNA
damage checkpoint may be activated in the poll-236 poll2-40 mutants. As mentioned
before, FACS analysis should be performed on the poll-236 poll2-40 double mutant. If
the DNA damage checkpoint is being activated in these cells due to ssDNA
accumulation, then poll-236 poll2-40 cells should arrest with 2N DNA content at G2/M

phase when grown at 36°C compared to wild-type cells.
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To further assess activation of the DNA damage checkpoint, we characterized cell
growth of poll-236 poll2-40 cells in response to various DNA damaging agents. If the
DNA damage checkpoint is being activated in poll-236 poll2-40 mutants due to
accumulated DNA damage that remains unrepaired, then these cells may exhibit reduced
viability. We examined the sensitivity of the wildtype, poll-236, pol12-40, and poll-236
poll2-40, to different types of DNA damage. We also used additional alleles to
characterize the Cdc13-Pol and Stn1-Pol12 interactions. The cdci3-50 allele disrupts the
interaction with Pol1-Cdc13 interaction as characterized by yeast two hybrid (Qi and
Zakian, 2000). The poll2-216 mutation slightly reduced the Stnl-Pol12 interaction and
displayed normal cell cycle progression, normal cell viability and telomere lengthening
suggesting that the poll2-216 allele may affect activities at the telomere (H.C. Chiu,
Dissertation, Grossi et al., 2004). Thus the cdci3-50, poll-216, poll-236 poll-216 and
cdc13-50 poll2-40 mutant alleles were added to our analysis as well. These mutant
strains were treated with the alkylating agent methyl methanesulfonate (MMS), and the
ribonucleotide reductase inhibitor hydroxyurea (HU). Hydroxyurea treatment results in
a depletion of ANTP pools during DNA replication, causing replication forks to slow
down (Feng et al., 2006). We find that po/1-236 poll2-40 mutants did not lose viability in
response to MMS, suggesting the DNA damage checkpoint is functional and able to
properly process and repair lesions caused by this type of damage. Interestingly, poll-
236, poll2-40, and poll-236 poll2-40 cells treated with hydroxyurea all displayed
similar levels of sensitivity to the drug (Figure 4-7a). However, when these strains were

transiently exposed to HU for two hours, only the poll-236 poll2-40 double mutant
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exhibited poor recovery from temporary exposure, although not as severe as the lethality
observed in the checkpoint defective rad53-21 mutant (Figure 4-7b). When we examined
the growth phenotype in cdcl3-50 poll2-40 cells, we found that the double mutant did
not display any sensitivity to temperature or MMS (Figure 4-8a, b). Similar to the poll-
236 strains, cdcl3-50 and cdcl3-50 poll2-40 cells treated with hydroxyurea displayed a
slight sensitivity to the drug (Figure 4-8b). However, cdci3-50 and cdcl3-50 poll2-40
cells transiently exposed to hydroxyurea were able to retain normal viability after
removal from the drug, unlike the poll-236 poll2-40 strain (Figure 4-8c). In addition,
poll-236 poll2-216 did not demonstrate any sensitivity to HU and retained normal cell
viability as was previously reported (Grossi et al., 2004). The failure of the poll-236
poll2-40 cells to recover from HU exposure may suggest that the poll-236 poll2-40
double mutant has a defect in response to HU induced replication stress. The basis for
the sensitivity in the poll-236 poll2-40 double mutant is unclear. It is possible that the
poll-236 poll2-40 mutants acquire single-stranded DNA damage to due disrupted C-
strand synthesis and exposure to HU leads to additional DNA damage which results in
reduced cell growth. The difference in cell viability of the pol/l-236 poli12-40 and cdci3-
50 poll2-40 mutants in response to HU may be attributed to a difference in allele
severity. Telomere length in po/l-236 mutants is approximately a 100bp longer than
telomeres in cdcl3-50 mutants, suggesting that po//-236 may be a slightly more severe
allele than cdci3-50 (Qi and Zakian, 2000). A direct way to test whether there is
damage accumulating at telomeres in poll-236 poll2-40 cells would be to conduct an in-

gel hybridization assay to determine the levels of terminal telomeric single-stranded
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DNA present. If loss of the Cdc13-Poll and Stn1-Pol12 interactions result in ssDNA due
to disrupted C-strand synthesis, then the level of ssDNA at telomeres should be higher in
the pol -236 poll2-40 strain relative to pol -236, poll2-40, or wildtype cells.

To further assess the growth phenotype of the pol1-236 poll2-40 double mutants,
a simple cell growth assay was conducted to compare the time it takes the yeast
population to double in each of the mutant strains compared to wild-type cells. POLIHA
poll2A/ pPOL12 or poll-236 poll2/ pPOLI2 cells were transformed with pPOL12-HIS3
or ppoll2-40—HIS3. In yeast, growth of cells expressing URA3 is inhibited in the
presence of the drug 5-Fluoroorotic acid, (SFOA). Therefore, transformed yeast strains
were grown on plates containing SFOA to select for loss of the wildtype POLI2
complementing plasmid. POLIHA poll2A/ pPOLI12-HIS3, poll-236 poll2A/ pPOLI2-
HIS3, POLIHA poll2A/ ppoll2-40-HIS3, and poll-236 poll2A/ ppoll2-40-HIS3 strains
were struck out four times sequentially following loss of the complementing POLI2
plasmid. Figure 4-9a shows that poll-236 poll2-40 cells were slightly sensitive to
extensive propagation, and cells appear to lose viability between the 2™ and 3™ streakout.
However, cells recover and can resume normal growth by the fourth streakout, suggesting
that if the observed loss of viability was due to accumulated DNA damage, cells are able
to repair the damage and maintain cell viability (Figure 4-9a). Additional analysis was
repeated with five independent colonies, and poll-236 poll2-40 cells did not exhibit a
senescent phenotype. However, poll-236 poll2-40 cells did display heterogeneous
growth and smaller colony size (Figure 4-9a). Cells from the first streak-out after SFOA

shuffle were inoculated into YPD media and the population doubling times were
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monitored using a spectrophotometer. Figure 4-9b shows that poll-236 poll2-40 cells
took approximately 3 hours to double the O.D. 600 reading compared with the
approximately 2 hours needed for wild-type cells. Taken together, the results thus far
suggest that poll-236 poll2-40 cells grow slower than wild-type cells, which may
potentially be due to accumulated ssDNA damage at the telomere.
poll-236 poll2-40 double mutants acquire elongated telomeres

If there is reduced recruitment in the poll-236 poll12-40 double mutant due to
disruption of both the Cdc13-Poll and Stnl-Poll2 interactions relative to either of the
single mutants, then telomeres length in poll-236 poll2-40 cells should be elongated. To
determine whether telomere lengthening occurred in the po/l1-236 poll2-40 mutant, DNA
was prepared from wild-type and mutant cells, digested with Xhol, and analyzed by
Southern blotting using a telomere probe (Figure 4-10). poll-236 cells had telomeres
that were slightly longer compared wild type (Figure 4-10), consistent with what has been
previously reported (Qi and Zakian, 2000, Grossi et al., 2004). poli2-40 cells had
telomeres that were longer than wild type but slightly shorter than telomeres in poll-236
cells (Figure 4-10, compare poll-236 and poll2-40 lanes). poll-236 poll2-40 mutants
had terminal telomere fragments that were longer than wild-type, but not longer than
either poll-236 or poll2-40 mutant alone. Since there was not additive telomere
elongation in the poll-236 poll2-40 mutant, it is possible that the residual interaction
between Cdcl3-Poll and between Stnl-Poll2 in the poll-236 poll2-40 strain is
sufficient for recruitment of DNA polymerase o to the telomere and inhibition of

telomerase extension. Thus, the telomere lengthening in poll-236 poll2-40 mutant cells
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is consistent with the established idea that the interactions between the telomere capping

proteins and DNA polymerase provides negative regulation of telomerase activity.

If the telomere lengthening phenotype in poll-236 poll2-40 cells is due to loss of
the negative regulation of telomerase, it is possible that telomeres would get
progressively longer with increasing generations. Genomic DNA was analyzed from
cells at four serial streak-outs after loss of the POLI2 complementing plasmid. The
increase in telomere length seen in these mutants was not progressive, as telomeres were
equally long after four rounds of sequential propagation (Figure 4-11). Taken together,
these data indicate that telomere lengthening in the poll-236 poll2-40 is not dependent
upon the number of generations and is likely that poll-236 poll2-40 do not completely

lose negative regulation on telomerase.

Discussion
DNA polymerase o complex makes multiple direct contacts with telomere capping
proteins

Studies have demonstrated that physical interactions exist between the C-S-T
telomere capping complex and components of DNA polymerase a (Qi and Zakian, 2000,
Grossi et al., 2004, Petreaca et al., 2006). Here, we find that a direct interaction does
indeed exist between Cdc13 and Poll. This work also confirms previous observations
made by our lab which indicate that the Pol12 and Stnl interaction is direct and the
poll2-40 mutant allele reduces direct associations between both Poll and Poll2 and

Pol12 and Stnl (Petreaca et al., 2006). We also determined Cdcl3 can associate with
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Pol12 in a larger complex, bridged through Stnl or Poll. However, this characterization
of the interactions between telomere capping proteins and the DNA polymerase a-
primase complex is not complete, and there are possibly new interactions to be identified.
The ability of Tenl to interact with Poll has been tested by our lab, and a direct
interaction was not observed (HC Chiu, H. Gasparayan, unpublished data). DNA
primase may play a role in the recruitment of the DNA polymerase a-primase complex to
the telomere to participate in fill-in of the C-strand. Thus, experiments can be conducted
to determine if Cdcl3, Stnl or Tenl can interact with the Pril or Pri2 subunits. The
Cdc13- Poll and Stnl-Poll2 interactions have both been proposed to function in the
recruitment of DNA polymerase a to the telomere to facilitate synthesis of the C-strand
after telomerase mediated extension. However, it still remains unclear as to whether these
interactions actually serve this function. The multiple direct interactions between the C-S-
T complex and the DNA polymerase o strengthens the idea that there are redundant
pathways of recruiting DNA polymerase a to the telomere.
The poll2-40 allele disrupts Poll- Pol12 and Pol12-Stn1 direct interactions

poll2-40 is an allele of the essential POLI2 gene, which is required for DNA
synthesis during DNA replication and correct progression through S phase (Foiani et al.,
1994). Poll2 is the conserved, regulatory B subunit of the DNA polymerase a-primase
complex, and has been implicated in stabilizing and regulating the catalytic subunit, Poll
(Brooke et al., 1991). The poll2-40 allele has been characterized as having slight
telomere lengthening, but no accumulation of telomeric single stranded DNA (H.C. Chiu,

Dissertation). Pol12-40 shows reduced interaction with Poll, confirming previous results
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(H.C. Chiu, Dissertation). It has been reported that the Pol12 N- terminus interacts with
Stnl in yeast two hybrid and biochemical assays (Grossi et al., 2004, Petreaca et al.,
2006). The poll2-40 allele contains two mutations in this region, and has reduced
interactions with Stnl, as shown in Figure 4-4. To determine exactly which mutations in
poll2-40 disrupt the interaction with Stnl, the six missense mutations in poll2-40 should
be created individually and each mutant should be tested for Stnl interaction. The
mutations in the po/l12-40 allele reduce both the Pol1-Pol12 and Pol12-Stnl interactions.
It remains possible that the function of Pol12 may be affected by the missense mutations
located throughout the protein, albeit in a subtle way. It would be useful to obtain alleles
of POLI12 which more specifically and dramatically reduce the interaction with Stnl.
Despite this, the poll2-40 allele is of value in characterizing the significance of the Stnl-
Pol12 interaction.
Characterization of poll1-236 poll12-40 double mutant

The functional significance of the interactions between Cdcl3 and Poll and
between Stnl and Poll2 is not well understood. Thus, we conducted an analysis of a
poll-236 poll2-40 double mutant to determine the effect that loss of the Cdc13-Poll and
Stn1-Pol12 interactions has on the cell. It is possible that loss of the Cdc13-Poll and
Stn1-Pol12 associations in the poll-236 poll2-40 double mutant would reduce cell
growth due to a progressive loss of telomere length. We did not observe any decrease in
viability in the poll-236 poll2-40 double mutant that would be indicative of a senescent-
like phenotype, suggesting that these interactions may not be the only interactions

responsible for recruitment of DNA polymerase o to the telomere. Thus, further
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characterization of interactions between the C-S-T complex with the DNA polymerase a
complex is necessary. In addition, the loss of the associations between Cdc13 and Poll
and between Stnl and Poll12 did not result in a severe phenotype, which suggests that
these interactions are not required to facilitate C strand synthesis more generally. The
finding that the wviability of the poll-236 poll2-40 mutant was not reduced, also
suggested that the poll-236 poll2-40 double mutant maintained the essential function of
DNA polymerase a. It still remains possible that the general function of the DNA
polymerase o complex is perturbed in the double mutant, although it may be in a subtle
way. Thus, further characterization of bulk DNA replication in the double mutant through
FACS analysis would be necessary.

Loss of the Cdc13-Poll and Stnl-Poll2 interactions in poll-236 poll2-40 cells
could result in ssDNA accumulation due to defective C-strand fill in synthesis and
subsequent activation of the DNA damage checkpoint. Thus, budding analysis was
conducted to look at cell cycle progression in poll-236 poll2-40 double mutants to
determine whether the DNA damage checkpoint was activated. We found that a small
percentage of cells poll-236 poll2-40 cells remained as large-budded cells after 4 hours
compared to wildtype cells, suggesting that the poll-236 poll2-40 mutants may be
activating the DNA damage checkpoint. However, the damage that may be activating the
checkpoint was not lethal, as the majority of cells can progress through the cell cycle.
Hence, it is possible that checkpoint activation in the poll-236 poll2-40 results in a slight

delay in cell cycle progression compared to wildtype cells.
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In order to further assess the DNA damage checkpoint response in poll-236
poll2-40 double mutants, cell viability in response to various DNA damaging agents was
examined. We found that the poll-236 poll2-40 cells were sensitive to HU induced
DNA replication stress specifically, as cells retained normal viability when exposed to
MMS. This suggests that any damage in poll-236 poll2-40 mutant cells may get
exacerbated in the presence of HU- induced replication stress. Analysis of the population
doubling of poll-236 poll2-40 cells suggested that poll-236 poll2-40 cells may take a
longer time to divide relative to wild-type cells, consistent with the idea that pol/l-236
poll2-40 cells may experience a delay in cell cycle progression. One way to directly test
how long it takes for poll-236 poll2-40 cells to progress through the cell cycle, FACS
analysis must be performed. If poll1-236 poli2-40 cells take a longer time to divide, it is
likely that the FACS profile would show that poll-236 poll12-40 double mutants would
take more time to progress through S phase compared to wildtype cells.

In addition to facilitating synthesis of the C-rich strand, the Cdc13-Poll and Stnl-
Pol12 interactions are thought to inhibit further telomere extension by telomerase.
Accordingly, mutations that disrupt the Cdc13-Poll interaction result in slight telomere
elongation (Qi and Zakian, 2000). We observe modest telomere lengthening in poll-236
poll2-40 double mutants, which is consistent with the idea that the Cdc13-Poll and Stnl-
Pol12 interactions negatively regulate further telomerase-mediated extension. The
terminal restriction pattern of telomeres in poll-236 poll2-40 cells do not look
particularly rearranged compared to wildtype cells. However, it is possible that a

recombination pathway was utilized to maintain the chromosome ends resulting in the
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elongated telomeres we observed. If the associations between Cdc13-Poll and between
Stn1-Pol12 interactions are needed to regulate telomerase extension, then one would
expect to observe continue extension by an unregulated telomerase in poll-236 poll2-40
cells, resulting in extremely elongated telomeres. However, the fact that telomeres are
not elongated as cells are continually propagated suggests that the residual association
between C-S-T and DNA polymerase a that exists in the poll-236 poll2-40 double
mutant may be sufficient to maintain some level of negative regulation on telomerase. It
is also possible that the interactions between Cdcl3 and Poll and between Stnl and
Pol12 do not provide the only means of negative regulation on telomerase, and perhaps in
the absence of these interactions, uncontrolled telomerase extension is limited by another
mechanism.

Further characterization of the poll-236 poll2-40 double mutant is required in
order to address the whether the Cdc13-Poll and Stn1-Pol12 interactions are required for
C-strand synthesis. An in vivo telomere addition assay has been developed that allows
analysis of a specific telomere end that is created by enzyme digestion and monitored for
telomerase addition of telomeric DNA repeats (Diede and Gottschling 1999). This assay
separates out semi-conservative replication from telomerase-mediated extension because
cells are arrested at G2/M; a time after DNA replication has been completed. The
addition of telomere repeats to a telomere seed adjacent to an induced DSB requires the
activity of telomerase, as well as DNA polymerase a (Diede and Gottschling 1999).
Thus, use of the poll-236 poll2-40 mutant in the telomere addition assay, would

determine if the the Cdc13-Poll and Stn1-Pol12 interactions are important for efficient de
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novo telomere addition. If the poll-236 poll2-40 mutant is still be proficient for
telomere healing in the telomere addition assay, then it would suggest that the residual
interaction between Cdcl3-Poll and between Stnl-Poll2 is sufficient to recruit DNA
polymerase a to the telomere to participate in C-strand synthesis. However, it can also
mean that the Cdcl13-Poll and Stnl-Poll2 interactions are not the only associations
utilized to recruit the DNA polymerase o complex to the telomere. Consistent with the
idea that the residual interaction between Pol1-Cdc13 and Pol12-Stn1 would be sufficient
to promote telomere addition, a cdci3-50 poli2-40 double mutant was found to be
proficient for telomere addition in this assay (H. Gasparayan, unpublished data). Despite
being proficient for telomere addition, cdci3-50 poll2-40 double mutants acquire ssDNA
at their telomeres, suggesting that fill-in synthesis of the C-strand may still be disrupted
in this mutant. Unquestionably, taking advantage of this poll-236 poll2-40 double
mutant, as well as identifying alleles that completely abolish the Cdc13-Poll and Stnl-
Pol12 interactions, will help us better understand the significance of the interactions
between the C-S-T telomere capping complex and the DNA polymerase o complex.
Although the analysis described here was not complete and did not result in an
absolute answer as to whether the interactions between telomere capping protein and the
DNA polymerase a complex were required for synthesis of the complementary C-strand,
further analysis of the poll-236 poll2-40 double mutant could provide more insight into
the significance of these associations. It would be of interest to determine the levels of
ssDNA in our poll-236 poll2-40 double mutant. An increase in ssDNA present at the

telomere would suggest that C-strand synthesis is defective in the poll-236 poll2-40
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double mutant. It has been shown that a cdci3-50 poll2-40 double mutant has a dramatic
increase in SSDNA at the telomere, consistent with the idea that the Cdc13-Poll and Stnl-
Pol12 interactions promote efficient fill-in synthesis (H. Gasparyan, unpublished data).
Thus, it is possible that the poll1-236 poll2-40 mutants will also exhibit an increase in the
amount of ssDNA at the telomere, suggestive of defective C-strand synthesis.

The most direct way of testing the role of the Cdc13 — Poll and Stn1-Pol12 in Pol
a-primase complex recruitment to the telomere would be through chromatin immuno-
precipitation experiments using a tagged primase subunit. ChIP analysis could be used to
determine if recruitment of the DNA polymerase a - primase complex to the telomere is
affected if the Cdcl3 — Poll and Stnl-Poll2 interactions are disrupted. This ChIP
analysis should be conducted on cells that have been synchronized in G; phase with a-
factor, with time-points taken as cells progress through the cell cycle. An increase in the
levels of telomeric DNA associated with primase should be observed in wildtype cells as
they progress into late S phase, approximately 45 minutes after release from the G; arrest.
If the Cdc13-Poll and Stnl-Poll2 interactions are required for DNA polymerase o -
primase recruitment to the telomere, then there should be a significant reduction in the
amount of primase associated with telomeres in poll-236 poll2-40 cells compared to
wild type cells in late S phase.

It is also possible that the Cdc13-Poll and Stn1-Pol12 interactions are required for
normal semi-conservative replication of telomeres as well. The fission yeast doubled-
stranded DNA binding protein Tazl has been shown to be necessary for efficient

replication of telomeres, since faz/4 mutants have replication forks that stall at telomeres,
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leading to replication fork collapse (Miller et al., 2006). It was concluded from these
results that telomere DNA binding proteins may help with the passage of the replication
fork through telomeres during semi-conservative replication (Miller et al., 2006). In
order to analyze telomere replication separately from semi-conservative replication, ChIP
analysis of the Cdc13-Poll and Stn1-Pol12 interactions would have to be conducted on a
telomeric DNA seed adjacent to an induced DSB in the de novo telomere addition
experimental system (Diede and Gottschling, 1999). In this ChIP analysis, cells would
be synchronized in G,/M phase with nocodazole, a time when semi-conservative
replication is complete. Time-points would be taken after induction of the DSB. The
amount ADE?2 sequence (which is located adjacent to the telomere DNA seed) associated
with the primase subunit would be assessed by PCR amplification and compared with the
amount of 4RO! (a negative control) sequence associated the primase subunit at each
timepoint. An increase in the levels of ADE2 sequence associated with primase should
be observed in wildtype cells as telomeres get extended. If the Cdc13-Poll and Stnl-
Pol12 interactions are necessary for DNA polymerase o - primase recruitment to the
telomere, then there should be a decrease in the amount of ADE2 sequence associated
with the primase subunit in pol1-236 poll2-40 cells relative to wild type cells.
Interactions between the telomeric proteins and DNA polymerase a have been
identified in organisms other budding yeast. The telomerase catalytic subunit, Trtl,
coimmunoprecipitates with Pola, and indicates that a physical interaction exists between
the DNA replication machinery and telomerase in vivo (Dahlen, et al., 2003). Although it

is not known whether the interaction between Trtl and Pola is direct, these results
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suggest that G-strand extension and C-strand synthesis are coordinated in S. pombe as
well. Two factors, initially named A4F-132 and AAF-44, were found to stimulate the
activity of mammalian DNA polymerase o -primase in vitro. The mammalian protein
CTC1 is identical to AAF-132, and is thought to be a distant homolog of CDC13 (Casteel,
et al., 2009, Surovtseva, et al., 2009). The 44F-44 subunit is the mammalian ortholog of
STNI (OBFCI) (Casteel, et al., 2009, Martin, et al., 2007). The AAF complex was shown
to facilitate DNA polymerase a-primase association with ssDNA, by allowing the
enzyme to prime and extend DNA more processively (Casteel et al., 2009, Goulian and
Heard, 1990). Taken together, these observations suggest that interactions between CST-
like proteins and DNA polymerase o may also exist in mammalian cells. It is not known
whether the interaction between telomerase and DNA polymerase a in S. pombe and the
interactions between CST-like proteins with DNA Polymerase o in mammalian cells
serve the same purpose, and further work is required in order to determine the exact
function of these protein-protein interactions during telomere replication (Dahlen, et al.,

2003, Casteel, et al., 2009, Martin, et al., 2007, Surovtseva, et al., 2009).
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Figure 4-1 Multiple interactions exist between capping proteins
and the DNA polymerase o complex

Cdc13 associates with Poll through two-hybrid interaction, as well as
in co-immunoprecipitation assays. This interaction is disrupted in the
poll-236 and cdcl3-50 mutations (Qi and Zakian, 2000). Stnl and
Poll interact directly (Petreaca et al., 2006). The poll2-40 allele
disrupts the interaction between Stnl and Poll2. The interaction
between Poll and Pol12 is also reduced by the poll2-40 allele (HC
Chiu, Thesis Dissertation, Figure 4-4).
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Figure 4-2 Cdcl13 directly interacts with Poll, the catalytic subunit of DNA
polymerase a A. Bacterially expressed GST-Pol12 (pPC23), GST-Cdc13 (pPC19)
or GST alone (pPC20) was immobilized on GST beads, and then incubated with *°S-
methionine-labelled Poll that was generated in rabbit reticulocyte lysates using
POLI (pPC35) plasmid. 20% of *°S-labelled Poll reactions and the pull-down
products from GST, GST-Poll12, and GST-Cdc13 incubations were subjected to
SDS—-PAGE on a 10% gel, transferred to a nitrocellulose membrane and analyzed by
exposure to film for 5 days. The membrane was then probed with anti-GST to
determine the amount of total GST protein present in each reaction. a- GST Western
blot showing the amount of substrate proteins that went into the assay. Bottom left
panel shows 4 minute exposure to film. Asterisks denote full length *°S -Pol1 protein
signal. Input shows the amount of *S -Poll protein that went into the assay. Arrow
denotes full length Cdc13-GST protein and the caret denotes full length Pol12-GST
present in this assay. All lanes are from the same experiment, on the same blot, and
have the same exposure. B. To quantify the percent of *°S-Poll present in the pull-
downs, Imagel software was used to measure the signal present on the films in the
area corresponding to the full-length Poll protein. Background signal was
subtracted from all values. The percent recovery was determined by dividing the
amount of signal present in the pull downs by the **S-Poll input signal. The average
of three independent experiments is shown with error bars representing standard

deviations. P-values were determined using a student’s t — test.
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Figure 4-3 Pol12 can associate indirectly with Cdc13.

A. Bacterially expressed GST-Pol12 (pPC23), GST-Pol12-40 (pPC52), or GST alone
(pPC20) was immobilized on GST beads and incubated with yeast lysates from wildtype
(hC160) or Cdcl13myc (hC1871) strains. The presence of Cdc13myc associated with GST,
GST-Poll12, or GST-Pol12-40, was analyzed by Western blotting using anti-MYC. The
amount of GST, GST-Poll12, or GST-Pol12-40 was detected with anti-GST. Bottom left
panel shows 4 minute exposure to film. All lanes are from the same experiment, on the same
blot, and have the same exposure. B. Bacterially expressed GST, GST-Pol12, GST-Pol12-
40, were immobilized on GST beads, and incubated with **S-methionine-labelled Cdc13
produced in rabbit reticulocyte lysates using CDC13 (pVL427) plasmid. 20% of **S-labelled
Cdcl13 reactions and the pull-down products from GST, GST-Pol12, and GST-Pol12-40
were subjected to SDS-PAGE on a 10% gel, transferred to a nitrocellulose membrane and
analyzed by exposure to film for 5 days. The membrane was then probed with anti-GST to
determine the amount of total GST protein present in each reaction. C. To quantify the
percent of *°S-Cdc13 present in the pull-downs, ImageJ software was used to measure the
signal present on the films in the area corresponding to the full-length Cdc13 protein.
Background signal was subtracted from all values. The percent recovery was determined by
dividing the amount of signal present in the pull downs by the *°S-Cdc13 input signal. The
average of three independent experiments is shown with error bars representing standard
deviations. P-values were determined using a student’s t — test. The data shown here are
from the same experiment shown in Figure 4-1 and Figure 4-3, and included the same

controls.
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Figure 4-4 poll2-40 allele reduces direct interactions with both Poll and Stn1

A. Bacterially expressed GST-Pol12 (pPC23), GST-Pol12-40 (pPC52) and GST alone
(pPC20) were immobilized on GST beads, and incubated with **S-methionine-labelled
Stn1 produced in rabbit reticulocyte lysates using an STNI (pPC7) plasmid. 20% of **S-
labelled Stnl reactions and the pull-down products from GST, GST-Pol12, and GST-
Pol12-40 were subjected to SDS—PAGE on a 10% gel, transferred to a nitrocellulose
membrane and analyzed by exposure to film for 5 days. The membrane was then probed
with anti-GST to determine the amount of total GST protein present in each reaction.
Bottom left panel shows 4 minute exposure to film. All lanes are from the same
experiment, on the same blot, and have the same exposure. B. To quantify the percent
of *°S-Stn1 present in the pull-downs, ImageJ software was used to measure the signal
present on the films in the area corresponding to the full-length Stnl protein.
Background signal was subtracted from all values. The percent recovery was determined
by dividing the amount of signal present in the pull downs by the *°S-Stn1 input signal.
The average of three independent experiments with error bars representing standard
deviations are shown for *>S-Pol1+GST, *’S-Poll + Pol12-GST ,*’S-Poll + Pol12-40-
GST reactions. *°S-Stn1 *S-Stnl +GST, **S-Stn1 + Pol12-GST, and *’S-Stnl + Pol12-
40-GST reactions were performed once and the results are shown. P-values were
determined using a student’s t — test. The data for the **S-Pol1+GST, and **S-Poll +
Pol12-GST reactions are also shown in Figure 4-1. The data shown here are from the

same experiment shown in Figure 4-1 and Figure 4-2, and included the same controls.
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Figure 4-5 poll-236 poll2-40 double mutant does not have any apparent
sensitivity to increased temperature. Cultures were grown to saturation in YPD
liquid media at 23°C. Tenfold serial dilutions were prepared from liquid cultures,
stamped onto YPD plates, and incubated at indicated temperatures for three to five
days to test cell viability. Strains: poll24::KanMX/ pPOLI2 (hC1750), cdcl7-1
(hC1199), poli-236 (hC1985), poli2-40 (hC1740), poll-236 poll2A::KanMX/
ppol12-40 (hC2294), pol1-236 poll24::KanMX/ ppoll2-40 (hC2332)
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Figure 4-6 Small percentage of poll-236 poll2-40 are held at a large
budded cell cycle arrest poll24/ Poll2, poll2A/ poll2-40, poll-236, and
poll-236 poll2-40 strains were arrested in G; with a-factor at 23°C. The
cultures were then incubated at 23°C (panels A, C, and E), or shifted to 36°C
(panels E, D, and F) for the indicated amount of time, and a Iml sample was
taken at each timepoint. One hundred cells were scored at each timepoint. Data
shown is from one experiment. Each timepoint sample was counted twice and
the averages are shown. Panel A and B shows percentage of unbudded cells.
Panels C and D shows percentage of small budded cells. Panels E and F shows
percentage of large budded cells. Strains: wild-type (hC160), cdcl7-1
(hC1199), pol1-236 (hC1985), poll12-40 (hC1740), poll-236 poll2A::KanMX/
ppoll2-40 (hC2332).
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Figure 4-7 Sensitivity of pol1-236 poll2-40 strains to HU

A. Strains were grown to saturation in YPD and ten-fold serial dilutions were spotted onto
YPD or YPD media containing 75 mM, 100 mM, 150 mM hydroyurea, or .01% MMS and
grown at 23°C for 4 days. Strains: poll24::KanMX/ pPOLI2 (hC1750), cdcl7-1
(hC1199), poli-236 (hC1985), poll2-40 (hC1740), poll-236 poll2A::KanMX/ ppoll2-40
(hC2294), poll-236 poll2A::KanMX/ ppoll2-40 (hC2332) B. rad53-21, poll24/ Poll2,
poll24/ poll2-40, poll-236, and poll-236 poll2-40 strains were arrested in G; with a-
factor, incubated in 200 mM HU for the indicated times, and then plated on YPD dropout
media lacking HU. Surviving colonies were counted after 3 days growth at 23°C. Strains:
wild-type (hC160), rad53-21 (JBY1275), poll-236 (hC1985), poll2-40 (hC1740), poll-
236 poll2A::KanMX/ ppoll2-40 (hC2294), cdci7-1 (hC1199). The average of two

independent experiments is shown with error bars representing standard deviations.
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Figure 4-8 Analysis of growth phenotypes in additional poll12-40 mutant strains

A. Cultures were grown to saturation in YPD at 23°C and used to prepare tenfold serial
dilutions which were stamped onto YPD plates, and incubated at indicated temperatures
for three to five days to test for viability. Strains: poll24::KanMX/ pPOLI12 (hC1750),
cdcl7-1 (hC1199), poll-236 (hC1985), cdcl3-50 poli2-40 (hC1780), cdcl3-50 poll2-
40 (hC1779), poli-236 poll2A::KanMX/ ppoll2-216 (hC2388), POLIHA
poll2A::KanMX/ ppoll2-216 (hC2389), poll-236 poll2A::KanMX/ ppoll2-40
(hC2294). B. Strains were grown to saturation in YPD and ten-fold serial dilutions were
spotted onto YPD (see A) or YPD media containing 75 mM, 100 mM, 150 mM
hydroxyurea, or .01% MMS and grown at 23°C for 4 days. Strains: poli24::KanMX/
pPOLI12 (hC1750), cdci7-1 (hC1199), poll-236 (hC1985), cdci3-50 (hC1780), cdcli3-
50 poll2-40 (hC1779), poll-236 poll2A::KanMX/ ppoll2-216 (hC2388), POLIHA
poll2A::KanMX/ ppoll2-216 (hC2389), poll-236 poll2A::KanMX/ ppoll2-40
(hC2294). C. rad53-21, poll24/ Poll2, poll24/ poll2-40, poll-236, poll2-216, poll-
236 poll2-216 and poll-236 poll2-40 strains were arrested in G; with o-factor,
incubated in 200 mM HU for the indicated times, and then plated on YPD dropout
media lacking HU. Surviving colonies were counted after 3 days growth at 23°C. Data
shown is from one experiment. Strains: wild-type (hC160), rad53-21 (JBY1275), poll-
236 (hC1985), poll2-40 (hC1740), POLIHA poll2A::KanMX/ ppoll2-216 (hC2389),
poll-236 poll2A::KanMX/ ppoll2-216 (hC2388), poll-236 poll2A::KanMX/ ppoll2-40
(hC2294).
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Figure 4-9 poll-236 poll2-40 mutant strains grow slower than wildtype
cells

A. Sequential streak-outs comparing the growth of single yeast colonies from
the indicated strains are shown. Strains were transformed with HIS3 plasmids
encoding either POLI2 (pPC65) or poll2-40 (pPC64) HIS plasmids, and
plated for single colonies. Single colonies were then struck onto SFOA plates
to shuffle out the covering URA3 marked POLI2 plasmid. After cells have
lost the URA3 marked plasmid, they are struck onto YPD plates. 1X , 2X, 3X,
4X refer to number of sequential streak-outs after SFOA shuffle. Plates were
then grown at 30°C for 3 days. Strains: POLIHA poll2A4::KanMX/ POLI2
(hC2329), POLIHA poli2A::KanMX/ ppoll2-40 (hC2330), poll-236
poll24::KanMX/ POLI12 (hC2331), poll-236 poll2A::KanMX/ ppoll2-40
(hC2332). B. Optical Density readings to compare population doubling times
in the indicated strains are shown. Single colonies from the 1% streakout after
SFOA shuffle were inoculated into 5mls YPD and incubated at 23°C
overnight. Smls of fresh YPD was added to each culture to bring the O.D.600
reading of each strain to ~.1, and incubated at 30°C. O.D.600 readings were
then taken at 1 hour timepoints for 9 hours. Strains: POLIHA poll2A4::KanMX/
POLI12 (hC2329), POLIHA poll2A::KanMX/ ppoll2-40 (hC2330), poll-236
poll24::KanMX/ POLI12 (hC2331), poll-236 poll2A::KanMX/ ppoll2-40
(hC2332). The average of two independent experiments is shown, with error

bars representing standard deviations.
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Figure 4-10 pol1-236 poll2-40 mutant strains acquire elongated telomeres.
Southern Blot analysis comparing telomere restriction fragments from single and
double poll-236 poll2-40 mutant strains grown at 23°C and 36°C. Genomic DNA
was prepared from the indicated yeast strains, digested with Xhol, fractionated
through 1% agarose, transferred to a nylon membrane, hybridized with a [32P]-
GT/dCA probe, and exposed on film. Strains marked noted as 1X and 2X refer to
number of sequential streakouts. The bracket indicates wild-type length of the
telomere terminal restriction fragment. Strains: wild-type (hC160), cdcl7-1
(hC1199), poli-236 (hC1985), poll12-40 (hC1740), cdci3-50 poll2-40 (hC1779),
poll-236 poll2A::KanMX/ ppoll2-40 (hC2294).
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Figure 4-11 Telomere lengthening in poll-236 poll12-40 double mutant strains is not
dependent on generation number. Southern Blot analysis comparing telomere
restriction fragments from poll-236 poll2-40 strains from serial streak-outs after
pPOLI12-URA3 plasmid loss, and grown at 23°C. Genomic DNA was prepared from the
indicated yeast strains, digested with X#ol, fractionated through 1% agarose, transferred to
a nylon membrane, hybridized with a [32P]- GT/dCA probe, and exposed on film. Strains
marked noted as 1X, 2X, 3X, 4X refer to number of sequential streak-outs prior to DNA
extraction. Strains: wild-type (hC160), POLIHA poll2A::KanMX/ POL12 (hC2329),

POLIHA poll2A::KanMX/ ppoll2-40 (hC2330), poll-236 poll2A::KanMX/ POLI2
(hC2331), pol1-236 poll2A::KanMX/ ppoll2-40 (hC2332).
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Table 4-1 Yeast Strains used in Chapter 4

Strain Relevant Genotype
IBY1275 MATa rad53-21
ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100
hC 160 MATa
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
hC1199 MATa cdcl3A:: LYS2/ pCDC13-URA3 cdcl7-1
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
hC1740 MATa poll2A:: KAN/ pPC64
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
hC1750 MATa poll12A:: KAN pPOLI12-HIS3 cdcl3A:: LYS2/ pVL438
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
hC1779 MATa poll2A:: KAN ppoll2-40-HIS3 cdcl3A:: LYS2/ pcdci3-50
ura3-52 ade2-101 lys2-801 leu2-Al trpl-Al his3-A200
hC1780 MATa poll12A:: KAN pPOL12-HIS3 cdcl3A:: LYS2/ pcdci13-50
ura3-52 ade2-101 Ilys2-801 leu2-Al trpl-Al his3-A200
hC1871 MATa POLIHA::TRP1 Cdcl3myc-HIS3
ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100
hC1985 MATa poll-236
hC2292 MATo POLIHA::TRPI poll2A:: KAN pPC15
hC2293 MATo poll-236 poll2A:: KAN /pPC15
hC2294 MATo poll-236 poll2A:: KAN/ pPC64
hC2329 MATo POLIHA::TRPI poll2A:: KAN pPC65
hC2330 MATo POLIHA::TRPI poll2A:: KAN pPC64
hC2331 MATa poll-236 poll2A:: KAN / pPC65
hC2332 MATa poll-236 poll2A:: KAN/ pPC64
hC2388 MATo poll-236 poll2A:: KAN/ pPC53
hC2389 MATo POLIHA::TRPI poll2A:: KAN/ pPC53
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Table 4-2 Plasmids used in chapter 4

Plasmid Gene Reference
pVL427 pRSET-T7- CDC13 Nugent Lab
pPC7 pETI101/D-TOPO-GST-STNI Phoebe Chiu
pPC15 pYes2.1- GAL POLI2 Phoebe Chiu
pPC19 pET101/D-TOPO-GST-CDC13 Nugent Lab
pPC20 pET101/D-TOPO-GST Phoebe Chiu
pPC23 pETI101/D-TOPO-GST-POL12 Phoebe Chiu
pPC35 pETI101/D-TOPO—POLI Phoebe Chiu
pPC52 pETI101/D-TOPO-GST- poll2- Phoebe Chiu
pPC53 Z?{S4 13- CEN poll2-216 Phoebe Chiu
pPCo64 pRS413- CEN poll2-40 Phoebe Chiu
pPC65 pRS413- CEN POLI2 Phoebe Chiu
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Conclusions
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Telomere maintenance plays an important role in the relationship between
genome stability and cancer. The loss of the protective telomere function can result in
large-scale chromosome rearrangements that can promote tumorigenesis. Telomeres are
required for the overall stability of the genome by protecting chromosomes from the
nucleolytic degradation and chromosome end-to-end fusions that are often associated
with loss of genetic integrity, a hallmark of cancer cells. In addition to functioning as
protective caps on chromosome ends, telomeres contribute to the accurate completion of
DNA replication. The work presented here touches upon both these important function of

telomeres.

Cdcl13 is an important telomeric single stranded DNA binding protein in S.
cerevisiae that is required for telomere end protection (Garvik et al., 1995, Lin and
Zakian, 1996, Nugent et al., 1996a). Telomeres in temperature sensitive cdc3-1 mutants
become deprotected at restrictive temperatures and accumulate ssDNA damage, which is
a potent activator of the DNA damage checkpoint and cells rapidly lose viability (Garvik
et al., 1995, Lydall and Weinert, 1995, Nugent et al., 1996b). The exonuclease, Exol had
been found to contribute to telomeric ssDNA accumulation in cdc/3-1 mutants
(Maringele and Lydall, 2002, Zubko et al., 2004). In addition to this nuclease, Rad24 has
also been implicated in contributing to the excessive single-stranded DNA accumulation
in cdcl3-1 cells, since cdcl3-1 rad244 exhibit lower levels of ssDNA (Lydall and
Weinert, 1995). However, it has been previously shown that cdcl3-1 rad244 exolA cells
still generated detectable levels of ssDNA at telomeres, suggesting that additional

nuclease activity acted on uncapped telomeres in cdci3-1 cells (Zubko et al., 2004). It
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has since been proposed that the sliding clamp loaded by the Rad24 complex is required
to anchor another unidentified exonuclease, termed ExoX (Zubko et al., 2004). In the
second chapter of this thesis, we characterized two novel RAD24 alleles that were
recovered in a screen to identify nuclease activities degrading telomeres in cdcl3-1 cells.
Interestingly, both alleles recovered from the screen were alleles of the R4D24 gene.
Rad24 has been previously shown to have a role in DNA processing, as rad244 cells did
not successfully resect sequences located 1 kb away from a DSB using a HO
endonuclease site to generate a single DSB (Aylon and Kupiec, 2003). Strains with a
single DSB which can be repaired by either allelic (sequences at the same location on
homologous chromosomes) or ectopic donor sequences (dispersed homologous
sequences). It was shown that rad244 diploid yeast with homologous allelic donor
sequence had 100% survival in response to a DSB, however, rad244/ rad244 diploid
cells did not perform ectopic recombination when allelic sequences were provided. In
addition, when homology length was increased, the survival of rad244 cells also
increased (Aylon and Kupiec, 2003). Taken together this data indicates that Rad24 is
important for proper DNA processing, recombination partner choice and survival after
repair (Aylon and Kupiec, 2003). Although the rad24-2 allele did not strongly enhance
recombination occurring at the telomere, the rad24-2 allele did increase the frequency of
obtaining cdcl3-1 temperature resistant colonies relative to rad24-4. Furthermore,
cdc13-1 cells have been shown to have increased mitotic recombination exclusively at the
ends of chromosomes as measured by recombination events in the CAN/ gene (Garvik et

al., 1995). Since we observe significant telomere amplification in cdci3-1 rad24-2 cells,
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it is possible that the availability of telomere repeats allows more telomere donor
sequences to be utilized during a rearrangement event, resulting in higher survival. The
Rad24-2 protein may facilitate the acquisition of chromosomal alterations that promote
temperature resistant cdcl3-1 growth. Thus, the protein fragments produced from the
rad24-2 allele could still potentially interfere with telomere processing and/or

recombination pathways, though this has not been thoroughly tested.

It has been shown that telomeres in temperature resistant cdcl3-1 rad24-A exol-A
or cdcl3-1 mec3- A strains become rearranged, and exhibit with a pattern of restriction
digest fragments indicative of TG;; repeat amplification (Zubko and Lydall, 2006,
Grandin et al., 2001a). The initial cdcl3-1 rad24-2 strain from our screen acquired
similar telomeric TGj.3 repeat amplification, with additional subtelomeric Y’ elements
observed as well. This amplification contributed to the ability of these cells to remain
viable at increased temperatures. Interestingly, we also find that the telomere
rearrangement alone was sufficient to promote growth of cdci3-1 cells at 28°C.
Consistent with this idea, cdci3-4 cells which displayed telomere amplification
characteristic of type-II survivor cells also acquired extra chromosomal Y'-circles. These
extra chromosomal circular DNA have been proposed to be a supply of telomeric
sequences to promote telomere-telomere recombination- based telomeric repeat
maintenance (Larrivée et al., 2006). It is possible that these alternate telomere structures
could serve as a protective capping structure similar to the protection provided by the
terminal t-loop structure found at mammalian telomeres. These extra chromosomal

circles could also provide a physical impediment to block nuclease access to the
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telomere. Thus, the observed telomere amplification may itself provide an epigenetic
contribution to the ability of cdcl3-1 cells to maintain growth at elevated temperatures.

Unfortunately our screen did not result in the identification of the nuclease we had
attempted to uncover. A subsequent genetic screen has been conducted to identify
suppressors of cdcl3-1 temperature sensitivity. This screen has identified some
interesting new suppressors of cdcl3-1 temperature sensitivity including genes encoding
proteins involved in protein degradation, chromatin architecture, and histone
modification, but this screen has not uncovered any new nuclease activities at
unprotected telomeres in cdcl3-1 cells. Hence, the response to the unprotected telomeres
in cdcl3-1 mutants appears to be affected by diverse cellular pathways and processes.
Further analyses will be necessary to understand how these pathways and processes
interact to maintain protected telomeres (Addinall et al., 2008).

The cell not only needs to control the formation of the ssDNA on the 3' G-rich
strand, but also needs to regulate telomere length, since critically short telomeres lose
their protective function. As a central player in telomere protection and replication
processes, it is crucial to understand at a molecular level how Cdc13 itself is regulated. In
our studies, we have found that Cdc13 is phosphorylated at residue T308 by the primary
cyclin-dependent kinase (Cdkl) driving cell cycle transitions. The third chapter of this
thesis focused on determining whether this phosphorylation is relevant to how Cdc13
functions to protect telomere integrity during the cell cycle. Our observation that
telomere length is decreased in the cdcl3™** mutant suggested a role for the

phosphorylation at T308 in telomere length regulation. Our finding that lack of Cdkl-
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mediated phosphorylation at T308 caused shorter telomeres is consistent with what has
been published by two other groups (Li et al., 2009, Tseng et al., 2009). Decreased
association of Estl and Est2 with telomeres was observed in cdcl37%4 mutants,
suggesting that Cdcl13 phosphorylation promotes telomerase association with the
telomere (Li et al., 2009). The phosphorylation of Cdc13 by Cdk1 was proposed to play
a central role in regulating telomerase’s access to telomeres by promoting association
Cdc13 with Estl when Cdcl3 is phosphorylated. In addition, it was also proposed that
Cdc13’s association with Stnl is promoted when Cdcl3 is un-phosphorylated during
telomere elongation (Li et al., 2009). This role for Cdcl3 phosphorylation is very
attractive and could provide a molecular switch by which processing events at the
telomere can be coordinated.

The phosphorylation on Cdc13 was also found to mediate an interaction with the
14-3-3 protein, Bmhl1. 14-3-3 proteins play a role in various cellular processes such as
signal transduction, cell cycle regulation, apoptosis, stress response, and cytoskeleton
organization by associating with the phosphorylated versions of their interacting proteins
(Kakiuchi et al., 2007, Bruckmann et al., 2007). Bmh1 has been found to be involved
with the post-transcriptional regulation of several S. cerevisiae proteins and these studies
suggest a role for Bmh1 binding in protein synthesis and degradation (Bruckmann et al.,
2004, Bruckmann et al., 2007). We found that Cdc13 could interact with Bmhl in a yeast

373%4 mutant was used

two hybrid assay, but the interaction was abolished when the cdc/
in the two hybrid assay. Cdc13 phosphorylation has been implicated in regulating Cdc13

protein stability, since cdcl37"* cells treated with cycloheximide (to turn off the
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production of Cdcl3) maintained a longer protein half life relative to wild-type or
cdc137%P strains (Tseng et al, 2009). To determine whether the Cdcl3-Bmhl
interaction regulates protein stability, an experiment could be perform in which the
production of Cdc13 is turned off using cycloheximide and the protein half life of Cdc13
in CDC13 bmhlA cells versus cdcl37"* bmhiA cells is evaluated. If the Cdc13-Bmhl
interaction decreases protein stability, then the amount of Cdc13 protein and Cdc13™%4
protein should remain at a steady state level, since phosphorylated Cdc13 is not being
bound by Bmh1 and targeted for degradation. It is possible that the interaction between
Cdc13 and Bmhl serves to regulate the levels of phosphorylated Cdc13 protein at the
telomere, with the association of phosphorylated Cdc13 with Bmh1 promoting Cdc13’s
degradation. Loss of phosphorylated Cdcl3 could allow for the association of
unphosphorylated Cdcl13 with the telomere, thereby facilitating subsequent Cdcl3
association with Stnl.

In Chapter 4, we examine whether the interactions between Cdc13 -Poll12 and
between Stnl-Poll2 are direct. These interactions are proposed to recruit the DNA
polymerase a complex to the telomere to synthesis the C-strand after telomerase has
extended G-strand (Qi and Zakian, 2000, Grossi et al., 2004). This would presumably
inhibit further extension of the telomere by telomerase. However, there has been no direct
evidence for this model, and the Cdc13-Poll and Sntl-Poll2 interactions may not be
directly promoting DNA polymerase recruitment.

Here, we confirm the previous results from our lab that the Stn1-Pol12 interaction

is direct and that the poll2-40 mutant allele reduces the direct associations between both
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Poll and Poll2 and between Poll2 and Stnl (Petreaca et al., 2006, H.C. Chiu
Dissertation). Use of the poll2-40 allele in combination with pol/l-236 resulted in a
poll-236 poll2-40 double mutant strain whose telomeres were elongated, consistent with
the idea that the idea that the interactions between the telomere capping proteins and
DNA polymerase provides negative regulation of telomerase.

To test the model that the interactions between Cdc13 and Poll and between Stnl
and Pol12 are important for recruitment of DNA polymerase a-primase to the telomere,
chromatin immunoprecipitation experiments using a tagged primase subunit should be
conducted. This experiment can provide information about the contribution these
interactions make to the recruitment of the DNA polymerase a-primase complex to the
telomere. If the Cdc13-Poll and Stnl-Pol12 interactions are responsible for recruitment
of DNA polymerase a to the telomere, then the amount of the polymerase complex
associated with the telomere should be reduced in the poll-236 poll2-40 double mutant
in late S-phase, the time during which telomere replication is expected to occur. In
addition, telomerase recruitment to the telomere can be assessed by performing ChIP
experiments using a tagged Est2 protein. ChIP analysis through the cell cycle can provide
valuable insight into the timing of the telomere replication. Comparing the timing of
DNA polymerase a-primase recruitment with telomerase recruitment to the telomere, will
allow the sequential ordering of events involved in complete telomere replication to be
determined. If the DNA-polymerase o complex is required to complete telomere
replication after semi- conservative replication, then following an initial increase of

DNA-polymerase association in late S-phase due to semi-conservative replication, an
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increase in the amount telomerase associated with telomeres should be observed,
indicative of post-replication telomere extension. The increase in telomerase association
should then be followed by an increase in DNA polymerase a-primase association with
the telomere, corresponding to synthesis of the complementary C-strand.

The C-S-T complex was initially thought to be unique to budding yeast.
However, recent studies have reported identification of Stnl and Tenl homologs in
several organisms that contain POTI complexes, and have suggested a role for Stnl and
Tenl in telomere capping (Martin et al., 2007, Song et al., 2008). In fact, a mammalian
CTC1 (conserved telomere maintenance component 1), STN/ and TENI complex has
been identified which was shown to bind to single-stranded DNA as a trimeric complex
and localize to telomeres in Hela cells (Miyake et al., 2009). Loss of telomere protection
as measured by DNA damage foci demonstrated that Stnl/Pot-knockdown cells had an
increase in DNA damage foci compared to either single knockdown, suggesting that Potl
and CST play redundant roles in telomere protection (Miyake et al., 2009). The human
ortholog of STNI, initially identified as OBFC1 (OB Fold-containing Protein 1), was
found to associate with telomeric DNA and the shelterin component, TPP1 (Wan et al.,
2009, Déjardin and Kingston, 2009). Furthermore, Stnl protein orthologs necessary for
proper telomere-capping have been discovered in both plants and fission yeast,
suggesting that these proteins are evolutionarily conserved (Martin et al., 2007, Song et
al., 2008).

Interestingly, the mammalian CTC1 and STN1 (OBFC1) proteins were found to

be identical to proteins originally termed AAF-132 and AAF-44, respectively (Casteel et
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al., 2009). AAF is a heterodimeric protein that was initially identified as an accessory
factor that stimulated DNA polymerase a-primase activity in vitro. It was shown that the
AAF complex facilitated DNA polymerase o-primase association with ssDNA, by
allowing the enzyme to prime and extend DNA in a more processive manner (Casteel et
al., 2009, Goulian and Heard, 1990). It is not yet known whether the CST-like protein
make direct contacts with DNA Polymerase o subunits in mammalian cells. The
interactions between the mammalian CTC1 and STN1 proteins with DNA Polymerase o -
primase may be similar to the interactions observed between the CST complex and DNA
Polymerase o -primase in S. cerevisiae, however, it remains possible that CST-like
complexes in other species do not serve the same purpose as CST proteins in yeast.
Although mammalian CTCI1 and STN1 have been shown to localize to telomeres, these
CST-like proteins have not been shown to telomere specific and the exact function of
CTCI and STN1 at mammalian telomeres is not completely understood (Miyake et al.,
2009). Thus, additional functional studies on CST-like complexes from different
organisms should be conducted to elucidate the functional relevance of the interactions
between CST-like proteins and the DNA replication machinery.

The mammalian CTC1 and STN1 proteins contain OB folds similar to OB folds
found in RPA, which is consistent with the structural similarity found between CST and
RPA in budding yeast (Miyake et al., 2009, Gao et al., 2007). Replication protein A
(RPA) is a heterotrimeric single-stranded DNA binding protein complex. RPA promotes
processivity and fidelity of primer extension by the DNA polymerase o — primase, in

addition to it’s many other roles in DNA processing (Fanning et al., 2006). Although it
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has not been shown, it is possible that the human and yeast CST proteins function as
specialized RPA complexes. Hence, additional characterization of CTC1 and STNI1
function is necessary to determine whether these CST-like proteins form an alternative
specialized RPA complex that contributes to telomere capping and telomere replication
(Miyake et al., 2009, Gao et al., 2007). In addition, further work is necessary in order to
determine the exact the composition of proteins present at telomeres during telomere
replication. Identification of the interactions between the telomere capping proteins and
DNA polymerase a is encouraging, but pinpointing the significance for these interactions
will contribute to understanding the mechanisms required to properly maintain telomere

length.
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Appendix Figure 1 in vitro binding of Cdc13 and Poll.
GST-Pol12, GST-Pol12-40, were immobilized on GST beads, and incubated with **S-
methionine-labelled Cdc13 produced in rabbit reticulocyte lysates using CDCI3
(pVL427) plasmid. Parallel experiments were performed with E. coli produced GST
that was immobilized on beads and incubated with the same amount of *°S- labeled
Cdcl3. 20% of *’S-labelled Cdc13 reactions and the pull-down products from GST,
GST-Pol12, and GST-Pol12-40 were subjected to SDS—PAGE on a 10% gel, transferred
to a nitrocellulose membrane and analyzed by exposure to film for 5 days. The
membrane was then probed with anti-GST to determine the amount of total GST protein

Poll-%%

Cdc13-S%

present in each reaction. Experiment conducted on 6/9/09.
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Appendix Figure 2 in vitro binding of Cdc13 and Poll. Bacterially expressed GST, GST-
Pol12, GST-Pol12-40, were immobilized on GST beads, and incubated with *>S-methionine-
labelled Cdc13 produced in rabbit reticulocyte lysates using CDCI3 (pVL427) plasmid.
Parallel experiments were performed with E. coli produced GST that was immobilized on
beads and incubated with the same amount of *°S- labeled Cdcl13. 20% of **S-labelled
Cdcl13 reactions and the pull-down products from GST, GST-Pol12, and GST-Pol12-40
were subjected to SDS-PAGE on a 10% gel, transferred to a nitrocellulose membrane and
analyzed by exposure to film for 5 days. The membrane was then probed with anti-GST to
determine the amount of total GST protein present in each reaction. Experiment conducted
on 6/26/09.
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Appendix Figure 3 in vitro binding of Cdc13 and Poll. Bacterially expressed GST-Pol12,
GST-Pol12-40, or GST-Cdc13 were immobilized on GST beads, and then incubated with
35S-methionine-labelled Poll that was generated in rabbit reticulocyte lysates using POL1
(pPC35) plasmid. Parallel experiments were performed with E. coli produced GST that
was immobilized on beads and incubated with the same amount of 35S- labeled Poll.
20% of 35S-labelled Poll reactions and the pull-down products from GST, GST-Poll12,
GST-Pol12-40, and GST-Cdc13 incubations were subjected to SDS—-PAGE on a 10% gel,
transferred to a nitrocellulose membrane and analyzed by exposure to film for 5 days. The
membrane was then probed with anti-GST to determine the amount of total GST protein
present in each reaction. Parallel experiments were conducted with 35S-methionine-
labelled Cdc13 (pVL 427) and Stnl (pPC7) produced from plasmid DNA incubated with
GST-Pol12 and GST-Pol12-40. Experiment conducted on 8/26/09.
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